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Abstract

In the last few years the field o f nanobiotechnology has been revolutionised with 

the emergence of a variety of novel engineered nanomaterials such as quantum dots, 

fullerenes and carbon nanotubes (CNT). CNT are single- or multi-walled cylindrical 

graphene structures of diameters ranging from a few to hundreds of nanometres, while 

their length can be up to a few micrometers. The development of CNT for biomedical 

applications is in the nascent stages, however is thought to lead to novel types of 

constructs to be used in diagnostic, therapeutic and regenerative medicine. One such 

approach is the development of CNT as delivery systems that was thoroughly studied 

in this thesis using in vitro and in vivo models.

The ability of water-dispersible 1,3-dipolar cycloaddition-functionalised CNT (f- 

CNT) to enter cells and traffick intracellularly and the evaluation of critical in vivo 

parameters, namely the toxicological and pharmacological profiles o f /-CNT constitute 

the focus of this work. The interaction between cells and f-CNT was investigated by 

transmission electron microscopy (TEM) and confocal laser scanning microscopy 

(CLSM). /-CNT exhibited a capacity to be uptaken by mammalian cells and 

intracellularly traffick through different cellular barriers. Energy-independent cellular 

uptake mechanisms are explained based on the cylindrical shape and high aspect ratio 

of /-CNT that can allow their penetration through the plasma membrane, similar to a 

'nanosyringe’.

From in vivo tissue distribution studies, body clearance and toxicity profiles of /- 

CNT were evaluated after intravenous administration of therapeutically-relevant doses 

in mice and rats. Radiolabelled /-CNT were dynamically tracked by small-animal single 

photon emission computed tomography (SPECT) imaging. /-CNT circulated in systemic 

blood circulation, accumulated in the renal cortex, rapidly trespassed the glomerular 

filtration system and were excreted in urine in the absence of any tissue accumulation 

or damage resulting in healthy animals. Gross observation and histological examination 

of all organs was carried out and the extent of nanotube accumulation and damage in 

different tissues was monitored. TEM analysis of kidney tissue sections indicated that 

CNT were capable of positioning themselves vertically to the axis o f the glomerular 

filter.

Finally, the potential o f /-CNT as new vectors for delivery of plasmid DNA 

(pDNA) to cells and organs was investigated. The complexation of /-CNT and pDNA 

was monitored by fluorescence spectrophotometry and gel electrophoresis, and the 

gene expression was evaluated in cancer cells and syngeneic tumour models. The /-



CNT exhibited the capacity to condense effectively and deliver pDNA to cells and 

tissues. Although no improvements were achieved compared to commercially available 

transfection reagents, the /-CNT were compatible with the biological milieu and showed 

minimal toxicity in vitro and in vivo.

Overall, the studies in this thesis contribute to a greater understanding o f the 

interaction of /-CNT with cells (in vitro) and tissues (in vivo). The capacity of /-CNT to 

be uptaken by cells and get cleared from blood circulation without undesirable side 

effects was shown, illustrating the potential of these novel nanomaterials to be further 

developed in order to construct novel platforms with therapeutic, diagnosis or imaging 

applications in nanomedicine.
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Introduction

1 Introduction

N anom ateria ls  are  expected to  revo lu tion ise  m ateria ls  science, techno logy and a 

w ide range o f industries. By contro lling  the  structure  o f m ateria ls on a super-fine  scale, 

nanotechno log ies w ill im prove func tions and characteris tics o f m ateria ls  as w ell as 

creation o f new  functions111. N anom ateria ls  are com m only  defined as m ateria ls  w ith  an 

average grain s ize o f less than 100 nm and inc lude nanoparticu la te  ceram ics, metals, 

a lloys, and sem iconducto rs  in the form  o f d ry  powders, liquid d ispersions, coatings, 

carbon black powders, fu lle renes and nanotubes. S ign ificant enhancem ent o f optical, 

m echanica l, e lectrica l, s tructura l and m agnetic  properties a re  frequen tly  found w ith  

these m ateria ls121. In the b iom edica l fie ld , collo ida l nanopartic le  system s have been 

em ployed fo r a num ber o f app lica tions, from  enzym e im m obilisa tion  to  the 

deve lopm ent o f de live ry  system s fo r an ticance r agents. However, the transfo rm ation  o f 

such nanom ateria ls in to nanob io techno log ica l com ponents requires s ign ifican t 

m odifica tion  o f th e ir physica l and chem ica l charac te ris tics131. Novel nanom ate ria ls  such 

as carbon nanotubes w ill g radua lly  im pact b iom edicine , w he ther as advanced 

b iosensors, d iagnostics  o r drug de live ry  system s. However, in o rd e r fo r th is  to be 

ach ieved, m od ifica tions o f th e ir physicochem ica l characteris tics have to  be developed 

in tandem  w ith  s tud ies de term in ing th e ir b iocom patib ility , tox ic ity  and bio logica l 

e ffectiveness.
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1.1 Carbon Nanotubes (CNT)

Perhaps one o f the m ost exciting c lass o f nanom ateria ls are carbon nanotubes 

(CNT), or "buckytubes", first reported in 1991 by lijim a141. C NT possess extraord ina ry 

properties151, including high electrica l and therm al conductivity, great strength, and 

rigidity, and are being developed fo r a wealth o f applications, includ ing resilient 

com posite m ateria ls161, field em iss ion17 81, energy sto rage19'111, and m olecu la r 

e lectron ics112 13|t and m any others. Having attracted the attention o f researchers in the 

1990s, in terest has been focused on the synthesis o f nanotubes and the ir 

physicochem ica l characterisation. A lthough great advancem ents have been m ade that 

a llow  the synthesis o f a variety o f C N T1141, m ajor gaps still remain, both in the 

understanding o f the ir basic capabilities and the processing required to  produce 

reproducib le C N T batches w ith  identica l characteristics and high quality control.

Figure 1.1. Types o f CNT.

Schem atic representation o f (A) SW NT and (B) MW NT

CNT consist exc lusive ly o f carbon atom s and belong to the fam ily  o f fu lle renes, 

the third a llo trop ic form  o f carbon after graph ite  and diam ond. The carbon atom s o f the 

nanotubes are arranged in a series o f condensed benzene rings ro lled-up into a tubu la r 

form . CNT can be obta ined as single-walled (SW NT), characterised by the presence o f 

one layer o f cy linder graphene, or m ulti-w alled (M W NT), m ade up o f several concentric  

graphene sheets (F igure 1.1). As im plic it in the name, CNT are objects o f nanom etric  

d im ensions. M ost com m only, SW NT have d iam eters from  0.4 to 3.0 nanom etres and 

lengths in the range o f 20-1000 nanom etres, while  M W NT have d iam eters in the range
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o f 1.4-100 nanom etres and lengths from  1 to  50 m icrons. There  are severa l m ethods 

fo r producing each type o f nanotube and m odify ing the ir d im ensions1151.

A lthough currently  CNT are la rge ly exp lo ited  in m ateria ls  science, they  are also 

a ttracting  the  in te rest o f several research groups in the  fie lds  o f b iotechnolog ica l, 

b io log ica l and b iom edica l sc iences116,1?1. H ow ever, the  m ain obstac le  in the u tilisation o f 

C N T in b io logy and m edicina l chem istry  is the ir lack o f so lub ility  o r d ispers ib ility  in m ost 

solvents. O nce th is  is overcom e, app lica tions o f CN T as nanob io techno log ica l 

com ponen ts fo r the  deve lopm ent o f new  de live ry  system s can be explored.

1.1.1 F u n c tio n a lised  C N T  (f-C N T)

The characte risa tion  o f C NT in liquid phases w as on ly  poss ib le  a fter 

overcom ing the  hurd le  o f inso lub ility  in o rgan ic  and aqueous so lvents through 

functiona lisa tion1181. H ow ever, as a consequence o f strong Van d e r W aals 

forces, ind iv idua l C N T in the aqueous phase tend to  aggregate  read ily  into 

bundles tha t are d ifficu lt to suspend effective ly1191. A ttem pts  to  d isperse 

ind iv idua l C N T in so lvents invo lve the reduction o f the short-range attraction 

between ne ighbouring nanotubes through the in troduction  o f a repulsive 

fo rce1201. Th is is com m only achieved by son ication  o f C N T bundles in the 

presence o f surfactan ts121'231, po lym ers1201, peptides1241 o r s ing le  stranded (ss) 

DNA1251, leading to stab le d ispers ions o f m ore ind iv idua lised C N T by coating  and 

w rapp ing the C NT w ith  the su rfactan t o r m acrom olecu le  (non-cova lent 

functiona lisa tion) as depicted in Figure 1.2 (im age A  & B).

A n  a lte rnative  approach is the  in troduction  o f e lec tros ta tic  repulsive 

forces by cova len t a ttachm ent o f charged g roups on the  nanotube surface, 

w h ich reported ly leads to  the  d issocia tion o f CNT bund les1261. C ovalent 

functiona lisa tion  o f C N T can genera lly  be achieved by tw o m ain  approaches: (i) 

esterifica tion  o r am idation  o f ox id ised  tubes and (ii) s idew all covalent 

a ttachm ent o f functiona l g roups'271 (F igure 1.2, C & D). In the  firs t approach, the 

oxidation  process is conducted under strong acid conditions, w h ich  induce the 

opening o f CNT end-caps, generating  ca rboxy lic  groups su itab le  fo r fu rther 

deriva tisa tion . In addition , ca rboxy lic  functions  are created w here  de fects  o f the 

nanotube s idew alls  are  present. On the  o the r hand, the  d irect s idew all 

functiona lisa tion  o f C NT w ith  o rgan ic  g roups is possib le  using reactive species 

such as n itrenes, carbenes or radicals. T o  th is end, a lkyl az ides, d ipyridyl
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im idazolium  salts and perfluoroa lkyl radicals have been em ployed, respectively, 

as e ffic ien t reagents. The high w ater d ispersib ility  o f the resulting adducts can 

be expla ined by the e lectrosta tic  repulsion am ong CNT surfaces and the ir ability 

to accom m odate  w ater m olecules.

C B D

Figure 1.2. M olecular structures o f CNT functionalised via non-covalent and covalent 

methods.

(A) non-covalent functionalisation by surfactant coating; (B) non-covalent functionalisation by 
m acrom olecule (polym ers and DNA) wrapping; (C) covalent functionalisation by oxidation; and (D) 
covalent sidewall functionalisation by reactive species.

S tra teg ies to ach ieve sidewall functiona lisa tion  o f C N T can be achieved 

by a varie ty o f chem ical routes, including the 1,3-d ipo lar cycloadd ition  o f 

azom eth ine ylides*28 29). The easiest w ay to prepare such deriva tives consists o f 

the decarboxyla tion o f am m onium  salts obta ined by the reaction o f an a -am ino  

acid w ith  an a ldehyde. In particular, a g lycine m odified at the N -term inus w ith  an 

N -Boc-pro tected-trie thy lene glycol w as proposed because o f its high so lub ilis ing 

capacity a fter the rem oval o f the Boc group. Th is approach allow s the insertion 

o f am ino functions around the sidewalls and at the tips o f the  CNT, w h ich render 

the tubes highly soluble in aqueous environm ents. Later, the functiona l groups 

can be fu rther m odified by cova lently  linking a varie ty o f small m olecu les 

including fluorescent probes1301, anticancer13'1 and antib io tic agen ts1321 to the 

am ino m oieties. The addition o f functiona l g roups is carried ou t in a m odular 

fashion, gradua lly  increasing the m o lecu la r com plexity  o f the groups cova lently  

linked onto  the nanotube sidewalls. In Figure 1.3 several functiona lised
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deriva tes o f C N T ab le  to  be adequate ly  and ind iv idua lly  d ispersed in w a te r are 

shown.

( F IT C )
( F IT C )

N

,*cT

OH

(A m B )

D ( F IT C ), £-t n y nm,
yN NĴ  (“ DO

(F IT C )

(F IT C )

Figure 1.3. Exam ples o f m olecular structures o f CNT covalently  functionalised w ith  d ifferent 

types o f m olecules.

(A ) Am m onium -functionalised CNT; (B) Acetam ido-functionalised CNT; (C) CNT functiona lised w ith 
fluoresce in isoth iocyanate (FITC); (D) CNT bifunctionalised w ith am m onium  groups and FITC; (E) 
CNT bifunctionalised w ith m ethotrexate (M TX) and FITC; (F) CNT bifunctiona lised w ith 
am photericin B (Am B) and FITC; (G ) CNT bifunctionalised w ith am m onium  groups and FITC. Im age 
provided by Dr. A . B ianco (CNRS, Strasbourg, France).

1.2 Cellu lar Internalisation o f CNT

N anostructures o f d iffe ren t sizes, shapes and m ateria l p roperties can in te ract 

d iffe ren tly  w ith  m em brane receptors and activa te  spec ific  m echan ism s a t a m o lecu la r 

level in ce llu la r environm ents. D esp ite  several m ethods to  m ake nanopartic les w a te r- 

d ispers ib le  and b iocom patib le  w ith  the  b io log ica l m ilieu, a com ple te  understand ing  o f 

how  ce lls in teract w ith  nanopartic les and  vice-versa rem ains poorly  understood. New 

find ings m ay not on ly  ass is t in the  design o f nanosca le  de live ry  system s but a lso 

prov ide  ins ights abou t the ir po tentia l tox ico log ica l burden.
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1.2.1 In te rn a lisa tio n  M echan ism  o f C N T  by P ro karyo tic  &

E u karyo tic  C ells

Determ ining the exact m echanism  leading to ce llu la r in ternalisation o f 

CNT is considered very im portant in the deve lopm ent o f CNT as com ponen ts o f 

b iom edical devices and therapeutics intended fo r im plantation in or 

adm in istra tion to patients. A lthough the exact m echanism s responsib le  for the 

observed CNT entrance into cells are still unclear and rem ain to  be elucidated, 

several pathw ays tha t have been proposed to explain how ce llu la r uptake of 

CNT occurs are schem atica lly  represented in Figure 1.4. The main pathw ays to 

accom plish  in ternalisation o f C NT w ith in cells are: phagocytosis, m em brane 

piercing by passive d iffusion and endocytosis.

Figure 1.4. Cellu lar internalisation pathways o f CNT.

(A) phagocytosis; (B) m em brane penetration by passive diffusion; (C ) m acropinocytosis; (D) 
caveolae-m ediated endocytosis; and (D) cla thrin-m ediated endocytosis.

The ce llu la r uptake o f large partic les (> 0.5 pm ) into vesicles 

(phagosom es) by m acrophages, m onocytes or po lym orphonuclear granulocytes 

is designated phagocytosis. This internalisation m echanism  is triggered by the 

in teraction o f a partic le w ith ce ll-surface receptors and requires actin 

po lym erisation and pseudopods extension to w rap and engu lf the particle 

(F igure 1.4A )1331. Several groups have been m ain ly focused on studying in vitro 

de tection  techniques fo r CNT. For this reason, phagocytic-com petent ce lls were 

used in the ir studies to guarantee tha t the CNT w ere in ternalised in high 

percentages. C herukuri et a l.|34] have show n tha t P luron ic F108-coated SW NT

B c

C y t o p l a s m

N u c le u s

A
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w ere active ly  phagocytosed by m acrophages using near-in frared (NIR) 

fluorescence m icroscopy. It w as verified  tha t the uptake w as dose-, tim e- and 

tem perature-dependent. M oreover, it w as estim ated an average ingestion  rate 

o f one nanotube per second per cell. Choi e t a l.(35] have a lso stud ied the NIR 

signal o f SW N T in m acrophages, bu t in th is case the  SW N T used con ta ined  an 

iron oxide nanopartic le  a t one tip  and w ere  coated by s ing le -s tranded DNA 

(ssDNA). Unfortunate ly, it w as not possib le to  determ ine the  exact am oun t o f 

the nanostructu res phagocytosed. Severa l pub lished s tud ies describe  the 

in terna lisa tion  process o f CN T coated by o r com plexed w ith  D N A  (ssDNA, 

dsD N A  and pDNA). T he  in terna lisation m echanism  can a ffect the in trace llu la r 

de livery o f D NA by its vec to r and eventua lly  the  transfection  e ffic iency 

ob ta ined136,371; there fore , those s tud ies w ill be d iscussed in section 1.5.4.3 o f this 

thesis.

A no the r ce llu la r uptake m echanism  is endocytosis tha t invo lves the 

invag ina tion  and budding o ff o f a portion  o f the  p lasm a m em brane, and 

consequent fo rm ation  o f in trace llu la r vesic les (endosom es). D iffe rent endocytic 

pathw ays bring entrapped w ith in endosom es extrace llu la r ligands, solub le  

m olecu les and m em brane prote ins and lip ids into the  cells. These pathways 

inc lude c la thrin -m edia ted endocytosis, caveo lae-m edia ted endocytos is  and 

m acrop inoytosis , all energy- and tem pera tu re -dependent1381. C la thrin -m edia ted 

endocytos is  is characterised by the  fo rm ation  o f 100-150 nanom etres c la thrin- 

coated invag ina tions (Figure 1.4E) and caveo lae-m edia ted endocytosis  by the 

fo rm ation o f 50-70 nanom etres flask shaped, caveo lin -coa ted  invag ina tions 

(Figure 1.4D)[39, 40]. In m acrop inocytosis , large (up to  5 pm ) and irregu lar 

endocytic  vesic les are generated a t ruffling m em brane dom ains (Figure 

1.4C)1381.

Kam  e t a l.141,421 have stud ied the  in terna lisation m echan ism s o f oxid ised 

S W N T-pro te in  conjugates into m am m alian ce lls (HL60, Jurkat, HeLa and 3T3 

cells). It w as found tha t the  ce llu la r uptake w as tim e- and dose-dependent, 

using flow  cytom etry. The incubation w ith  ce lls a t 4 °C  o r in energy depletion 

cond itions com ple te ly blocked the  uptake o f the ox id ised  S W N T-prote in  

conjugates. Furtherm ore, it w as verified tha t the  in trace llu la r structu res w here  

the nanotubes accum ula ted w ere a lso sta ined w ith  an endosom e m arker, using 

con foca l laser scanning m icroscopy (CLSM ). Incubations carried ou t in 

cond itions that inh ib it c la th rin - or caveo lae-m edia ted endocytos is  suggested that 

the  oxid ised S W N T-pro te in  conjugates w ere  m ain ly in terna lised via the  c la thrin- 

m edia ted pathway.
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Bottin i e t a 1.1431 have show n C D 3 receptor-m ed ia ted  endocytos is  o f 

S W N T functiona lised w ith  streptav id in -con jugated  quantum  dots by Ju rka t cells. 

A t 37 °C the SW NT con juga tes co-loca lised w ith a fluo rescen t m arker o f 

lysosom es and a t 4 °C  no ce llu la r uptake occurred. M oreover, in the  absence o f 

the C D 3 m em brane receptor o r w ithou t its s tim ulation, the in te rna lisa tion  o f the 

SW N T con juga tes w as neglig ib le . Y eh ia  e t a 1.1441 have dem onstra ted tha t SW NT 

functiona lised w ith  surfactants o r serum  had a tim e- and tem pera tu re -dependent 

ce llu la r in terna lisa tion  by HeLa cells, using confocal m icroR am an spectroscopy. 

Feazell e t a l.[451 have reported tha t S W N T coated w ith  PEG yla ted lip ids and 

conjugated w ith  p la tinum (IV ) w ere a lso  uptaken by NTera-2 ce lls via 

endocytosis. H ow ever, any conclusions abou t the in teractions o f C N T and 

ce llu la r com partm en t shou ld  be ve ry  cautious. Indeed, the e ffec t o f the 

m acrom olecu les acting as the ir so lub ilis ing  agen t can p lay a c ritica l ro le in 

de term in ing the  type o f ensuing in teractions w ith  ce lls and the  m echan ism s o f 

ce llu la r uptake, as has been show n fo r o the r po lym er-coa ted  nanostructu res '461.

T ranslocation  or penetration across cell m em branes v ia  insertion and 

d iffusion o f extrace llu la r species through the  lipid b ilaye r is a  cellu lar 

in terna lisation m echanism  characte rised  fo r be ing tem pera tu re - and energy- 

independent (Figure 1.4B)*471. Stud ies by P antaro tto  e t a l.130,481, using cova lently  

functiona lised C N T (sing le  and m ulti-w a lled  f-C N T) have reported tha t CNT 

w ere able to  in teract w ith  p lasm a m em branes and cross into the cytop lasm  

w ithou t the  apparen t need to  be engu lfed  by a ce llu la r com partm ent to  fac ilita te  

in trace llu la r transport; tha t is, C N T  w ere up taken by ce lls  v ia  pathw ays other 

than endocytos is  o r phagocytosis. It w as verified  tha t fluorescently-labe lled  

SW NT w ere  uptaken by 3T3 and 3T6 ce lls a t low  tem pera tu re  (4 °C) and  in the 

presence o f sod ium  azide. In addition, M W N T-N H 3+ w ere  found cross ing  the 

p lasm a m em brane and w ith in  the nucleus o f HeLa ce lls  by transm iss ion  

e lectron m icroscopy (TEM ). W u e ta l.[321 have shown tha t M W N T cova lently  

b ifunctiona lised w ith  am photeric in  B and fluoresce in  iso th iocyanate  (F ITC ) were 

ab le  to  in terna lise  Ju rka t ce lls  a t 4 °C and in the  presence o f sod ium  az ide  using 

C LSM . M oreover, Pastorin e t a l.1311 verified  th a t the non-endocyto tic  uptake o f 

M W N T cova len tly  b ifunctiona lised w ith  m etho trexa te  and FITC by Ju rka t cells 

w as dose - and tim e-dependent us ing flow  cytom etry.

M ore recently, Kostare los e t a l.[49] reported tha t the  ab ility  o f 7-CNT to  

penetra te  the p lasm a m em brane w as indeed independent from  the  type  o f 

chem ica l m oie ty cova lently  linked to  the s idew alls  o f /-C N T (via the 1,3-d ipo lar 

cyc loadd ition  chem istry); and from  the  cell type (m am m alian, fung i and
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bacteria). Furtherm ore, it w as confirm ed again tha t the  in terna lisa tion  

m echanism  o f /-C N T w as energy- and tem perature-independent. K ateb e t a l.1501 

have observed P luron ic F108-coated M W N T inserted and d iffus ing  through the 

p lasm a m em brane o f m icroglia  ce lls using TEM . The w ork  accum ulating 

g radua lly  is confirm ing tha t novel, very in teresting m echan ism s o the r than 

'c lass ica l' endocytosis a re  contribu ting  to  the  high levels o f ce llu la r 

in terna lisa tion  o f CNT. However, the se lection o f cell types  to  carry  ou t those 

investiga tions is considered im portan t s ince non-pro fessiona l phagocytosis can 

a lso  contribu te  to  the ce llu la r in terna lisa tion  o f CNT, as ind ica ted by Gao et 

a l.1511. Furtherm ore, one o f the  m ost im portant pa ram eters  in all b io logica l 

s tud ies is the type o f C N T used tha t is determ ined by the  process by w h ich they 

are m ade biocom patib le . In teractions w ith ce lls  have to  be perform ed using 

b iocom patib le  CNT, ach ieved by e ithe r cova len t o r non-cova len t surface 

functiona lisa tion  tha t resu lts  in w ater-d ispers ib le  CNT. A s a va rie ty  o f d iffe ren t 

functiona lisa tion  stra teg ies fo r C N T have been reported by d iffe ren t groups, 

d irect com parisons are  often ham pered by the inability  to  corre la te  experim enta l 

conditions. Therefore, no defin itive  conclusions have been reached regard ing 

the m ain m echan ism s tha t a ffec t the  ce llu la r in terna lisa tion  o f CNT.

1.3 Tissue Distribution & Pharmacokinetics o f C N T in Anim al 

Models

The  tissue  d is tribu tion  and pharm acokinetics o f nanopartic les re ly  to  a large 

ex ten t on the ir physicochem ica l characteris tics, including size, shape, aggregation , 

chem ica l com position , surface  functiona lisa tion  and so lub ility152, 53]. Figure 1.5 

schem atica lly  represents those  physicochem ica l param eters tha t p lay a de te rm inan t 

ro le  in the  pharm acolog ica l profile  obta ined (le ft co lum n) and the  m ore spec ific  CNT 

characte ris tics  (righ t co lum n) critica l a t each s tage  o f th e ir deve lopm ent as 

nanom ed icines.
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Param eters de te rm in in g  CNT
P ha rm aco log y  C h a ra c te ris tics

S o lu b i l i t y

E l e c t r o s t a t i c  s t a b i l i s a t io n  

A g g r e g a t io n /B u n d l in g
FORMULATION

A q u e o u s  d i s p e r s io n  o f  C N T  

N a t u r e  o f  f u n c t i o n a l  g r o u p s  

S u r f a c t a n t / p o l y m e r  c o a t i n g

*5S.

B io c o m p a t i b i l i t y  

S u r f a c e  a r e a
ADM INISTRATION

A q u e o u s  s o l u b i l i t y  
A g g r e g a t io n  
S u r f a c e  c h a r a c t e r  
D ia m e t e r  a n d  L e n q t h

V.7

H y d r o p h o b ic i t y /h y d r o p h i l i c i t y  

S t e r ic  s t a b i l i s a t io n
BIODISTRIBUTION

N a t u r e  o f  f u n c t i o n a l  g r o u p s  

P o ly m e r  c o a t i n g

S-'7

S u r f a c e  c h a r g e  

C h e m ic a l  c o m p o s i t io n

ACC UM ULATIO N/
DEGRADATION

F u n c t io n a l  g r o u p s  

A b s e n c e  o f  m e t a l  c a t a ly s t s  

S h a p e

3

D im e n s io n s

H y d r o p h o b ic i t y /h y d r o p h i l i c i t y
ELIMINATION

In t a c t  C N T

D e g r a d a t io n  p r o d u c t s

F ig u re  1.5. C r itic a l pa ram e te rs  a ffe c tin g  th e  in  v iv o  fa te  o f  CNT.

1.3.1 N o n -C o valen tly  F u n ctio n a lised  CNT

Som e of the in trins ic  physicochem ica l properties o f CNT, useful for 

b iom edical applications, depend on preserving intact the ir carbon skeleton, 

com prised o f sp2-bonded carbon atom s, w ithout defects in the h igh ly regular 

graphene structure. Therefore, several research groups have focused on 

investigating the in vivo  d istribution pattern o f w ater-d ispersib le , non-covalently 

functiona lised CNT, i.e., functiona lised s im ply by w rapp ing and coating  the 

sidew alls o f the C NT w ith  polym ers, surfactants or m acrom olecules.

Liu e t a l.154 551 have studied the circulation, b iod istribution and excretion 

o f S W N T coated w ith  PEG ylated lip ids (phospho lip ids bearing polyethylene 

glycol (PEG ) cha ins) in m ouse m odels. Using positron em ission tom ography 

(PET) and Ram an spectroscopy, it w as observed that the length and branching 

structure  o f PEG chains w ere critica l to the in vivo  profile o f SW N T adm in istered 

in travenously by tail vein. Longer and branched PEG chains a llow ed longer 

blood circu la tion o f nanotubes in com parison to shorter and linear PEG. 

Nevertheless, all PEG -SW N T w ere found to accum ulate in the  liver and spleen 

24 hours post-adm in istra tion. Som e m inor accum ulation o f PEG -SW NT 

adm in istered at a h igher dose w as a lso reported in the kidney, b ladder, intestine 

and bone. Concerning the clearance and excretion o f PEG -SW NT, the authors
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verified that the nanotubes remained in the liver and spleen and were excreted 

gradually through urine and faeces within 3 months.

Cherukuri et al.[56) have shown that in vivo, the blood proteins were 

easily capable of displacing a surfactant coat from the surface of SWNT. In this 

study, SWNT were coated with the biocompatible surfactant Pluronic F108 and 

then administered intravenously through the jugular vein in rabbits. Although the 

surfactant used is known for its extended blood circulation times, the nanotubes 

exhibited a half-life of 1 hour and at 24 hours would concentrate mainly in the 

liver. The authors further investigated the reasons for such findings and 

concluded that in circulating blood under physiological conditions, the initial 

Pluronic F108 coating of SWNT was replaced by a coating of blood proteins 

within seconds after intravenous injection. Therefore, the reported 

pharmacokinetics results were relevant for pristine SWNT coated by 

endogenous proteins rather than by Pluronic F108.

Yang et al.1571 reported that 13C-enriched SWNT coated with Tween-80 

cleared from the blood circulation rapidly and distributed mainly in the lungs, 

spleen and liver 24 hours after intravenous administration (via tail vein) in mice. 

Over a period of 28 days the nanotubes remained mainly in the lungs, a 

noticeable translocation o f SWNT to the spleen, intestine and brain was 

observed. In addition, no excretion via urine or faeces was reported, leading to 

the suggestion that these nanotubes were cleared from the lungs as mucus 

through the mucociliary transport or transferred to the spleen via the lymph 

nodes. In a more recent study using Iodine-125 radiolabelled MWNT coated 

with Tween-80, a similar redistribution pattern between lungs, liver, and spleen 

after intravenous administration o f the nanotubes in mice was reported1581. 

Unfortunately the biodistribution of the nanotubes was only investigated within 6 

hours after administration.

Finally, the only published work that uses a non-mammalian model is 

the one by Leeuw et al.1591, reporting the biodistribution of SWNT coated with 

BSA in fruit flies. The nanotubes were mixed with food and after being ingested, 

were found mainly in the gut of the larvae. Nearly the entire dose of nanotubes 

was excreted. A small portion accumulated in the salivary glands (exocrine 

glands), Malphigian tubules (kidney analog) and brain, very probably as result of 

backflow from the digestive tract. However, in this study the time point after 

feeding the flies at which the biodistribution was determined is not mentioned.
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1.3 .2  C o v a le n tly  F u n c tio n a lis e d  C N T

C ova len t functiona lisa tion  guarantees that the  chem ica l m oieties 

attached d irec tly  to  the s idew a lls  o f C N T w ill not be los t on in teraction o f the 

nanotubes w ith  liv ing organism s. M oreover, w a te r-d ispers ib ility  and 

b iocom patib ility  w ith  the  body flu ids o f these  C NT are a lso  im proved. Recently, 

severa l g roups have studied the b iod istribu tion  and pharm acokine tics  o f 

cova len tly  functiona lised CNT, in o rder to  understand the  bas ic  in vivo  

behaviou r o f CNT.

W ang e t a 1.1601 prepared 125lod ine-labe lled  m ultip le hydroxylated SW N T 

(125l-S W N T-O H ) by acid ox idation , and exam ined the ir d is tribu tion  in m ice a fte r 

in traperitoneal (i.p .) adm in istra tion . O the r routes o f adm in is tra tion  w ere 

com pared to  i.p., including subcutaneous, oral and in travenous (i.v.). Th is study 

reported tha t the C N T b iod istribution w as not s ign ificantly  in fluenced by the 

adm in istra tion  route and tha t 125l-SW N T-O H  d istributed qu ick ly  th roughou t the 

w hole body. The preferred organs fo r accum ula tion  w ere the stom ach, k idney 

and bone. M ost im portantly  from  the  sa fe ty  point o f v iew  (as C N T are non- 

b iodegradab le  nanopartic les), 94%  o f the  nanotubes w ere  excreted in the  urine 

and 6%  in the  faeces w ith in 3 days.

A no ther s tudy by S ingh e t al.|61], investigated the i.v. adm in is tra tion  via 

tail ve in o f S W N T functiona lised v ia  the 1 ,3-d ipo la r cyc loadd ition  reaction. The 

SW NT w ere then derivatised w ith  the  chelating m olecule 

d ie thy len triam inepentaace tic  (D TPA) and rad io labe lled w ith  Indium-111 

( f 11ln ]D TPA-SW N T). In th is  study, the  e ffect on b iod istribution and  blood 

c ircu la tion  ha lf-life  o f d iffe ren t degrees o f surface functiona lisa tion  w ith  DTPA 

w ere a lso  determ ined, using 100%  and 60%  surface functiona lisa tion  w ith  

D TPA (the rem ain ing 40%  functiona l g roups w ere NH3+ m oie ties). The 

b iod istribu tion  pro files obta ined in m ice w ere found very s im ila r fo r bo th  types o f 

functiona lised [111ln ]D TP A -S W N T, w hich show ed an a ffin ity  fo r kidney, m uscle, 

skin, bone and blood 30 m inutes a fte r adm in istra tion . Both types o f nanotubes 

w ere  found to  be rap id ly  cleared from  all tissues and a m axim um  blood 

c ircu la tion  ha lf-life  o f 3.5 hours w as determ ined. In addition , D TP A -S W N T w ere 

observed in tac t by TEM  in urine sam ples collected 24 hours post-adm in istra tion .

M cD evitt e t a l.'62,631 have a lso functiona lised  S W N T th rough  the  1,3- 

d ipo la r cycloadd ition  reaction. H ow ever, the  nanotubes w ere  firs t acid treated in 

o rde r to obta in  shortened S W N T, and the  rad iom eta l chelating m oie ty used w as
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1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA). In these 

studies, two radiotracers were used: the positron-emitting Yttrium-86 (86Y) and 

the gamma-emitting Indium-111 (111ln). Following i.v. administration via the 

retroorbital sinus in mice, it was found that the nanotubes distributed 

predominantly in the kidney, liver and spleen, and to a less extent to bone, 

regardless of the radiotracer used. Furthermore, DOTA-SWNT cleared from the 

blood within 3 hours, and were detected in urine samples 1 hour after 

administration. This team also studied the administration of [86Y]DOTA-SWNT 

by the i.p. route. Similar kidney and bone distribution as for i.v. administration 

was observed, but there was reduced liver and spleen accumulation as 

compared with nanotubes administered intravenously.

Concerning the biodistribution of covalently functionalised MWNT, Guo 

et al.I64) have prepared glucosamine-functionalised MWNT (G-MWNT) 

radiolabelled with Techetium-99 (99mTc) and studied the fate o f these nanotubes 

in mice following i.p. administration. The team reported that G-MWNT moved 

easily and quickly throughout the entire body and accumulated mainly in the 

stomach. The calculated blood circulation half-life was approximately 5.5 hours 

and it was found that G-MWNT were excreted primarily via faeces within 24 

hours post-administration. In contrast, Deng et al.[65] have shown that taurine- 

functionalised MWNT (tau-MWNT) have a different in vivo behaviour. They used 

14C-radiolabelled taurine to functionalise the nanotubes, which were 

administered in mice by i.v., intratracheal instillation and oral routes. 14C-tau- 

MWNT injected intravenously accumulated in the liver in about 10 minutes (80% 

of exposed dose), where they remained for 1 month, entrapped in Kupffer cells. 

The nanotubes were eliminated very slowly from the liver over a period of 3 

months. Following intratracheal instillation, 14C-tau-MWNT were deposited 

mainly in the lung (78% of exposed dose). Elimination from this organ took 1 

month without translocation to blood or other organs. 14C-tau-MWNT 

administered orally traversed the gastro-intestinal tract and were excreted in 

faeces within 12 hours post-administration. Very recently, Deng et al.[581 

confirmed the above biodistribution profile following i.v. injection o f tau-MWNT 

using a different radiotracer (125l) directly bound to the sidewalls of nanotubes.

The studies above indicate that the biodistribution of CNT is predominantly 

dependent on the functionalisation of the surface o f CNT. Biocompatibility can be 

achieved by non-covalent or covalent functionalisation of the CNT. However, future
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application of CNT in the development of novel nanomedicines requires a thorough 

evaluation of the biodistribution of engineered CNT. It is crucial that each different f- 

CNT is stable in physiological conditions, including body temperature and presence of 

serum proteins, in order to determine the f-CNT biological affinity.

1.4 Toxicity o f CNT

The harmful effects of nanoparticles arise from the combination of various 

factors, two of which are particularly important: (i) the high surface area, and (ii) the 

intrinsic toxicity o f the surface1661. In contrast with conventional particles of larger mean 

diameter, nanoparticles under 100 nm can potentially be more toxic to the lung (portal 

of entry), can redistribute from their site of deposition, may escape from the normal 

phagocytic defences and can modify the structure of proteins. Therefore, nanoparticles 

can activate inflammatory and immunological responses and may affect the normal 

tissue function'66'. Very recently, the critical parameters determining the toxicity of 

nanoparticles have been proposed'671:

• Particle size, size distribution, shape, surface area, redox potential and 

properties, purity, identity of contaminants, catalytic activity and generation 

of reactive oxygen species;

• Interaction with biologically critical macromolecules such as DNA, 

membranes and cytoskeleton elements;

• Potential for unintended carriage of toxic molecules (toxic chemicals that 

may be present in the environment and are loaded along with therapeutic 

drugs on the surface of the nanoparticles);

• Nanoparticle escape from the normal phagocytic defenses and 

redistribution from site of deposition (translocation);

• Agglomeration state (pro-agglomeration factors, size, structure and toxic 

effects of nanoparticle agglomerates before and after biomodification);

• Chemical composition (surface charge, shape, area, reactivity and 

solubility).

14



Introduction

CNT are classified as 'nanoparticles' due to their nanoscale dimensions, and 

therefore unexpected toxicological effects may be induced upon contact with biological 

systems. The nanometer-scale dimensions o f CNT make quantities o f milligrams hold a 

large number of these cylindrical, fibre-like particles, with a concurrent very high total 

surface area. This total surface area will also depend on the degree of bundling and 

aggregation of nanotubes in solution. Concerning the intrinsic toxicity of CNT, in vitro 

studies have indicated that covalently functionalised CNT produce less cytotoxic effects 

than aqueous dispersions of pristine CNT stabilised with a surfactant (non-covalently 

functionalised)1681. Moreover, the cytotoxicity of covalently modified CNT has been 

reported to be further decreased with the increase in the degree of sidewall 

functionalisation1681. However, the intrinsic toxicity of CNT does not only depend on the 

degree of surface functionalisation and the different toxicities of functional groups. 

Batches of pristine CNT (non-purified and/or non-functionalised) after synthesis contain 

impurities such as amorphous carbon and metallic nanoparticles (catalysts: Co, Fe, Ni 

and Mo), which also can be the source of the severe toxic effects as reported in studies 

using pristine CNT169-721.

Donaldson et al.173] have shown that the structural characteristics of 

nanomaterials, such as the fibre-shape, length and aggregation status of the CNT, can 

also influence their local deposition in the lungs and the immunological response 

following exposure to CNT. The mechanisms of CNT metabolism, degradation, 

clearance and bioaccumulation require attention and study in order to determine the 

limitations of such nanomaterials as components of pharmaceuticals. Thus far, the 

majority of reports published on the administration of CNT are primarily concerned with 

the toxicology of CNT, addressing the possible negative side effects of this 

nanomaterial on human health and environment, particularly from the point of view of 

public health and safety for CNT production plant workers. As large-scale 

manufacturing gradually becomes routine for the production of CNT, handling and 

exposure (both dermal and pulmonary) o f workers to CNT makes exposure-risk issues 

increasingly important. With regards to the various biomedical applications of CNT, the 

administration or implantation of CNT and their matrices into patients will be required. 

Therefore, the toxicological profiling of CNT-based systems must be determined prior 

to any clinical studies undertaken.

The in vivo studies concerning the toxicity o f CNT reported in the literature can 

be divided in four groups, based on the exposure route: Environmental, Pulmonary, 

Dermal and Systemic. These studies are summarised in Table 1.1, where details about 

duration of exposure, type of CNT and dose are given in the respective columns. In 

addition, the in vivo model and the toxic effects observed were also included to allow a
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comprehensive understanding of the toxicity studies reported. Most investigations that 

looked at the interaction between CNT and the tissues of live organisms have 

predominantly been examining the toxicological burden and response of these 

materials rather than assessing any therapeutic aim.

T ab le  1.1. In  v iv o  to x ic i ty  s tu d ie s  o f  CNT.

E x p o s u r e  c o n d i t io n s /  
a d m i n is t r a t io n

E x p o s u r e

d u r a t io n
C N T D o s e M o d e l T o x ic i t y R e f

-  P u r i f ie d  S W N T  c a u s e  n o

e f f e c ts  o n  m o rta lity .
d e v e lo p m e n t  a n d  re p r o d u c tio n ;
-  R a w  S W N T  in c r e a s e  Ir f e - c y d e

D is p e rs io n  in  2 0 0  

m i o f  s e a w a t e r
2 8  to  3 5  d a y s

R a w  a n d  p u r if ie d  S W N T  

S m a l l  f lu o re s c e n t  

n a n o c a r b o n  b y -p ro d u c ts

0 . 5 8 .  0 .9 7 ,  
1 . 6  a n d  10 

m g /L

A m phiascus
tenuirem is

m o r ta li ty ,  r e d u c e  fe r t ilis a tio n  

r a te s  a n d  r e d u c e  m o lt in g  

s u c c e s s  a t  1 0  m g /L ;

-  N a n o c a r b o n  b y -p ro d u c ts  

in c r e a s e  l i f e - c y d e  m o r ta li ty  (10 
m g /L )  a n d  r e d u c e  m o ltin g  

s u c c e s s .

-  W ith o u t  g e n o to x ic ity  in

P« 1

D is p e rs e d  in  2  L  o f  

re c o n s t itu te d  w a te r
1 2  d a y s P u r i f ie d  M W N T

1 0 - 5 0 0
m g /L

X enopus laevis
e r y th ro c y te s ;
-  A c u t e  to x ic ity  a t  e v e r y  

c o n c e n t ra t io n .

PR

£ 4  to  9 6  h  

p o s t 

fe r t ilis a tio n

-  C a u s e  a  h a tc h in g  d e la y  o f
3 D is p e r s e d  in  6  m l  o f P u r i f ie d  S W N T  a n d 2 0 - 3 6 0

Z e b ra fis h
z e b r a f is h  e m b r y o s ; I76|

s f ilte re d  ta p  w a te r M W N T m g /L -  W ith o u t  e f fe c ts  o n  e m b r y o
Q.
X d e v e lo p m e n t  a n d  s u rv iv a l.

a
c
•
E
c

D is p e rs io n  in  5 0  m l 
s o lu t io n s  o f  

d a p h n id s  a q u a tic  

h a b ita t

2 4  to  9 6  h
L y s o p h o s p h a t id y lc h o lin e  

( L P C )  c o a te d  H iP c o  
S M W T

2 .5 .  5 .  1 0  

a n d  20 
m g /L

Daphnia magna -  20%  m o r ta li ty  a t  10  m g / l  a n d  

1 0 0 %  a t  2 0  m g /L .
P ri

o
-  D o s e -d e p e n d e n t  r is e  in

>
c v e n t i la t io n  r a te ,  g ill p a t h o lo g ie s
Ul a n d  m u c u s  s e c r e t io n  w ith  

S W N T  p r e d p it a t io n  o n  th e  g ill 

m u c u s ;

D is p e rs e d  w ith  S D S  

a n d  a d d e d  to  th e  

f is h  ta n k s
1 0  d a y s R a w  S W N T

0 . 1 , 0 . 2 5 ,  

0 . 5  m g /L
R a in b o w  tro u t

-  N o  e f f e c ts  o n  h a e m a to lo g ic a !  

p a r a m e te r s  a n d  t is s u e  m e ta l  
le v e ls ;
-  In c r e a s e d  N a * K * - A T P a s e  

a c t iv i ty  in  g ills  a n d  in te s tin e ;

-  D o s e -d e p e n d e n t  d e c r e a s e  o f  

T B A R S  In  g ills , b r a in  a n d  liv e r ,
-  In c r e a s e  in  to ta l g lu ta th io n e  

le v e ls  In  g ill a n d  liv e r .

|78|

S u s p e n d e d  in  3 %
B S A  s o lu t io n  in  

P B S  a n d  m ix e d  w ith
4  o r  5  d a y s R a w  H iP c o  S W N T

1 4 - 3 8

m g /L

Drosophila
m e lanogaster

-  W ith o u t  in f lu e n c e  o n  v ia b il ity  

a n d  g ro w th .
[Ml

4  g o f  d r y  fo o d

P a r t id e s  in  

th e  a ir  

(a e ro s o l)

-  N a n o t u b e  c o n c e n t r a t io n s  f ro m

In h a la t io n 3 0  m in
P r is t in e  H iP c o  a n d H e a lt h y  v o lu n te e r s 0 . 7  to  5 3  ( jg /m 3; psi

la s e r -a b la b o n - S W N T (f i l te r  s a m p le s ) -  H iP c o  m a te r ia l p r o d u c e  v is ib le
la r g e  d u m p s  o n  t h e  f ilte r .

-  A g g re g a t io n s  o f  M W N T  w e re

In h a la t io n
5 .  1 0  a n d  1 5

d a y s
A e ro s o lis e d  M W N T

3 2 .6 1
m g /m 3

F e m a le  K u n m in g  

m ic e

s m a lle r  in  a lv e o l i  th a n  b ro n c h i  
a n d  in d u c e d  p ro life r a t io n  a n d  

th ic k e n in g  o f  a lv e o la r  w a lls .

-  N o  s ig n if ic a n t  lu n g

[60|

In h a la t io n
7  a n d  1 4  

d a y s  

( 6  h /d a y )

C V D - M W N T  

( r e s p ir a b le  a g g r e g a t e s )
0 . 3 ,  1 a n d  

5  m g /c m 3
M a le  C 5 7 B L / 6  

m ic e

in f la m m a t io n  o r  t is s u e  d a m a g e ;
-  Im m u n e  s u p p re s s io n , c y to k in e  

u p re g u la t io n  a n d  o x id a t iv e  

s t r e s s  in  t h e  s p le e n .

-  P u r e  M W N T  c a u s e  d o s e -

[61|

£ d e p e n d e n t  d e a th  a f te r
3

2 4 .  4 8 .  a n d in t r a t r a c h e a l a d m in is tra t io n  a n d
O
a N a s a l  a n d 7 2  h N -d o p e d  M W N T  in d u c e
X
Ul in t ra t ra c h e a l 7  a n d  3 0 P u r i f ie d  a n d  N -d o p e d 1 , 2 . 5 ,  a n d

M a le  C D 1  m ic e
g ra n u lo m a s  a n d  re a c t iv e [621

t (s u s p e n s io n  in d a y s M W N T 5  m g /K g f ib ro s is  a t  h ig h e s t  d o s e ;
A
c P B S ) (s in g le  d o s e -  B o th  ty p e s  o f  M W N T  d o  n o t
o
c o f  2 0 - 1 5 0  p i) in d u c e  s ig n s  o f  d is tre s s  o r
c
3 t is s u e s  c h a n g e s  a f t e r  n a s a l

a .

In t r a t r a c h e a l 8 . 1 6  a n d  2 4

a d m in is tra t io n .

-  C lu m p s  o f  M W N T  d is tr ib u te  in

in s til la t io n  

(s u s p e n s io n  in
d a y s  

(s in g le  d o s e R a w  M W N T
0 . 0 5

m g /m o u s e

F e m a le  K u n m in g  

m ic e

b ro n c h i a n d  a lv e o li  a n d  le a d  to  

in f la m m a t io n  o f  t h e  lin in g  w a l l  o f
[« 0 |

s a l in e  w ith  1 % o f  100 b r o n c h i a n d  s e v e r e  d e s tr u c t io n

T w e e n  8 0 ) p l/m ic e ) o f  a lv e o la r  s tru c tu re .

-  N o t  g ro u n d  M W N T  

a c c u m u la t e  in  th e  a irw a y s .

In t r a t r a c h e a l 1 a n d  2  

m o n th s  

(s in g le  b o lu s  

o f  5 0 0  p l/ra t )

G r o u n d  M W N T  a r e  c le a r e d
in s til la t io n  

(s u s p e n s io n  in  

s a l in e  w ith  1%

M W N T

(g ro u n d  a n d  n o t  g ro u n d )

0 . 5 ,  2  a n d  

5  m g /r a t

F e m a le
S p r a g u e - D a w le y

ra ts

m o r e  ra p id ly ;
-  B o th  M W N T  in d u c e  

in f la m m a to r y  ( m o r e  m a r k e d  fo r

[831

T w e e n  8 0 ) g r o u n d  M W N T )  a n d  f  b ro tic  

re a c t io n s . C a u s e  p u lm o n a ry  

le s io n s  a t  2  m o n th s .
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In t r a t r a c h e a l 7  a n d  9 0
R a w  a n d  p u r if ie d  H iP c o  

S W N T .  

A r c - S W N T

-  In d u c e  d o s e -d e p e n d e n t
in s til la t io n d a y s 0 . 1  a n d  0 . 5

M a le  B 6 C 3 F ,  m ic e
e p ith e lio id  g ra n u lo m a s ; [72|

(d is p e rs io n  in (s in g le  b o lu s m g /m o u s e -  M o r ta lity  is  o b s e r v e d  w ith  th e
m o u s e  s e ru m ) o f  5 0  p i) h ig h  d o s e .

-  E x p o s u r e  to  th e  h ig h  d o s e
In t r a t r a c h e a l

2 4  h , 1 w e e k ,  

1 a n d  3  

m o n th s

M a le
c a u s e s  m o r ta li ty  w ith in  2 4  h

in s til la t io n  

( s u s p e n s io n  in  P B S
P r is l in e - la s e r  S W N T

1 a n d  5  

m g /k g
C r l : C D e ( S D ) l G S  

B R  r a ts

p o s t- in s tilla t io n ;
-  P u lm o n a r y  in f la m m a t io n  w ith

m

w ith  1 %  T w e e n  SO) n o n -d o s e - d e p e n d e n t
g ra n u lo m a s .

In t ra t ra c h e a l  
In s til la t io n  

( s u s p e n s io n  in  

s a l in e  w ith  T w e e n )

4 w e e k s  

(s in g le  d o s e  

o f  0 . 5  m l)

P r is t in e  A r c - C N T 2 5  m g

M a le  D u n k in  

H a r t le y  

g u in e a  p ig s

-  D o  n o t  in d u c e  a n y  

a b n o rm a lit ie s  o f  p u lm o n a ry  

f u n c t io n  o r  m e a s u r a b le  

in f la m m a t io n .

-  O rg a n is in g  p n e u m o n it is  w ith

[Ml

In t ra t ra c h e a l
9 0  d a y s  

( s in g le  b o lu s  

o f  0 . 5  m l )

f o c a l  n o n -s p e c if ic  d e s q u a m a t iv e
in s til la t io n  

( s u s p e n s io n  in
C V D -  a n d  A r c - M W N T 1 5  m g G u in e a  p ig s

in te rs t i t ia l p n e u m o n ia - l ik e  

r e a c tio n ;
(86|

s a l in e  w ith  S D S ) •  In c r e a s e  o f  lu n g  re s is ta n c e ;  

-  P u lm o n a r y  le s io n s .

P h a r y n g e a l  

a s p ira t io n  

(s u s p e n s io n  in  

P B S )

1 . 3 . 7 .  2 8  

a n d  60  d a y s  

(s in g le  b o lu s  

o f  5 0  p i)

M e t a l - f r e e  H iP c o  S W N T
0 - 4 0

p g /m o u s e

F e m a le  C 5 7 B L /6  

m ic e

-  R a p id  p r o g r e s s iv e  fib ro s is  a n d  

g r a n u lo m a s . D o s e -d e p e n d e n t  

in c r e a s e  in  e x p ira to ry  t im e ;
-  In c r e a s e d  p u lm o n a ry  

r e s is ta n c e .

-  C a u s e  a c u te  in f la m m a t io n .

[871

P h a r y n g e a l 1 . 7  a n d  2 8 e n h a n c e  p ro f ib ro tic  re s p o n s e s
a s p ira t io n d a y s

P u r i f ie d  H iP c o  S W N T
0 - 4 0 F e m a le  C 5 7 B U 6 a n d  c a u s e  d e c r e a s e  o f |68|

( s u s p e n s io n  in ( s in g le  b o lu s p g /m o u s e m ic e p u lm o n a r y  a n t io x id a n ts  ( m o r e
P B S ) o f  5 0  p i) p r o n o u n c e d  in  v i ta m in  E -  

d e f ic ie n t  m ic e ) .

1 , 7 , 2 8  a n d  

60  d a y s

M a le  F V B /N - T g N  

(H o U u c )  X e n  

m ic e

-  S in g le  in s til la t io n  in d u c e  

a c t iv a tio n  o f  h e m e  o x y g e n a s e -1
in  lu n g , a o r t a  a n d  h e a r t  t is s u e .

In t ra p h a ry n g e a l  
in s til la t io n  

(s u s p e n s io n  in  

P B S )

( s in g le  d o s e  

o f  6 0  p i)

8  w e e k s  

(m u lt ip le  

d o s e )

P u r i f ie d  H iP c o  S W N T
1 0 - 4 0

p g /m o u s e
M a le  C 5 7 B L /6  

m ic e

M a le  B 6 .1 2 9 P 2 -  

A p o E J '  m ic e

-  D e v e lo p m e n t  o f  a o r t ic  m t D N A  

d a m a g e ,  c h a n g e s  in  a o r t ic  

m ito c h o n d r ia l g lu ta th io n e  a n d  

p ro te in  c a rb o n y l le v e ls .

-  U n a f fe c t e d  lip id  p ro f ile s  bu t 
a c c e le r a t e d  p la q u e  fo rm a t io n .

[86|

P a tc h  te s t  ( fi lte r S o o t  w ith

9

p a p e r  s a tu r a te d  

w ith  w a te r
9 6  h C N T

h ig h  

c o n t e n t  o f
H e a lt h y  v o lu n te e rs

-  N o  a s s o c ia t io n  w ith  sk in  

ir r ita tio n  o r  a l le r g e n s  ris ks .
[90|

3 s u s p e n s io n  o f  s o o t) C N T
0  
Cl 
X 

UJ1
O c u la r  in s til la t io n  

(M o d if ie d  D r a iz e  

ra b b it  e y e  te s t)

2 4 ,  4 8  a n d  

7 2  h  ( 0 .2  m l  
o f  w a te r  

s u s p e n s io n
C N T

S o o t  w ith  

h ig h  

c o n t e n t  o f  

C N T

A lb in o  ra b b its
-  N o  a s s o c ia t io n  w ith  sk in  

ir r ita tio n  o r  a l le r g e n e  ris ks .
(00|

o o f  s o o t)
Q

D e r m a l e x p o s u re  

(c o t to n  g lo v e s )
1 1 - 1 6  h

P r is t in e  H iP c o  a n d  

la s e r -a b ta t io n -S W N T

P a r t ic le s  in 

t h e  a ir  

( a e ro s o l)
H e a lt h y  v o lu n te e rs

-  D e p o s i t io n  o n  in d iv id u a l  

g lo v e s  f r o m  0 . 2  to  6  m g  (v is ib le  
c o n t a m i n a t i o n ^ ^

1*1

C lu s te r s  w e r e 1 a n d  4 -  G ra n u lo m a to u s  in f la m m a t io n ;
im p la n te d  in  th e w e e k s M W N T o x C lu s te r s  o f

M a le  W is t a r  ra ts
-  In f la m m a t o r y  re s p o n s e  a r o u n d [01)

t is s u e  (th o ra c ic (2  b ila te ra l ( 2 2 0  8  8 2 5  n m ) 0 . 1  m g 2 2 0  n m  w a s  s l ig h te r  t h a n  8 2 5

re g io n ) Im p la n ts /r a t ) n m  M W N T o x .

£
a
M
OJ

O r a l  a n d  

In t ra p e r ito n e a l  
(s u s p e n s io n  in  

P B S )

2 4 .  4 8 .  a n d  

7 2  h  

7  a n d  3 0  

d a y s  

(s in g le  d o s e  

o f  2 0 - 1 5 0  p i)

P u r i f ie d  a n d  N -d o p e d  

M W N T
1 . 2 . 5 .  a n d  

5  m g /K g
M a le  C D 1  m ic e

-  B o th  ty p e s  o f  M W N T  d o  n o t  

in d u c e  s ig n s  o f  d is tr e s s  o r  

t is s u e s  c h a n g e s ;
-  N o  c h a n g e s  o b s e r v e d  in  th e  

b io c h e m is try  p a r a m e te r s .

(M l

E
2
•0
>»v>

In t ra v e n o u s  

a d m in is tra t io n  

(s u s p e n s io n  in  

s a lin e )

1 5  m in  

(s in g le  d o s e  

o f  0 . 5  m l)

P u r i f ie d  o p e n  S W N T  

a n d  M W N T
5 0  p g /m l W is ta r -K y o to  ra ts

-  A c c e le r a te  th e  t im e  a n d  r a t e  o f  

d e v e lo p m e n t  o f  c a ro t id  a r te r y  

th ro m b o s is .

[021

In t ra v e n o u s  

a d m in is tra t io n  

(s u s p e n s io n  in

P B S )

4  m o n th s  

(s in g le  d o s e  

o f  1 0 0  p i o n  

d a y s  0  a n d

■n

P E G - c o a t e d  S W N T  

S W N T o x - P E G

151

m g /m o u s e

4 7

m q /m o u s e

F e m a le  a n d  m a le  

n u d e  m ic e

-  B o th  t y p e s  o f  S W N T  p e r s is te d  

in  t h e  liv e r  a n d  s p le e n  w ith o u t  

a c u te  o r  c h ro n ic  to x ic ity

1*31

1.4.1 E n v iro n m en ta l E xp o su re

As the production of CNT is increasing in large-scale industrial units, 

the risk posed by CNT to the environment have been intensely discussed and 

studied. The aquatic environment has been a major attention of the toxicology 

community. Templeton et al.[74i have earlier suggested a size-dependent toxicity
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resultanting from the interaction o f SWNT-based nanomaterials with the 

estuarine copecod A. tenuiremis. It was observed that A. tenuiremis ingested 

aggregated clusters of SWNT and later excreted in their faeces (back to the 

seawater) smaller and more tightly packed SWNT. The team concluded that 

purified SWNT have very little risk of toxicity to estuarine copecods but also that 

low-molecular soluble nanocarbon by-products from SWNT exert chronic 

aquatic toxicity at sub-mg/L concentrations. Cheng et al.|76i have also proposed 

that materials associated with raw SWNT could affect aquatic life once released 

into the aquatic environment. In their study, a hatching delay of zebrafish 

embryos was observed in the presence of SWNT and MWNT. However, it was 

confirmed that the sizes of the nanotube agglomerates were too large and that 

the chorion of zebrafish embryos was an effective protective barrier. Cheng's 

team concluded that the hatching delay was induced by the Ni and Co catalysts 

used in CNT synthesis. On the other hand, Mouchet et a 1.1751 showed that 

although MWNT did not cause induction of micronuclei in erythrocytes o f the 

amphibian larvae X. laevis, acute toxicity (death and abnormal behaviour) was 

observed at every concentration tested. The concentration range used in this 

study tried to mimic accidental release of CNT into aquatic environments during 

production or transport. Moreover, the observed toxic effects were associated 

with physical blockage of the gills and/or the digestive tract of the larvae by 

MWNT.

Regarding the environmental toxicity of non-covalently functionalised 

CNT, the work by Roberts et al.1771 demonstrated that a major problem 

associated with SWNT is the inherent insolubility of the nanoparticles. The 

authors observed that D. magna (aquatic invertebrate) were able to ingest 

water-soluble lysophosphstidylcholine (LPC)-coated SWNT and digest or 

remove the lipid coat. As a consequence, the biomodified insoluble SWNT 

aggregated and precipitated when excreted by D. magna into the aquatic 

environment. The dose-dependent mortality found by Roberts and co-workers 

was thought to be caused by the adherence of the SWNT aggregates to the 

external surface of the daphnids and additionally because the aggregates cause 

the dapnhids to sink. Smith et al.1781 have exposed rainbow trout to SWNT pre

dispersed in sodium dodecyl sulphate (SDS) solutions and suggested that 

nanotubes are a respiratory toxicant but possibly have also neurotoxic or 

cardiovascular effects that may alter fish behaviour (aggression and fin nipping). 

Besides the black deposits of SWNT observed in the gut lumen that indicated 

that fish were ingesting SWNT, precipitates o f SWNT associated with
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mucoproteins were also found and the fish had elevated mucus secretion. The 

authors concluded that major environmental implications are related to chronic 

rather than acute exposure to low levels of SWNT.

Lastly, in the context o f soil contamination, Leeuw et al.1591 have 

reported that the viability and growth of D. melanogaster larvae were not 

affected by feeding with bovine serum albumin (BSA)-coated SWNT. Ingested 

nanotubes were shown passing through the digestive system by microscopy 

and it was verified that only a tiny mass fraction (1 O'8) of SWNT accumulated in 

the tissues of fruit flies. Moreover, almost all nanotubes were excreted. 

Therefore, the team concluded that uptake by insect ingestion is an ineffective 

route for CNT entry into the food chain from the environment.

1.4 .2  P u lm o n ary  E xp o su re

Most of the literature on CNT toxicity is focused on the pulmonary 

exposure to CNT, mainly because of the exposure risks of workers. Maynard et 

al.|79) have studied the release o f particles from unrefined SWNT material into 

the air and the potential exposure of workers in a small-scale production facility. 

They have found that handling of unrefined material produces very low airborne 

particle concentrations of 53 pg/m3. Further studies concerning inhalation of 

CNT were performed in rodents and some toxic effects were described. Li et 

al.|80) have observed a proliferation and thickening of the alveolar walls and 

attributed these effects to the size and distribution of aggregates of MWNT in 

the lung. Mitchell et al.[81] have found that inhalation of MWNT for up to 14 days 

did not cause lung damage. Instead, inhalation of MWNT triggered alterations in 

the systemic immunity. The authors explained their findings based on the dose, 

specific type, functionalisation and most importantly, aggregation status of 

MWNT. Furthermore, the results o f this study support the hypothesis that 

MWNT bypass the pulmonary defense mechanisms and reach the systemic 

blood circulation.

A vast majority of the published work investigating the pulmonary 

toxicity of CNT has been done by intratracheal instillation. Among these studies 

there is disagreement concerning the effects of CNT depending on the 

differences in dose, type, functionalisation and aggregation status o f CNT used. 

Carrero-Sanchez et al.l82) have demonstrated that the functionalisation of MWNT
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(N-doped) make the nanotubes more biocompatible because when compared 

with pure, non N-doped MWNT, they do not cause death to mice. Li et al.[801 

have shown that by intratracheal instillation, clumps of MWNT can bypass the 

mucociliary system, enter directly into the lung and induce persistent 

pathological lesions in bronchi and alveoli. It was explained that the toxic effects 

were a consequence of the administration route and aggregate sizes of CNT 

(the clumps of MWNT were too large to be phagocytised and cleared). The work 

by Muller et al.1831 has also illustrated that the length of MWNT modulates the 

immune response, clearance kinetics and bioavailability.

Regarding SWNT, Lam et al.1721 have considered that chronic inhalation 

exposure to SWNT is a serious occupational health hazard because a single 

intratracheal instillation of a SWNT dispersion has caused epithelial granulomas 

and interstitial inflammation. However, the SWNT studied contained different 

types and amounts of residual catalytic metals, so it is possible that the 

observed effects were induced by the intrinsic toxicity (surface chemistry, 

fibrous structure and metal impurities) and biopersistence of the materials. In 

addition, Warheit at al.1841 have reported that acute pulmonary toxicity effects of 

SWNT in rats included a 15% mortality rate post-exposure. These authors 

considered that the agglomeration of SWNT in the major airways was the 

primary cause of death and excluded the role of any inherent toxicity of the 

SWNT, although a dose independent foreign tissue body reaction was verified 

by the formation o f multifocal granulomas centered around SWNT aggregates. 

Huczko et al.[85,861 also examined the effects of CNT dispersions in guinea pigs. 

It was not defined if SWNT or MWNT were used. The pulmonary function tests 

and bronchoalveolar lavage examinations showed that the duration of exposure 

to CNT and the material characteristics play a critical role in the degree of 

respiratory distress caused and the induction of pathologies in the lung.

Finally, Shvedova's research group has been very active in studying 

the toxic effects of purified pristine SWNT after pharyngeal aspiration187' 881 and 

intrapharyngeal instillation1891. The group have observed morphologically distinct 

responses of the lung corresponding to the aggregation status of SWNT in the 

tissue, which suggest that workers exposed to respirable particles o f SWNT 

may be at risk of developing lung lesions1871. Furthermore, it was demonstrated 

that lower levels of antioxidants are associated with a higher sensitivity to the 

acute inflammation and pro-fibrotic responses induced by SWNT1881 and that the 

nanotubes have the potential to directly or indirectly induce cardiovascular 

effects1891. Taken together with the hypothesis that SWNT can translocate from
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the lung into the systemic blood circulation, these findings led the authors to 

believe that low-level chronic inhalation exposure to SWNT can produce not 

only pulmonary toxicity but also systemic side-effects.

1 .4 .3  D erm al E xpo sure

Maynard et al.|79] have found that handling of unrefined CNT material in 

a small-scale laboratory production facility produces glove deposits of 0.2-6 

miligram per hand and that large airborne clumps together with surface deposits 

of SWNT can lead to dermal exposures in less well-protected regions. 

Therefore, the importance of using gloves and other personal protective 

equipment to minimise dermal exposure while handling pristine SWNT was 

stressed. Huczko et al.|90) have analysed the toxicity of purified, pristine CNT 

material by dermatological tests on human volunteers and rabbits and no 

association was found between working with a soot containing CNT and the risk 

of skin irritation or allergy.

1.4 .4  S ys te m ic  E xp o su re

Studies regarding the systemic exposure to CNT were reported only in 

the context of using CNT for biomedical applications. Sato et al.1911 verified that 

the length of CNT clearly modulates the immune response and clearance 

kinetics obtained. Following subcutaneous administration of oxidised MWNT, 

the degree of inflammatory response in the tissue around the MWNT was 

stronger for longer MWNT (825 nm) in comparison to shorter MWNT (220 nm). 

It was suggested that such effect was associated with the ability of the 

macrophages to envelop the shorter MWNT more readily. In addition, it was 

reported that necrosis or neuthrophil infiltration were not observed in tissues 

surrounding both MWNT. In another study by Carrero-Sanchez1821, oral and 

intraperitoneal administration of pristine and N-doped MWNT were studied. 

Again, no toxicity signs, tissue alterations or biochemistry parameters changes 

were found for both MWNT in the dose and time ranges included in the study.
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The intravenous administration of pristine CNT (single- and multi

walled) have been studied by Radomsky et al.[92), who have shown that platelets 

are easily targeted and activated by CNT with consequent in vivo acceleration of 

the rate and time for the development o f carotid artery thrombosis. Very 

recently, Schipper et al.[93) have examined the acute and chronic toxicity f- 

SWNT administered intravenously in mice. Non-covalently PEGylated SWNT 

and oxidised SWNT covalently functionalised with PEGylated lipids were used. 

Haematology and blood chemistry analyses and histology examinations were 

carried out for 4 months. No differences between the control and both SWNT 

were registered, although the nanotubes persisted in the liver and spleen 

throughout the duration of the study. Finally, all studies cited in section 1.3 

describing the biodistribution profiles of CNT have reported no evidence of 

acute toxicity, adverse reactions or mortality following the administration of CNT.

1.5 Biom edical Applications o f CNT

CNT research has reached a stage that offers an adequate understanding of the 

structural and physicochemical properties and allows the exploration of CNT use in 

various applications, including the biological and biomedical. Biotechnological 

applications of CNT are being anticipated in a variety of fields, ranging from 

microfluidics to bioinformatics. Since methodologies to improve the aqueous 

dispersibility of CNT (also in biological fluids) were developed, the transformation of 

CNT into viable components appropriate for clinical use has been feasible.

1.5.1 B io sen so rs

The detection of molecules (DNA, proteins, enzymes, infectious 

agents) present in diminutive concentrations in biological environments is 

difficult, if not impossible. Ultrasensitive assays are required to achieve 

detection at very low levels. Due to their physical and electrochemical 

properties, CNT have been extensively explored in this area. Most bioassays 

depend on hybridisation or antigen-antibody interactions1941. Also, CNT are used 

to immobilise DNA, proteins, enzymes or anions on their surface, acting under
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these circumstances as bioelectrodes194'981 responsible for transduction and 

amplification of events or as catalysts in biochemical reactions1971. Nanoscale 

systems based on CNT have already shown great improvements in 

bioelectronic devices, protein analysis and medical diagnostics194'1011.

1.5 .2  T issu e  E n g in eerin g

Neural and bone implants commonly fail due to glial scar-tissue 

formation (central nervous system) or fibrous encapsulation (bone) at the tissue- 

implant interface. This leads to short-term functionality of the implant and can 

result in poor clinical efficacy11021. The rough surface of CNT at the nanometer 

scale has been shown to permit sufficient natural bonding between the implant 

and the surrounding tissue without wound healing11021. Moreover, CNT matrices 

have offered a range of possibilities for the design of new composites for neural 

and orthopaedic implants combining numerous features. In addition to the 

conducting properties of CNT that allow stimulation of cellular growth1103'1051, and 

their strong mechanical properties needed to ensure implant robustness11021, 

CNT are a biocompatible and non-biodegradable material, permitting their use 

as long-term implants1103,1061. Several studies in vitro and in vivo have explored 

the possibilities for the use of CNT in tissue regeneration after damage to the 

spinal cord, brain or bone tissues195,102,104‘108J.

1.5 .3  Im ag in g  P la tfo rm s

Molecular imaging offers potential advantages for early detection, 

accurate diagnosis and personalised treatment (including optimisation of dose 

and tracing of therapeutics) of diseases. It includes approaches such as optical 

imaging (fluorescence and Raman), magnetic resonance imaging (MRI) and 

radionuclide-based imaging (SPECT and PET). The unique optical and 

structural properties of CNT made them an excellent candidate for imaging 

platform development. Intrinsic near-infrared (NIR) fluorescence and good 

photostability allow CNT to be used as imaging contrast agents for microscopy 

and spectroscopy in v/'fro134,109,1101, in vivom  and ex vivo156,591. In addition, the
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intrinsic Raman scattering signatures o f CNT can be measured and imaged in 

vitirP* ' 1101 and ex vivoI54,551. Very recently, a Raman imaging strategy to scan 

CNT in living mice was also optimised11111. Alternatively, CNT can be a building 

block loaded with fluorescent probes for in vitro tracking purposes131,43,451. When 

utilising CNT for MRI, a similar approach is adopted and the CNT need to be 

loaded with MRI contrast agents such as supramagnetic iron-oxide 

nanoparticles or Gadolinium (Gd3+) before being used in vitro or in vivo, 

respectively135' 112]. Finally, radionuclide-based imaging is mainly used to 

investigate the biodistribution and pharmacokinetics of CNT in vivo. However, 

CNT need to be labelled with a radionuclide in order to be traceable by PET154, 

621 or SPECT. Despite CNT not being the imaging contrast agent, these 

approaches are very sensitive, quantitative and not limited by tissue penetration, 

and therefore can be further explored as a tool to monitor CNT platforms with 

simultaneous targeting and delivery tasks in vivo.

1 .5 .4  D e live ry  S ystem s

The interesting properties o f water-dispersible, individualised CNT can 

be utilised to develop novel carrier systems for therapeutics because: (i) CNT 

can be internalised by a wide range of cell types (section 1.2.1); and (ii) their 

high surface area can potentially act as a template and carry multiple molecules 

such as peptides, proteins, nucleic acids and drugs. CNT have been described 

as delivery systems mainly in proof-of-principle studies.

1.5.4.1 D rug D e live ry  b y  C N  T

Problems associated with the administration of drugs, 

including limited solubility, poor biodistribution, lack of selectivity and 

healthy tissue damage may be overcome by the implementation of a 

drug delivery system based on CNT. Moreover, the high surface area 

of CNT offers multiple attachment sites for chemical species. Wu et 

al.l32] have shown that f-MWNT (via 1,3-dipolar cycloaddition reaction) 

can be used for the delivery of amphotericin B (AmB), one o f the most
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effective antimycotic molecules for the treatment of chronical fungal 

infections, yet highly toxic to mammalian cells. AmB-MWNT were 

rapidly internalised into Jurkat cells in a dose-dependent manner. 

Moreover, the drug was internalised into mammalian cells with a 

remarkable reduction in toxicity. At the highest dose, more than 40% of 

the cells died from the effects of free AmB, while all cells remained 

alive following treatment with AmB covalently conjugated to MWNT. 

Very interestingly, AmB preserved its high antifungal activity once 

linked to the nanotubes. Different types of pathogens comprising 

Candida albicans, Candida paropsilosis and Cryptococcus neoformans 

were treated with AmB-MWNT conjugates and the antifungal activity 

was in some cases higher than the effects of the drug alone. Although 

only speculative hypotheses about the action of the AmB-MWNT 

conjugates could be offered (i.e. increase of the solubility of the drug, 

or multi-presentation of the drug by MWNT that favours interaction with 

the fungal membrane), the conjugation of AmB to the nanotubes 

decreased the mammalian toxicity and increased the antifungal activity.

Alternative approaches have been explored to combine 

anticancer drugs and CNT. Ali-Boucetta et al.11131 have demonstrated 

that Pluronic-coated MWNT can form supramolecular complexes with 

doxorubicin via tt- tt stacking. Very interestingly, Liu et al.11141 proposed 

similar supramolecular complexes with doxorubicin as well, but with 

SWNT coated with PEGylated lipids instead. Liu and co-workers 

verified that the binding and release of doxorubicin molecules could be 

controlled by varying the pH. However, in contrast to Ali-Boucetta et al., 

Liu et al. did not find an enhancement in the cell-killing effect of the 

doxorubicin-CNT complex as compared to doxorubicin alone. Yu et 

al.11151 selected a covalent amide linkage to bind gonadotrophin 

releasing hormone (GnRH) to carboxylated MWNT. GnRH is 

overexpressed in the plasma membrane of several cancer cell lines. 

The toxic effects of carboxylated MWNT, free GnRH and MWNT-GnRH 

conjugates were examined in cell lines that were positive and negative 

for the GnRH receptor. It was found that the conjugates were 

internalised only by GnRH receptor-positive cells. Moreover, only 

MWNT-GnRH conjugates had the capacity to kill the malignant cells. 

Lastly, Hampel et al.I116) have used MWNT as nanocontainers or 

nanoreservoirs of the cytotoxic drug carboplatin. It was observed that
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carboplatin incorporated into open-ended MWNT (via capillarity) was 

released during incubation o f the delivery systems with cells in vitro 

and produced the expected cytotoxic effects. Moreover, despite the 

unusual large lengths of the nanotubes (10-30 pm), no toxicity was 

reported for concentrations up to 500 pg/ml o f empty MWNT incubated 

with cells for 24 hours. Unfortunately, it was not possible to compare 

directly the effects of free carboplatin and that contained by MWNT. 

More studies are needed in order to quantify the release of carboplatin 

from the nanotubes.

1.5.4.2 Peptide and  Prote in Delivery b y  C N T

The cellular uptake of free peptides and oligodeoxy- 

nucleotides is poor, and consequently, conjugation of these molecules 

onto CNT surfaces may allow for improvements in the delivery of such 

biological molecules. Pantarotto et al.1117, 1181 have studied the 

conjugation of a peptide sequence from the VP1 protein of the foot- 

and-mouth disease virus (FMDV) linked to SWNT-NH3+ via a stable 

covalent bond. In these studies, the peptide linked to the SWNT 

displayed the necessary and correct secondary conformation and 

showed immunological reactivity to specific polyclonal and monoclonal 

antibodies. In addition, immunisation of mice with these conjugates 

elicited higher antibody responses as compared to the peptide alone 

and no anti-nanotube antibodies were detected, suggesting that CNT 

do not have intrinsic immunogenicity properties. However, only the 

mono-derivatised SWNT conjugate induced high levels of virus 

neutralising antibodies. This finding was attributed to a reduced 

specificity of the antibodies generated using the bis-conjugate, likely 

due to a conformation adopted in vivo by the peptide onto the SWNT 

that was different from the native protein. This result underlines the 

critical role that a carrier system may play in the presentation o f the 

linked peptide to the immune system.

In a later study by Bianco et al.11191, the negatively charged 

oligodeoxynucleotides containing CpG motifs (ODN CpGs) were non- 

covalently complexed with the cationic SWNT-NH3+. The ODN CpGs
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confer non-specific protection against various intracellular pathogens 

and enhance antigen-specific immune responses. When the complexes 

were incubated with mouse splenocytes, an increase in the 

immunostimulatory activity of the ODN CpG that was not associated 

with the enhancement o f IL-6 secretion (pro-inflammatory cytokine) 

was observed. Moreover, the cationic SWNT did not induce any 

mitogenic or toxic effect on the lymphocytes. These studies have 

shown that functionalised, water-dispersible SWNT should be 

considered as scaffolds for the cellular delivery and receptor 

presentation of immunologically active molecules, with the ultimate aim 

of producing novel tools for effective vaccination.

Concerning protein delivery, Kam et al.[41,1201 have shown the 

potential of SWNT to transport proteins into mammalian cells. SWNT 

were shortened to lengths comprised between 20 and 100 nanometres 

using strong acid conditions. This treatment also allowed carboxylic 

groups to be generated at the terminal parts of the tubes and at their 

defect sites. Next, the carboxylated nanotubes were complexed with 

different types of proteins, including streptavidin, protein A, BSA, and 

cytochrome c. Mammalian cell lines were incubated with the complexes 

to study the capacity of SWNT to drive the adsorbed proteins into the 

cells. The complexes were localised within endosomes and released 

into the cytoplasm by the addditon of chloroquine, a molecule that is 

able to destroy endosomes. In the case of cytochrome c, it was verified 

that the protein exerted its biological function after liberation from the 

endosomal trap. Indeed, the cells entered into apoptosis.

A recent study from Venkatesan et al.11211 has shown that 

among a group of different types o f nanoparticles, CNT were the 

delivery systems offering the best improved bioavailability of 

erythropoietin. The formulation comprised CNT (adsorbent), 

erythropoietin (protein drug), casein (intestinal enzyme inhibitor) and 

Labrasol (absorption enhancer), and was evaluated in rats by intra

small intestinal administration. This study proposed that the above 

CNT-based carrier system can offer a successful oral administration of 

erythropoietin, which has not been possible thus far because of the 

denaturation o f erythropoietin by the gastric environment conditions 

and enzymes.
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1.5.4.3 N ucle ic A c id  D e livery by  CN T

Exogenous gene delivery and expression in live cells is a 

complex biological phenomenon that has been applied for a variety of 

medical purposes, most commonly gene identification and gene 

therapy. The optimum delivery o f genes in diseased tissue is 

considered today to be a bottleneck in both viral (i.e. use of genetically 

modified viruses) and non-viral (i.e. use of chemical moieties) gene 

therapy applications'461. The main aim is to efficiently, specifically and 

safely introduce nucleic acid molecules into cells. However, a major 

drawback of this methodology is the rapid degradation of exogenous 

nucleic acids. To overcome this problem, one strategy is to use a 

vector system able to associate with DNA, RNA or other types of 

nucleic acids by self-assembly and assist its intracellular translocation. 

A summary of the different studies published so far using CNT for the 

delivery of DNA and RNA in in vitro and in vivo models is presented in 

Table 1.2.

Pantarotto and Singh et al.'48,1221 published the first studies to 

demonstrate CNT-mediated gene delivery and expression leading to 

the production of marker proteins encoded in double-stranded plasmid 

DNA (pDNA). In these initial studies, it was observed that pDNA was 

able to associate in a condensed globular conformation through 

electrostatic interactions on the surface of CNT covalently 

functionalised with ammonium groups (Figure 1.3A). The delivery of 

pDNA and the expression of 3-galactosidase (marker gene) in CHO 

cells was found to be approximately 10 times higher than naked pDNA 

alone. Furthermore, it was found that the charge ratio (+:-) of CNT- 

NH3*:pDNA was an important factor in determining the level o f gene 

expression. Very interestingly, on a more fundamental level, it was also 

observed that CNT had the capacity to ‘pierce1 the plasma membranes 

in a manner previously unreported'481.

Liu et al.11231 reported the non-covalent association of pDNA 

with CNT functionalised with polyethylenimine (PEI) groups, which 

contain a high density of terminal amine groups, an overall highly 

cationic macromolecule commonly used as a transfection agent. The 

CNT-PEI:pDNA complexes tested at different charge ratios in different
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cell lines were shown to produce much higher levels of gene 

expression than pDNA alone. Furthermore, it was reported that the 

transfection efficiency with the CNT-PEI constructs was about 3 times 

higher than with PEI alone. It was suggested an endosome-mediated 

intracellular uptake of the CNT-PEI:pDNA complexes. However, the 

exact mechanism leading to the reported upregulation of gene 

expression by the CNT-PEI conjugate was not identified.

T ab le  1.2. D e liv e ry  o f  D N A  and  R N A  b y  CNT in  in  v it ro  and  in  v iv o  m ode ls .
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Later, work reported by Gao et al.11241 elucidated that the 

surface functionalisation group of the CNT also plays a role in the 

formation of the complexes between the CNT and pDNA. That team 

studied the gene delivery o f pDNA by CNT functionalised with four 

different chemical groups: amino, carboxyl, hydroxyl and alkyl. They 

found that only the positively charged, amino-functionalised CNT were 

able to complex and deliver the pDNA. The complexes between CNT 

and pDNA enhanced the gene delivery and expression compared to 

naked DNA alone, although they did not improve the transfection 

efficiency compared to commercially available transfection agents 

(Lipofectamine 2000).

Cai et al.11251 proposed a new strategy to introduce 

exogenous pDNA immobilised on CNT into mammalian cells. The CNT 

used in these studies contained Ni particles enclosed in their tips, 

which allowed a magnetic 'spearing' technique (exposure to an external 

magnetic field followed by centrifugation) onto the CNT/pDNA 

complexes. The results from these investigations reported gene 

expression in 80-100% of the cell population for the CNT with Ni, while 

CNT deprived of Ni particles did not produce any gene expression. 

Although the use of such technique is limited to in vitro or ex vivo gene 

transfer, this work benefits from the plasma membrane 'piercing' effect 

of CNT in an alternative experimental setup that can lead to very high 

gene expression.

Interestingly, CNT have been shown to be able to deliver 

exogenous genes not only into mammalian cells but also into bacteria. 

Rojas-Chapana et al.11261 demonstrated that oxidised, water-dispersible 

CNT can deliver pDNA into E.coli (ratio o f transformation 

efficiency/transformants of about 32) by opening up temporary 

nanochannels across the cell envelope. The authors described that 

adding CNT into a suspension containing E.coli and pDNA and 

applying a microwave frequency11361 resulted in the orientation of the 

CNT tips perpendicularly to the cell surface and subsequent plasmid 

delivery into the bacteria. The concept of cell wall ‘piercing’ was 

proposed again to explain the observations made in these studies. In 

addition, Zhang et al.11271 have confirmed that CNT functionalised with 

short dsDNA are internalised by different murine tumour cell lines 

without any associated cytotoxic effects. The conjugates were tracked
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by fluorescence microscopy since the dsDNA was fluorescently 

labelled. However, the work did not describe gene expression using 

this dsDNA.

There also have been a few published studies using single

stranded DNA (ssDNA) as the CNT coating material to render the CNT 

water dispersible. Although such nucleic acids do not encode for 

exogenous genes and therefore are not relevant to gene transfection 

applications, intracellular translocation of the ssDNA was reported. 

Kam et al. have reported the translocation o f ssDNA into the nucleus of 

HeLa cells by two different CNT structures: (i) Cy3-labelled ssDNA 

directly linked to CNT through a non-covalent adsorption142,1281, and (ii) 

Cy3-labelled ssDNA covalently linked to a PEGylated lipid molecule 

which was adsorbed onto the CNT[129]. These studies reported that 

ssDNA is released from the CNT after NIR excitation of the CNT11281 or 

after enzymatic cleavage of the disulfide bonds11291 and translocated 

into the cell nucleus. The authors postulate endocytic uptake of the 

whole CNT-ssDNA constructs. Heller et al.1110, 1301 have also reported 

the cellular internalisation of CNT coated by ssDNA. Although the long

term goal of this team is to develop resilient optical sensors based on 

CNT for in vitro and in vivo applications, they have used ssDNA to 

disperse the CNT in aqueous solutions and demonstrated an 

endocytosis-dependent internalisation and perinuclear localisation 

without penetration into the nuclear envelope of the CNT:ssDNA 

complexes incubated with mammalian cells.

More recently, Becker et al.11311 have reported the importance 

of length to the corresponding toxicity of CNTissDNA complexes that 

are uptaken into cells (approximately 200 nm). This report showed 

length-dependent cellular uptake by fluorescence microscopy. Longer 

CNT were labelled with Cy3-ssDNA and found to be excluded from 

internalisation by cells, while shorter tubes labelled with Cy5-ssDNA 

were found in the cytoplasm. Although this study was oriented towards 

the length-dependent toxic effects of CNT, one can conclude that 

CNT:ssDNA complexes are able to internalise into a variety of cell 

lines. What should be highlighted from these studies using CNT 

dispersions coated with macromolecules, however, is that the surface 

coating on the CNT, whether ssDNA or PEGylated lipid as in the cases 

above, is -  as expected -  critically important to the interactions
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between cells and CNT. The endocytotic mechanism of uptake 

reported is thought to be a result of the nucleic acid or lipid coating on 

the CNT surface being recognised by the cells instead of the CNT 

backbone.

There are hardly any studies in the literature describing the 

in vivo gene expression by CNT-mediated delivery o f pDNA. Zhang et 

al.11271 have injected FAM-labelled dsDNA-CNT conjugates in rodents. 

The CNT-dsDNA conjugates consisted of CNT functionalised with 

ssDNA, which later was annealed with the complementary ssDNA 

labelled with FAM. These conjugates were intratumourally administered 

in mice bearing Lewis lung carcinoma tumours. The study confirmed 

the uptake o f the conjugates by observing that almost all tumour cells 

were fluorescent; however, the experiment was performed only for the 

purpose of in vivo imaging and tracking of the CNT:DNA conjugates. 

No further attempt has been reported to deliver gene expressing DNA 

in live tissue to date.

Figure 1.6 schematically summarises the general strategies 

that have been used to introduce nucleic acid-CNT conjugates into 

cells, regardless of the structure of the nucleic acid or the achievement 

of gene expression (DNA) or silencing (siRNA). The main 

internalisation pathways to accomplish cellular delivery of nucleic acids 

by CNT are as follows: phagocytosis of nucleic acids covalently linked 

to CNT[1331, injection o f nucleic acids through nanochannels formed by 

CNT[126), 'penetration’ or 'piercing' of nucleic acids adsorbed on the 

surface of CNT11251 or complexed with CNT by electrostatic forces148,1221; 

and finally, endocytosis o f nucleic acids electrostatically complexed1123, 

1351, covalently-linked11291 or adsorbed142, 110, 1281 to CNT. The 

mechanisms suggested to describe intracellular release of the nucleic 

acid from the CNT are also illustrated in Figure 1.6 and include: 

electrostatic dissociation of the complexes148, 122_124' 135J; enzymatic 

cleavage of the disulfide linkages that hold the nucleic acid onto the 

CNT11291; and lastly, nucleic acid release following excitation of the CNT 

with NIR radiation11281.
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Gene Expression hv

Figure 1.6. Suggested strategies fo r cellu lar delivery o f nucleic acids by CNT.

(A ) Phagocytosis o f nucle ic acids covalently linked to CNT; (B ) in jection o f nucleic acids through 
CNT nanochannels; (Ci) penetration o f nucle ic ac ids adsorbed on the surface o f C N T or (Ch) 
com plexed with CNT by electrostatic forces; and endocytosis o f nucleic acids electrostatically 
com plexed (Di), covalently-linked (Du) o r adsorbed (Dm) to  CNT Suggested strategies for 
in tracellu lar re lease o f the nucleic acid from the CNT: (E) e lectrostatic dissociation; (F) enzym atic 
c leavage and (G) radiation

Concerning RNA delivery, CNT were first shown to transport 

biologically non-functional RNA into mammalian cells by Lu et al.11321 

The authors reported the cellular uptake of CNT;RNA polymer poly(rU) 

hybrids formed through non-specific binding with the CNT. However, 

this study reported only the cellular uptake and the cytotoxicity of the 

CNT:RNA constructs; the propidium iodide labelled RNA was used 

simply to fluorescently label the CNT:RNA hybrids and follow their 

cellular internalisation by fluorescence microscopy. No biological 

function was reported in that work.

In a subsequent publication, Kam et al.11291 studied siRNA- 

CNT conjugates, in which the siRNA was linked by disulfide bonds to 

the PEGylated lipids coating the CNT surface. It was shown that the 

conjugates were internalised into HeLa cells and mediated gene 

silencing. Using different siRNA conjugates, two targeted genes were 

successfully silenced: (i) the gene encoding lamin A/C protein 

(localised inside the nuclear lamina of cells), and (ii) the luciferase 

(Luc) gene. The gene silencing efficiency of the siRNA-CNT conjugates 

was compared to the conventional Lipofectamine:siRNA complexes. It 

was found that the CNT improved the degree of gene silencing. More 

recently, Liu et al.1,331 have shown the delivery of siRNA molecules able
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to silence the expression of the cell-surface receptors CD4 and co

receptors CXCR4 in human T cells and peripheral blood mononuclear 

cells by CNT. Because both cell-surface receptors are necessary for 

HIV access and infection of T cells, the authors have suggested that 

siRNA-CNT conjugates can potentially be used for the treatment of 

HIV. This work demonstrated that siRNA linked through cleavable 

disulfide bonds to lipid molecules coating the CNT was efficiently 

delivered, leading to knockdown (about 60%) of the CD4 and CXCR4 

expression. Furthermore, they observed that conjugates o f CNT 

covalently linked by disulphide bonds to siRNA had greatly improved 

the silencing in T cells compared to Lipofectamine 2000 and other 

liposome-based formulations. In another work, Krajcik et al.11351 have 

studied the application of hexamethylenediamine (HMDA)-covalently 

functionalised and poly(diallyldimethylammonium)chloride (PDDA)- 

coated CNT complexed with siRNA for the treatment of heart failure. It 

was verified that the extracellular signal-regulated kinase (ERK) siRNA 

suppressed the expression of the ERK target proteins in 

cardiomyocytes by approximately 80% and in the absence of toxic 

effects. It was suggested that the complexes were uptaken by cells via 

an endocytic pathway.

Focused in anticancer therapy, Wang et al.11341 have 

demonstrated that the overexpression of cyclin A2 (involved in cell cycle 

regulation) by the human erythroleukemic cell line K562 can be 

downregulated with ammonium-functionalised CNT:siRNA complexes. 

Blockage of cell proliferation and promotion of apoptosis were 

observed. Thus, the authors stressed that this treatment could be 

useful for chronic myelogenous leukaemia. Zhang et al.11271 used 

ammonium-functionalised CNT to mediate the delivery of TERTsiRNA 

into tumour cells (murine and human) and silence the TERT gene, 

which is critical for the development and growth of tumours. It was 

observed that treatment of different tumour cells with the 

CNT:TER7siRNA complexes led to the suppression o f cell growth. 

These in vitro studies using CNT:siRNA complexes by Zhang et al. 

were extended to in vivo studies in the same report11271. The activity of 

CNT:TERTsiRNA was verified after intratumoural injections in mice 

bearing Lewis lung carcinoma tumours or HeLa cell xenografts. 

Tumour growth was inhibited after treatment with CNT:7ERTsiRNA
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complexes, and average tumour weight was significantly reduced when 

compared to that of tumours from untreated animals. Moreover, it was 

reported that injection of the CNT:7ER7siRNA complexes at multiple 

sites in the tumour mass resulted in more effective treatment than 

injections at a single site. This work is the first and only report'1 

currently in the literature that showed how CNT can offer a promising 

new technology for the development of gene delivery systems in vivo.

1.5 .5  S m art D e live ry  S ystem s fo r C an cer Therapy

The development of smart delivery systems that will target and be 

internalised by the specific tumour cell populations without toxic side-effects for 

healthy tissues is still a challenge for cancer treatment. A major advantage in 

using CNT is based on their high aspect ratio, which permits the attachment of 

multiple copies of different moieties along the CNT axis. As depicted in F ig u re  

1.7, CNT can be used as platforms for multiple derivatisation, by loading their 

surface with therapeutic agents (treatment), fluorescent, magnetic or 

radionuclide probes (tracking) and active recognition moieties (targeting).

Targeting Ligand  

T h e ra p e u tic  L ig a n d  
T ra c k in g  L ig a n d

F ig u re  1.7. S m art d e liv e ry  s y s te m s  based  on CNT fo r  b io m e d ica l a p p lic a tio n s .

The paper by Yang et al. S ingle-walled carbon nanotubes-m ediated in  vivo and in vitro de livery o f siRNA  
in to antigen-presenting cells, published in Gene Therapy 2006 13 (24),1714-1723 was retracted in Gene 
Therapy 2007 14 (11), 920.
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One strategy to achieve that is through the dual functionalisation of 

CNT with two different molecules using the 1,3-dipolar cycloaddition of 

azomethine ylides|31]. This methodology allows the covalent attachment of a 

fluorescent probe (fluorescein) and an anticancer drug with limited cellular 

uptake (methotrexate) around the sidewalls of the CNT. The limited capacity of 

methotrexate to cross the cell membrane could be overcome by its conjugation 

to CNT, which are capable o f enhancing cellular uptake of linked moieties. The 

presence of fluorescein provided the optical signal for imaging the drug-CNT 

conjugates inside the cells. Jurkat cells were incubated with different doses of 

methotrexate-CNT and the fluorescent tubes were localised around the nuclear 

membrane in a dose-dependent manner. Preliminary studies have shown that 

methotrexate conjugated to the CNT had the same cytotoxic activity o f the drug 

alone in a cell culture assay. A similar approach was reported by Feazell et 

al.l45], who used CNT covalently bound to platinum(IV) to effectively deliver a 

lethal dose of the anticancer drug, and non-covalently bound (via lipid-coating of 

the CNT) to fluorescein to track the system. In this study, the toxic effect of the 

anticancer drug was dependent on its release and reduction inside the cells, 

which is only possible in lower pH environments such as endocytic vesicles, and 

was exemplified using a testicular carcinoma cell line NTera-2.

Recently, McDevitt et al.[631 have reported the successful multiple 

derivatisation of CNT with a monoclonal antibody used as a targeting ligand. 

This team constructed a CNT-antibody conjugate able to specifically target the 

CD20 epitope on human Burkitt lymphoma cells and to deliver a radionuclide 

simultaneously. The complex system was constituted by water-dispersible 

ammonium-functionalised CNT as a platform to which the antibody for targeting 

and the radionuclide chelating agent (loaded with therapeutic radioisotope) were 

bound by covalent linkages. They observed in vitro that the delivery system 

attached and internalised specifically by cell lines expressing the relevant 

epitope at the plasma membrane, and were able to specifically target lymphoma 

cells in vivo, although not to a greater extent than the antibody alone.

Efficient in w'fro|114) and in v /W 541 specific tumour targeting results were 

also reported by Liu and co-workers. A therapeutic moiety (doxorubicin) was 

associated by TT-stacking to the nanotubes while the chelating agent and 

targeting peptide were linked to PEGylated lipids coating (non-covalent 

functionalisation) the CNT backbone. Despite the improvement of IC50 between 

the constructs with (3 pM) and without (8 pM) targeting peptide, this appendage 

did not enhance the cell-killing effect of doxorubicin alone (IC50 of 2 pM)1" 41.
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Another in vivo study has reported the preferential absorption or retention of 

Boron-10 carborane cage-modified CNT in tumour cells11371. Despite the fact that 

the mechanism explaining the accumulation of the carborane-modified CNT in 

tumours was not investigated, it was hypothesised that a passive accumulation 

resulting from increased vascular permeability and decreased lymphatic 

drainage system of the tumour (EPR effect) retains the CNT within the tumour. 

Nevertheless, this work is the first to illustrate the potential of using CNT in 

boron neutron capture therapy for the treatment o f cancer.

In an alternative approach, the unique intrinsic physicochemical 

properties of CNT have been used to develop novel cancer therapeutics. 

Exploring the strong optical absorbance of CNT in the near-infrared (NIR) light 

region, a proof-of-principle study has shown that CNT can cause cell death by 

localised hyperthermia11281. PEGylated lipid molecules with folic acid 

appendages at their distal ends were used to non-covalently coat the surface of 

CNT in order to target cancer cells overexpressing folate receptors. Cell cultures 

were incubated with the CNT and then irradiated with NIR light for 2 minutes. 

Dramatic changes in cell morphology and extensive cell death were observed, 

while cells lacking folate receptors remained intact and proliferated as normal. 

Nevertheless, it was also shown that extensive NIR radiation misplaced the 

functional groups from the CNT and induced the aggregation o f the nanotubes 

within the cytoplasm. Therefore, this approach indicated the important 

considerations of the potential toxic effects that exposure to surface untreated, 

bundled CNT may entail.

More recently, Gannon et al.[1381 used a radiofrequency (RF) field to 

release heat from CNT in order to produce cytotoxicity in cancer cells by 

hyperthermia. It was observed that polymer coated CNT exposed to a focused 

external RF field for 2 minutes were very effective at converting RF energy into 

heat. In addition, the heat release by nanotubes previously internalised by 

human cancer cells in vitro or intratumourally administered into hepatic tumours 

in rabbits, was lethal to cells and tumour tissue (which is generally more 

sensitive to heat-induced damage and apoptosis than normal cells) up to 48 

hours post-treatment. However, more work is needed to combine RF therapy 

with cell cancer-targeted delivery of CNT in order to minimise damage to healthy 

cells and maximise thermal-induced cancer cell cytotoxicity.
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Overall, the works published so far show how CNT can offer a new technology 

for the development of advanced applications. However, much more work is definitely 

needed and will surely appear in order to explore and carefully define the opportunities 

and limitations of CNT as components of biosensors, tissue implants and delivery 

systems of imaging agents, drugs and nucleic acids.

38



O bjectives & S trategy

2 Objectives & Strategy

Since the 1990s, carbon nanotubes (CNT) have been a source o f inspiration for 

many researchers attracted by the innovative character of this material and its 

promising potential for applications in field emission, energy storage and molecular 

electronics. At this moment, research in the CNT field has reached a stage of adequate 

understanding of the basic properties these nanostructures possess, allowing the 

exploration of new applications, namely biological and biomedical. In an effort to better 

understand how to use CNT for biomedical applications, the aim of the work described 

in this thesis was to explore and investigate the features of CNT when interacting with 

biological systems, including in vitro and in vivo compatibility, binding and penetration 

ability and toxicity, in order to develop novel platforms with therapeutic, diagnostic or 

imaging applications in nanomedicine.
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Any biomedical application is intrinsically dependent on the dispersion of CNT in 

physiological, aqueous-based environments, since as-prepared CNT are completely 

insoluble in most organic solvents and aqueous buffers. In order to overcome this 

hurdle, a chemical functionalisation methodology that not only solved the aqueous 

solubility problem, but also improved the dissociation of CNT bundles (aggregates of 

tubes) in solution was developed. Through the 1,3-dipolar cycloaddition reaction of 

azomethine ylides, ammonium groups were introduced around the tips and sidewalls of 

the CNT. Additionally, it was possible to further alter the functionalisation moiety by 

electrostatic or covalent interactions of different molecules with the ammonium groups. 

Through this process, the functionalised CNT (f-CNT) were shown to be dispersible in 

aqueous environments. Therefore, the door was opened to explore possible biomedical 

applications of /-CNT.

The hypothesis that f-CNT have characteristics that can be explored in order to 

construct novel delivery systems useful in biomedical applications was tested 

systematically using a variety of structural, physicochemical and biological assays. For 

this purpose, the main directions this work followed were:

• Evaluation of f-CNT compatibility and ability for interaction at a cellular level;

• Evaluation of f-CNT tissue distribution and impact on tissue function after 

administration in in vivo models;

•  Assessment of /-CNT potential to deliver molecules, such as drugs, proteins or 

nucleic acids to cells and tissues.

Initially, the compatibility and interaction of /-CNT within cellular environments 

was examined through cell binding, internalisation and intracellular trafficking studies, 

and also cytotoxicity studies. Confocal laser scanning and transmission electron 

microscopy experiments together with flow cytometry experiments helped to clarify 

conflicting reports from previous studies concerning the cellular internalisation 

mechanism and toxicity of /-CNT (chapter 4). The mechanisms of interaction of /-CNT 

(CNT-NH3+, DTPA-CNT and Ac-NH-CNT) with model membranes were studied by 

fluorescence spectrophotometry. Then, the mechanisms of interaction and cell 

membrane translocation of the simplest f-CNT (SWNT-NH3* and MWNT-NH3+) into 

mammalian cells were also studied by microscopy techniques. Furthermore, the 

cellular mechanisms of uptake (endocytosis, phagocytosis, etc.) of fluorescently 

labelled f-CNT (FITC-MWNT) by non-phagocytic human lung carcinoma (A549) cells 

were investigated, using specific inhibitors for each internalisation pathway (low
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temperature, energy depletion, genistein, amiloride, etc). /-CNT were incubated with 

cells in the presence of these inhibitors and the internalisation process was quantified 

by flow cytometry. In vitro studies also examined the toxicity of /-CNT on cells by flow 

cytometry.

Utilisation of delivery systems based on CNT will involve the administration or 

implantation of these nanostructures and their matrices into patients. Therefore, the 

toxicological and pharmacological profiles o f CNT have to be determined prior to 

undertaking any clinical studies. For this reason, once the mode by which /-CNT enter 

into cells without any associated toxic effect was elucidated, the focus of this thesis 

moved on to characterise the tissue distribution, excretion and toxicity of /-CNT using in 

vivo models (chapter 5). Tissue distribution studies, body clearance and toxicity profiles 

of /-CNT were evaluated after intravenous administration of therapeutically-relevant 

doses in mice and rats. Radiolabelled /-CNT ([111ln]DTPA-MWNT) were dynamically 

tracked by single photon computed tomography (SPECT) imaging immediately after 

intravenous injection in rats and the presence of /-CNT in several tissues was 

quantified by gamma scintigraphy 24 hours later.

Furthermore, the impact of the surface functionalisation of CNT was evaluated by 

comparing the toxicological profile of non-functionalised CNT (purified MWNT) and /- 

CNT (DTPA-MWNT and MWNT-NH3+) administered to healthy rodents. In vivo 

analyses included assessment of the clinical condition of the animals within 24 hours 

post-administration of the different CNT, examination of all organs at necropsy, 

evaluation of haematological and biochemical parameters (blood and urine) and 

histological examination of haematoxylin and eosin stained sections o f several tissues. 

Additionally, TEM analysis of urine samples and kidney tissue sections were performed 

in order to investigate the mechanism of urinary excretion of CNT (cylindrical-shaped 

nanoparticles) through the glomerular filtration barrier.

Finally, the knowledge gained from the experiments carried out with /-CNT alone 

was applied to engineer a gene delivery system based on /-CNT in order to investigate 

the potential o f these nanostructures for effective gene transfer to cells and tissues 

(chapter 6). Following complexation by non-covalent association of /-CNT (SWNT-NH3+ 

and MWNT-NH3+) with pDNA, the stability of the complexes and the degree o f pDNA 

condensation was assessed by gel electrophoresis, and the dispersion of the 

complexes in aqueous-based solutions was investigated by fluorescence 

spectrophotometry. Confocal microscopy studies were conducted to monitor cell 

binding and uptake o f the /-CNT:pDNA complexes in monolayer cell cultures. 

Moreover, the capability of the pDNA to be released from the /-CNT was tested in vivo 

with hydrodynamic tail vein injection of the complexes into healthy rodent models. The
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gene delivery efficiency was assessed in vitro and in vivo using cancer cell monolayer 

cultures and rodent syngeneic tumour models.

In summary, the aim of the research described in this thesis was to explore the 

development for new delivery systems based on CNT that have been made water- 

dispersible and biocompatible through an organic functionalisation reaction. First, the f- 

CNT platform by itself was studied for its ability to interact, bind and enter cells, and for 

its biodistribution, excretion and toxicological characteristics in vivo. Subsequently, the 

potential of /-CNT to be loaded with cargo and deliver it efficiently in cells and tissues 

was also explored. It is anticipated that this comprehensive study will help to determine 

the potential and limitations offered by CNT towards the construction of novel platforms 

with therapeutic, diagnostic or imaging applications in nanomedicine.
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3 Materials & Methods
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3.1 Carbon Nanotubes (CNT)

Non-functionalised, purified multi-walled carbon nanotubes (pMWNT) were 

purchased from Nanostructured & Amorphous Materials Inc. (USA). Regular pMWNT 

used in this study were 95% pure, Lot No. 1240XH. The average outer diameter was 

between 20 and 30 nanometres, and lengths ranged between 0.5 and 2 microns. Non- 

functionalised, purified single-walled carbon nanotubes (pSWNT) were purchased from 

Carbon Nanotechnology Inc. (USA), Lot No. R0496. According to the manufacturer, the 

mean diameter of pSWNT is approximately 1 nanometre. Tubes have lengths between 

300 and 1000 nanometres.

3.1.1 C h em ica l F u n c tio n a lis a tio n  o f C N T

The tips and external walls of pSWNT and pMWNT were functionalised 

by a 1,3-dipolar cycloaddition of azomethine ylides as previously reported128,291. 

Briefly, a suspension of CNT in dimethylformamide (DMF) was heated to 130° C 

in the presence of an a-amino acid and paraformaldehyde for 96 hours. The 

functionalised-CNT (/-CNT) were isolated through precipitation with diethyl 

ether. Finally, a dispersion of f-CNT in dichloromethane (DCM) was bubbled 

with gaseous HCI and the CNT ammonium chloride salt precipitated (brown 

solid). This reaction (Figure 3.1) produces water-dispersible ammonium- 

functionalised SWNT (SWNT-NH3+) and MWNT (MWNT-NH3+). The amount of 

ammonium groups (NH3+) per gram of material was measured with the 

quantitative Kaiser test11391.

1) R -N H C H jC O O H  
(C H ,0 ) „  in  DMF

2 ) HCI/DCM

Figure 3.1. C hem ical functionalisation o f CNT via 1,3-dipolar cycloaddition  reaction.
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CNT-NH3+ used in the studies reported here were prepared by Dr. 

Alberto Bianco (CNRS, Institut de Biologie Moleculaire et Cellulaire, Laboratoire 

d'lmmunologie et Chimie Therapeutiques, Strasbourg, France) and Professor 

Maurizio Prato (Dipartimento di Scienze Farmaceutiche, Universita di Trieste, 

Trieste, Italy).

3.1 .2  C o v a le n t D e riva tis a tio n  o f C N T -N H 3+

Studies described in this report required the preparation of /-CNT with 

specific properties in order to allow the use o f sensitive and quantitative 

techniques to detect the f-CNT. Such f-CNT were obtained by covalent 

derivatisation of the CNT-NH3+ (previously obtained by chemical 

functionalisation, as described in section 3.1.1). The preparation of these /-CNT 

derivates (F igure 3.2) was carried out by Dr. Alberto Bianco (CNRS, Institut de 

Biologie Moleculaire et Cellulaire, Laboratoire d’lmmunologie et Chimie 

Therapeutiques, Strasbourg, France) and Professor Maurizio Prato 

(Dipartimento di Scienze Farmaceutiche, Universita di Trieste, Trieste, Italy).

3.1.2.1 F ITC -C N T

Fluorescent labelling of MWNT with fluorescein 

isothiocyanate (FITC) was accomplished by reacting MWNT-NH3+ 

(prepared as described in section 3.1.2, NH3* loading of 0.8 mmol/g) 

with FITC in DMF and diisopropylethylamine. After stirring the reaction 

mixture for 4 hours at room temperature, the solvent was evaporated. 

Finally, the product was precipitated several times with 

methanol/diethyl ether and dried under vacuum. The removal of free 

FITC was monitored by thin layer chromatography1301. All NH3+ groups 

were derivatised with FITC (F igure 3.2).
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FITC-CNT

f * V ----

o  f C O l "  fC O jH

°^ '0-

Ac-NH-CNT

DTPA-CNT

Figure 3.2. CNT derivatives prepared from  CNT-NH3\

3.1.2.2 D TPA-C N T

In order to carry out in vivo tissue distribution studies, it was 

necessary to attach a radioactive label to the CNT. Therefore, the CNT- 

NH3+ were first derivatised with a chelating agent. 

Diethylentriaminepentaacetic (DTPA) was selected as the chelating 

agent because it has been widely used to chelate different types of 

radioelements, and is currently used in radiology clinics. It is 

commercially available (Aldrich), is highly water-soluble and allows a 

simple conjugation chemistry through linkage to the amino functions at 

the CNT surface1611. In brief, MWNT-NH3+ (4 mg, NH3+ loading: 0.8 

mmol/g), prepared as described in section 3.1.2, were dissolved in 1 ml 

of dimethyl sulfoxide (DMSO) and neutralised with N,N- 

diisopropylethylamine (DIEA) (1 pi, 5.9 pmol). DTPA dianhydride (972 

pg) was added and the mixture was stirred for 3 hours at room 

temperature. The DMSO solution was diluted with water (10 ml) and 

lyophilised twice. The crude DTPA-MWNT derivative was reprecipitated 

from methanol/diethyl ether several times and lyophilised again from 

water. According to the ratio between the number o f amino groups
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present and the amount of DTPA used, 55% of amines remained 

unreacted (Figure 3.2). MWNT-DTPA was obtained as a brown 

powder, ready for conjugation with the radionuclide.

3.1.2.3 A c-N H -C N T

Further alteration o f the NH3+ functionalisation moiety was 

carried out in order to obtain acetamido (Ac-NH)-CNT. Ac-NH-CNT 

were prepared by dispersing CNT-NH3* (5 mg, prepared as described 

in section 3.1.2) in DMF (600 pi) and adding acetic anhydride (200 pi). 

The dispersion was stirred for 1.5 hours and then Ac-NH-CNT were 

precipitated several times in cold diethyl ether11401. Final CNT were 

100% derivatised with Ac-NH functional groups (Figure 3.2).

3 .1 .3  A q u e o u s  d is p ers io n s  o f C N T

3.1.3.1 f-C N T

All f-CNT (NH3+ and derivatives) were received in the form of 

powder. Stock dispersions were prepared by hydration of f-CNT in 

deionised water, 5% or 10% dextrose solutions at adequate 

concentrations to carry out the different studies reported here. All 

dispersions were bath sonicated (45 kHz) for 10-30 minutes to aid the 

individualisation of the nanotubes, and then stored at 4 °C until needed.

3.1.3 .2  pC N T

pCNT were also received in the form of powder. 

Suspensions of these hydrophobic nanotubes were obtained by 

addition of mouse serum (Sera Laboratories International Ltd., UK) or
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rat serum (prepared in house). The suspensions were always prepared 

freshly and bath sonicated (45 kHz) for 10-30 minutes before use.

3.2 Mammalian Cell Culture

3.2.1 M a in te n an ce  o f M am m alian  C e ll C u ltu res

The mammalian cell lines used in the studies described here were 

grown individually as a single thickness cell layer (or sheet) attached to the 

plastic surface o f a T75 flask. Cells were cultured in a humidified Galaxy B 

incubator (RSBiotech, UK) at 37 °C with 5% C 02 and examined daily to check 

the growth rate and to look for signs of microbial or fungal contamination. In 

order to keep the cells healthy and actively growing, it was necessary to 

subculture them at regular intervals because once the available surface of the 

flask is covered by cells -  a confluent monolayer -  the growth slows down and 

later ceases. Generally, the subcultivation process involves detachment of the 

cells from the surface, collection of the loosened cells from the culture flask, 

counting, dilution and subdivision into new flasks. Afterwards, cells should 

reattach to the new surface and begin to grow and divide during the incubation 

period. The subcultivation process was repeated each time the cell cultures 

would reach approximately 80% confluency, i.e. each time the cell monolayer 

would cover 80% of the total surface of the culture flask (2-3 days). The growth 

medium was refreshed as needed during incubation periods.

3.2.1.1 C ell H arvesting

The first step in subculturing monolayer cell cultures seeks 

to detach the cells from the plastic surface of the T75 flask and to break 

the cell-to-cell bonds as gently as possible. To accomplish this, the old 

growth medium was removed and discarded and the cell monolayer 

was gently rinsed with 10 ml o f calcium- and magnesium-free 

phosphate buffered-saline (PSB) (Gibco) to remove all traces of serum
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that contains trypsin inhibitor. After discarding the washing solution, 2 

ml of the proteolytic enzyme trypsin-EDTA solution (Gibco) were added 

to the flask and the culture was incubated until the cells were released 

(5-10 minutes). The progress of the enzyme treatment was checked 

with an inverted light microscope (Olympus CK-X41, Japan) every few 

minutes. Once nearly all cells were rounded up and floating, growth 

medium (8 ml) was added to the flask. The cell suspension was gently 

pipetted in order to destroy any cell clumps and wash any remaining 

cells from the bottom of the T75 flask. Finally, after the cell suspension 

was checked under the microscope to verify that at least 95% of the 

suspension consisted of single cells, it was collected into a 15 ml 

centrifuge tube and placed on ice.

3.2.1.2 C ell Counting

In order to determine growth rates or set up cultures at 

known concentrations, a haemocytometer was used to count the cell 

suspension. First, an aliquot of the cell suspension (10 pi) was mixed 

with a 0.4% solution of the exclusion dye trypan blue (10 pi) and then a 

sample of this suspension was carefully loaded in a clean 

haemocytometer. Subsequently, the haemocytometer was placed on 

the inverted microscope and the viable (unstained) and dead (blue 

stained) cells were counted. Finally, the number of viable cells/ml and 

the total cell number were calculated.

3.2.1.3 C ell P lating

Once the number of harvested cells was known, appropriate 

aliquots o f the cell suspension were added to new culture T75 flasks 

with fresh growth medium (15 ml). In addition, at this stage defined 

amount of cells could also be diluted and plated on 96-, 48- or 24-well 

plates filled with fresh growth medium. All flasks and plates were then
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placed in the humidified incubator at 37 °C with 5% C 02 to allow the 

cells to grow and replicate.

3 .2 .2  C ell C u ltu rin g  from  a Frozen  S tock

Cell growth media (5 ml) was added to a T25 flask. Then a vial 

containing a frozen cell line was quickly thawed at 37 °C and the cells in freeze 

media (1.5 ml) were transferred to the centre of the T25 flask. With care to avoid 

any shaking, the T25 flask was placed in an incubator at 37 °C, 5% C 0 2 for 24 

hours to allow the cells to attach and start growing. On the following day, the 

media was replaced by fresh growth media in order to remove any traces o f the 

cytotoxic DMSO contained in the freeze media. The cells were cultured until 

they reached 80% confluency and then sub-cultured and maintained in T75 

flasks as described in section 3.2.1.

3.2 .3  P rep ara tio n  o f C ell F ro zen  S tocks

Cells cultured to 70% confluency were trypsinised as described in 

section 3.2.1.1, and counted as described in section 3.2.1.2. Next, the cells in 

the 15 ml tube were centrifuged at 1500 rpm, at 4 °C for 5 minutes. In the 

meantime, the freeze media consisting in 10% DMSO in FBS was prepared by 

mixing the two parts. After discharging the growth media, the cell pellet was 

resuspended in the freeze media (5x106 to 5x107 cells in 1.5 ml). The cell 

suspension was aliquoted (1.5 ml) in cryovials, which were placed in a 

styrofoam box. Finally, the cell stocks were placed overnight in a freezer at -80 

°C and relocated to liquid nitrogen the following day, where they were kept until 

needed.
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3 .2 .4  M am m alian  C ell L ines

The following mammalian cell lines (ATCC, USA) and respective 

growth media were used in the studies described in this report:

• adherent human lung carcinoma (A549) cells with epithelial 

morphology were cultured in Dulbecco’s modified Eagle medium 

(D-MEM) or in Kaighn's modification of Ham’s F12 nutrient 

medium (F12K);

•  adherent Chinese hamster ovary (CHO) cells with epithelial 

morphology were maintained in Kaighn's modification of Ham’s 

F12 nutrient medium (F12K);

• adherent murine colon adenocarcinoma (CT-26) cells with 

fibroblast morphology were propagated in RPMI 1640 medium.

All cell culture media were supplemented with 10% of foetal bovine 

serum (FBS) and 1% of penicillin/streptomycin. All components of culture media 

were purchased from Gibco (Invitrogen, UK).

3 .2 .5  C ell T rea tm en ts

3.2.5 .1 Interna lisation S tudies o f  SW N T

A549 and CHO cells were seeded in 16 chambered slides at 

a density of 3x104 cells per chamber in 200 pi of complete cell medium 

and incubated overnight at 37 °C in a humidified atmosphere (5% C 0 2) 

in order to allow cell attachment. On the following day, the medium was 

aspirated off and replaced with fresh serum-free medium. Next, 

aqueous dispersions of SWNT-NH3+ were introduced on the medium, 

such that three different final concentrations were reached: 50, 250 and 

500 pg/ml. In a fourth (control) chamber, the vehicle of the nanotubes 

(deionised water, 20 pi) was introduced and topped up with serum-free 

cell medium. Cells were incubated with SWNT-NH3+ for 2 hours at 37
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°C (5% C 02) and then processed for imaging with the confocal 

microscope (section 3.6.2).

3.2.5.2 Interna lisation S tudies o f  M W N T

In order to investigate the cellular internalisation mechanism 

of f-MWNT by transmission electron microscopy, A549 cells (1x104) 

were seeded in Millicell® plate inserts (12 mm, polycarbonate 

membrane, 0.4 pm pore size), 3 days prior the experiment. Then, after 

being washed with PBS, the cells were incubated with MWNT-NH3+ (50 

pg/ml) at 37 °C for 15, 30, 60 and 120 min in serum-free media. To 

study the effect of temperature on the cellular uptake of f-MWNT, the 

cells were rinsed with PBS, then pre-incubated at 4 °C for 30 minutes 

in serum-free media and finally incubated with MWNT-NH3+ (100 pg/ml) 

at 4 °C for 30 or 60 minutes in serum-free media.

For the flow cytometry experiments, A549 cells were seeded 

in 24-well plates (1x105 cells/well) 24 hours before incubation with the f- 

MWNT. These studies included (i) control cells and (ii) cells pre-treated 

with inhibitors, which were incubated with FITC-MWNT (100 pg/ml) for 

60 minutes at 37 °C. Cells pre-incubated at 4 °C for 30 minutes and 

then incubated with FITC-MWNT (100 pg/ml) at 4 °C for 60 minutes in 

serum-free media were also analysed by flow cytometry.

In order to inhibit different cellular internalisation pathways, 

cells were pre-treated in specific conditions. For inhibition of clathrin- 

dependent endocytosis, cells were pre-treated with 10 pg/ml 

chlorpromazine in serum-free culture media for 30 minutes at 37 °C or 

were potassium (K+) depleted with a series of washes following an 

incubation (30 minutes at 37 °C) with K* free buffer (140 mM NaCI, 20 

mM Hepes, 1 mM CaCI2, 1 mM MgCI2, 1 mg/ml D-glucose, pH 7.4). 

Caveolae-dependent endocytosis was disrupted by pre-treating the 

cells with 200 pM genistein (2 hours at 37 °C) or with 1 pg/ml filipin (30 

minutes at 37 °C) in serum-free culture media. Macropinocytosis was 

inhibited with 400 pM amiloride (30 minutes at 37 °C) or with 5 mM 

methyl-(3-cyclodextrin (m(BCD, 30 minutes at 37 °C) in serum-free 

culture media. Finally, for energy-depletion studies, in addition to the
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standard treatment at 4 °C for 30 minutes, cells were pre-incubated for 

1 hour at 37 °C in glucose-free DMEM media supplemented with 50 

mM 2-deoxi-D-glucose (2-DG) and 25 mM sodium azide (NaN3). All 

chemicals were obtained from Sigma.

The inhibitory effects in each internalisation pathway were 

verified by monitoring the internalisation of well-known fluorescent 

cellular uptake markers by flow cytometry: 30 pg/ml Transferrin was 

incubated with cells for 30 minutes at 37 °C (clathrin-mediated 

endocytosis), 0.5 pM Bodipy-LacCer/BSA was incubated with cells for 

30 minutes at 37 °C (caveolae-mediated endocytosis) and 250 pg/ml of 

10 kD Dextran was incubated with cells for 30 minutes at 37 °C 

(macropinocytosis). All cellular pathway markers were purchased from 

Molecular Probes. In experiments using Transferrin, cells were pre- 

incubated in serum-free media for 2 hours at 37 °C in order to up- 

regulate the cell membrane Transferrin-receptor.

3.2.5.3 Cell V iability Studies

For cell viability experiments, A549 cells were seeded in 24- 

well plates (1x105 cells/well) 24 hours before incubation with the CNT- 

NH3+ (single- and multi-walled) to allow cell attachment. Next, cells 

were incubated with CNT-NH3+ at different concentrations (20 to 100 

pg/ml) in serum-free media. The nanotubes were allowed to interact 

with cells for 4 hours at 37 °C in a humidified atmosphere (5% C 0 2). In 

control chambers cells were incubated with serum-free media only or 

with 2-5% DMSO (solvent that interact with the metabolism and 

membrane of cells causing severe cell damage and cell death11411 -  

positive control) in serum-free media.

3.3 An im al Handling Procedures

All procedures here described were approved according to the UK Home Office 

(1989) Code of Practice for the Housing and Care of Animals used in Scientific
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Procedures. In addition, all procedures carried out in Texas (USA) were performed 

according to the National Institutes of Health Animal Care and Use Guidelines and 

approved by the Institutional Animal Care Committee o f the University of Texas Health 

Science Center at San Antonio.

3.3.1 M a in ten an ce  o f R o d en ts

Mice were housed in groups of 5 and rats housed in groups of 2, 

bedded on wood shavings, and maintained on a standard rodent chow diet with 

mains drinking water ad libitum. A temperature o f 19-22 °C was maintained, with 

a relative humidity of 45-65% and a 12 hour light/dark cycle (lights on at 7:00 

am). Animals were acclimatised for 7 days before each experiment and 

examined regularly in order to evaluate their overall clinical condition. 

Parameters observed included general appearance, posture, behaviour in 

relation to their cage mates, and physiological responses, including body 

weight, respiration rate, skin and fur, eyes, nose and mouth, urine and faeces. 

Early signs of illness may involve changes in the colour, consistency, odour or 

volume of urine and faeces. In addition, sick animals could be recognised when 

they tried to isolate themselves from cage mates or demonstrated clinical signs 

such as weight loss, hunched posture, lethargy, rough hair coat, rapid or 

laboured breathing, and closed or squinted eyes.

3 .3 .2  R o d en t M odels

in the studies described here, the following healthy rodent models were

used:

• mutant male nude rats (Harlan, Indianapolis, USA);

• outbread male Wistar rats (Harlan, UK);

• inbred female BALB/c mice (Harlan, UK).
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3 .3 .3  S yn g en e ic  T u m o u r M o d els

A syngeneic murine flank tumour model was established in 

immunocompetent BALB/c female mice by subcutaneously injecting murine 

colon adenocarcinoma (CT-26) cells to generate superficial and solid tumours. 

The abdomen of each mouse was shaved and then the tumour cells, suspended 

in PBS (1x106 cells/ml, 100 pi), were injected subcutaneously into the left and 

right flanks o f the mouse. The tumours (2 per mouse) were monitored daily by 

inspection and palpation to locate the sites of tumour growth, as well as to 

assess distension, ulceration and compromised mobility; and measured with 

callipers (to determine tumour volume or mass).

Mice inoculated with tumours were also observed daily to assess their 

physical condition, including appearance, posture, behaviour and physiological 

responses; food and water intake were assessed, and mice were weighed to 

determine changes in body weight. Animals were euthanized in cases when: (i) 

the tumour burden exceeded 10% of the animal's normal body weight 

(subcutaneous flank tumour diameter of 17 mm in a 25 g mouse), (ii) the tumour 

ulcerated or (iii) the tumour interfered with the ability of the mouse to acquire 

food or water.

Tumours were allowed to reach a size of approximately 50-100 mm2 

(50 to 100 mm2 surface area was calculated by the product of the two largest 

perpendicular diameters, approximately 8-10 days following tumour inoculation). 

Once the tumours were established and could be easily palpitated, different 

CNT preparations (described in sections 3.9.2.2 and 3.9.4.2) were administered 

intratumourally (section 3.3.4.3). These experiments were conducted with the 

assistance o f Dr. Khuloud Al-Jamal at The School of Pharmacy, University of 

London (UK).

3.3 .4  A d m in is tra tio n  R o u tes  o f S o lu tio n s  &  D isp ers io n s

3.3.4.1 Intra venous Injection

Following a warm-up period of 3 to 5 minutes, which allowed 

the tail veins to be seen when the tip of the tail was lifted and rotated
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slightly in either direction, the animal was anaesthetised by inhalation 

with isoflurane (3% in 100% Oxygen). Next, a lateral vein in the tail was 

localised and the injection was carried out with a 26-gauge needle after 

a trial injection confirmed the proper needle placement by visualisation 

of vessel flushing when the solution or dispersion was administered at 

a steady, slow rate. Once the injection was complete, the animal was 

monitored (by observation of heart and respiratory rate) and kept on 

the table until fully recovered from the anaesthesia. Maximal volumes 

for injection were limited to 300 pi in mice and 800 pi in rats. The 

vehicles used to perform the intravenous injections were sterile 

phosphate-buffered saline (PBS) solution, 0.9% saline solution and 5% 

or 10% dextrose solution.

3.3.4.2 H ydrodynam ic Tail Vein Injection

The hydrodynamic tail vein injection is designed for the 

delivery and evaluation of pDNA expression vectors in young mice (5-6 

weeks old, 13-18 g). Such a technique produces high-level gene 

expression from the delivered pDNA in the liver and reduced levels of 

expression in the spleen, lungs, heart and kidneys1142, 143l  The 

hydrodynamic injection involves the rapid delivery of a high volume of a 

solution containing pDNA through the tail vein in mice. The injected 

volume (ml) is calculated to be 8-12% of the mouse weight (g)1142,1431.

In gene delivery studies involving hydrodynamic tail vein 

injection, following a warm-up period of 3 to 5 minutes so the tail veins 

could dilate and become more visible, each animal was anesthetised 

by inhalation with isoflurane (3% in 100% Oxygen). Then, a lateral vein 

of the tail was localised and a trial injection (injection of a small volume) 

was carried out to confirm the proper needle placement by visualisation 

of vessel flushing. Almost the full length of the 26-gauge needle was 

inserted into the vein (inserted from the distal end or tip of the tail), in 

order to prevent accidental removal o f the needle while injecting. 

Finally, the complete volume of the injection solution (1 ml) was 

administered rapidly within 4-7 seconds at a constant rate. Once the 

injection was complete, the animal was monitored (by observation of
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heart and respiratory rate) and kept on the table until fully recovered 

from the anaesthesia.

3.3.4.3 In tra tum oura l In jection

Each mouse was anesthetised by inhalation with isoflurane 

(3% in 100% Oxygen) and placed in a dorsal position over the table. 

Next, the tumour mass was localised by palpation and the 29-gauge 

needle (BD insulin syringe) inserted into the central area of the tumour 

mass. After confirmation of the proper needle placement by slowly up

lifting the syringe together with the tumour mass, the 

solution/dispersion was very slowly administered in aliquots of 10 pi. In 

order to prevent leakage from the site, the needle was left inserted in 

the tumour mass for 5 minutes after the injection was completed. The 

animal was monitored (by observation of heart and respiratory rate) 

and kept on the table until fully recovered from the anaesthesia. 

Injection volume was limited to 50 pi per tumour in a sterile 0.9% saline 

solution (vehicle). These experiments were conducted with the 

assistance of Dr. Khuloud Al-Jamal at The School of Pharmacy, 

University of London (UK).

3.3 .5  B lo o d  C o llec tio n

In order to evaluate the clinical condition of the animals, by analysis of 

haematological and biochemical parameters, it was necessary to collect large 

blood samples. Consequently, this was a terminal procedure. Following 

inhalation of a terminal dose o f isoflurane, blood was collected from the inferior 

vena cava o f rats and mice. In order to perform this procedure, the animal was 

placed on the table in a ventral position, its abdomen was opened and the 

inferior vena cava exposed. A 21-gauge needle was inserted parallel to the vein 

and the blood was withdrawn by slow aspiration such that the blood vessel 

would not collapse and haemolysis was avoided.
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3.3.5.1 P reparation o f B lood Sam ples

Routine haematology requires non-coagulated whole blood. 

Therefore, the collected blood was placed in vials with ethylenediamine 

tetra-acetic acid (EDTA, an anticoagulant) and stored at 4 °C until sent 

to the Diagnostic Laboratory Services of the Royal Veterinary College, 

University of London (UK) for routine haematology analysis.

3.3 .5.2 P reparation o f Serum  Sam ples

In case where serum preparation was required, the blood 

was allowed to clot for at least 30 minutes prior to centrifugation at 

4000 rpm for 15 minutes at room temperature. Later, the serum was 

transferred to a clean centrifuge tube and stored at -80 °C until it was 

sent to the Diagnostic Laboratory Services o f the Royal Veterinary 

College, University of London (UK) for routine biochemical parameters 

analysis.

3 .3 .6  T issu e  C o llec tio n

Following euthanasia, tissues harvested from rats and mice were 

stored for posterior analyses. For histopathological and morphological 

examination of tissue sections, it is critical that the tissues do not undergo 

autolysis. Therefore, after harvesting, samples of the various organs were cut in 

thin slices or cubes of < 1 cm thick and placed immediately into 10 times their 

volume of phosphate-buffered 10% formalin to ensure adequate penetration of 

the fixative. After fixation for 24 hours, the samples were placed in a smaller 

volume of fresh formalin and shipped to the Diagnostic Laboratory Services of 

the Royal Veterinary College, University o f London (UK) to be processed for 

routine haematoxylin and eosin (H&E) staining of the tissue sections. If fixation 

of the tissue was not required for any of the later analyses, the tissues were 

simply frozen and stored at -80 °C.
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3.3 .7  T o x ic ity  S tu d ies

In order to investigate the short-term impact o f various types of MWNT 

on the physiology of healthy rats and mice, MWNT were intravenously injected 

and then the animals were placed into metabolic cages (Tecniplast, UK) and 

monitored for 24 hours. The animals were deprived of food but had free access 

to water. Urine production and water consumption were monitored. At 24 hours 

post-injection, the animals were euthanized and necropsied. Blood samples 

were collected to carry out haematological and biochemical analyses. Urine 

samples were also collected and analysed. The kidneys, liver, spleen, heart and 

lungs were harvested, weighed and examined.

3.3.7 .1 Adm in istra tion o f  M W N T  in rats

Male Wistar rats (7 weeks old) were randomly separated in 

four groups and were intravenously injected by tail vein (section

3.3.4.1) with 500 pi of PBS (PBS group, n=3), 500 pi of PBS containing 

600 pg of DTPA-MWNT (DTPA-MWNT group, r?=4), 500 pi of rat serum 

(serum group, n=3), or 500 pi o f rat serum containing 600 pg of 

pMWNT (pMWNT group, n=4), respectively by group. The rats were 

placed individually into metabolic cages.

3.3.7.2 Adm in istra tion o f M W N T  in  m ice

Female BALB/c mice (6 weeks old) were randomly 

separated in groups o f five mice and intravenously injected by the tail 

vein (section 3.3.4.1) with 200 pi per mouse of the following 

suspensions: mouse serum only, 200 pg of pMWNT in mouse serum, 

5% dextrose only, and 200 pg of MWNT-NH3+ in 5% dextrose. The 

MWNT-NH3* in 5% dextrose had 2 different functionalisation degrees: 

0.2 mmol of NH3+ per gram of material and 0.9 mmol/g of NH3+ per
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gram of material. The mice were placed individually into metabolic 

cages.

In an additional study, BALB/c mice were randomly 

separated in groups of four mice and intravenously injected via the tail 

vein (section 3.3.4.1) with 200 pi of one of the following suspensions 

per mouse: mouse serum only, 400 pg of pMWNT in mouse serum, 

PBS only or 400 pg of DTPA-MWNT in PBS. The mice were placed by 

group into metabolic cages. Pooled urine production and water 

consumption were monitored.

3.3.7.3 H aem ato logy Analysis

Blood samples were collected from Wistar rats (sections

3.3.5 and 3.3.5.1) 24 hours post-administration of MWNT (section

3.3.7.1). Haematology analysis were conducted by the Laboratory 

Diagnostic Service of the Royal Veterinary College (London, UK) for 

the following parameters: white blood cells count (WBC), neutrophils, 

lymphocytes, monocytes, eosinophils, basophils, red blood cells count 

(RBC), haemoglobin (HGB), hematocrit (HCT), mean corpuscular 

volume (MCV), mean corpuscular haemoglobin (MCH), mean 

corpuscular haemoglobin concentration (MCHC), red cell distribution 

width (RDW) and platelet count. The haematology parameters were 

compared between groups. Tables were prepared to express the 

results as the mean ± standard deviation (SD). Data were analysed for 

differences by Student's t-test. F-tests were performed to evaluate the 

variance differences and validate the statistical analysis.

3.3 .7 .4 Serum  B iochem istry Ana lys is

Serum samples were prepared from whole blood collected 

(sections 3.3.5 and 3.3.5.2) from Wistar rats and BALB/c mice following 

24 hours following the administration of MWNT (sections 3.3.7.1 and

3.3.7.2). Serum biochemistry analysis were conducted by the
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Laboratory Diagnostic Service of the Royal Veterinary College 

(London, UK) for the following parameters: total protein, albumin, 

globulin, sodium, potassium, chloride, urea, creatinine, glucose, 

cholesterol, total bilirubin, triglycerides, alanine aminotrasferase (ALT), 

aspartate aminotrasferase (AST), creatine kinase (CK), alkaline 

phosphatase (ALP), lactate dehydrogenase (LDH) and glutamate 

dehydrogenase (GLDH). The biochemistry parameters were compared 

between groups. Tables were prepared to express the results as the 

mean ± standard deviation (SD). Data were analysed for differences by 

Student's t-test. F-tests were performed to evaluate the variance 

differences and validate the statistical analysis.

3.3.7.5 Urinalysis

Urine samples collected from rats and mice at time points 6 

and 24 hours post-injection were analysed using Multistix 10 SG 

reagent strips (Bayer, UK) for the following parameters: glucose, 

bilirubin, ketone, specific gravity, blood, pH, protein, urobilinogen, nitrite 

and leukocytes.

3 .3 .1.6 H istopato iog ica i Exam ination

Tissues harvested from rats and mice (section 3.3.6) were 

processed for routine histology with hematoxylin and eosin (H&E) stain 

by the Laboratory Diagnostic Service of the Royal Veterinary College 

(London, UK). Later, the H&E stained tissue sections were observed 

and examined for tissue degeneration, inflammation, necrosis or 

fibrosis with a light microscope (Nikon Microphot-FXA microscope 

coupled with a digital camera Infinity 2). Histopatoiogicai examination 

was carried out with the assistance of Dr. John Turton at The School of 

Pharmacy, University of London (UK).
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3.4 Transmission E lectron M icroscopy (TEM)

3.4.1 P rin c ip les  o f TE M

In contrast to light microscopes, the transmission electron microscope 

uses a beam of electrons in place of a beam of light. The electron source is 

produced by heating a tungsten filament at voltages usually ranging from 60,000 

to 120,000 volts. Also, because electron beams are invisible to the naked eye, 

the final images formed by the electron beam are revealed on a fluorescent 

screen. Electrons are negatively charged particles unable to pass through glass; 

thus the lenses of the transmission electron microscope are electromagnets. By 

varying the strength of these lenses, the magnification o f the image formed can 

be changed. In addition, collisions between electrons and other charged 

molecules of air absorb and deflect the electrons, resulting in the distortion of 

the beam. Thus, all the air must be withdrawn from the optical system of a 

transmission electron microscope11441.

The value o f the transmission electron microscope lies in its great 

resolving power (0.2 nm). However, the observation of a sample with this 

microscope requires placing the sample in vacuum and bombarding it with 

electrons to produce the final image. Furthermore, the specimen must be 

extremely thin (<100 nm) to allow the electrons to pass through it but also needs 

to have enough contrast to reveal its details. Therefore, specific techniques 

were used to prepare different samples, depending on the nature of the sample 

(solution/dispersion, cell culture or tissue)11451.

3 .4 .2  P rep ara tio n  o f A q u e o u s  S am p le s  fo r  TEM

Aqueous samples were deposited in 300-mesh copper grids coated 

with formvar/carbon support film (Taab Labs Ltd.) and allowed to dry at room 

temperature before imaging. The grids used were previously “glow discharged” 

in an Emitech K350G system (Emitech Ltd.) for 3 minutes at 30 milliamperes 

(negative polarity).
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3 .4 .3  P rep ara tio n  o f C e ll M o n o la y er S am p le s  fo r  TE M

Cell monolayer cultures need to be processed and embedded in resin 

blocks in order to allow cutting of ultra-thin sections feasible for imaging by 

TEM. To insure high quality of the ultra-thin sections, the processing and 

embedding of the cell culture were carried out within 24 hours after the primary 

fixation.

Cell monolayers cultured on Millicell® plate inserts (12 mm, 

polycarbonate membrane, 0.4 pm pore size), were fixed with 3% glutaraldehyde 

in 0.1 M cacodylate buffer (pH 7.3) at 4 °C overnight. On the following day, after 

washing the cells 3 times with distilled water, a secondary fixation was carried 

out with 1% aqueous osmium tetroxide for 60 minutes. Next, the cells were 

rinsed with water and dehydrated in a series of ethanol (Hayman): 70% and 

90% (4 times for 5 minutes each) and 100% (6 times for 5 minutes each). 

Infiltration with araldite resin (Agar, UK) was done using a 1:1 mixture of 

absolute ethanol and araldite resin mix (2 times for 15 minutes each) and neat 

resin (2 hours). All steps were performed at room temperature in a fume hood. 

Finally, the cells were covered with fresh neat araldite resin and left overnight at 

room temperature.

On the following day, embedding labels were prepared, cut and placed 

into embedding cylindrical capsule moulds opened on both ends. After adding 

some drops of fresh resin to each transwell insert, the embedding capsules 

were placed inside the transwells touching the filter membrane, and topped up 

with resin. Lastly, the transwells together with the embedding capsule moulds 

were transferred to a bottom resin-covered support and placed into the oven to 

polymerise the resin at 60 °C for at least 2 days.

3 .4 .4  P rep ara tio n  o f T issu e  S am p le s  fo r  TE M

Tissue specimens also need to be processed and embedded in resin 

blocks in order to allow cutting of ultra-thin sections feasible for imaging by 

TEM. The quality of ultra-thin sections depends on the fixation and dehydration 

of the tissues before embedding them in resin. Special attention was also given
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to the three-dimensional (3D) orientation of the tissue during cutting and 

embedding.

Tissues removed by dissection from mice were rapidly immersed into 

3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) and cut in small pieces of 

approximately 1 mm3 to ensure adequate penetration of the primary fixative. 

The tissues were stored at 4 °C until ready to process. After washing the tissues 

3 times with distilled water, a secondary fixation was carried out with 1% 

aqueous osmium tetroxide for 90 minutes. The tissues were washed again with 

water and dehydrated in a series of ethanol: 70% and 90% (2 times for 10 

minutes each) and 100% (4 times for 10 minutes each). Infiltration with araldite 

resin (Agar) was done using propylene oxide (2 times for 15 minutes each) and 

a 1:1 mixture o f propylene oxide and araldite resin mix (2 times for 30 minutes 

each). Finally, the tissues were left in neat resin overnight. The glass vials with 

the tissues were always placed in the rotary mixer at room temperature after 

each change of solution, and all processing was carried out in a fume hood.

On the following day, embedding labels were prepared, cut and placed 

into the embedding moulds. After adding some drops of resin to each coffin 

mould, the tissues were placed in the coffin moulds and orientated to expose 

the desired cutting surface. The coffin moulds were topped up with resin, any 

visible air bubbles removed and lastly, the completed embedding moulds were 

placed into the oven to polymerise the resin at 60 °C for at least 2 days.

3.4 .5  C u ttin g  &  S ta in in g  o f S am p le  S ec tio n s  fo r  TE M

3.4.5.1 Sem i-thin Sections

Semi-thin sections (orientation sections) with 0.65 to 1 pm 

thickness were prepared from resin blocks in order to check the quality 

of the specimen (which is dependent on good fixation) and to select the 

interest areas for screening by TEM.

Polymerised resin blocks (with cell cultures or tissues) were 

allowed to cool and removed from their embedding moulds. Then each 

block was inserted in an ultramicrotome (Ultra-cut E Reilhert-Jung, 

Leica, UK) and the resin was removed with a razor-blade until the
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specimen surface was exposed. Rough trimming was carried out at 

approximately 0.5 pm thickness using freshly prepared glass knifes 

(Knife Maker, LKB Bromma, Sweden). Once a clean mirrored block 

surface was obtained, the microtome was precisely aligned with a new 

glass knife and semi-thin sections were cut. Finally, a collection of 

sections from the same block were collected with a small brush and 

transferred to a drop of filtered distilled water on a glass slide.

The semi-thin sections were stained with toluidine blue, 

which gives a dark blue colour to the cellular nuclei and a light blue 

coloration to the cells of the specimens. The staining was applied to 

increase the contrast o f the specimen structures and to facilitate the 

examination o f the quality of the fixation. Additionally, this procedure 

allows using the section as a guideline in order to determine the areas 

of interest and further trimming o f the embedded block.

The glass slide containing the collection of sections in a drop 

of water was placed on a hot plate (Multiplate 2208, LKB Bromma, 

Sweden), covered with a few drops of 1% toluidine blue and 1% borox 

in distilled water and left on the hot plate for 1 to 2 minutes; time was 

dependent on the stain darkness desired. Next, the semi-thin stained 

sections were rinsed with distilled water, transferred to a drop of 

distilled water on a clean glass slide and dried down for 15 minutes (on 

the hot plate). In a fume hood, the slide was mounted with DPX 

mounting media (DBH, UK) and coverslip and the stored in a slide box.

3.4.5.2 U ltra-thin Sections

To carry out TEM imaging, ultra-thin sections of 

approximately 70 nm thickness were cut from a selected viewing area 

of the resin blocks. Previously, the semi-thin sections were checked 

with an optical microscope at 4, 10 and 40 times magnification and the 

areas of the block to be trimmed or to continue ultra-thin sectioning 

were identified.

After trimming the resin block (with cell cultures or tissues) 

with a degreased razor blade into a regular shape (trapezium or 

rectangle) with no more than 1 mm width and 1-1.5 mm height, the
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microtome was precisely aligned using a fresh glass knife and a 

section of 0.5 pm was removed to clean the surface of the specimen. 

To ensure the quality o f the ultra-thin sections, extra care was given at 

all steps to the cleaning of instruments used in order to avoid any 

contamination of the ultra-thin sections with grease, which impedes the 

staining. Next, a diamond knife (Diatome 45°, Leica, UK) was inserted 

into the microtome and precisely re-aligned using the white light 

splitting into its constituent spectral colours for reference. The water 

bath was levelled by the edge of the diamond knife. Finally, the 

sections were cut and collected in the water bath. The floating sections 

with silver interference colour were left in the water bath and all the 

unwanted sections of different colours were removed. The selected 

ultra-thin sections were stretched with chloroform and finally collected 

onto 400 thin copper 3.05 mm grids (Athene Grids), which were 

previously etched with glacial acetic acid. The grids containing ultra- 

thin sections were allowed to dry on fibre-free paper and then saved in 

a grid box.

Ultra-thin sections of unstained specimens have very little 

contrast, as they are unable to scatter electrons. However, the electron 

density of the specimen can be increased by deposition of high atomic 

number metals onto the structures of cells and/or tissues. Therefore, in 

order to increase the ability of the specimen to deflect electrons and 

consequently improve its contrast, the ultra-thin sections (placed on 

grids) were stained with uranyl acetate and lead citrate, both of which 

are electron-absorbing heavy metal salts. Uranyl acetate was used to 

stain and to enhance the contrast of the DNA-containing structures 

(nucleus) present in the specimen, while lead citrate was used to give 

contrast to the specimen’s lipid-based structures (membranes).

The grids were first sink on a filtered solution of 25% uranyl 

acetate in methanol, incubated in the dark for 3 mintes, washed in 

methanol/distilled water and dried on fibre-free paper. Then they were 

stained with filtered lead citrate (Reynold's solution) for 10 minutes in 

the presence of NaOH pellets (to absorb the moisture), washed in 

distilled water, dried and stored in appropriate grid boxes. All solutions 

used were filtered with disposable Millipore® membranes (0.22 pm).
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3 .4 .6  Im ag in g  o f S am p le s  by TE M

Grids with aqueous samples or with ultra-thin sections from cell 

cultures or tissues were inspected and imaged with one o f the following 

transmission electron microscopes: Philips CM 10, FEI/Philips CM 120 BioTwin 

or Hitachi H7600. Accelerating voltages between 80 and 120 kilovolts were 

used. Images were captured with high-resolution digital cameras coupled to the 

microscopes, imaging of samples by TEM was carried out at the Electron 

Microscopy Unit, The School of Pharmacy, University o f London (UK); Institut de 

Biologie Moleculaire et Cellulaire, Laboratoire d’lmmunologie et Chimie 

Therapeutiques, CNRS (France); Institute of Neurology, University College of 

London (UK); and Centre for Ultrastructural Imaging, King's College London 

(UK).

3.5 Fluorescence Spectrophotometry

3.5.1 P rin c ip les  o f F lu o re sc e n ce  S p ec tro p h o to m e try

Fluorescence is the ability of a molecule to absorb light energy at a 

short wavelength and then emit light energy at a longer wavelength. Such 

molecules are designated by fluorochromes or fluorescent dyes. A single 

fluorescence event is explained by the Jablonski diagram (Figure 3.3). It 

generally occurs when a fluorochrome is exposed to a photon of given energy 

(or specific wavelength, Aex) from a light source (i.e. a lamp or laser). The 

flourochrome, which is in its electronic ground energy state S0, absorbs the 

energy and is converted to an excited singlet state S2. This excited state has a 

finite lifetime (nanoseconds). Next, the fluorochrome undergoes some 

conformational changes, releases some of the energy absorbed and acquires a 

relaxed singlet state, Si. At last, the fluorochrome returns to its ground state S0, 

releasing the remaining energy by emitting fluorescence light (Aem)11461.
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Figure 3.3. Jablonski diagram  o f a fluorescent event.

Fluorescence spectrophotometry is a technique used extensively to 

measure and scan the light absorbed and emitted by a liquid sample containing 

fluorochromes. Instrumentation used consist of an excitation light source at all 

wavelengths (Xenon lamp), an excitation monochromator (to select the 

excitation wavelength), a sample holder, an emission monochromator (to select 

the fluorescence wavelength to be monitored), a detector capable of generating 

a signal proportional to the intensity of light striking it (photomultiplier), and 

associated electronics and readout devices. With a fluorescence 

spectrophotometer, it is possible to obtain two types of spectra: (i) excitation or 

absorption spectrum, when at a single fixed emission wavelength the 

fluorescence signal is measured as the wavelength of the exciting radiation is 

scanned: and (ii) fluorescence or emission spectrum, when at a single constant 

excitation wavelength, a spectral distribution of the emitted radiation is 

measured. Each spectrum is a plot of the excitation or fluorescence intensity 

versus wavelength. Furhtermore, spectral data can be affected by the optical 

density and turbidity of the sample11461.

3.5.2 P repa ra tion  & A n a ly s is  o f  S am p les fo r  F luo rescence

S p e c tro p h o to m e try

3.5.2.1 S tudies w ith F luorescent M odel M em branes

Model membranes or liposomes were prepared by the lipid 

film hydration method. Briefly, the required amount of phospholipids

(DOPG from Sigma and DOPC from Avanti Polar Lipids) and
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cholesterol (Sigma) were each diluted in chloroform/methanol (4/1, 

vol/vol) to prepare final concentrations of 2 mM total lipid (10% of 

cholesterol) of each formulation. The membrane probe Nile Red 

(Molecular Probes) was added in a ratio of 1/300 dye/lipid molecules. 

The solvent (chloroform/methanol) was then evaporated in a rotary- 

evaporator coupled with a water bath set at 40 °C for 30 minutes. Next, 

the dry-iipid film that had formed in the round bottomed flask was 

flashed with a stream of gaseous nitrogen for 15 minutes in order to 

remove any traces of the organic solvent and then was hydrated with a 

0.9% saline solution and vortexed for 15 minutes. Large multilamellar 

vesicles were obtained using this methodology. All procedures were 

carried out with minimum exposure to light. To prevent photobleaching 

of the Nile Red, all solutions of dye and suspensions of liposomes were 

kept in containers wrapped with aluminium foil. All suspensions of 

liposomes were kept at 4 °C and pre-equilibrated at room temperature 

for 30 minutes prior to being used.

In order to study the interaction between f-CNT and model 

membranes, equal volumes (250 pi) of aqueous suspensions of f-CNT 

and suspensions of liposomes containing 100 pg/ml of total lipid (final 

concentration) were mixed. These samples were incubated at room 

temperature for 30 minutes and then transferred to quartz cuvettes to 

scan the fluorescence of the Nile Red with a spectrophotometer. Final 

concentrations of f-CNT varied between 0 and 150 pg/ml.

3.5.2.2 Studies o f  Conditions A ffecting  the F luorescence o f

f-C N T

Stock dispersions of f-CNT (6 mg/ml), and stock solutions of 

sodium dodecyl sulphate (SDS, 1-10%) and plasmid DNA (pDNA, 1 

mg/ml) were prepared with deionised water. The f-CNT dispersions in 

SDS (150 pg/ml of MWNT-NH3+, SW N T-N lV  and SWNT-NH-Ac) were 

prepared by dilution of the appropriate volume of the f-CNT stock 

dispersions in 1%, 5% and 10% solutions of SDS. All samples were 

bath sonicated at 45 kHz (Ultrasonic Cleaner, VWR International, UK) 

for 2 minutes (to aid the homogenisation of the dispersion) and left at
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room temperature for 30 minutes before examining the fluorescence 

spectra. To modify the pH of the aqueous CNT-NH3+ dispersions, 

samples with a concentration of 150 pg/ml of CNT-NH3+ (single- and 

multi-walled) were prepared by dilution of appropriate volumes of the 

stock CNT dispersion with deionised water. The pH of CNT-NH3+ as 

prepared was 4.6 (ISFET pH meter KS 701, Camlab, UK). Then, the 

pH of each sample was modified by the addition of HCI 0.02 M or 

NaOH 0.02 M, dropwise.

In order to form f-CNT:DNA complexes, samples o f CNT- 

NH3* (single- and multi-walled) were prepared by dilution of appropriate 

volumes of the stock dispersion with deionised water to reach a volume 

of 500 pi. Serial dilutions of pDNA in volumes of 500 pi (final 

concentrations from 1.05 to 5.3 x10'8 M) were prepared from the 

aqueous stock solution. Each solution of pDNA (500 pi) was added to a 

sample of CNT-NH3+ (500 pi) and the mixture was rapidly pipetted 10 

times. Complexes were allowed to form for 30 minutes at room 

temperature and then diluted with deionised water to a final volume of 2 

ml. The final concentration of CNT-NH3+ was 150 pg/ml. Complexes 

between SWNT-NH-Ac and pDNA (5.3 x10'8 M as final concentration) 

were prepared following the protocol described above.

In an additional study, SWNT-NH3+:pDNA complexes were 

prepared in water as described above and then SDS was added to a 

final concentration o f 1% wt/vol, or SWNT-NH3+ were first diluted in 

SDS and then complexed with pDNA following as well the protocol 

described above. In both these later cases, all samples were left for 30 

minutes at room temperature following addition of the third component. 

Final concentrations of each component were as follows: 150 pg/ml of 

SWNT-NH3\  5.3x10‘8M of pDNA and 1% of SDS.

3.5.2.3 Excita tion & F luorescence Spectra

The excitation and emission spectra of aqueous samples 

were obtained with a LS-50B spectrometer (Perkin Elmer, UK). Quartz 

cuvettes were used in all measurements. The spectra were recorded 

by a computer connected to the spectrophotometer. All spectra were
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normalised to the maximum peak o f each set, equivalent to 1.0 

arbitrary unit (a.u.) of fluorescence intensity using the software 

provided by Perkin Elmer.

3.6 Confocal Laser Scanning M icroscopy (CLSM)

3.6.1 P rin c ip les  o f C LS M

Confocal Laser Scanning Microscopy (CLSM) is a widely used optical 

sectioning microscopy technique that offers fluorescence imaging of thin slices 

(less than 500 nm) of thick specimens with several pm in depth (up to 100 pm). 

This powerful technique allows removal of the contribution of background 

fluorescence in each z-section and to digitally construct 3D images of biological 

specimens. Moreover, it is possible to overlay the transmission (differential 

interference contrast, DIC) and confocal fluorescence images of the same 

specimen area11471.

In contrast to light microscopes, a specimen imaged by a confocal 

microscope is scanned point by point and line by line with a focused laser beam 

deflected in the X and Y directions of the specimen, instead of simultaneous and 

parallel image formation for all specimen points. Light with distinct wavelengths 

(Krypton/Argon and Helium/Neon mixed gas lasers) is sent through a pinhole 

and reflected by a beamsplitter to the objective and specimen, where the 

fluorophores are excited. Then, the fluorescent radiation emitted by the 

specimen (which has a wavelength spectrum above the excitation wavelength) 

is selected by an emission filter and captured in a detector. The pinhole 

(confocal aperture) is crucial for the formation o f the image because it defines 

the common focal plane (z axis line in the specimen) for the illumination and 

detection lightpaths. Light coming from planes above or below the focal plane is 

out of focus and cannot pass through the pinhole, and therefore does not 

contribute to the image formed, increasing the image contrast11481.

CLSM is an important contrast technique used in biology because 

cellular structures can be specifically labelled or stained with fluorophores 

(dyes). In addition, the confocal microscope allows the imaging of multicolour 

fluorescence from one specimen by using various separated channels to excite
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and collect the fluorescence of each fluorophore present in the specimen. 

However, fluorophores and channels need to be correctly chosen and set in 

order to avoid interference and/or overlap of the emission spectrum of one 

fluorophore with the excitation o f a second fluorophore11491.

3.6 .2  C y to c h e m ic a l S ta in in g  P ro to c o ls  fo r  C LS M

Two different staining methods were used, each of which stained 

different cellular compartments. In order to stain the cell plasma membrane and 

the cellular nuclei, a double staining protocol was followed; a simple 

counterstaining was carried out if the cellular nuclei only were stained, in both 

staining methods, the chambers were separated from the slides and the 

coverslips were mounted with Citifluor AF1 (fluorescence antifade agent). The 

mounting medium was allowed to harden at 4 °C overnight and then the 

preparation was sealed with nail varnish. The slides were kept in the dark and at 

4° C prior to examination.

3.6.2 .1 N uclea r Countersta in ing

To carry out a simple counterstaining, cells were washed 

with phosphate buffered-saline (PBS) after the incubation period and 

fixed with 2% paraformaldehyde in PBS for 1 hour at 4°C. Then, cells 

were permeabilised with 0.1% Triton X-100 in PBS for 10 minutes at 4° 

C and the cellular nuclei were counterstained red with a solution of 

propidium iodide (PI) (Sigma) and RNase A (Sigma) in PBS (1 pg/ml 

and 100 pg/ml, respectively) by incubation at 37° C for 30 minutes. 

Alternatively, a solution of TO-PRO 3 (Molecular Probes) and RNase A 

(Sigma) in PBS (1 pg/ml and 100 pg/ml respectively) was also used.
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3.6.2.2 Cell Multiple Staining

For multiple staining, cells were washed with phosphate 

buffered-saline (PBS) after the incubation period and fixed with 2% 

paraformaldehyde in PBS for 1 hour at 4°C. Plasma membranes were 

stained with a solution of 1 0  pg/ml of wheat-germ agglutinin conjugated 

with tetramethylrhodamine (WGA-TRITC) (Sigma) in PBS for 15 

minutes at room temperature. Then, following the permeabilisation of 

the cells with 0.1% Triton X-100 in PBS for 10 minutes at 4° C, the 

cellular nuclei were counterstained with a solution of TO-PRO 3 

(Molecular Probes) and RNase A (Sigma) in PBS (1 pg/ml and 100 

pg/ml respectively) by incubation at 37° C for 30 minutes.

3.6 .3  Im ag in g  o f  S am p les  by C LS M

Confocal imaging was conducted using a Zeiss LSM 510 Meta laser 

scanning confocal microscope (Carl Zeiss, UK), equipped with a 30 milliwatts 

Argon laser (lines at 458, 477, 488 (blue) and 514 nm), a 1 milliwatts 543 nm 

(green) HeNe laser and a 5 milliwatts 633 nm (red) HeNe laser.

Samples with multi-colour fluorescence were imaged using the multi

track mode of the microscope, which sequentially imaged each fluorophore on a 

different channel. To excite the SWNT-NH3+ an Argon laser at 488 nm was used 

and to collect its fluorescence a band pass filter 505-530 (green emission) was 

applied. In the double staining, was used the line 543 nm to excite the WGA- 

TRICT associated with a band pass emission filter 560-615 (red emission) and 

the line 633 nm to excite the TO-PRO 3 associated with a band pass emission 

filter 649-799 (infrared emission). For the simple counterstaining, PI was excited 

with the 543 nm line and its emission was acquired with a band pass filter 606- 

670 (red emission). TO-PRO 3 was excited with the 633 nm line and its 

emission was detected within 649-799 nm (band pass emission filter). To excite 

the fluorescently-labelled pDNA (section 3.9.1.1) the 543 nm laser line was used 

and to collect its fluorescence the band pass filter 560-615 nm was employed. 

Samples were visualised with a Plan-Apochromat 63x/1.4 oil DIC objective. All 

images were collected in a multi-channel mode.
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3.7 Flow Cytometry

3.7.1 P rin c ip les  o f F lo w  C yto m etry

Flow cytometry is a powerful technology used to characterise and 

analyse multiple characteristics of single cells as they move in a fluid stream 

through a beam of light. It is possible to measure the relative size, granularity 

and fluorescence of cells. When cell suspensions are injected into the flow 

chamber, cells are forced to pass through a laser (light excitation source) one at 

a time. The interception of the light source leads the cell to scatter light and at 

the same time excites the fluorochromes present in the cell. Therefore, the light 

scattered and emitted (fluorescence) by each individual cell is detected and 

measured1150,151].

A flow cytometer enumerates and distinguishes cells in a mixed 

population at rates from 500 to 5000 cells per second. However, as with the 

confocal microscope, fluorophores need to be accurately chosen in order to 

avoid spectral overlaps, and it is necessary to test single-stained samples to 

adjust the fluorescence compensation. In addition, cells need to be well 

individualised and in suspension11521.

3.7 .2  P rep ara tio n  o f  C ell S am p le s  fo r  F lo w  C y to m etry

3 .7 .2 .1 Cellular Internalisation Studies

After the incubation period (section 3.2.5.2), cells were 

washed twice with ice-cold PBS in order to remove the excess and 

unbound FITC-MWNT, Transferrin or Bodipy from the extracellular 

media. FITC-MWNT present at the cell surface was washed out with 

ice-cold 0.04% trypan blue in PBS, pH 3.5 adjusted with HCI. Any 

excess of transferrin and dextran at the cell surface was removed with 

ice-cold F12K culture media, pH 3.5 adjusted with HCI, and excess of 

Bodipy was washed out with ice-cold 5% defatted BSA in PBS (3 times 

for 5 minutes each). Next, cells were rinsed with PBS, trypsinased and
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collected in eppendorfs. After being centrifuged at 1500 rpm for 5 

minutes, the pellet was suspended in PBS (500 pi), 7-amino- 

actinomycin D (7-AAD) was added to each sample tested (3 pi, 1 

pg/ml), and finally a minimum of 2 0 , 0 0 0  events/sample were analysed. 

All conditions were tested in triplicate.

3 .7 .2 .2  Cell Viability Studies

Cell viability was investigated with a live/dead cell assay, in 

which apoptosis (programmed cell death) was detected, quantified and 

differentiated from necrosis (degenerative cell death). The live/dead 

cell assay used is based in the changes that occur at the cell surface. 

Apoptose is linked with the exposition of phosphatidylserine (PS) at the 

external surface o f the cell. In addition, the protein Annexin V 

(fluorescently labelled with FITC; green) binds with high affinity PS. 

Therefore, early apoptotic cells can be fluorescently labelled in green 

and detected by flow cytometry. Late apoptotic and necrotic cells not 

only expose PS at the cell surface but also have the cell membrane 

integrity compromised (formation of pores). Therefore, exclusion dyes 

such as PI (red) are able to enter the cell and bind to DNA. As a 

consequence, late apoptotic and necrotic cells are labelled 

simultaneously in green and red. In this way is possible to discriminate 

early apoptotic from late apoptotic and necrotic cells.

In the studies reported here, live/dead cell assays were 

performed with a PI/Annexin-V-FITC staining kit (Roche) according to 

the manufacturer's instructions. Briefly, after the incubation period 

(section 3.2.5.3), cells were rinsed twice with ice-cold PBS, to remove 

the excess of CNT-NH3+. Then, cells were trypsinised, collected in 

eppendorfs and centrifuged at 1500 rpm for 5 minutes. In the 

meantime, the Pl/Annexin V labelling solution was prepared by pre

diluting the Annexin V labelling reagent (1 pi) in 1 ml of HEPES buffer 

and then adding the PI solution (1 pi). Each cell pellet was 

resuspended in 100 pi o f Pl/Annexin V labelling solution and incubated 

15 minutes at room temperature. Immediately before analysis, each 

sample was diluted with 400 pi of HEPES buffer. Finally, 10,000 to
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20,000 events per sample were analysed. All conditions were tested in 

triplicate.

3.7 .3  A n a lys is  o f C ell P o p u la tio n  by F lo w  C yto m etry

Cell suspensions were screened with a Cyan ADP flow cytometer 

(DakoCytomation). Before examining multicolour samples were tested: (i) 

unstained cell samples (negative controls) in order to set the minimum signal of 

the detectors, and (ii) single-stained samples in order to compensate the 

overlapping of the emission spectra of the different fluorochromes used. Green 

(FITC-MWNT and Annexin V) and red (PI) fluorochromes were excited using a 

488 nm laser and far-red fluorochromes (7-AAD) using a 635 nm laser. The 

following filters were also used for detection of each fluorochrome: 515 nm band 

pass for FITC-MWNT and Annexin V, and 600 nm long pass for PI and 7-AAD.

The analysis of the cell population in each sample was carried out with 

the software Summit v4.3 (DakoCytomation). For internalisation studies (section 

3.7.2.1), dead cells (stained in red with 7-AAD) were excluded from the analysis. 

Briefly, the cell number versus 7-AAD fluorescence was plotted and then the red 

positive stained cell population was subtracted from the total cell population. To 

quantify the effect of each internalisation mechanism-inhibitory treatment, the 

mean fluorescence intensity of the cell distribution tested was normalised to the 

mean fluorescence intensity o f the cell distribution at 37 °C. For cell viability 

studies (section 3.7.2.2), the percentage of each cell subpopulation was 

determined: unstained cells (live cells), green-stained cells (early apoptotic 

cells) and green- and red-stained cells (late apoptotic/necrotic cells). These 

experiments were conducted with the assistance of Mrs. Joanna Buddie and Mr. 

Joao Metelo at the Institute o f Child Health, University College London (UK).
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3.8 Radioactivity Detection Protocols

3.8.1 R ad io lab e llin g  o f f-C N T

The chelating agent DTPA rapidly cages Indium with a highly 

thermodynamic equilibrium constant11531 and the radioactive 111ln (gamma 

emitter) has a decay half-life of 67.5 hours, convenient for in vivo tissue 

distribution studies. Moreover, the stability constant between DTPA and 1l1ln 

has been previously determined by others11541 to be 1.5x1029 and prior studies 

have demonstrated that the [111ln]DTPA complex exhibits a strong chelating 

effect in the presence of human serum11531. For these reasons, CNT were 

functionalised with DTPA (DTPA-CNT) and then radiolabelled with 111ln in order 

to carry out distribution studies.

The complexation between DTPA-MWNT and the radionuclide 111lnCI3 

(GE Healthcare Radiopharmacy, San Antonio, TX, USA) was carried out 

according to the method described previously for SWNT1611. Briefly, [111ln]DTPA- 

MWNT was obtained by cationic exchange from a solution o f [111ln]citrate. A 3% 

sodium citrate water solution (150 pi) was added to 50 pi of a sterile solution of 

111lnCI3 in 0.04 M hydrochloric acid (10 mCi/ml). After 30 minutes, 37.5 pi of a 

sterile water solution of DTPA-MWNT (4 mg in 100 pi) was added and allowed 

to react for 1 hour at room temperature under gentle hand-shaking. The reaction 

volume was increased to a final volume of 5 ml with sterile PBS. The obtained 

[111ln]DTPA-MWNT dispersion was used without further treatment.

3 .8 .2  T h in -L a y e r C h ro m a to g ra p h y  (T L C )

The stability of the conjugate [111ln]DTPA-MWNT was tested in vitro by 

incubation of the radioactive conjugate at 37 °C in the absence and presence of 

serum. In order to carry out the stability assay, DTPA-MWNT and DTPA alone 

were labelled with 111lnCI3 (1.85 megabecquerel) in a solution of 0.2 M 

ammonium acetate, pH 5.5. The labelling reaction was stopped after 10 minutes 

by the addition of 0.1 M EDTA. 111 lnCI3 alone, used as a control, was also 

subjected to the conditions of the labelling reaction. Aliquots of each final
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product were diluted 5 times in PBS and then spotted in silica gel impregnated 

glass fiber sheets (PALL Life Sciences). The strips were developed with a 

mobile phase of 50 mM EDTA in 0.1 M ammonium acetate. The strips were 

allowed to dry, which was followed by development and quantitative 

autoradiography counting using a Cyclone phosphor detector (Packard, AUS). 

The stability of the conjugate [111ln]DTPA-MWNT was determined after 

incubation in serum (Sera Laboratories International Ltd., UK). Small aliquots of 

the final products were diluted 5 times in serum (equilibrated at 37 °C) and 

incubated for 0, 60 minutes and 24 hours at 37 "C. The percentage of 

[111ln]DTPA-MWNT conjugate (immobile spot) and free 111ln or [111ln]DTPA 

(mobile spot) was evaluated by TLC, performed as described above.

3 .8 .3  S in g le  P hoton  E m iss io n  C o m p u ted  T o m o g ra p h y  (S P E C T )

Dynamic imaging of the systemic circulation and excretion of 

[111ln]DTPA-MWNT was carried out on 6  week old, male nude rats (Harlan, 

Indianapolis, IN, USA). After anesthetised by inhalation with isoflurane (3% in 

100% Oxygen), 800 pi of [111ln]DTPA-MWNT in PBS containing 250 microcurie 

(9.25 megabecquerel) of 111ln and 300 pg of DTPA-MWNT was administered to 

each rat by bolus injection through the tail vein. The source of SPECT images 

are gamma-ray emissions. As the radioisotope (111ln) decayed it emitted 

gamma-rays, which were detected and recorded by the gamma cameras. 

Dynamic planar images were acquired with dual gamma cameras housed in a 

microSPECT scanner (Gamma Medica Ideas, Northridge, CA, USA). Images 

were acquired using medium energy, high sensitivity parallel hole collimators 

immediately following injection at an image capture rate of 1 frame per second 

during the first minute and 1 frame per 5 seconds for the following 4 minutes. 

Planar images were also acquired at 5 minutes, 30 minutes, 6  hours and 24 

hours post-injection (rats were placed individually in metabolic cages between 

imaging sessions). During each imaging session a standard [111ln]DTPA-MWNT 

source was positioned outside the animal but still within the field of view. This 

study was performed with the assistance of Professor Beth Goins at the 

Department of Radiology of the University of Texas Health Science Center at 

San Antonio (USA).
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3 .8 .4  G am m a S c in tig rap h y

In order to quantify the [111ln]DTPA-MWNT tissue distribution in rats, 

these nanotubes (800 pi, containing 250 pCi (9.25 MBq) o f 111 In and 300 pg of 

DTPA-MWNT in PBS) were intravenously injected in 6  week old, male nude 

rats. Then, the rats were placed individually in metabolic cages and euthanized 

24 hours post-injection. Bladder (with urine), both kidneys, liver, spleen and 

excreted urine were collected and placed into pre-weighed scintillation vials. 

Each organ was weighed and samples were analysed for 111ln activity using an 

automated gamma counter (Wallac 1480 Wizard 3” , Perkin Elmer, USA). The 

gamma rays emitted by the radioisotope were detected, quantified and 

corrected for the physical radioisotope decay by the gamma counter. 

Radioactivity readings were recorded and later plotted. Data are expressed as 

the mean of triplicate samples ± standard deviation (SD). This experiment was 

conducted with the assistance of Professor Beth Goins at the Department of 

Radiology of the University of Texas Health Science Center at San Antonio 

(USA).

3.9 Gene Delivery Protocols

3.9.1 P lasm id  D N A  (pD N A )

Gigapreps of highly purified supercoiled plasmid DNA (pDNA) of the 

reporter genes pCMV-p-galactosidase and pCMV-firefly luciferase (BD- 

Clontech, UK) were prepared by Bayou Biolabs (USA). Stock solutions were 

prepared in deionised water at the concentration of 10 mg/ml. Aliquots (1 mg/ml) 

were stored frozen at -80°C until needed.
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3.9.1.1 Fluorescently-Labelled pDNA

In order to localise the pDNA and its vector during the 

transfection process in vitro, pDNA was fluorescently labelled with TM- 

Rhodamine (red fluorochrome) using the Label IT Tracker Kit (Mirus). 

The fluorochrome was covalently attached onto the pDNA backbone in 

a one-step reaction. Briefly, 375 pi of sterile and DNase/RNase-free 

water, 50 pi of labelling buffer A, 50 pi of pDNA (1 mg/ml) and 25 pi of 

Label IT Tracker Reagent were mixed. The reaction was allowed to run 

for 1 hour at 37 °C. Then, the unreacted Label IT Tracker Reagent was 

removed from the labelled pDNA by ethanol precipitation. 50 pi of 5 M 

sodium chloride and 1 0 0  pi of ice-cold absolute ethanol were added to 

the reaction, which was further incubated at -20 °C for 30 minutes. The 

labelled pDNA was pelleted at 14,000 rpm for 10 minutes at 4 °C. The 

supernatant was discharged and the pellet was washed once with 500 

pi of 70% ethanol (room temperature). After being centrifuged, the 

pellet was finally resuspended with sterile water (50 pi) and stored at - 

80 °C.

3 .9 .2  P rep ara tio n  o f C N T -N H 3+:p D N A  C o m p lexes

3.9.2.1 Complexes for In Vitro Studies

The appropriate amount of CNT-NH3+ (dependent on the 

type of f-CNT and density of functional groups) was diluted in 50 pi of 

deionised water in order to obtain different charge ratios with 0.5 pg of 

pDNA (1.5 nmol of negative charges). Complexes were formed by 

diluting 0.5 pg of pDNA (P-galactosidase or P-gal) in 50 pi of deionised 

water or TRIS buffer (100 mM) and then mixing this with the CNT-NH3* 

aliquots by rapid pipetting. This process was repeated for each charge 

ratio tested, in a total volume of 400 pi (yielding four samples per 

condition). Complexes were allowed to form for 30 minutes at room 

temperature prior to use.
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An extra set o f CNT-NH3*:pDNA complexes was prepared as 

described above and then, after the 30 minutes of incubation, 200 pi of 

the transfection reagent LipoFectamine 2000 (Gibco) or Trans IT-LT1 

(Mirus) in serum-free culture media were added (to the total volume of 

400 pi for each charge ratio). In this case, the complexes were further 

incubated for 1 0  minutes at room temperature before use.

3.9.2.2 Complexes for In Vivo Studies

In studies where the complexes were administered through 

hydrodynamic tail vein injections, the appropriate amount of MWNT- 

NH3+ was diluted in 500 pi of 0.9% saline solution in order to obtain 

different charge ratios with 50 pg of pDNA (150 nmol of negative 

charges). Complexes were formed by diluting 400 pg of pDNA (firefly 

luciferase) in 0.9% saline solution (500 pi) and then mixing with the 

MWNT-NH3* aliquots by rapid pipetting (1  ml total volume). Complexes 

were allowed to form for 30 minutes at room temperature and were 

diluted with 0.9% saline solution (7 ml) prior to administration. This 

process was repeated for each charge ratio tested.

For intratumoural administrations, the appropriate amount of 

MWNT-NH3+ was diluted in 25 pi of 0.9% saline solution in order to 

obtain different charge ratios with 50 pg of pDNA (150 nmol of negative 

charges). Complexes were formed by diluting 50 pg o f pDNA (firefly 

luciferase) in 0.9% saline solution (25 pi), which was then added 

dropwise to the CNT-NH3+ aliquots and mixed by pipetting. This 

process was repeated for each charge ratio tested, for a total volume of 

400 pi (yielding eight samples per condition). Complexes were allowed 

to form for 30 minutes at room temperature prior to use.

3.9 .3  G el E lec tro p h o re s is

Agarose gels (2%) were prepared by adding agarose (4 g, Invitrogen) 

to 200 ml of TAE buffer (Fluka). The agarose was melted by heating and once a
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clear solution was obtained, the beaker was removed from the hot plate. Then 

2 0  pi of ethidium bromide were added to the agarose solution, which had 

previously been cooled down to room temperature. The final solution was 

poured into an electrophoresis unit (BioRad, UK) and allowed to solidify and 

form the gel, which was later covered with TAE buffer.

Samples o f naked pDNA and CNT:pDNA complexes were mixed at 5:1 

volume ratio with orange loading dye solution (Fermentas) and loaded with a 

pipette in the wells of the gel. Electrophoresis was carried out for 1-2 hours at 

80 volts. The migration o f pDNA during electrophoresis was monitored by visual 

tracking of the colours of the two dyes (orange G and xylene cyanol FF) 

contained in the loading solution. The bands of pDNA were visualised and 

photographed by exposure of the gel to UV light using the bioimaging system 

Gene Genius (Syngene, UK).

3.9 .4  D e live ry  o f p D N A  by C N T -N H 3+

3.9.4.1 In Vitro Studies

A549 cells were seeded in 24-well plates (2x105) and 

allowed to attach and grow overnight. The culture medium was 

replaced by fresh and serum-free cell culture media (400 pl/well) and 

CNT-NH3+:pDNA (P-gal) complexes, prepared as described in section

3.9.2.1, were added (0.5 pg/well of pDNA, 100 pl/well). Then cells were 

incubated with these complexes for 4 hours at 37 °C (5% C 0 2), after 

which the transfection media was removed and replaced with complete 

culture media. Cells were further incubated for 48 hours before 

processing for gene reporter assay (section 3.9.5.1). As a positive 

control, cells were transfected with pDNA and CNT-NH3+:pDNA 

complexes in the presence o f the transfection reagent LipoFectamine 

2000 (Gibco) or Trans IT-LT1 (Mirus). Cells were also treated with 

media alone or media containing pDNA only (0.5 pg/well). All 

conditions were tested in triplicate.

In an additional study, the localisation of the pDNA and its 

vector during the transfection process was investigated by confocal
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microscopy. For this, pDNA fluorescently labelled with TM-Rhodamine 

(section 3.9.1.1) was used, and the cells were processed for imaging 

immediately after the 4 hours incubation period with the complexes, as 

described in sections 3.6.2.1 and 3.6.3.

3.9.4.2 In Vivo Studies

Female BALB/c mice ( 6  weeks old) were randomly 

separated in groups of five mice. Complexes formed between MWNT- 

NH3* and pDNA (firefly luciferase) as described in section 3.9.2.2 were 

administered by hydrodynamic tail vein injections (section 3.3.4.2). As 

a positive control, mice were injected with pDNA only in 0.9% saline 

solution (50 pg, 1 ml/mouse). Gene expression was allowed for 24 

hours. Then, the mice were euthanized and their tissues were 

harvested and processed for gene reporter assay, as described in 

section 3.9.5.2.

An additional gene delivery study was performed in a 

syngeneic murine flank tumour model established as described in 

section 3.3.3. For each group three mice ( 6  weeks old female BALB/c 

mice) with tumours of similar size were chosen. Then MWNT- 

NH3+:pDNA complexes (50 pi of pDNA per tumour) were administered 

intratumourally as in section 3.3.4.3. Gene expression was allowed for 

24 hours. Then, the mice were euthanized and tissues were harvested 

and processed for gene reporter assay, as is described in section 

3.9.5.2.

3 .9 .5  G en e  R ep o rte r A s s ay s

3.9.5.1 (3-galactosidase (fi-ga l)

The efficiency o f transfection and expression of the (B-gal 

reporter gene was visualised in situ by optical microscopy using a
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colorimetric assay (3-galactosidase Staining Kit, Mirus). The assay is 

based in the cleavage of 5-bromo-4-chloro-3-indolyl-3-D- 

galactopyranoside substrate (X-Gal) by the enzyme (3-gal. The final 

product of the reaction is a stable and insoluble dark blue compound. 

Therefore, individual and intact cells expressing the reporter gene 

could be detected by their cytoplasmatic blue colour in a mixed 

population of transfected and untransfected cells.

Cell monolayer cultures transfected with vectors carrying the 

reporter gene of 3-gal were washed twice with PBS and then fixed at 

room temperature for 5 minutes with the Fixative Solution (500 pi) 

provided in the Kit. In the meantime, the staining solution was prepared 

by mixing 20 pi of X-Gal Reagent to each 1 ml of Cell Staining Solution. 

Cells were further washed with PBS, completely covered with the X-Gal 

staining solution (1 ml) and then incubated at 37 °C for 20 minutes to 

16 hours (protected from light). The staining process was carefully 

monitored by periodically checking the cells under an inverted light 

microscope (Olympus CK-X41, Japan). Staining was allowed to 

continue until the desired blue staining intensity was reached. Images 

of each condition tested were acquired with a digital camera (Nikon, 

Japan) coupled to the microscope.

The activity of 3-gal was quantified with the Tropix Galacto- 

Light Plus Kit (Applied Biosystems), which is a chemiluminescent 

reporter gene assay. If the 3-gal gene is delivered by the vector under 

study and expressed in the cells, the enzyme 3-gal is produced. This 

enzyme becomes active in the presence of its substract (Galacton- 

Plus). In order to detect and quantify the gene delivery and expression, 

the activity of the enzyme is monitored by measuring the relative light 

units (RLU) of the light produced after the addition of Accelerator-ll to 

the reaction mixture. The Accelerator-ll terminates the enzyme activity 

and triggers light emission, which is measured with a luminometer.

Samples from cell monolayer cultures transfected with 

vectors carrying the reporter gene of 3 -gal were prepared by adding 

lysis solution (200 pl/well, 24-well plate) to cells and incubated at room 

temperature until complete cell membrane burst was achieved (visually 

confirmed with an optical microscope). Cell lysates were transferred to 

eppendorfs, centrifuged for 5 minutes (room temperature) at 13,000 

rpm to pellet debris and stored at -80 °C. To carry out the protocol, the
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reaction buffer was prepared by dilution of Galacton-Plus substrate 

1:100 with reaction buffer diluent and the solution of Accelerator-ll was 

equilibrated at room temperature. To each luminometer tube containing 

200 pi of the reaction buffer was transferred 10 pi of cell lysate. The 

reaction was allowed to run at room temperature for 90 minutes. In the 

meantime, a single-tube luminometer with injector (Lumat LB 9507, 

Berthold Technologies, Germany) was primed at least 3 times with 

Accelerator-ll and programmed to inject 300 pi of Accelerator-ll per 

sample and perform a 2 -second measurement delay followed by a 1 - 

second measurement read for 3-gal activity. RLU readings were 

recorded and later plotted. Data are expressed as the mean of triplicate 

samples ± standard deviation (SD).

3 .9.5.2 F ire fly  Luciferase

The Firefly Luciferase Assay System (Promega) is based in 

a chemiluminescent reaction, in which light is produced. If the firefly 

luciferase gene encoded in the pDNA delivered is expressed, the cell 

produces the enzyme firefly luciferase, which catalyses the luciferin 

oxidation. The light produced in this reaction is dependent on the 

amount of protein produced, i.e. is dependent on the amount o f pDNA 

delivered and expressed in the cells. Therefore, it is possible to detect 

and quantify gene expression by measuring the relative light units 

(RLU) of the light produced with a luminometer.

To prepare tissue samples harvested from mice transfected 

with vectors carrying the reporter gene of firefly luciferase, the freeze- 

thaw method was followed (to achieve complete cell lysis). First, the 

tissues were collected and stored at -80 °C in 15 ml centrifuge tubes. 

After the different tissues were thawed, lysis buffer (3 ml/sample) was 

added and the tissues were homogenised with a Polytron homogeniser 

(Kinematica, Switzerland). An aliquot (1 ml) of each sample was 

transferred to labelled eppendorfs and the tissue homogenates were 

stored again at -80 °C overnight. On the following day, after thawing, 

the tissue homogenates were vortexed and centrifuged for 1 0  minutes 

(4 °C) at 13,000 rpm. In the meantime, the firefly luciferase assay
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reagent (containing the luciferase firefly substrate) was equilibrated at 

room temperature.

In order to measure the light produced by the reaction, a 

single-tube luminometer with injector (Lumat LB 9507, Berthold 

Technologies, Germany) was used. The instrument was primed at least 

3 times with firefly luciferase assay reagent and programmed to 

perform a 2 -second measurement delay followed by a 1 0 -second 

measurement read for firefly luciferase activity. Then, 20 pi of 

supernatant from the tissue homogenate were dispensed into a 

luminometer tube. The tube was placed in the luminometer and the 

reading began by injection of 1 0 0  pi of the firefly luciferase assay 

reagent into the tube to initiate enzyme activity. The RLU reading for 

each sample was recorded and later plotted. Data are expressed as 

the mean of triplicate samples ± standard deviation (SD).

3.9 .6  P ro te in  A ssay

The protein concentration of tissue samples (prepared as described in 

section 3.9.5.2) was determined using the BCA Protein Assay Kit (Pierce). The 

colorimetric assay was performed according to the manufacturer’s instructions. 

Bovine serum albumin (BSA) standard solutions were prepared by dilution of a 

BSA stock solution (2 mg/ml) with deionised water to 1.00, 0.50, 0.25, 0.13 and 

0.06 mg/ml. The standard solutions and samples (10 pi) were loaded in a 96- 

well plate. The reagent mixture was prepared by adding 1 part of reagent B to 

50 parts of reagent A. After the colour of the mixture changed (colourless to 

green), 200 pi of the mixture were added to each well. This assay is time 

dependent; therefore the reaction was allowed to run for 30 minutes before 

reading the absorbance (at 562 nm) of the samples in a Wallace Victor2 plate 

reader spectrophotometer (Perkin Elmer, UK). The protein concentration of 

each sample was determined from the standard curve.
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4 Interaction of Carbon Nanotubes with Lipid Bilayers 
in Vitro

Very recently, studies have reported that CNT hold potential to become a 

component of delivery systems. These studies have shown the translocation of CNT 

loaded with peptides, proteins, nucleic acids and drugs into prokaryotic and eukaryotic 

cells (section 1.5.4). However, the mechanism by which the CNT enter into cells is 

unclear and remains to be elucidated. While Pantarotto et al.130,481 and Wu et al.1321 have 

suggested the possibility of CNT getting inside the cells through a translocation 

pathway alternative to endocytosis, Kam et al. 1421 have proposed endocytosis as the 

internalisation mechanism for CNT, and Lu et al.[132) have assumed that the cellular 

uptake of CNT resulted from the hydrophobic interactions between CNT and cell 

membranes, the thermal agitation and lateral diffusion of the phospholipids inside the 

bilayer. The inconsistencies between the possible CNT uptake mechanisms found by 

each o f these groups is likely attributable to the extremely different routes used to 

functionalise the CNT in order to achieve water dispersibility (biocompatibility) and load 

the nanotubes. When the surface of the CNT is transformed, the inherent abilities of 

these nanostructures are modified11551; consequently their interactions with cells, 

including the cellular internalisation mechanisms, may be changed.
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4.1 Binding o f f-C N T to Lipid B ilayer Membranes

4.1.1 R ole  o f E lec tro s ta tic  In te rac tio n s  on f-C N T  B in d in g  to  M odel

M em b ran es

In order to elucidate the binding and uptake mechanisms of CNT by 

mammalian cells, the interactions between water dispersible f-CNT (single- and 

multi-walled) and model membranes (lipid bilayers) were first studied in vitro by 

fluorescence spectrophotometry. For this propose, a hydrophobic dye sensitive 

to the polarity of the microenvironment was incorporated in the lipid core of 

model membranes. This study describes the fluorescence characteristics of the 

dye observed upon the addition of f-CNT to aqueous suspensions o f lipid 

vesicles and provides an in vitro exemplification of the extent o f the initial 

interactions between f-CNT and mammalian cells. The f-CNT used in this study 

were prepared following the 1,3-dipolar cycloaddition reaction128, 291 and their 

molecular structures are represented in Figure 4.1. The interactions of 

positively charged CNT-NH3+ (Figure 4.1 A), neutral Ac-NH-CNT (Figure 4.1 B) 

and negatively charged DTPA-CNT (Figure 4.1 C) were studied with different 

types of lipid vesicles.

A  r  =  n h 3 *

B r  =  c o c h 3
O fC O jH  f C 0 2H

C R = ̂ —N-x'-'n''\^N^C02H
h o 2 c

Figure 4.1. M olecular structures o f f-CN T used to  interact w ith  m odel m em branes.

(A ) C N T-N H 3’ ; (B) A c-NH -CNT; and (C) DTPA-CNT.

Lipid vesicles (liposomes) consisting in a mixture of phospholipids and 

cholesterol (Figure 4.2), have been used as in vitro model membrane systems 

to study in detail the interactions o f several particles, such as peptides and 

drugs, with cellular membranes1156, 157). In addition, the incorporation of small 

fluorescent molecules in liposomes has been used to study the bilayer
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microenvironment through techniques such as spectrophotometry1158,159). In the 

study reported here, Nile Red (Figure 4.2D), a membrane dye that is sensitive 

to polarity variations (solvatochromic behaviour), was used. The resultant 

changes in the emission characteristics of the Nile Red dye allowed direct 

monitoring of the lipid model membrane microenvironment1160' 1631.

D

(CH3CH2)2Nv^ v^ O v r ^ v ^ O

Figure 4 .2 . M olecular structures o f th e  lipids and organic dye used to  prepare m odel 
m em branes.

(A) N egative ly  charged phospholip id DOPG; (B) neutral phospholip id DOPC; (C) cholesterol; and 
(D) m em brane dye Nile Red.

Nile Red is a photochemically stable, uncharged benzophenoxazone 

dye (Figure 4.2D). It has a high partition coefficient from water to hydrophobic 

solvents. In addition, the presence of conjugated double bonds and delocalised 

electrons, allow excitation of the molecule with consequent fluorescence 

emission. Due to its extremely hydrophobic characteristics, Nile Red fluoresces 

intensely when dissolved in organic solvents and lipids but its fluorescence is 

fully quenched in water1160'1631.

In order to confirm the sensitivity of Nile Red to variations in solvent 

polarity and the resultant changes in the fluorescence characteristics o f Nile 

Red, mixtures of chloroform/methanol (apolar/polar) were prepared at different 

volume ratios. Next, Nile Red (0.1 pg/ml) was added to each solvent mixture. In 

Figure 4.3, the fluorescence spectra of Nile Red diluted in the different solvent 

mixtures are shown. Analysing the fluorescence spectra of Nile Red, one can

H O ’
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clearly notice that as the polarity of the solvent increased, the fluorescence peak 

of the Nile Red shifted to higher wavelengths - from 600 to 637 nm (red shift) - 

and the fluorescence intensity decreased by approximately 60% of its maximum 

when dissolved in chloroform alone.
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Figure 4.3. Effect of solvent polarity on fluorescence spectra o f Nile Red.

Fluorescence spectra o f Nile Red dissolved in apolar/po lar (vol/vo l) solvent m ixtures o f (A) 
chloroform  only; (B) 8/2 chloroform /m ethanol; (C) 6/4 chloroform /m ethanol; (D) 4/6 
chloroform /m ethanol; (E ) 2/8 chloroform /m ethanol; (F) m ethanol only. For each spectrum  the 
wavelength (nm) fo r maxim um  in tensity is indicated Excitation wavelength was 542 nm

Next, large multilamellar vesicles (liposomes) were prepared using the 

lipid film hydration method (section 3.5.2.1). Two liposome formulations were 

prepared by changing the phospholipid used: DOPC was used to prepare 

neutral bilayer membranes and DOPG to prepare negatively charged bilayer 

membranes. To each formulation, 10% of cholesterol and Nile Red in a ratio of 

1/300 dye/lipid molecules were added. In aqueous suspensions of liposomes, 

Nile Red is incorporated deeply in the lipid bilayer membrane. Consequently, its 

spectral characteristics reflect the polarity of the lipid membrane 

microenvironment. In agreement with the literature1160, 1621, it was observed that 

when incorporated in the lipid membrane, the fluorescence peak of Red Nile 

shifted to a higher wavelength (628 nm), as shown in Figure 4.4. This 

observation indicates that the dye incorporated within lipid membranes is 

already in a more polar microenvironment compared to chloroform.
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D O P C  L ip o s o m e s B D O P G  L ip o s o m e s
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F ig u re  4.4. In te ra c tio n  o f  f-CNT w ith  lip id  m o d e l m em branes.

F luorescence spectra o f Nile Red em bedded in lipid b ilayers exposed to  increasing quantities of 
SW NT-NHa' (spectrum  I to VI: 0. 10, 20. 50, 100 and 150 pg/ml): (A) DOPC liposom es: (B ) DOPG 
liposom es. F luorescence intensity ratio o f Nile Red em bedded in lipid b ilayers exposed to 
increasing quantities (0 to 150 pg/m l) o f f-CNT: (C) DO PC liposom es; and (D) DOPG liposomes. 
Solutions were excited at 542 nm and fluorescence peak in tensity values were registered at 628 
nm. Each condition was tested in duplicate

Finally, the interactions between f-CNT and model membranes were 

investigated using multilamellar vesicles prepared with different compositions 

and overall charge. After adding f-CNT to the aqueous suspensions of 

liposomes, samples were left for 30 minutes at room temperature to allow 

interaction. Then, the emission intensity of Nile Red was scanned with a 

fluorescence spectrophotometer using the excitation wavelength of 542 nm. In 

Figure 4.4, the effect of a gradual addition of f-CNT to lipid vesicles containing 

Nile Red is presented. As can be seen, the fluorescence intensity of Nile Red 

incorporated in a neutral liposome formulation (DOPC) was reduced by 20% of 

the initial fluorescence with the addition of SWNT-NH3+ (F igure 4.4A). The 

decrease in the fluorescence intensity of Nile Red indicated that SWNT-NH3* 

were able to change the lipid bilayer microenvironment of neutral vesicles, 

which suggest that positively-charged SWNT interact with neutral membranes.

I n c r e a s e  o f  

SWNT-NHj*
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The effect of SWNT functionalised with neutral (Ac-NH-SWNT) and 

negatively (DTPA-SWNT) charged moieties was then studied. The ratio l/l0 (I, 

fluorescence intensity after addition of f-CNT; l0, fluorescence intensity in the 

absence of f-CNT) versus the quantity of f-CNT added to the aqueous 

suspension o f lipid vesicles was examined. As can be observed in Figure 4.4C, 

Ac-NH-SWNT and DTPA-SWNT were found to cause minimal reductions in the 

fluorescence of the Nile Red incorporated in the uncharged bilayer (Figure 

4.4C). Given that the mixture of neutral DOPC liposomes with each of the f-CNT 

structures caused little or no effect on the fluorescence of Nile Red, it can be 

concluded that these nanotubes interact to a limited extent with neutral 

membranes.

In contrast, the fluorescence intensity o f Nile Red incorporated into 

negatively-charged DOPG liposomes was reduced by 75% through the addition 

of SWNT-NH3+ (Figure 4.4B). Moreover, the fluorescence of Nile Red in DOPG 

liposomes was slightly reduced by SWNT-DTPA and modestly reduced (40%) 

by Ac-NH-SWNT, as can be seen in Figure 4.4D. Taken together, the results 

show that the interaction between vesicles and f-SWNT with opposite charges 

produces a decrease in the fluorescence of Nile Red, indicating that the lipid 

bilayer microenvironment become more polar.

MWNT functionalised with positively charged moieties (NH3*) were also 

incubated with each of the different lipid vesicle. In Figure 4.4, the effect o f the 

addition of MWNT-NH3+ in the fluorescence of the Nile Red incorporated in 

neutral (Figure 4.4C) and negatively (Figure 4.4D) charged lipid vesicles can 

be seen. Again, the interaction of structures with opposite charges produced the 

highest reduction in the fluorescence of the Nile Red (about 70%). Therefore, it 

was confirmed that f-CNT (single- and multi-walled) are able to change the lipid 

bilayer microenvironment of vesicles with the opposite charge to a large extent.

In summary, the above experiments demonstrated that electrostatic 

interactions play an important role in the initial contact between f-CNT and lipid 

membranes. CNT-NH3+ interacted to a greater extent with negatively charged 

DOPG liposomes than any other f-CNT. On the other hand, all f-CNT used in 

these study seem to have a limited interaction with DOPC liposomes (neutral).
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4 .1 .2  O rien ta tio n  o f f-C N T  C y lin d rica l S tru c tu re  to  B ind  Cell 

M em b ran es

Following from the study described in section 4.1.1, the initial 

interaction between f-CNT and the lipid bilayer of cellular plasma membranes 

was also investigated by TEM. The purpose of this study was to further examine 

the initial steps in the mechanism of nanotube-cell membrane contact. TEM 

allowed high resolution imaging o f processes such as the approaching and 

binding of f-CNT to plasma membranes. Moreover, the orientation of the f-CNT 

cylindrical structure towards the plasma membrane during these initial 

interactions was also investigated.

Water-dispersible MWNT-NH3+ were incubated with mammalian A549 

cells for periods from 15 to 120 minutes. Subsequently, ultra-thin sections of the 

cell cultures were prepared and examined by TEM as described in sections

3.4.5.2 and 3.4.6. Figure 4.5 shows images of MWNT-NH3+ in the process of 

interacting with cellular plasma membranes following incubation at 37 °C.

It can be observed that the nanotube is approaching the plasma 

membrane in two main orientations: with its long axis parallel or perpendicular to 

the axis of the membrane (Figure 4.5, A-C). Moreover, MWNT-NH3+ bind 

preferentially the membrane with its long axis parallel to the membrane, as 

shown in Figure 4.5 (images D-F). MWNT-NH3+have hydrophilic and positively- 

charged functional groups localised in their sidewalls. Thus, the parallel 

orientation towards the membrane offers a higher surface area in order for the 

nanotube to establish stronger electrostatic interactions and bind to the 

negatively-charged plasma membrane.

MWNT-NH3+ were also observed to be inserted into the membrane 

(Figure 4.5, G & H). Interestingly, it appears that the nanotubes have the ability 

to reorient perpendicular towards the membrane after initially binding it with a 

parallel orientation. As shown in Figure 4.5H, nanotubes were in fact able to 

cross the cell membrane and their tips could be observed on the other side of 

the plasma membrane. Such observations are in agreement with previous work, 

which report that f-CNT are capable of penetrating cell membranes148'50,126].
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Figure 4.5. Interaction o f MW NT-NH 3 * w ith plasm a m em branes at 37 °C.

TEM im ages o f MWNT-NH3 ’ incubated with A549 cells at 37 °C. (A-C) MWNT-NH3 ' approaching 
the m em brane; (D-F) MWNT-NH3 '  binding to  the membrane; and (G-H) MWNT-NH3 * crossing the 
membrane.

Furthermore, the interaction of MW NT-NH3+ and A549 cells was 

studied at 4 °C. Surprisingly, it was observed by TEM that the interaction of 

MWNT-NH3* and plasma membranes was independent of the temperature of 

incubation. As can be seen in Figure 4.6, at 4 °C the nanotubes had the same 

orientation profile towards the plasma membrane as shown at 37 °C (Figure 

4.5), and were shown to be able to approach and bind to membranes (Figure

4.6, A-C). Moreover, the nanotubes were able to reorient to a perpendicular 

position towards the membrane and insert their tip into the membrane (Figure

4.6 C & D). Finally, this study provided evidence that nanotubes incubated at 4
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°C with A549 cells were able to penetrate the plasma membrane, as shown in 

F ig u re  4.6D

Figure 4.6. Interaction o f M W NT-NH 3 * with plasm a m em branes at 4  °C.

TEM  im ages o f M W NT-NH 3 '  incubated w ith A549 cells at 4 °C. (A-C) M W NT-N H 3* approaching and 
bind ing to  the membrane; and (D) M W NT-N H 3 * crossing the mem brane

In summary, it was observed by TEM that MWNT-NH3* approach and 

bind to cell plasma membranes. Moreover, nanotubes have shown their ability 

to reorient themselves towards the membrane and insert their tip into the 

membrane. It was also found that the nanotubes were able to cross the cell 

membrane and their tips were imaged on the cytosolic side of the plasma 

membrane, regardless of the temperature at which the nanotubes were 

incubated with the mammalian cells.

4 .1 .3  D iscussion

Although several papers have reported the internalisation of CNT by 

cells, the interaction, determinant factors for such interaction and how the CNT

r
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enter cells are still unclear130,32,41,48,49,128,132i. In the study described in section

4.1.1, the possible mechanisms recently proposed for f-CNT interaction with 

lipid bilayers1164’ 1651 were investigated experimentally. For this purpose, a 

solvatochromic dye was incorporated into lipid model membranes and the 

changes produced in the polarity of the membrane microenvironment after 

adding /-CNT to aqueous suspensions of the lipid vesicle were evaluated by 

fluorescence spectrophotometry. The results described in section 4.1.1 

elucidated how electrostatic interactions between hydrophilic and charged 

moieties of /-CNT and oppositely-charged model membranes, contribute to 

these two entities to establish contact.

The observed reductions in the fluorescence intensity of Nile Red 

incorporated into lipid membranes showed that the bilayer environment was 

becoming more polar with the gradual addition of CNT-NH3+ (single- and multi

walled) to the DOPG vesicles suspensions. For that reason, the increase in 

polarity within the bilayer microenvironment was attributed to the interaction, 

binding and probable penetration of the /-CNT into the vesicles. In fact, it was 

hypothesised that the CNT-NH3+ interact primarily through attractive 

electrostatic forces to bind or adsorb onto the lipid vesicles.

Based on molecular dynamics simulations, Lopez et a l.11641 suggested 

that generic nanotubes (3 nm length and 1.3 nm diameter) with hydrophilic 

functional groups localised on the termini spontaneously insert into a lipid 

bilayer in a two-step mechanism: (i) nanotube is adsorbed into the membrane 

surface and (ii) nanotube reorients spontaneously and adopts a transmembrane 

configuration. In the study described in section 4.1.2, the initial interactions of 

nanotube structures with lipid bilayers (plasma membrane of A549 cells) were 

imaged by TEM. Interestingly, was found that in a first stage MWNT-NH3+ bind 

lipid membranes with their long axis parallel towards the membrane. Later, 

MWNT-NH3+ reorient and insert their tip perpendicularly into the membrane. 

Moreover, it was also found that the nanotubes were able to diffuse directly 

through the cell membrane and their tips were imaged on the other side 

(cytosolic) of the plasma membrane, as schematically represented in Figure

4.7.
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Figure 4.7. Schem atic representation o f f-CNT crossing a lipid bilayer m em brane.

Sequence o f CNT functionalised w ith positive ly-charged moieties binding and d iffusing through a 
lipid b ilayer m em brane Image provided by Dr. S Raffa (CR IM -Research C enter in 
M icroengineering, Scuola Superiore Sant'Anna, Italy)

The results described in section 4.1.2 also demonstrated that the 

process of f-CNT diffusion directly through a lipid membrane occurred 

regardless of the temperature at which the nanotubes were incubated with the 

mammalian cells. Such results further support previously reported observations 

that f-CNT are eventually capable of penetrating cell membranes*48' 50 126*. 

Furthermore, the images depicted in Figure 4.5 and Figure 4.6 are in line with 

the theoretical description reported by Lopez et al.11641 and represented in Figure

4.7. Spontaneous transmembrane penetration via flipping of the membrane lipid 

molecules is, contrary to endocytosis, an energy-independent process, not 

dependent on the receptor, coat or lipid raft interactions, and is therefore 

potentially relevant to all cell types.

Work by Lopez and Nielsen et al.*164- 165) describing the spontaneous 

diffusion of nanotubes functionalised with hydrophilic termini through lipid bilayer 

membranes also exemplified the importance of charge interactions on the 

internalisation process and agrees with the experimental data reported here in 

sections 4.1.1 and 4.1.2. In conclusion, experimental evidence was obtained to 

support the theory that water-dispersible CNT functionalised with hydrophilic 

and positively-charged moieties have the ability to interact with negatively- 

charged lipid bilayers and reorient themselves in order to bind and cross those 

membranes.
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4.2 Internalisation o f f-CNT into Mammalian Cells

4.2.1 f-S W N T  C e llu la r U ptake, T ra ffick in g  & P erin u c lear  

A ccu m u la tio n

Following from examining the interaction and binding of f-CNT to 

cellular plasma membranes (section 4.1.2), it was crucial to understand the 

ability of CNT-NH3* to enter into cells. The chemical functionalisation 

methodology used on the CNT (section 3.1.1) not only allowed the development 

of water-dispersible CNT but also improved the dissociation of aggregates 

(bundles) of nanotubes in solution. NH3* groups are some of the simplest 

groups that can be introduced around the tips and sidewalls of the nanotubes 

(F ig u re  4.8B). Furthermore, in agreement with others119, 166'168l, it was found that 

the functionalisation of CNT (single- and multi-walled) via the 1,3-cycloaddition 

reaction results in covalently linked aliphatic appendages terminated in NH3* (or 

other chemical moieties) and leads to the emergence of a luminescent signal 

with characteristic broad 395/485 nm (excitation/emission) peaks detected by 

fluorescence spectophotometry (described in detail in section 6 .1 .1 ).
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Figure 4.8. Spectrum  and structure o f SW NT-NH 3 * used for CLSM  imaging.

(A) Fluorescence spectrum  o f an aqueous solution o f SW NT-NH 3 ’  (150 pg/m l) excited at 488 nm; 
and (B) M olecular structure o f SW NT-NH 3 ’ .
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One of the most commonly used methodologies to study molecules 

intracellularly is by fluorescence microscopy techniques1'481. Confocal laser 

scanning microscopy (CLSM) is a widely used optical sectioning microscopy 

technique that offers fluorescence imaging of thin slices of specimens with 

several pm in depth1'471. The application of CLSM to visualise CNT interactions 

within living biological matter had not been previously shown. Thus, in an 

attempt to study whether SWNT-NH3* alone are capable of being uptaken and 

trafficked inside living mammalian cells, CLSM was used. The instrumentation 

employed to detect the SWNT-NH3* interaction with mammalian cells consists of 

a CLSM setup widely employed in molecular and cellular biology. Standard light 

source and excitation/emission filters for green fluorophores were used to detect 

the SWNT-NhV signal. Utilisation of the intrinsic SWNT-NH3’  luminescence 

allowed the visualisation and tracking of the SWNT-NH3* signal intracellularly. 

Excitation of SWNT-NH3' at 488 nm, the same wavelength as the Argon laser 

used in the CLSM imaging studies, produced a fluorescence spectrum with a 

single peak at 530 nm (Figure 4.8A).

Figure 4.9. Cellular uptake o f SW NT-NH 3*.

CLSM  im ages o f A549 cells incubated fo r 2 hours with different doses o f SWNT-NH3 * (green): (A) 
A549 cells alone; (B) 50 pg/ml; (C) 250 pg/m l; and (D) 500 pg/m l o f SWNT-NH3 *. Cells were 
perm eabilised w ith Triton X-100 and cellu lar nucle i were counterstained in red using PI.
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SWNT-NH3’ were allowed to interact with monolayer cell cultures of the 

lung epithelial cell line A549 for 2 hours at 37 °C at increasing concentrations: 

50, 250 and 500 pg per ml of serum-free media (section 3.2.5.1). The cultures 

were imaged after cell fixation and counterstaining of the nuclei with propidium 

iodide (PI, in red) as described in sections 3.6.2.1 and 3.6.3. Following this 

protocol, the detected green signal increased proportionally to the concentration 

of SW NT-N fV allowed to interact with the cells (Figure 4.9). This confirmed 

that the green signal visualised by CLSM correlates with the concentration of 

SWNT-NH3* added to the cells and that the intracellular fluorescent signal 

detected follows a SWNT-NH3+ dose-response. Therefore, as more SWNT-NH3* 

were added to the cell cultures more were intracellularly uptaken. Identical 

results were obtained from CLSM imaging studies using the Chinese Hamster 

Ovary (CHO) cell line (see Appendix A).

Figure 4.10. Effect o f incubation media on aggregation status o f SW NT-NH 3*.

CLSM im ages o f 50 pg/m l o f SWNT-NH3 ' (green) incubated for 2 hours a t 37 °C (A) in w ater and 
(B) in serum -free DMEM cell medium.

Post-functionalisation, SWNT-NH3* were more individualised than non- 

functionalised nanotubes in aqueous-based solutions. Therefore, in order to 

further investigate whether SWNT-NH3* aggregates (Figure 4.9) were forming 

before or after cellular internalisation, SWNT-NH3* were incubated in the 

absence of cells for 2 hours at 37 °C in two different buffer media: water only 

and serum-free cell medium. Both samples were fixed, stained (as if they 

contained cells) and imaged under the same optical setup as in experiments 

using cells. The SWNT-NH3* in deionised water were imaged as well-dispersed
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small aggregates that adhered to the bottom of the cover slip (Figure 4.1 OA), 

whereas large SWNT-NH3+ aggregates similar to those detected intracellularly 

in Figure 4.9 were obtained when nanotubes were incubated in serum-free cell 

medium (Figure 4.1 OB). The reduction of pH is not responsible for changes in 

the aggregation state of SWNT-NH3+ (section 6.1.1.2). Therefore, as Figure 

4.10 indicates, the SWNT-NH3+ aggregation was dependent on the buffer 

medium, with enhanced aggregation detected for SWNT-NH3+ in serum-free cell 

culture medium.

Next, in order to confirm that the observed SWNT-NH3+ luminescent 

signal (green) was located intracellularly (at the same focal plane as the nuclear 

stain) instead of adsorbed onto the cell surface, and to identify the exact 

intracellular location, multi-labelling CLSM studies were performed. After a 2 

hour incubation of SWNT-NH3+ with A549 cells at 37 °C (5% C 0 2), the cells 

were fixed, cell membranes stained (in red) with a solution of wheat-germ 

agglutinin conjugated with tetramethylrhodamine (WGA-TRITC) and the nuclei 

counterstained (in blue) with a solution of TO-PRO 3 and RNase A, as 

described in section 3.6.2.2. The CLSM optical setup was in a multi-channel 

mode (section 3.6.3) and again the SWNT-NH3* green signal was clearly 

visualised (Figure 4.11).

The SWNT-NH3+ were found intracellularly at the perinuclear region 

within a short period of 2  hours following their addition onto the cell cultures 

(Figure 4 .11B). This was thought to directly indicate that SWNT-NH3+ traffic 

intracellularly, leading to perinuclear accumulation. The nanotubes seemed to 

be able to travel intracellularly around the cell nuclei throughout the cell cultures 

in these studies in what appeared to be perinuclear accumulation of multiple 

nanotube aggregates. In addition, the CLSM imaging data collected as a series 

o f the z optical axis (z-stack) indicated that the intracellular and perinuclear 

localisation of the SWNT-NH3+ signal was at the same plane of focus as the 

nuclear stain (Figure 4.11C). This verified that the SWNT-NH3+ luminescent 

signal was indeed localised within the cell. An animated reconstruction of the z- 

stack imaging data (Figure 4.11C) can be found in Videoclip 1.
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■
Figure 4.11. M ultiple stain CLSM im ages o f SW NT-NH3‘  in A549 cells.

Cells were incubated for 2 hours (37 °C. 5% CO 2 ) in the (A contro l) absence o f SWNT-NH3 * and in the (B) 
presence o f 200 pg/m l o f SW NT-NH 3 ’ . (C) z-stack im aging data obtained from  the preparation where A549 
cells w ere incubated w ith 200 pg/m l o f SWNT-NH3 '. Cellu lar m em branes are stained in red w ith W GA- 
TRITC and nuclei are countersta ined in blue w ith TO-PRO  3.

In summary, the results described in section 4.2.1 suggest that SWNT- 

NhV alone were capable of internalising and trafficking within cells. The 

observed perinuclear localisation of SWNT-NH3+ make them extremely 

promising candidates for intracellular transport of biologically active molecules. 

Furthermore, at doses up to 500 pg/ml of SWNT-NH3+ as used in the CLSM 

studies, no cell detachment or cell death was observed microscopically.
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4 .2 .2  f-M W N T  C e llu la r U p take  is P artia lly  T e m p era tu re -In s en s itiv e  

& E n e rg y -In d e p e n d en t

Next, it was further investigated the possible mechanisms by which 

CNT enter into live cells (see Figure 1.4 of Introduction). Despite the fact that 

several studies have used CNT to deliver cargo into cells, the mechanism by 

which the cellular uptake of CNT occurred is still unclear and remains to be 

elucidated1110, 123, 127, 131]. Nevertheless, it was recently demonstrated that the 

cellular uptake o f water-dispersible, functionalised CNT (single- and multi

walled) was taking place (at varying degrees) independent of the chemical 

moiety of the functional group at the surface of CNT and from the cell type 

(prokaryotic and eukaryotic)1491. In this study, the process by which f-MWNT 

enter the non-phagocytic cell line A549 was further examined by flow cytometry 

and TEM techniques.

Table 4 .1 . Inhibition o f internalisation pathw ays by d ifferent cell pre-treatm ents.

Inhib itor
C lathrin -m ed iated

Endocytosis

C aveolae-m ediated

E ndocytosis
M acropinocytosis

Energy Depletion ✓ S V

Low Temperature y ■/

K* Depletion ■/

Chlorpromazine

Genistein s

Filipin V

mpCD V

Amiloride ✓

For the purposes of this study, MWNT-NH3+ were derivatised with a 

fluorescent label (FITC) as described in section 3.1.2.1 and then the intracellular 

uptake of FITC-MWNT (20-30 nm diameter; 200 nm average length) by A549 

cells was examined in several conditions (energy-depletion, low temperature 

and addition of specific inhibitors as in Table 4 .1) by flow cytometry.
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Figure 4.12. Quantification by flow  cytom etry of the extent o f cellu lar uptake of FITC-MW NT.

(A) incubation of A549 cells for 60 m inutes at 37 °C w ithout F ITC-M W NT (black line) and with 5 
pg/m l (orange line), 25  pig/ml (blue line), 50 pg/m l (green line) and 100 pg/ml (red line) o f FITC- 
M W NT; (B) incubation o f A549 cells fo r 60  m inutes w ithout F ITC-M W NT (black line) and with FITC- 
M W NT at 4 °C (green line) and 37 °C (red line).

In order to determine the optimal working concentration of FITC- 

MWNT, A549 cells were incubated for 60 minutes at 37 °C with concentrations 

varying from 5 to 100 pg/ml of nanotubes (sections 3.2.5.2 and 3.7.2.1). Figure 

4.12A, shows a plot of cell number versus FITC fluorescence (log scale). It was 

verified that the FITC signal increased proportionally to the concentration of 

FITC-MWNT added to the cells. Moreover, the standard incubation condition for 

FITC-MWNT was also selected: 100 pg/ml for 60 minutes at 37 °C (Figure 

4 .12A, red line), since it provided a good fluorescence signal, distinct from the 

naive unstained cell population (Figure 4 .12A, black line). Cells pre-incubated 

at 4 °C for 30 minutes and then incubated with FITC-MWNT (100 pg/ml) at 4 °C 

for 60 minutes in serum-free media were also analysed by flow cytometry. It was 

found that the FITC signal was reduced by approximately 50% (Figure 4.12B, 

green line). This result indicated that only 50% of the nanotubes were 

internalised at a low temperature and that the washing step of the protocol 

carried out (section 3.7.2.1) to remove FITC-MWNT present in the extracellular 

media and at the cell surface was successful.

Then, A549 cells were treated in specific conditions to inhibit different 

cellular internalisation pathways before the addition of FITC-MWNT to cell 

cultures, as described in sections 3.2.5.2 and 3.7.2.1. To verify the effect of the 

inhibitory conditions on the respective internalisation mechanisms, parallel 

samples with well-known and specific internalisation markers, (also fluorescently 

labelled) were run: Transferrin for energy-depletion and clathrin-endocytosis
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inhibition, LacCer-Bodipy for caveolae-endocytosis inhibition and 10 kD Dextran 

for macropinocytosis inhibition1391. From all analyses, the death cells (10-15%) 

were excluded by addition of an exclusion dye to the samples (7-AAD) prior to 

running them in the flow cytometer (sections 3.7.2.1 and 3.7.3).

A B

•c K *  D eple tion  C h lo rp rom az ine

E3 Transferrin  □  M W NT

ATP Depletion

■  Tran sfe rrin  □  M W N T

37 'C  G cnu te tn  F lllp ln  III 37 ‘ C AmiloriOe mpCD

□  Bodipy □  M W N T 13 D extran □  M W NT

Figure 4.13. Q uantification by flow  cytom etry o f the extent o f cellu lar uptake o f FITC-M W NT in 
conditions that inhibit d ifferent cellu lar internalisation pathways.

FITC-M W NT (100 pg/m l) were incubated with A549 cells for 60 m inutes under different conditions to 
inhib it: (A) energy-dependent internalisation; (B) cla thrin-m ediated endocytosis; (C) caveolae-m ediated 
endocytosis; (D) m acropinocytosis-dependent in ternalisation (see also Appendix B for negative controls).

In Figure 4.13 (see also Appendix B) is presented the percentage of 

cellular internalisation (mean fluorescence intensity, MFI) of FITC-MWNT and 

positive control (Transferrin, Bodipy and Dextran) for different incubation 

conditions. Throughout flow cytometry studies, it was observed that up to 50% 

of the nanotubes uptake occurred at low temperatures (4 °C, Figure 4 .12B & 

Figure 4 .13A) and in energy-depleted conditions (cells pre-treated in glucose- 

free media, supplemented with 2-deoxy-D-glucose and sodium azide), as is 

shown in Figure 4 .13A. In contrast, the cellular internalisation of Transferrin 

was almost completely blocked by the same conditions, as expected.
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Nevertheless, 50% of the FITC-MWNT were still internalised by 

energy- and temperature-dependent mechanisms. In order to inhibit clathrin- 

mediated endocytosis, cells were pre-treated with a K+-depletion media or with 

chlorpromazine. These conditions are well-known to disrupt the formation of 

clathrin-coated vesicles136, 39). The pre-treatment of cells with chlorpromazine 

seemed to have increased the cellular uptake o f FITC-MWNT. But, under K+- 

depletion conditions the internalisation o f the nanotubes was reduced by 

approximately 20% of the control (internalisation at 37 °C without inhibitors), as 

seen in Figure 4 .13B. Next, it was investigated if the nanotubes were 

internalised by a caveolae-mediated endocytosis, by inhibiting this mechanism 

with genistein (tyrosine kinase inhibitor) and filipin (sterol-binding agent disruptor 

of caveolar integrity)136, 39). However, under such conditions, up to 80% of 

nanotube cellular internalisation was still observed (F igure 4 .13C). On the other 

hand, these treatments effectively blocked the uptake of Bodipy.

Finally, macropinocytosis was inhibited by sequestering the membrane 

cholesterol with methyl-3-cyclodextrin (m3CD) and by blocking the Na+/K+ 

exchange with amiloride1169,170). In both conditions, it was observed that up to 

80% of the uptake of FITC-MWNT was still taking place in comparison to control 

samples (F igure 4.13D). In adition, Figure 4 .13  (see also Appendix B) shows 

that for each inhibitory condition the internalisatin of the pathway marker 

(positive control) was blocked by approximately 80%. This way the inhibitory 

conditions were validated. Concerning the toxic effects of these treatments, was 

observed microscopically that ATP depletion and chlorpromazine conditions 

caused some minor cell detachment.

The intracellular trafficking and fate of f-MWNT was further studied by 

TEM. In order to directly image the nanotube structure, MWNT-NH3+ with 

dimensions between 20-30 nanometres in diameter and average length of 200 

nanometres, were incubated with A549 cells at 37 °C for periods from 15 to 120 

minutes (section 3.2.5.2). Ultra-thin sections of the cell cultures were prepared 

and then examined by TEM as described in sections 3.4.5.2 and 3.4.6. Once 

the ultra-thin sections were stained with uranyl and lead, the cytoplasm of the 

cells became too dark, so it was very difficult to spot the nanotubes, which were 

easily overlooked in the organelles mesh within the cytoplasm. For this reason, 

unstained ultra-thin sections o f the cultures that had been incubated with 

MWNT-NH3* at 37 °C were examined (F igure  4.14).
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Nucleus

E xtrace llu la r M ediu m '^

Nucleus

Figure 4.14. TEM im aging o f the intracellu lar localisation of M W NT-N H 3 * in A549 cells  

incubated at 37 °C.

Ultra-thin sections o f A549 cell culture following an incubation period of: (A & B) 15minutes; (C & D) 
30 m inutes; (E & F) 60 minutes; and (G-l) 120 m inutes with M W NT-N H 3* B, D and F are 
m agnifications o f the areas indicated in A, C and E, respective ly. Scale bar is 1 pm for A. C and E, 
and 200 nm for the all o ther images. Cyt, cytoplasm ; N, nucleus; GC, golg i com plex; V, vesicle; Mit, 
m itochondria; Lys, lysosom e.

It was observed that a 15 minute incubation period was sufficient to 

already find individualised nanotubes in the cytoplasm (Figure 4.14, A & B).
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After 30 minutes incubation, it was possible to find more individualised 

nanotubes in the cell cytoplasm (F igure 4.14, C & D). After 60 minutes of 

incubation, the nanotubes seemed to have come together in some kind of 

aggregate formation within the cell cytoplasm; still were not entirely enclosed 

into intracellular vesicles, as can be seen in Figure 4.14 (images E & F). After 

the incubation of cells with MWNT-NH3+ for 120 minutes, the nanotubes were 

mainly observed enclosed within membranous intracellular compartments, close 

to the cell nucleus (F igure 4.14, G-l).

In section 4.2.1, CLSM indicated that SWNT-NH3+ were uptaken in a 

dose-dependent manner by mammalian cells and were localised in the 

perinuclear region in structures enclosed by membranes after 1 2 0  minutes of 

incubation. In the present section, the high resolution offered by TEM allowed to 

identify that, after 1 2 0  minutes of incubation with cells, the nanotubes were 

contained mainly in two types of structures: composite bodies (F igure 4.14H) 

and multivesicular bodies (F igure 4.141). Chithrani et al.[171, 1721 have been 

studying the effect of size and shape on the uptake of gold nanoparticles by 

cells, and by using TEM, they have found rod-shaped gold nanoparticles in the 

same type of cytoplasmatic membrane-structures where the MWNT-NH3'" were 

observed in this study. However, it was also observed here that at earlier time 

points, individual MWNT-NH3* were in the cytoplasm. It seems that the 

nanotubes gradually accumulated within the cytoplasm and were enclosed 

inside composite and multivesicular bodies after the internalisation process had 

occurred. The hydrophobic/hydrophilic character, which originates from the 

carbon skeleton and functional groups, can be the reason for the effect 

observed. In addition, it can be questioned whether the nanotubes were also 

able to translocate the membrane of the composite and multivesicular bodies or 

whether the nanotubes were somehow engulfed by these cellular structures.

The effect of the temperature on the internalisation characteristics of f- 

MWNT was also investigated using TEM. MWNT-NH3+ were incubated for 30 

and 60 minutes at 4 °C with A549 cells (pre-treated at 4°C for 30 minutes). 

Figure 4 .15  shows stained ultra-thin sections of cells incubated with the 

nanotubes for 60 minutes.
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Figure 4.15. TEM im aging o f M W NT-N H3* in A549 cells incubated at 4  C for 60 minutes.

Ultra-thin sections o f A549 cell culture: (A) low  m agnification view  o f the cell including the nucleus 
and plasm a m em brane regions; (B) m agnification o f the white dashed box in A; and (C) 
m agnification o f the black dashed box in A. Scale bar is 500 nm (A) and 200 nm (B & C). Cyt, 
cytoplasm ; NM, nuclear membrane; EM, extrace llu la r m edium. Arrow s are pointing to M W NT-NH3‘ .

Two regions are highlighted in Figure 4 .15A: one close to the nucleus 

(white square) and another on the plasma membrane (black square). These 

regions were magnified and it was possible to visualise an individualised 

nanotube close to the cell nucleus (arrow in Figure 4 .1 5B), as previously 

observed after the incubation of cells and MWNT-NH3* at 37 °C. In the second 

area, several individualised nanotubes in the process of crossing the cell
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membrane were imaged (arrows in Figure 4 .15C). Particular attention should 

be given to the fact that the nanotubes were not entering the cells via any kind 

of invagination process such as endocytosis, which was suggested earlier by 

others142,441, and were not enclosed by any vesicular structure as well. Moreover, 

as A549 cells are reported to be a non-phagocytic cell line1173,1741, phagocytosis 

can be excluded in these studies as a possible internalisation mechanism of f- 

MWNT.

In summary, the data described in section 4.2.2 show that only 

approximately 50% of f-MWNT enter cells by temperature-insensitive and 

energy-independent mechanisms, which may involve direct piercing of the cell 

membrane and translocation, as others have also suggested148'50, 126, 164, 1751. 

Nevertheless, it was also verified that internalisation mechanisms such as 

endocytosis and macropinocytosis contribute for the cellular uptake of f-MWNT. 

Furthermore, the size and degree of individualisation of the nanotubes may play 

a role in their internalisation process. Well-individualised f-MWNT with lengths 

around 2 0 0  nm were found to be able to cross cell membranes regardless the 

temperature of incubation of the cells.

4 .2 .3  D iscu ss io n

Previous studies130, 110, 120, 1281 have used different types of 

fluorescently labelled CNT conjugates to allow CNT imaging by fluorescence 

microscopy following interaction with mammalian cells. However, the chemical 

processing of the CNT graphene sidewalls required to achieve conjugation with 

fluorescent probes and the presence o f bulky fluorescent molecules themselves 

at the surface of the nanotubes may alter their surface properties and interfere 

with nanotube binding, uptake and intracellular trafficking into mammalian cells. 

Therefore, methodologies that will allow the facile study of the interactions 

between cells and CNT without fluorescent probes are needed.

The study described in section 4.2.1 was the first to report that 

intracellular trafficking of SWNT-NH3+ can lead to their accumulation in the 

perinuclear region of mammalian cells, free of any misinterpretations that may 

be introduced by coating or conjugating fluorescently labelled macromolecules 

onto the surfaces o f CNT, by taking advantage of the CNT luminescence 

observed. Although earlier studies reported the uptake of CNT by cells, those
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studies were performed using CNT functionalised with fluorescently labelled 

peptides1301 or pristine nanotubes coated with various macromolecules such as 

proteins11201, DNA11281 and polymers134, 110]. All such macromolecules at the 

surface of the CNT can dramatically alter the observed interactions with cells. In 

addition, it was also demonstrated in section 4.2.1 that imaging of SWNT-NH3+ 

is feasible using protocols of multiple fluorescent staining of cellular 

compartments. No direct evidence of CNT intracellular trafficking leading to 

perinuclear localisation has previously been reported using conventional optics 

and CLSM instrumentation. Some of the previous studies134 ,44 ,110 ,1761 have used 

the intrinsic infra-red (IR) fluorescence of pristine SWNT (coated with 

surfactants or polymers) to image and study CNT intracellularly; however, the 

instrumentation and technique used were complex and not widely used, 

particularly in cell biology-related investigations (see section 1 .2 .1  of 

Introduction).

Monitoring f-CNT, not coated with biopolymers or other

macromolecules, is considered of paramount importance when interactions with 

components of the biological milieu and living cell compartments are involved. 

The presence of macromolecules at the surface o f CNT, commonly used to 

achieve the dispersion of CNT, affects the surface character of these 

nanostructures and the ensuing interactions with living cells and tissues. The 

selection of cell types to carry out those investigations is considered important 

as well. Based on mathematical models, Gao et al.l51) have discussed how 

unlikely it is for an isolated SWNT to cross the cell membrane through 

endocytosis. However, they concluded that bundles of SWNT or individual 

MWNT present a radius compatible with an endocytosis process and pointed 

out that non-professional phagocytosis (uptake of extracellular material via 

mechanisms similar to phagocytosis by epithelial cells and fibroblasts, which 

lack phagocytic receptors1331) also can contribute to the cellular internalisation of 

CNT.

In the CNT literature, there are already published reports of CNT 

internalisation using multiple types o f cells (fibroblasts, epithelial and cancer 

cells, phagocytes, bacteria, fungi) in various studies and under different 

experimental conditions (see sections 1.2.1 and 1.5.4.3 o f Introduction). 

Nevertheless, in section 4.2.2 it was demonstrated that f-MWNT were able to 

translocate across cell membranes through temperature-insensitive and energy- 

independent mechanisms. Moreover, it was demonstrated that the 

individualisation of the f-MWNT is crucial for its penetration across membranes.
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For this purpose, high resolution TEM images o f the nanotubes being 

internalised by non-phagocytic cells were captured, and the importance of 

common cellular internalisation pathways for the uptake of nanotubes was 

quantified by flow cytometry. The results demonstrated that the internalisation of 

f-MWNT occurs by more than one mechanism.

Clathrin-mediated endocytosis has been previously reported as the 

main mechanism for cellular uptake of oxidised SWNT-protein conjugates'41,421. 

In contrast, the results described in section 4.2.2 show that clathrin-mediated 

endocytosis plays a minor role in the cellular uptake of f-MWNT not coated with 

biopolymers or other macromolecules. Specific plasma membrane receptors to 

trigger clathrin pit formation at the cellular membrane are implicated in this 

particular mechanism11771. In addition, it is believed that the proteins, DNA or 

polymers coating CNT can induce to receptor binding o f the CNT conjugates'43- 

45). Therefore, findings from section 4.2.2 suggest that the mechanism leading to 

cellular internalisation o f uncoated f-MWNT is independent of the membrane 

receptors. Moreover, it was observed that the pre-treatment of cell cultures with 

chlorpromazine stimulated the internalisation of f-MWNT in comparison with K+ 

depletion and control treatments (F igure 4 .1 3B). Such differences can be 

explained based on the different actions that each method used in this work to 

inhibit clathrin-mediated endocytosis has: K+ depletion removes clathrin lattices 

from plasma membranes (the membranes are unable to bend inward)'178, 1791 

whereas chlorpromazine completely inactivates the clathrin-coated pit assembly 

at the cell surface'1801. It is known that the membrane fluidity and bending 

elasticity can interfere with the cellular binding and internalisation of 

nanoparticles'511. Thus, the disappearance of clathrin-coated pits from the 

plasma membrane, caused by chlorpromazine, may have changed structurally 

and exposed regions of the membrane where the cellular internalisation of f- 

MWNT was facilitated and stimulated.

Caveolae-mediated endocytosis has not yet been described for any 

type of CNT. Moreover, this cellular internalisation mechanism is reported to 

occur mainly in cells that are rich in caveolae and lipid rafts, such as endothelial 

cells and adipocytes'381. The findings described in section 4.2.2 verified that the 

uptake of f-MWNT suffered a reduction of only 20% when A549 cells were pre

treated with genistein and filipin (F igure 4 .1 3C). Furthermore, it was also shown 

that after a short 15 minute incubation period f-MWNT could be visualised in the 

cell cytoplasm and that within 60 minutes f-MWNT accumulated in the 

perinuclear region (F igure 4.14). However, cellular uptake and intracellular
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traffick of particles by caveolae-mediated endocytosis take place at a much 

slower rate (up to 180 minutes) compared to alternative mechanisms136,1811 and 

to the findings described in this work. Taken together, the results obtained 

confirm that caveolae-mediated endocytosis also plays a minor role in the 

cellular uptake of f-MWNT.

Macropinocytosis is a receptor- and membrane coat-independent 

endocytic mechanism involved in the recycling o f the plasma membrane138,1821. 

In the studies described in section 4.2.2, it was observed that inhibition of 

macropinocytosis produced only a 2 0 % decrease in the cellular uptake of f- 

MWNT (F igure 4.13D). It has been reported that macropinocytosis is a process 

observed mainly in macrophages, dendritic cells and growth factor-stimulated 

cells11821. Thus, despite the formation of large vesicles (5 pm) which easily could 

internalise large amounts of nanotubes interacting with the plasma membrane, 

the contribution of macropinocytosis to the cellular uptake of f-MWNT by A549 

cells is very small. To date, macropinacytosis has not been described for any 

type of CNT.

The simultaneous internalisation of f-MWNT by several endocytic 

mechanisms suggests that the size and degree of individualisation o f the 

nanotubes may be important parameters contributing to the cellular uptake. In 

theory, individualised f-MWNT with lengths of approximately 100 nm should be 

able to fit into clathrin and caveolae vesicles1401, and long tubes (> 500 nm) and 

bundles or aggregates of tubes can be uptaken by macropinocytosis11831. 

Nevertheless, well-individualised f-MWNT with lengths around 200 nm were 

observed crossing cell membranes regardless the temperature of incubation or 

metabolic activity of the cells (F igure 4.14 & F igure 4.15). Furthermore, 

approximately 50% of f-MWNT were internalised by temperature-insensitive and 

energy-independent mechanisms (F igure 4 .13A), which are likely to involve 

direct penetration across the cell membrane, as suggested by the results 

described in sections 4.1.1 and 4.1.2.

Interestingly, the ability of CNT to pierce or penetrate the plasma 

membrane has been actively discussed recently. Kostarelos et al.1491 have 

shown that, regardless o f cell type or characteristics (e.g. surface charge) of the 

functional group attached to the CNT via the 1,3-dipolar cycloaddition, these 

nanostructures are uptaken by cells through a process independent of energy. 

In addition, the hypothesis o f CNT acting as ‘nanoneedles' of the cell membrane 

has been reported very recently for two other types of CNT: (i) block copolymer- 

coated non-covalently functionalised MWNT in binding studies using microglia
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cells1501; and (ii) oxidised, water-dispersible CNT interacting with E.coli under 

application of microwaves11261. The work gradually accumulating from different 

research groups is confirming that novel, very interesting mechanisms other 

than 'classical' endocytosis contribute to the high levels o f cellular internalisation 

of CNT. Such alternative internalisation mechanisms can have a direct impact 

on the delivery of drugs, proteins and nucleic acids, since the nanotubes seem 

to be able to enter the cells rapidly and traffick freely (not enclosed by 

membrane structures) within 1 hour after internalisation.

In conclusion, the findings described in sections 4.2.1 and 4.2.2 provide 

a better understanding of the uptake mechanisms and essential 

physicochemical characteristics that enable CNT to translocate across cell 

membranes. The development of efficient delivery systems based on CNT will 

be affected by the uptake and trafficking fate of these nanostructures within 

cells.

4.3 Cytotoxicity o f f-CNT

4.3.1 f-C N T  Do N o t A ffe c t C ell V ia b ility  &  M e m b ra n e  In teg rity

The potential biomedical applications o f CNT inevitably will lead to the 

mass production o f these materials in all their conformations: SWNT or MWNT, 

functionalised or not. Several studies on the cytotoxicity of CNT have appeared 

recently. Mainly, these studies look into the cytotoxic effects o f unmodified, as- 

prepared CNT169, 70, 184‘186l. |n studies concerned with the utilisation of f-CNT as 

carriers for drugs, DNA and proteins and their internalisation into cells, the 

toxicity of CNT at the cellular level has also been examined130,34,411187]. Given 

that the work described in this thesis is focused on the development of delivery 

systems based on CNT, the cellular viability of A549 cell cultures exposed to 

CNT-NH3+ was examined.

SWNT and MWNT with different loadings of NH3+ groups per gram of 

material were used in order to identify any toxic effects associated with the 

degree of functionalisation of CNT. Moreover, each type o f f-CNT was tested in 

a range of concentrations from 0 to 100 pg/ml. Cell viability and membrane 

integrity were assessed following 4 hours incubation of f-CNT with cells by flow
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cytometry using the P! and Annexin V-FITC cellular staining assay (sections

3.7.2.2 and 3.7.3). In this live/dead cell assay, cells are incubated with Annexin 

V-FITC, a fluorescently-labelled protein that binds phosphatidylserine exposed 

at the outer membrane of apoptotic cells, and PI, a membrane-impermeable red 

dye that enters only severely damaged cells and binds to DNA. Consequently, 

early apoptotic cells are fluorescently labelled only in green, while late apoptotic 

and necrotic cells are fluorescently labelled in green and red simultaneously. In 

addition, live cells are not labelled at all and bare nuclei are stained only in red. 

Therefore, the PI and Annexin V-FITC assay allowed to detect, quantify and 

differentiate healthy, apoptotic and necrotic cells within a cell population,
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Figure 4.16. Cytotoxicity o f SW NT-NH3*.

Flow cytom etry (P l-Annexin V assay) analysis o f A549 cells incubated for 4 hours (37 °C, 5%  CO 2 ) 
w ith d iffe rent concentra tions o f SW NT-NH 3* and a positive contro l o f 2%  DMSO. (A) SW NT with a 
NH 3* loading o f 0.182 m m ol/g and (B) SW NT with a NH3* loading o f 0.70 m m ol/g Percentage o f 
live (grey), apoptotic (green) and late apoptotic/necrotic cells (red), and bare nucle i (black) o f each 
condition, tested in triplicate

In Figure 4.16, the percentages of live, apoptotic and late 

apoptotic/necrotic cells, and bare nuclei of A549 cell populations incubated with
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SWNT-NH34 are represented. Additionally, a positive control obtained by 

incubation of A549 cells with 2% of DMSO for 5 minutes, which is a solvent well- 

known for its cellular toxic effects, is also shown in each graph. As can be seen, 

no differences were found between untreated cell cultures (0 pg/ml SWNT- 

NH3*) and cells that interacted with increasing doses of SWNT-NH3* ( 2 0  to 1 0 0  

pg/ml), regardless of the NH3+ loading of the CNT: 0.182 mmol/g (F igure 4 .1 6A) 

and 0.70 mmol/g (F igure 4 .16B). In all conditions tested, a percentage of live 

cells above 90% was observed.
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Figure 4.17. Cytotoxicity of M W NT-NH3‘ .

Flow cytom etry (P l-Annexin V  assay) analysis o f A549 cells incubated for 4 hours (37 °C, 5% CO 2 ) 
w ith different concentrations o f M W NT-N H3’  and a positive contro l o f 5% DMSO. (A) MW NT w ith a 
NH3’ loading o f 0.188 m m ol/g and (B) MW NT w ith a NH3‘ loading o f 0.90 mmol/g. Percentage of 
live (grey), apoptotic (green) and late apoptotic/necrotic cells (red), and bare nucle i (black) o f each 
condition, tested in triplicate.

Concerning the cell viability of cultures exposed to MWNT-NH3\  major 

differences were not found between untreated cell cultures (0 pg/ml MWNT- 

NH3*) and cells that interacted with increasing doses up to 100 pg/ml of MWNT- 

NH3\  when compared with the cells treated with the positive control 5% DMSO
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(Figure 4.17). Moreover, it was verified that the loading of NH3+ in MWNT did 

not cause changes in the cytotoxic effects of the nanotubes (more than 90% live 

cells in all conditions).

Additionally, the cellular membrane integrity following incubation with 

CNT-NH3+ was also confirmed for all conditions. Exclusion dyes such as PI only 

enter into cells and bind to DNA if the cell membrane integrity is compromised 

by the formation of pores in late apoptotic and necrotic stages. Since the 

percentage of cells stained with PI did not increase, it can be concluded that the 

membranes of these cells were still intact after interacting with CNT-NH3+. 

Finally, toxicity manifested as cell blebbing or detachment was not observed by 

optical microscopy at any point during this study under any conditions, with the 

exception of cells treated with DMSO.

In summary, these results demonstrate that CNT-NH3+ (single- and 

multi-walled), functionalised via 1,3-dipolar cycloaddition reaction, do not induce 

apoptosis or necrosis following incubation with mammalian cells, regardless of 

the loading of NH3+ groups at the surface of the CNT.

4 .3 .2  D iscu ss io n

CNT represent a class of materials with unusual toxicological 

properties because of their size (nanometer), shape (fibres), charge, methods of 

production, chemical composition (presence of Fe and Ni impurities), surface 

chemistry/functionalisation, and aggregation tendency11881. Therefore, when 

evaluating the potential of CNT for biomedical applications, it is critical to 

evaluate and consider the toxicity and adverse effects that nanotubes can exert 

in vitro and in vivo. A first approach to evaluate the toxicity of CNT involves the 

incubation of these nanoparticles with cell cultures. In vitro cytotoxicity studies of 

CNT are being increasingly published. However, because methods, materials 

and cell lines are variable, it is difficult to cross-compare the toxicity data, and 

there is a lack of consensus on reported CNT toxicity11891.

Several studies evaluating the loss o f cell viability and induction of 

oxidative stress concluded that CNT possess cytotoxic activity at high 

concentrations and could constitute a danger for health169, 70, 184‘186' 190> 191>. 

Moreover, SWNT have been reported as more toxic than MWNT170,192,193], and 

the metallic impurities contained in CNT batches are considered to be active per
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se and influence the toxicity observed169 711. Another parameter determinant for 

CNT cytotoxicity consists in the surface modification, which directly affects the 

agglomeration/dispersion state of CNT in solution. Wick et al. 11941 have shown 

that, in contrast to well-dispersed CNT, large aggregates of highly hydrophobic 

pristine CNT induce adverse cellular effects. In fact, toxicity studies focused on 

pristine, raw or unmodified CNT describe dose- and time-dependent decreases 

in cell proliferation and increases in the induction of apoptosis and oxidative 

stress170,184,185, 190'193l. On the other hand, a few studies have shown that the 

cytotoxic effects described for pristine CNT can be mitigated by functionalising 

the surface of CNT, which improves their aqueous dispersion and compatibility 

with cells'30,34,41,49,68,187,19S1.

In the study described in section 4.3.1, the effects of SWNT and MWNT 

covalently functionalised with different loadings of NH3+ groups (which will be 

used as delivery systems in the work described later in this thesis -  chapter 6 ) 

on cell viability and membrane integrity were investigated. By flow cytometry, 

the assay Pi-Annexin V allowed to evaluate if CNT-NH3+ induced apoptosis 

(programmed cell death) or necrosis (degenerative cell death) in a human cell 

line (A549). The results obtained demonstrate that both types o f CNT (single- 

and multi-walled) studied did not decrease cell viability by apoptosis or necrosis. 

Such results are in complete agreement with work describing the absence of 

toxic effects of CNT-NH3+ on immunocompetent cells'1871. In addition, visual 

inspection by optical microscopy of cultures tested in section 4.3.1 further 

confirmed the absence of changes in cellular morphology and cell attachment, 

which are usually associated with toxic effects. However, in contrast with recent 

studies showing that the level of cytotoxicity exerted by f-CNT is directly related 

to the density of functional groups attached to the nanotubes1681, it was found in 

the study described here that CNT-NH3+ were not cytotoxic at the range of 

concentrations tested, regardless of the loading of NH3+ groups at the surface of 

CNT (0.182 and 0.70 for SWNT-NH3+ and 0.188 and 0.90 for MWNT-NH3+).

Finally, since PI is a membrane-impermeable molecule that only 

fluoresces when it binds to nucleic acids, the results from section 4.3.1 

confirmed the cellular membrane integrity of A549 cells following their 

interaction with CNT-NH3+. This finding is relevant because it supports the 

hypothesis that a cellular internalisation mechanism, like the penetration of the f- 

CNT into lipid bilayers in which the CNT behave like nanoneedles translocating 

spontaneously lipid bilayers (described in sections 4.1 and 4.2), can occur 

without disruption or damage of the plasma membrane.
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5 In Vivo Profile of Carbon Nanotubes

There has been an explosive increase in the number of nanomaterials designed 

for biomedical applications, which has generated extraordinary interest and 

expectations for effective, disease-eradicating therapeutic modalities11961. At the same 

time, the toxicological burden and the pharmacological viability of such novel 

nanomaterials remain largely unknown, further complicating the discussion about the 

need for a new regulatory framework for nanomaterials[197'199). One such type of highly 

innovative nanomaterials is the carbon nanotubes (CNT). Various biomedical 

applications of CNT have been explored, and encouraging proof-of-principle studies 

have indicated their effectiveness as components of biosensors, tissue implants, 

imaging platforms and delivery systems of genes, peptides and drug molecules 

(described in section 1.5). However, the clinical evaluation of any therapeutic or 

diagnostic agent based on CNT will involve the administration or implantation of 

nanotubes and their matrices into patients. In order to design such clinical studies, 

preclinical development o f CNT is essential, particularly the determination of their in 

vivo tissue distribution and toxicological profiles.
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5.1 Tissue Distribution o f f-CNT

5.1.1 S tab le  R ad io lab e llin g  o f f-C N T

In order to determine the tissue distribution of f-MWNT in rats, one of 

the most clinically established chelating molecule DTPA was covalently 

attached onto the nanotube surface (Figure 5.1A), which was subsequently 

used to cage the gamma-emitting radionuclide ,11ln (ti/2=67.5 h) as previously 

reported161' (section 3.1.2.2). The structural characteristics of MWNT before and 

after functionalisation were studied by TEM, which indicated that the nanotubes 

were predominantly individualised, with average dimensions of 20-30 nm in 

diameter and few hundreds nm in length (Figure 5.1 B; for more detailed 

characterisation information of CNT, please see Appendix C). After 

derivatisation with DTPA, 55% of NH3* groups on the sidewalls of MWNT 

remained unreacted.

i w S m w n tM W N T M W N T

B

Figure 5.1. M olecular structures and TEM  im ages o f M W NT adm inistered to  rats.

(A) M olecular structures o f pM W NT, M W NT-NH3'  and DTPA-M W NT (sim plified structures depicting 
on ly outer nanotube cy linder are drawn); and TEM  im ages o f (B) pM W NT and (C ) DTPA-M W NT 
The nanotubes were suspended in an organic so lven t (pM W NT) o r w ater (DTPA-M W N T) before 
preparing the TEM grids. The TEM  im ages c learly show  the presence o f concentric cylindrical 
structures typical o f M W NT TEM im ages provided by Dr. A. B ianco (CNRS, Strasbourg, France).
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The resultant DTPA-MWNT were reacted with " 1lnCI3 to form the 

radio-conjugate construct ( [ " ’ ln]DTPA-MWNT), as described in section 3.8.1 

(Figure 5.2A). Next, the labelling reaction yield was verified by thin layer 

chromatography (TLC). Aliquots of [n , ln]DTPA-MWNT were diluted in PBS and 

then spotted in silica gel impregnated glass fiber strips. The strips were 

developed with a mobile phase of 50 mM EDTA in 0.1 M ammonium acetate, 

dried, and finally the radioactivity was measured with a Cyclone phosphor 

detector (section 3.8.2).

,lTu37i>,

S o lv e n t F ron t

B
187%

4

c
15.4%

D
17.1%

E
15.4%

i  i  i  i
A p p lic a t io n  P o in t 81.3%  84.6% 82.9%  84 6%

Figure 5.2. Serum stability o f [1,1ln]DTPA-M W NT conjugate.

(A) M olecular structures o f DTPA-M W NT (left) and [ ' " in lD T P A -M W N T  (right) are shown. Im ages of 
TLC strips fo llow ing rad io labelling and dilution o f the [ "  ln ]DTPA-M W NT conjugates in (B) PBS or 
(C) serum; and TLC strips o f the [11lln ]DTPA-M W NT conjugates d iluted in serum  and incubated at 
37 C fo r 1 hour (D) and 24 hours (E).

Free " 'In  moved with the solvent front, while [1"ln]DTPA-MWNT 

conjugates were retained at the application point. As shown in Figure 5.2B, the 

radiolabelling reaction yield was above 80%. Furthermore, the stability of " ' I n 

labelled DTPA-MWNT constructs in vitro was tested. For this propose, the 

construct was diluted in PBS and serum and incubated at 37 C. Aliquots were 

collected at 0, 1 and 24 hours post-incubation and spotted in silica gel 

impregnated glass fiber strips. After developing and analysing the strips, it was 

found that the radiolabel was still associated with the CNT (Figure 5.2, C, D & E
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and Appendix D) in percentages above 80%, regardless o f whether it was 

diluted in PBS or serum.

In summary, the results described here demonstrate that individualised 

and water-dispersible DTPA-MWNT were efficiently radiolabelled with 111ln. 

Furthermore, the radioactivity o f 111ln was clearly associated with the nanotubes, 

and the constructs were stable for 24 hours following incubation in complete 

serum.

5.1 .2  R ap id  B lo o d  C ircu la tio n  &  K id n ey  A c c u m u la tio n  o f f-C N T

Following the administration by tail vein injection o f [111ln]DTPA-MWNT 

(300 pg of DTPA-MWNT, 9.25 megabecquerel of 111ln) in rats, the animals were 

placed in a micro-single photon emission computed tomography (microSPECT) 

scanner and the dynamic tissue distribution of the radioactive nanotube 

conjugate was monitored and recorded (section 3.8.3). Figure 5.3A shows 

representative whole-body dynamic anterior planar gamma camera images of 

[111ln]DTPA-MWNT at the early post-administration time points of 0, 30, 60, 180 

and 300 seconds (see Videoclip 2 for a compiled dynamic clip). As can be 

seen, the [111ln]DTPA-MWNT entered the systemic blood circulation and began 

accumulating in the kidneys and bladder within 60 seconds.

Anterior planar gamma camera imaging (Figure 5.3B) was 

subsequently carried out at 30 minutes, 6  and 24 hours post [111ln]DTPA-MWNT 

administration. Between imaging sessions, animals were kept in metabolic 

cages and urine was collected for the duration of the imaging schedule. Within 

30 minutes following [111ln]DTPA-MWNT administration, most of the observed 

radioactivity was localised in the kidneys and bladder. At 6  hours, almost all 

[111ln]DTPA-MWNT had been eliminated from the body via the renal excretion 

route. At 24 hours, only residual radioactivity levels were detected in the 

kidneys. No residual radioactivity in other organs was observed.
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A
S tan da rd

M ea n

S tan da rd

K idn#y»
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S p le e n  L iv e r  L  K td n e y  R . K id n e y  B U d d e r  U rin e

Figure 5.3. Normal d istribution of [" 'ln ]D T P A -M W N T  in rats.

(A) Dynam ic anterior p lanar im ages o f whole body distribution o f [ '" ln ]D T P A -M W N T  within 5 
m inutes after intravenous adm inistration in rats. C o lor scale for rad ioactiv ity levels shown in 
arb itrary units (see also Videoclip  2 fo r a dynam ic reconstruction); (B) Static anterior p lanar images 
o f whole body distribution o f [ ,,1ln ]DTPA-M W NT in rats after 5 m inutes, 30 m inutes, 6 hours and 24 
hours post-in jection (difference between im age A  0-299 seconds and im age B: 5 m inutes is due to 
lag-tim e in cam era setup); and (C) %  ID rad ioactivity per gram  tissue at 24 hours a fte r intravenous 
adm inistration o f [ ’ " ln ]D T P A -M W N T  quantified by gam m a counting (n=3 and error bars for 
standard deviation).

These observations were also confirmed by the quantitative 

radioactivity analysis of harvested tissues at 24 hours (Figure 5.3C). After each 

organ was weighed and counted for " ' i n  activity, data were corrected for the 

physical decay of radioactivity (section 3.8.4). Notably, the percentage of 

injected dose (%ID) per gram tissue of radioactivity detected in the urine within 

24 hours was more than a factor of 10 higher than the kidney values (the 

second highest), whereas almost no radioactivity was detected in the lungs or 

reticuloendothelial system organs (liver and spleen).

In summary, the data reported in this study show that covalently 

functionalised DTPA-MWNT (in contrast to pMWNT) are capable of circulation 

in the systemic blood compartment and are rapidly excreted via the kidney 

without accumulation in any other organ.
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5.1 .3  D iscu ss io n

Radioisotope tracing is a very effective means for studying the in vivo 

quantitative distribution of water-dispersible and covalently functionalised CNT 

in mice, and has been widely used in the last few years158,60"851. In section 5.1.1, 

following covalent binding of DTPA to MWNT, the stability of the derivate DTPA- 

MWNT radiolabelled with the gamma emitting 111 In was studied. It was found 

that the labelling reaction was extremely efficient and the conjugate [111ln]DTPA- 

MWNT was stable following incubation in PBS and serum at 37 °C for 24 hours. 

Next, in the study described in section 5.1.2, radiolabelled MWNT were 

intravenously administered in rats and dynamically tracked in vivo using a 

microSPECT scanner. Imaging showed that nanotubes entered the systemic 

blood circulation and began to permeate through the renal glomerular filtration 

system into the bladder within 5 minutes. In addition, urinary excretion of DTPA- 

MWNT was confirmed by gamma scintigraphy at 24 hours post-administration.

Such findings agree with reported observations in a different rodent 

species (BALB/c mouse), that blood clearance of intravenously administered f- 

SWNT occurred rapidly (in about 3 hours), and intact nanotubes were found in 

mouse urine without evidence of any adverse changes1611. McDevitt et a 1. 1621 also 

verified by positron emission tomography (PET) that SWNT, functionalised 

through the 1,3-dipolar cycloaddition reaction, accumulate in kidneys and are 

excreted in the urine 1 hour after administration, regardless of the isotope used 

(86Y or 111ln) or the administration route (intravenous via the retroorbital sinus or 

intraperitoneal). However, accumulation o f f-CNT in liver, spleen and to a lesser 

extent in bone was observed as well, which can be caused by the presence of 

carboxyl and hydroxyl groups (resulting from the acid digestion processing step) 

on the surface of CNT. Wang et al.l60) have studied the distribution o f 125l- 

radiolabelled and hydroxylated SWNT in mice and found that these nanotubes 

accumulate mainly in the stomach, kidneys and bone after being administered 

by intravenous, intraperitoneal and subcutaneous injection or by gavage. 

Moreover, it was observed that 80% of the tubes were rapidly excreted through 

urine (94%) and faeces (6 %).

In contrast, a few studies have reported accumulation o f covalently 

functionalised CNT in the stomach ( " mTc-radiolabelled and glucosamine- 

functionalised MWNT[64)) and liver (14C-radiolabelled and taurine- 

functionalised,65] and 125l-radiolabelled and taurine-functionalised MWNT1581), in
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addition to body elimination via faeces. The distinct distribution and clearance 

profiles verified in these studies can be attributed to differences in the CNT 

surface hydrophobicity, resultant from an initial oxidation treatment that 

introduced carboxyl groups onto the surface of the nanotubes. Radioactive 

tracer studies to determine the biodistribution of functionalised fullerenes 

(buckyballs) have indicated that fullerenes have varying affinities for the liver, 

spleen, bone, and kidney, depending on their functional group12001. Carboxylic 

acid-functionalised fullerenes exhibit high levels of retention even 48-72 hours 

after intravenous administration, whereas hydroxyl-functionalised fullerenes 

were rapidly excreted through the urine for both rats and rabbits1200'2021.

The rapid urinary clearance of intravenously administered DTPA- 

MWNT shown here is also in sharp contrast to studies that reported rapid blood 

clearance profiles predominantly leading to pulmonary and hepatic 

accumulation and very slow clearance (3 months) of non-covalently 

functionalised CNT[54'571. However, the rapid desorption in blood of the 

macromolecules used to coat the CNT surface, can lead to bundles of 

circulating non-functionalised CNT accumulation in the liver tissue. Furthermore, 

the results shown in section 5.1.2 are in agreement with several studies, which 

report that intraperitoneal and intravenous administration of covalently 

functionalised CNT led to rapid excretion in the urine and faeces160"641.

In conclusion, the findings described in section 5.1.2 have direct 

implications for the use of carbon-based nanomaterials as delivery systems, and 

highlight the impact of the functionalisation type on the pharmacokinetic and 

tissue biodistribution profile obtained. The lack of any organ-specific affinity for 

the nanotubes in the current study can be considered an advantage for the 

development of targeted nanotubes, as there is no innate tissue affinity to 

overcome, importantly, while liver accumulation and hepatic toxicity have 

previously rendered many delivery systems ineffective, f-CNT-based delivery 

systems may offer an alternative since no inherent liver accumulation was 

observed. Furthermore, the renal clearance of DTPA-MWNT in rats reported in 

this work opens the door for the use of MWNT as components of multiple 

diagnostic and therapeutic modalities in development for systemic indications 

such as cardiovascular diseases and cancer. Indeed, it was reported very 

recently that the covalent attachment of antibodies to water-dispersible f-CNT 

altered the kidney biodistribution and pharmacokinetics and selectively targeted 

a tumour relative to non-targeting radiolabelled CNT constructs1631.
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5.2 H istological Impact o f CNT

5.2.1 N o  T is su e  In fla m m a tio n , N ecro sis  o r F ib ro s is  is C au sed  by

In traven o u s  A d m in is tra tio n  o f  C N T  in R ats

Following the study of the dynamic tracking o f DTPA-MWNT in vivo 

(section 5.1.2), it was further investigated whether the observed rapid passage 

of DTPA-MWNT through the systemic circulation and the renal excretion route 

caused any tissue injury or histological changes in the organs interacting with 

the nanotubes. Non-functionalised pMWNT were also included in this study for 

comparison. The intravenous administration of pCNT has not been studied 

previously since this material is extremely hydrophobic and not easily 

dispersible in aqueous solutions. For the purposes o f this study, pMWNT were 

dispersed in aqueous media as described by others1721, by pre-incubation of 

nanotubes with rat serum prepared from the control animals o f the same 

species and age, prior to intravenous administration.

DTPA-MWNT dispersions in phosphate buffered saline (PBS) and 

pMWNT in rat serum, as well as control vehicle solutions (PBS and rat serum) 

were injected via the tail vein in Wistar rats (600 pg o f MWNT per rat, 200 pi), 

anaesthetised with isoflurane (section 3.3.4.1). After recovering from 

anaesthesia, the pMWNT group exhibited subdued behaviour, hunched posture 

and signs of respiratory distress, including tachypnea. Additionally, these rats 

were less active than the groups injected with DTPA-MWNT and vehicle 

controls (PBS and rat serum). These signs diminished over the 24 hour 

observation period, during which urine production, water consumption and body 

weight of each animal were monitored. Finally, 24 hours post-administration, the 

rats were euthanized, and their kidneys, liver, spleen, heart and lungs were 

harvested (section 3.3.6).
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PBS Contro l Sorum Contro l pMWNT DTPA-MWNT

Figure 5.4. H istology of rats injected with MW NT.

Haem atoxylin and eosin stained sections o f (A-D) lung, (E-H) liver and (l-L) kidney o f W istar rat 
tissues at 24 hours post-adm inistration o f PBS (A. E & I), rat serum  (B, F & J), 600 pg o f pMW NT 
(C, G & K) and 600 pg o f DTPA-M W NT (D, H & L). Original m agnification x20 for im ages A-L 
O rig ina l high m agnification x80 o f pM W NT aggregates accum ulated in lung (N) and liver (M)

Rat tissues were processed to prepare haematoxylin and eosin stained 

tissue sections. Histological examinations of the rat tissues collected 24 hours 

post MWNT administration indicated that the lung (Figure 5.4, C & N) and liver 

(Figure 5.4, G & M) sections of animals that received pMWNT exhibited an 

accumulation of dark pMWNT clusters. In the liver, Kupffer cells in the 

sinusoidal walls were observed to contain accumulated pMWNT (Figure 5.4M). 

Very interestingly, intravenously administered DTPA-MWNT did not show any 

evidence of lung or liver accumulation, confirming the biodistribution data 

discussed in section 5.1.3.

Urine production, weight body loss, and organ weight at 24 hours post

administration of vehicles and MWNT were also monitored; this data is shown in 

Table 5.1. The weight of organs can indicate signs of inflammation, which is
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commonly evidenced by increased organ weight. Significant differences in the 

weight of left kidney, spleen and total body weight (decreased) were found for 

the pMWNT group in comparison to the PBS control. The left kidney weight of 

the DTPA-MWNT group also decreased in comparison to the PBS control. No 

other significant differences were observed.

Table 5.1. W eight o f the organs o f W is tar rats 24 hours post-adm inistration o f M W NT.

PBS
Control

Serum
Control pMWNT DTPA-MWf

Urine Produced (g) 12.11
(±8.244)

7.51
(±1.605)

9.00
(±2.844)

9.69
(±2.659)

Body Lost Weight (g) 21.18
(±0.466)

17.73
(±2.641)

16.00“
(±1.479)

19.85
(±1.562)

Left Kidney (g) 0.77
(±0.015)

0.78
(±0.070)

0.69“
(±0.029)

0.69'
(±0.045)

Right Kidney (g) 0.81
(±0.085)

0.86
(±0.079)

0.72
(±0.090)

0.70
(±0.057)

Liver (g) 6.85
(±1.115)

6.27
(±0.340)

6.30
(±1.699)

5.00
(±2.937)

Spleen (g) 0.58
(±0.072)

0.61
(±0.081)

0.51'
(±0.130)

0.60
(±0.074)

Heart (g) 0.67
(±0.072)

0.75
(±0.112)

0.61
(±0.086)

0.68
(±0.099)

Results are expressed as m ean (± standard deviation). Data w ere analysed for 
d ifferences by S tudent's t-test. F-tests w ere  also perform ed to eva luate the 
variance d iffe rences and va lida te the statistical analysis (SPSS v15.0). "p<0.05 and 
"p<0.01 indicate statistical significance com pared to  contro l PBS-treated group. 
n=3  for PBS contro l and serum  contro l groups; n=4 for pM W N T and DTPA-M W NT 
groups.

In summary, the data reported in this study (taken together with data 

from section 5.1.2), show that, in contrast to pMWNT, covalently functionalised 

DTPA-MWNT are capable of circulation in the systemic blood compartment and 

are rapidly excreted via the kidney without accumulation in any other organ. 

Moreover, kidney histology for all groups (Figure 5.4, l-L) revealed normal renal 

morphology without any MWNT accumulation.
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5.2 .2  Low  D egree  o f Fu n ctio n a lisa tio n  on C N T  C auses  T issue

A c cu m u la tio n  in M ice

In order to understand the impact of functionalisation on the in vivo 

tissue distribution of MWNT, a further study was performed using a different 

rodent species (BALB/c mouse), and it was examined whether the intravenous 

administration of different MWNT (F ig u re  5.5) induced any tissue injury or other 

histological or physiological abnormality on the organs that have previously 

been shown to interact with the nanotubes in vivo during the initial 24 hours 

following injection. The histological impact of non-functionalised pMWNT was 

compared with water-dispersible f-MWNT after administered intravenously in 

mice.

M W NT

f ff lXMWNT

t V ^ M W N T

Figure 5.5. M olecular structures and TEM  images o f MW NT adm inistered to  mice.

(A) pMW NT; (B) M W NT-NH 3 * w ith 0.2 m m ol/g of NH3‘ functional groups; (C) M W NT-N H 3 ’  w ith 0.9 
m m ol/g o f NH3" functional groups; and (D) DTPA-M W NT. Scale bars correspond to  200 nm. TEM 
im ages provided by Dr A  B ianco (CNRS, Strasbourg, France).

D
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Non-functionalised, pMWNT are extremely hydrophobic materials that 

are difficult to disperse in aqueous-based environments due to the van der 

Waals forces leading to their aggregation in bundles. Therefore, dispersions of 

pMWNT were prepared by simple pre-mixing with serum proteins (autologous 

mouse serum) and sonication[72]. For the purposes of the present study, such 

pMWNT dispersions acted as controls. However, TEM examination of all the 

MWNT samples used in this study revealed that even though water dispersibility 

was improved for the serum-coated pMWNT, the f-MWNT were much more 

individualised (Figure 5.5). Functionalised MWNT-NH3* are highly water- 

dispersible, and aqueous dispersions in 5% dextrose were prepared with 

nanotubes, which had two different degrees of functionalisation: 0.2 mmol and 

0.9 mmol of NH3+ (functional groups) per gram of material.

Along with the vehicle controls (serum and 5% dextrose), MWNT-NH3* 

with two different degrees o f functionalisation, and pMWNT were injected 

intravenously in female BALB/c mice via the tail vein (section 3.3.4.1). After 

recovering from anaesthesia, the group of mice injected with pMWNT (200 

pg/animal) exhibited subdued behaviour, hunched posture and signs of 

respiratory distress, including tachypnea. It was also observed that these mice 

were less active than the groups injected with the vehicle controls and MWNT- 

NH3+(200 pg/animal). Nevertheless, the signs of distress observed initially in the 

group injected with pMWNT diminished over the 24 hour period.

These mice were kept for 24 hours in metabolic cages and then 

euthanized by cervical dislocation under deep isoflurane anaesthesia. Their 

kidneys, liver, spleen, heart and lungs were harvested immediately, weighed 

and fixed in 10% buffered formalin until processed to prepare haematoxylin and 

eosin stained sections. Histological examination of tissue sections indicated that 

no tissue degeneration, inflammation, necrosis or fibrosis had occurred in any of 

the different groups.
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S e r u m  C o n t r o l  p M W N T

i: ;

Figure 5.6. H istology o f mice injected w ith pM W NT.

Haem atoxylin and eosin sta ined sections o f (A & B) lung; (C & D) liver; (E & F) spleen; and (G & H) 
k idney o f BALB/c m ouse tissues at 24 hours post-adm inistration o f m ouse serum  (A, C, E & G) and 
200 pg o f pM W NT (B, D, F & H) dispersed in serum. O rig ina l m agnification x10.

In F ig u re  5.6 and F ig u re  5.7, representative images from sectioned 

tissues after injection of non-functionalised pMWNT and functionalised MWNT- 

NH34 are shown in comparison to the tissues after injection of control vehicles 

(serum and 5% dextrose, respectively). F ig u re  5.6 shows haematoxylin and 

eosin stained sections of lung, liver, spleen and kidney injected with mouse 

serum (F ig u re  5.6, A, C, E & G) and 200 pg of pMWNT in serum (F ig u re  5.6, B, 

D, F & H). The accumulation of pMWNT clusters in lung (F ig u re  5.6B) and liver 

(F ig u re  5.6D) was observed, whereas spleen and kidney did not contain any 

deposits. F ig u re  5.7 shows the haematoxylin and eosin stained sections of 

lung, liver, spleen and kidney injected with 5%  dextrose (F ig u re  5.7, A, D, G &
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J), 200 pg of MWNT-NHV with 0.2 mmol/g of NH3* (F ig u re  5.7, B, D, H & K) and 

0.9 mmol/g of NH3* (F ig u re  5.7, C, F, I & L) in 5% dextrose. Tissue histology 

appeared normal for all tissues, except for the accumulation of nanotube 

clusters observed in the liver and spleen of animals injected with the low f- 

MWNT (0.2 mmol/g of NH3+). In contrast, it was not possible to detect MWNT- 

NH3* with a high functionalisation degree (0.9 mmol/g) in any of these tissues.

Figure 5.7. Histology o f mice injected w ith f-MW NT.

Haem atoxylin and eosin stained sections o f (A-C) lung; (D-F) liver; (G -l) spleen; and (J-L) kidney o f 
BALB/c m ouse tissues at 24 hours post-adm inistration o f 5%  dextrose (A,D,G & J), 200 pg of 
M W NT-N H3‘ w ith 0 .2 m m ol/g o f NH3* (B.E.H & K) and 200 pg o f M W NT-N H3* w ith 0.9 m m ol/g of 
NH3’  (C.F.I & L) in 5 % dextrose. Original m agnification x10. Arrow s point to the localisation of 
MWNT.

D e x t r o s e  C o n t r o l M W N T - N H , '  (0 .2 ) M W N T - N H , '  ( 0 .9 )

The tissues where accumulation of nanotubes was observed were 

further investigated in an attempt to determine the exact location of MWNT in 

those tissues. F ig u re  5.8 depicts higher magnification images of the lung, liver
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and spleen sections of BALB/c mice at 24 hours post-administration of 200 pg 

pMWNT in serum (Figure 5.8, A, C & E) and 200 pg MWNT-NH3* with 0.2 

mmol/g of NH3* in 5% dextrose (Figure 5.8, B, D & F). Interestingly, it was 

possible to observe large dark clusters in the lung sections from animals that 

received pMWNT (arrows in Figure 5.8A), smaller clusters in liver sinusoids 

(arrows in Figure 5.8C) and a small amount of punctuated accumulations in the 

spleen (arrows in Figure 5.8E). Low functionalised MWNT-NH3+ (0.2 mmol/g) 

were accumulated in the liver (arrows in Figure 5.8D) and spleen (arrows in 

Figure 5.8F) but not in the lung (Figure 5.8B). These nanotubes also appear in 

small punctuated accumulations inside Kupffer cells (liver) and in the 

intermediate zone of the spleen.

pM W N T M W NT-N Hj*

Figure 5.8. Accum ulation o f M W NT in mice tissues.

Haem atoxylin and eosin sta ined sections o f (A & B) lung; (C & D) liver; and (E & F) spleen o f 
BALB/c m ouse tissues at 24 hours post-adm inistration o f 200 pg o f pM W NT in serum  (A, C & E) 
and 200 pg o f M W NT-NH 3 '  w ith a NH 3 '  loading o f 0.2 m m ol/g in 5% dextrose (B D, & F) Original 
m agnification x40
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Urine production, weight body loss, and organ weight at 24 hours post

administration of vehicles and MWNT also were monitored, and this data is 

shown in Table 5.2. As can be seen, no significant differences were found 

between groups with the exception o f spleen weight for serum control and 

pMWNT groups in comparison to the 5% dextrose group (p<0.05).

Table 5.2. W eight o f th e  organs o f BA LB /c m ice 24 hours post-adm inistration o f M W NT.

Dextrose
Control

Serum
Control pMW NT m w n t -n h 3*

(0.2 mmol/g)
MWNT-NH
(0.9 mmol/<

Urine Produced (g) 0.64
(±0.187)

0.67
(±0.444)

1.16
(±0.914)

1 *14
(±0.774)

1.69
(±1.045)

Body Lost Weight (g) 3.2
(±0.47)

3.3
(±0.31)

3.6
(±0.31)

3.4
(±0.38)

3.8
(±0.44)

Left Kidney (g) 0.098
(±0.008)

0.096
(±0.005)

0.100
(±0.007)

0.100
(±0.012)

0.096
(±0.009)

Right Kidney (g) 0.104
(±0.011)

0.104
(±0.009)

0.096
(±0.005)

0.106
(±0.009)

0.098
(±0.008)

Liver (g) 0.668
(±0.055)

0.654
(±0.042)

0.664
(±0.030)

0.624
(±0.032)

0.626
(±0.044)

Spleen (g) 0.052
(±0.004)

0.070'
(±0.012)

0.076'
(±0.013)

0.060
(±0.024)

0.052
(±0.004)

Heart (g) 0.078
(±0.004)

0.076
(±0.005)

0.076
(±0.005)

0.080
(±0.010)

0.080
(±0.000)

Results are expressed as m ean (+ standard devia tion). Data were analysed fo r d iffe rences by 
S tudent’s t-test. F-tests were also perform ed to  eva luate the variance d ifferences and validate 
the  statistical analysis (SPSS v15.0). ’p<0.05 ind ica te statistical significance com pared to 
contro l 5% dextrose-treated group. All groups n=5.

Next, in order to examine whether the nature of the chemical moiety on 

the functionalisation groups appended on the nanotube backbone could lead to 

different interactions with the organs or to any tissue injury, a further study was 

performed by maintaining the high degree of functionalisation at 0.9 mmol per 

gram of material, but using a different functional group -  DTPA -  and increasing 

the injected dose. The functionalised DTPA-MWNT were suspended in PBS and 

a higher dose of 400 pg f-MWNT per mouse was administered via the tail vein. 

For comparison, a group of animals injected with a higher dose of 400 pg of 

non-functionalised pMWNT suspended in mouse serum was used as control. 

Following the intravenous administration of 400 pg pMWNT, all treated mice 

adopted a hunched posture, exhibited piloerection and presented acute signs of 

respiratory distress including tachypnea. Furthermore, these signs were 

persistent over the 24 hour period of observation indicating that, as expected,
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the distress symptoms were dose-dependent compared to the previous study of 

lower pMWNT doses (200 pg/animal) where those symptoms lapsed soon after 

administration. In the case of the functionalised DTPA-MWNT group, none of 

these signs were observed at any time during the course of the experiment.

L u n g

Figure 5.9. Histology o f mice injected w ith a high dose o f MWNT.

Haem atoxylin and eosin stained sections o f (A, C & E) lung and (B, D & F) liver o f BALB/c m ouse 
tissues at 24 hours post-adm inistration o f PBS (A & B), 400 pg o f pM W NT (C & D) and 400  pg o f 
DTPA-M W NT (E & F). Original m agnification x10. D igital m acroscopic im ages of each organ 
harvested a t necropsy are included as insets.

These animals were also euthanized and their organs harvested and 

fixed in formalin 24 hours following administration. Lung and liver seemed to be 

the main tissues where accumulation of pMWNT occurred. Figure 5.9 shows 

representative haematoxylin and eosin stained histological sections of lung and 

liver from the PBS control group (Figure 5.9, A & B) and the groups injected

L iv e r
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with a high dose (400 pg/mouse) of pMWNT (Figure 5.9, C & D) or DTPA- 

MWNT (Figure 5.9, E & F). In addition, the insets on each image in Figure 5.9 

show the macroscopic appearance o f the whole organ as obtained at necropsy. 

The histology sections of all organs confirmed the absence of cell degeneration, 

necrosis, inflammation or fibrosis, as was observed in the previous study using 

lower injected doses. However, the lung and liver sections from mice injected 

with pMWNT contained large dark clusters distributed throughout the tissues 

(Figure 5.9, C & D). Gross differences were observed between the organs at 

necropsy, manifested as a general discoloration (a darker overall colour) o f the 

lungs (inset in Figure 5.9C) and livers (inset in Figure 5.9D) of animals in the 

pMWNT group as compared to the control and MWNT-DTPA groups. 

Interestingly, even at this high dose in mice, MWNT-DTPA did not appear to 

accumulate or induce any tissue injury (Figure 5.9, E & F).

In summary, the findings from this study show that the higher the 

degree of functionalisation o f MWNT-NH3+, the less their accumulation in 

tissues. In addition, pMWNT coated with autologous serum proteins prior to 

injection accumulated almost entirely in lung and liver in large, dark clusters. 

Therefore, the high degree of f-MWNT functionalisation responsible for 

adequate individualisation of nanotubes, and not the nature of the functional 

groups, was the critical factor leading to less tissue accumulation and normal 

tissue physiology, at least within the first 24 hours post-administration, even at 

the highest-ever administered dose.

5.2 .3  D iscu ss io n

In the last few years, CNT have been intensively explored for a variety 

of biomedical applications. The pharmacological profiles of such carbon 

nanomaterials will have a determinant role in their transformation into clinically 

viable and effective therapeutics. It is now becoming established knowledge that 

covalent functionalisation, irrespective of functional group and chemistry, offers 

significant improvements in the toxicity profile of CNT in vitro[6s] and in v/W 821. 

Several studies (described in detail in the Introduction of this work, section 1.4 

and Table 1.1) have reported recently the effect of non-functionalised pCNT 

administration in vivo following local administration via the tracheal, nasal or 

subcutaneous routes '7 2 ,8 0 ,8 2 '8 4 ,8 7 ,91 •2031. Most of these studies reported adverse
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effects of pCNT resulting from organ accumulation, which led to tissue fibrosis 

and inflammatory responses. However, the critical factors responsible for the 

observed pCNT toxicity remain difficult to interpret due to the different animal 

species, types of CNT and dosing regimes that have been used.

Recently, the biodistribution of different types of covalently 

functionalised CNT160,61' 63,641 and of non-covalently coated CNT dispersions with 

pegylated-lipids and surfactants154 ,56 ,571 intravenously administered in mice was 

reported. In addition, in section 5.1.2 o f this work, the rapid passage through the 

systemic circulation and the renal excretion of f-MWNT has also been shown. 

Nevertheless, irrespective of the data presented in those studies and whether 

the injected CNT accumulated in tissues or not, evidence of the physiological 

and histological impact of intravenously administered CNT was lacking. In the 

studies described in sections 5.2.1 and 5.2.2, any histological and 

pathophysiological effect of intravenous administrations with f-MWNT compared 

to pMWNT in healthy mice was investigated. This study focused on the impact 

of such MWNT administrations during the first 24 hours post-injection.

The observed accumulation o f pMWNT in the capillaries o f the 

pulmonary vascular bed was considered responsible for the respiratory distress 

the animals exhibited following intravenous administration. Moreover, in the 

liver, Kupffer cells in the sinusoidal walls contained the accumulated pMWNT. 

Liver accumulation of pMWNT has not been histologically shown before in mice, 

since all previous toxicity studies reporting histological data administered pCNT 

locally (via intranasal, intratracheal, intradermal routes) and reported pCNT 

accumulation in the alveoli and airway spaces172' 83, 841 87]. pMWNT clusters 

accumulated in three main tissues -  lung, liver and spleen -  in what appeared 

to be correlated with the increase of the dose, up to the highest dose ever 

injected in an animal (400 pg/mouse). Interestingly, no severe or acute 

response such as allergy-like, complement activation effects were observed in 

any of the animals or dose regimes in the work described in sections 5.2.1 and 

5.2.2. However, more studies are warranted in order to determine any such 

effect.

Liu et al.[55] reported recently that pegylated-lipid coated SWNT 

accumulated overwhelmingly in the liver and spleen of mice after intravenous 

administration, and observed a slow elimination of the nanotubes from the liver 

up to 3 months post-administration. It is believed that high liver and spleen 

accumulation occurs due to poor stability and poor individualisation of these 

nanotubes in vivo. Earlier studies by Carrero-Sanchez et al.l82] using pure
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MWNT and N-doped MWNT have suggested that the dispersion in aqueous- 

based solutions and the biocompatibility of MWNT was greatly improved after 

functionalisation. The work reported here showed that the degree of tissue 

accumulation increased as the degree of functionalisation decreased, such that 

MWNT-NH3+with a lower number o f functional groups accumulated in liver and 

spleen. No tissue accumulation or injury was observed after intravenous 

administration of MWNT-NH3+ with a high density of functional groups. This is 

considered to be a reflection of the high degree of individualisation obtained with 

higher degrees of functionalisation.

In conclusion, the most striking finding in the studies described in 

sections 5.2.1 and 5.2.2 is the critical importance of the degree of MWNT 

functionalisation compared to the type of functional group (in this case NH3+ 

compared to DTPA groups) in the ensuing pharmacological profile following 

intravenous administration. The higher the degree of functionalisation, the better 

the individualisation of the nanotubes, and therefore the more extensive the 

clearance through the kidney. Even though more studies need to be carried out 

by more laboratories using different kinds o f CNT, the implications from these 

initial studies are encouraging since no acute toxicity or adverse reaction to the 

administration of f-CNT was reported, contrary to the quite severe tissue 

deposition observed after administration o f pCNT.

5.3 Toxicity o f  CNT

5.3.1 N o  Im m u n e  R esp o n se  o r In ju ry  is C au sed  in R ats

In addition to the experiments described in sections 5.1.1 and 5.2.1 

regarding the in vivo distribution and histological impact of DTPA-MWNT in rats, 

haematology and biochemistry tests were also carried out. For this purpose, 

blood was collected from Wistar rats 24 hours post-administration of MWNT and 

whole blood and serum samples prepared as described in section 3.3.5. Urine 

samples were also collected from the same animals. Then, critical parameters 

from haematology, serum biochemistry and urine analyses were used to assess 

the function of the immune, renal and hepatic systems of the rats treated with 

different MWNT.
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Table 5.3. Haem atology o f W istar rats at 24  hours post-adm inistration o f MW NT.

PBS
Control

Serum
Control pMWNT DTPA-MWN

WBC (109/l) 1.023
(±0.1692)

3.983
(±2.1072)

5.430"
(±0.6310)

1.515
(±0.6030)

Neutrophils (1 0 9/l) 0.043
(±0.0058)

0.663
(±0.6479)

0.900
(±0.5892)

0.088
(±0.0377)

Lymphocytes (109/l) 0.867
(±0.1553)

2.967
(±1.4495)

3.793"
(±0.4692)

1.208
(±0.5180)

Monocytes (109/l) 0.103
(±0.0153)

0.333"
(±0.0569)

0.737
(±0.4464)

0 . 2 2 0

(±0.1183)

Eosinophils (109/l) 0.013
(±0.0231)

0.017
(±0.0289)

0 . 0 0 0

(±0 .0 0 0 0 )
0 . 0 0 0

(±0 .0 0 0 0 )

Basophils (109/l) 0 . 0 0 0

(±0 .0 0 0 0 )
0 . 0 0 0

(±0 .0 0 0 0 )
0 . 0 0 0

(±0 .0 0 0 0 )
0 . 0 0 0

(±0 .0 0 0 0 )

RBC (10,2/l) 7.677
(±0.5572)

6.830
(±0.7230)

8.093
(±0.9287)

7.983
(±0.4328)

HGB (g/dl) 15.167
(±0.3055)

16.067
(±0.8505)

16.033
(±1.7010)

16.000
(±0.5715)

HCT (%) 50.73
(±1.266)

46.90
(±6.520)

51.33
(±5.468)

53.18
(±1.769)

MCV (fl) 66.26
(±3.301)

68.53
(±2.454)

63.43’
(±1.060)

6 6 . 6 8

(±1.712)

MCH (pg) 19.83
(±1 .1 0 2 )

23.77
(±3.670)

19.87
(±0.451)

20.05
(±0.681)

MCHC (g/dl) 29.90
(±0.300)

34.87
(±6.789)

31.30"
(±0 .2 0 0 )

30.03
(±0.512)

RDW (%) 16.27
(±1.620)

14.27
(±1.320)

14.33
(±1 .0 0 2 )

15.03
(±1.808)

Platelet Count (109/l) 1379.00
(±149.643)

1703.67
(±608.690)

1321.33
(±113.949)

1198.50
(±171.275)

Results are expressed as the m ean (± standard deviation). Data w ere analysed for 
differences by S tudent's t-test. F-tests w ere  also perform ed to  evaluate the 
variance d iffe rences and validate the statistical analysis (SPSS v15.0). p<0.01 
indicate statistica l sign ificance com pared to  contro l PBS-treated group. V o .0 5  
indicates statistical sign ificance com pared w ith con tro l serum -treated group. W BC, 
wh ite  blood cells count; RBC, red blood cells count; HGB, haem oglobin; HCT, 
hem atocrit; MCV, mean corpuscu lar volum e; MCH, m ean corpuscular 
haem oglobin; MCHC, m ean corpuscu lar haem oglobin concentration; RDW , red cell 
distribution w idth. n=3 for PBS contro l and serum  contro l groups; n=4 for pM W NT 
and DTPA-M W NT groups.

No significant differences were found in white blood cell (WBC), 

neutrophil and lymphocyte counts between the DTPA-MWNT and PBS control 

groups (Table 5.3). In contrast, these cell counts were increased in the groups 

injected with rat serum and pMWNT. The elevated values for the serum control 

group may indicate an immune response to foreign proteins contained in the 

injected rat serum. Despite this, there was a significant difference in the number 

of white blood cells between the control and pMWNT groups. The elevated 

counts of neutrophils (phagocytic cells that will usually engulf and eliminate
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foreign material) and lymphocytes (indicating activation of the complement 

system) signified that pMWNT can trigger an inflammatory response and 

possibly involve the immune system in vivo. These in vivo results are in good 

agreement with recently described in vitro work, which showed that pCNT can 

activate the complement system via both classical and alternative pathways12041.

Table 5.4. Serum  biochem istry o f W istar rats a t 24  hours post-adm inistration o f M W NT.

PBS
Control

Serum
Control pMWNT DTPA-MWN

Total Protein (g/l) 61.10
(±1.418)

56.70'
(±2.008)

58.00'
(±1.105)

58.25
(±3.574)

Albumin (g/l) 35.47
(±1.801)

34.20
(±0.954)

35.38
(±1.053)

34.05
(±1.287)

Globulin (g/l) 25.63
(±1.258)

22.50'
(±1.136)

22.63'
(±1.173)

24.20
(±2.371)

Sodium (mmol/l) 150.13
(±2.843)

151.30
(±0.721)

152.33
(±2.161)

151.45
(±2.509)

Potassium (mmol/l) 11.300
(±0.4000)

10.600
(±0.3464)

10.125
(±1.8007)

9.250"
(±0.3873)

Chloride (mmol/l) 104.33
(±2.554)

104.97
(±0.513)

105.73
(±1.889)

105.03
(±0.922)

Urea (mmol/l) 4.87
(±0.808)

5.53
(±1.570)

5.18
(±0.486)

6.65'
(±0.557)

Creatinine (pmol/l) 48.7
(±3.06)

47.3
(±1.53)

47.8
(±2.63)

50.0
(±0.82)

Glucose (mmol/l) 3.90
(±0.608)

4.77
(±0.252)

5.95
(±2.701)

5.25
(±1.654)

Cholesterol (mmol/l) 1.23
(±0.987)

1.63
(±0.058)

1.65
(±0.100)

1.83
(±0.330)

Total Bilirubin (pmol/l) 0.00
(±0.000)

0.03
(±0.058)

0.00
(±0.000)

0.88
(±0.866)

Triglycerides (mmol/l) 0.720
(±0.3208)

0.443
(±0.0351)

0.513
(±0.1873)

0.568
(±0.1132)

ALT (U/l) 26.7
(±1.53)

20.0"
(±1.00)

33.3
(±12.84)

18.5
(±11.47)

AST (U/l) 101.7
(±17.04)

77.0
(±15.72)

124.0
(±62.62)

89.8
(±13.72)

CK (U/l) 200.7
(±139.03)

161.3
(±38.89)

216.3
(±44.08)

196.0
(±46.81)

ALP (U/l) 226.3
(±27.65)

180.3
(±47.50)

182.0
(±27.87)

205.5
(±21.67)

GLDH (U/l) 5.33
(±4.619)

5.33
(±2.887)

7.25
(±0.500)

7.50
(±4.36)

R esults are expressed as m ean (± standard devia tion). Data were analysed for 
d iffe rences by S tudent's t-test. F-tests w ere  a lso  perform ed to  eva luate the 
variance d iffe rences and va lida te the statistica l ana lys is  (SPSS v15.0). p<0.05 and 
"p<0.01 indicate statistical sign ificance com pared to  contro l PBS-treated group. 
ALT, a lan ine am inotrasferase; AST, asparta te  am inotrasferase; CK, creatine 
kinase; ALP, a lka line phosphatase; GLDH, g lu tam ate  dehydrogenase. n=3 for PBS 
contro l and serum  contro l groups; n=4  fo r pM W N T and DTPA-M W NT groups.
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Radomski et al.[92] have previously reported that pCNT can cause 

activation and aggregation of platelets in vitro and in a rat model o f vascular 

thrombosis. Herein, no statistically significant differences were found in the 

platelet counts (Table 5.3) between the groups injected with either type of 

MWNT and the PBS control. Interestingly, Meng et al.12051 have reported that 

pSWCNT pre-coated with plasma proteins did not activate platelets, which is 

similar to our observations, as pMWNT in this study were pre-incubated in rat 

serum. More importantly, administration of DTPA-MWNT did not lead to 

elevated values in any of the blood parameters (Table 5.3) indicating that 

DTPA-MWNT are well tolerated in systemic blood circulation and do not appear 

to induce haematological abnormalities.

Renal function may be monitored using a combination of the serum 

levels of urea nitrogen and creatinine, and urine analysis parameters such as 

pH and the presence of erythrocytes, leukocytes, protein and bilirubin (Table  

5.4 and Table 5.5). No statistically significant differences were found between 

groups for the various parameters, which act as indicators of renal function. This 

indicated that no injury had been caused to the kidneys and renal function was 

normal during the 24 hour period following the administration o f both types of 

MWNT.

Table 5.5. Urine analysis o f W istar rats.

PBS Control Serum Control pMWNT DTPA-MWNT

6 h 24 h 6 h 24 h 6 h 24 h 6 h 24 h
Glucose (mmol/l) Neg. Neg. Neg. Neg. Neg. Neg. Neg. Neg.

Bilirubin Neg. Neg. Neg. Neg. Neg. Neg. Neg. Neg.

Ketone (mmol/l) Neg. Neg. Neg. Neg. Neg. Neg. Neg. Neg.

Specific Gravity 1.030 1.020 1.020 1.030 1.015 1.020 1.030 1.020

Blood (erythrocyte/pl) Neg. Neg. Neg. Neg. Neg. Neg. Neg. Neg.

pH 6.0 6.0 6.0 6.0 7.5 7.0 6.5 6.3

Protein (g/l) 0.3 0.3 Trace Trace Trace 0.3 Trace Trace

Urobilinogen (pmol/l) 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2

Nitrite Neg. Neg. Neg. Neg. Neg. Neg. Neg. Neg.

Leukocytes (cell/pl) Neg. Neg. Neg. Neg. Neg. Neg. Neg. Neg.

Sam ples o f urine collected a t 6  and 24 hour post-adm inistration o f M W NT. Neg, 
Negative. n=3 fo r PBS contro l and serum  con tro l groups; n=4 fo r pM W NT and DTPA- 
M W NT groups.
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Comparison of the serum levels of enzymes indicating hepatocellular 

injury, alanine amino transferase (ALT) and aspartate amino transferase (AST), 

and total protein, albumin and bilirubin levels between the PBS control and 

DTPA-MWNT groups, have shown no statistically significant differences, 

indicating that DTPA-MWNT did not affect hepatic function. In the pMWNT 

group, an increase in enzyme values (AST and ALT) was detected (Table 5.4); 

however, statistical analysis of the data suggested minimal alteration in hepatic 

function within 24 hours.

In summary, the present work indicates that highly functionalised and 

water-dispersible DTPA-MWNT are compatible with blood components, do not 

induce any immune response and do not cause injury or damage to the renal 

and hepatic functions for a period of 24 hours following intravenous 

administration.

5.3 .2  No In ju ry  is C au sed  to  R ena l &  H ep a tic  F u n ctio n s  o f M ice

The in vivo impact of MWNT-NH3+ with high and low degree of 

functionalisation described in section 5.2.2 was also further investigated by 

carrying out biochemistry tests. For this purpose, pMWNT and MWNT-NH3* with 

two different degrees of functionalisation were injected through the tail vein of 

female BALB/c mice. These mice were kept for 24 hours in metabolic cages and 

then euthanized by cervical dislocation under deep isoflurane anaesthesia. 

Urine and blood samples were collected (section 3.3.5) to examine the function 

of major organs at 24 hours post-administration of MWNT.
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Table 5.6. Serum  biochem istry o f BA LB /c m ice 24 hours post-adm inistration o f MW NT.

Dextrose
Control

Serum
Control pMW NT m w n t -n h 3*

(0 . 2  mmol/g)
MWNT-NHj* 
(0.9 mmol/g)

Total Protein (g/L) 49.9
(±1.77)

51.0
(±1.54)

50.2
(±1.23)

47.8'
(±0.67)

48.3
(±2.44)

A lbum in (g/L) 32.8
(±1.26)

33.7
(±0.46)

32.7
(±0.91)

32.2
(±0.42)

32.7
(±1.37)

Sodium (mmol/L) 158.0
(±2.69)

154.1
(±0.98)

154.4
(±3.11)

157.7
(±1 .1 1 )

155.9
(±1.13)

Potassium (mmol/L) 4.77
(±0.438)

4.48
(±0.269)

5.071
(±0.151)

4.98
(±0.246)

4.47
(±0.247)

Chloride (mmol/L) 117.1
(±3.47)

116.3
(±1.38)

116.0
(±2 .2 1 )

116.3
(±1.79)

116.0
(±0.95)

Urea (mmol/L) 7.7
(±1.26)

1 0 .0 '
(±1.36)

1 0 . 2

(±2.83)
13.0

(±4.93)
8.9

(±1.23)

Creatinine (pmol/L) 47
(±3.4)

48
(±2.9)

49
(±2 .6 )

50
(±5-7)

47
(±1.5)

Total B ilirub in (pmol/L) 1.5
(±0.30)

1.3
(±0.51)

1 .1

(±0.31)
1 . 6

(±0 .1 1 )
1 . 6

(±0.58)

LDH (U/L) 1428
(±540.4)

647'
(±204.4)

808
(±213.4)

1 0 2 2

(±217.7)
1302

(±554.2)

ALT (U/L) 46
(±25.6)

28
(±8 .2 )

33
(±17.7)

55
(±16.7)

29
(±4.9)

AST (U/L) 135
(±58.3)

78
(±11.7)

95
(±33.9)

155
(±53.6)

77
(±40.7)

CK (U/L) 624
(±489.8)

119
(±31.3)

229
(±236.8)

508
(±469.0)

564
(±577.4)

ALP (U/L) 294
(±15.6)

2 0 2 '"
(±5.4)

17 2 '""
(±14.3)

310
(±2 2 .1 )

281
(±27.2)

Results are expressed as m ean (± standard deviation). Data were analysed fo r d iffe rences by 
S tudent's t-test. F-tests w ere also_ perform ed to  eva luate the  variance d ifferences and validate the 
statistica l analysis (SPSS v15.0). p<0.05 and p<0.001 ind ica te statistical s ign ificance com pared to 
contro l 5% dextrose-treated group. f p<0.05 and n p<0.01 ind ica tes statistical sign ificance com pared 
w ith contro l serum -treated group. LDH, lactate dehydrogenase; ALT, a lan ine am inotrasferase; AST, 
aspartate am inotrasferase; CK, creatine kinase; ALP , a lka line phosphatase. A ll groups n= 5.

Serum biochemistry (Table 5.6) and urine analysis (Table 5 .7) were 

performed to assess the function of the hepatic and renal systems of the mice 

treated with different MWNT. Comparison o f the serum levels of enzymes 

indicating hepatocellular injury, alanine amino transferase (ALT), aspartate 

amino transferase (AST) and alkaline phosphatase (ALP), and total protein, 

albumin and bilirubin levels between the 5% dextrose control and MWNT-NH3+ 

groups, showed statistically significant differences only for the total protein of 

MWNT-NH3+ with a loading of NH3+ of 0.2 mmol/g (p<0.05). Comparison of the 

serum control versus the pMWNT groups verified a significant difference in the 

decrease of ALP for the pMWNT group (p<0.01). The renal function was 

monitored using the serum levels of urea nitrogen and creatinine (Tab le  5.6),
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and the urine analysis parameters of pH and presence o f erythrocytes, 

leukocytes, protein and bilirubin in urine (Table 5.7). No differences were found 

between groups for the various parameters that act as indicators of renal 

function, suggesting no adverse effects on physiological function.

Table 5.7. Urine analysis o f BA LB /c mice.

Dextrose
Control

Serum
Control pMWNT MWNT-NHj* 

(0.2 mmol/g)
NIWNT-N 
(0.9 mmo

Glucose (mmol/l) Neg. Neg. Neg. Neg. Neg.

Bilirubin Neg. Neg. Neg. Neg. Neg.

Ketone (mmol/l) Trace Neg. Neg. Neg. Trace

Specific Gravity 1.025 1.025 1 . 0 2 0 1 . 0 2 0 1 . 0 2 0

Blood (erythrocyte/pl) Neg. Neg. Neg. Neg. Neg.

pH 6.5 6 . 0 6.5 6.5 6.5

Protein (g/l) 30 30 30 Trace 30

Urobilinogen (pmol/l) 0 . 2 0 . 2 0 . 2 0 . 2 0 . 2

Nitrite Pos. Pos. Pos. Pos. Pos.

Leukocytes (cell/pl) Neg. Neg. Neg. Neg. Neg.

Sam ples o f urine collected a t 24 hours post-adm inistration o f M W NT. Neg, Negative; Pos, 
Positive. All groups n= 5.

In summary, various indicators of biochemical serum and urine 

analyses confirmed that MWNT-NH3+ intravenous injections do not induce any 

physiological abnormality in major organs (kidney and liver) of mice within the 

first 24 hours post-injection.

5.3 .3  D iscu ss io n

The toxicological profile o f newly discovered nanomaterials and the 

potential environmental and health risks posed by their wider utilisation is 

currently an issue of intense debate and interest13, 53, 206, 2071. Systematic 

toxicological investigations are imperative in order to study the impact of CNT 

behaviour on the pathophysiology of tissues interacting with these novel 

nanomaterials in the short and long term, and in order to identify the impact of
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CNT dose responses and assess the overall safety of CNT in vivo before any 

further clinical development can be envisaged.

Thus, to further complete the study on the impact of MWNT 

intravenous administrations during the first 24 hours post-injection in rodents 

initiated with the work about the physiological and histological impact of MWNT 

(sections 5.2.1 and 5.2.2), biochemistry analyses were performed to assess the 

function o f the hepatic and renal systems of the rodents treated with different 

MWNT (sections 5.3.1 and 5.3.2). This work was focused on f-MWNT, but non- 

functionalised pMWNT were also included for comparison. Interestingly, no 

differences were found between groups for the various parameters that act as 

indicators of renal and hepatic functions, suggesting no adverse effects on 

these physiological functions in rats and mice injected with f-MWNT. Moreover, 

it was observed that DTPA-MWNT were compatible with blood components and 

did not induce any immune response in rats for a period of 24 hours following 

intravenous administration. Such finding is in strong agreement with in vivo work 

demonstrating that CNT functionalised by the 1,3-dipolar cycloaddition reaction 

are non-immunogenic11181.

A previous study by Deng et al.[65] using water-dispersible, covalently 

functionalised 14C-taurine-MWNT reported its high affinity for the liver, with an 

accumulation of more than 80 % of the injected dose after intravenous 

administration in mice. Liver biochemistry and histology sections showed no 

acute liver toxicity, although the nanotubes remained there for 3 months. Very 

recently, Schipper et al.I93) have reported that PEGylated-lipid coated SWNT 

persisted within liver and spleen macrophages of nude mice for 4 months 

without significant differences in haematology parameters. As non- 

biodegradable nanoparticles, it is important from the safety point of view to 

ensure that CNT are cleared from the body, as multiple administrations of CNT 

can otherwise lead to acute or chronic toxicity.

Interestingly, several studies have now reported urinary elimination of 

water-dispersible CNT155,60'631. However, the impact of the CNT on the renal 

function has not been determined. In the work reported here, it was confirmed 

that the kidneys have normal glomerular morphology without any MWNT 

accumulation or injury for all types of MWNT studied here (sections 5.2 and 

5.3), indicating that nanotubes did not have an adverse effect on the kidney. 

Passage through the kidney, as is the case with the well-dispersed and highly 

functionalised MWNT-NH3+ and DTPA-MWNT, did not cause any damage to the 

glomerular filter or histologically altered the tissue in any way, indicating that
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rapid translocation from the blood compartment and urinary clearance can occur 

without side effects to renal function.

In conclusion, if a good individualisation of CNT leads to their rapid 

excretion from the body (section 5.1.2), the risk from accumulated CNT and 

their long-term toxicity is minimised. However, more toxicological markers and 

parameters, such as produced levels o f cytokines, should be studied in the 

future following administration of CNT. This study is considered just the 

beginning in terms of the toxicological assessment of /-CNT in a systematic 

structure-function manner. Moreover, the issue of long-term impact on the 

pathophysiology o f tissues where CNT accumulate or traverse is an unresolved 

issue of principal concern that will have to be addressed if these exciting 

nanomaterials are to move closer to the clinic.

5.4 Urinary Excretion o f CNT

5.4.1 In tact C N T  a re  E xcre ted  in th e  U rine

Since CNT are non-biodegradable nanoparticles, it is important from 

the safety point of view to ensure that f-MWNT were indeed cleared from 

systemic blood circulation via the glomerular fenestrae during the studies 

described here. Thus, BALB/c mice were injected via the tail vein with DTPA- 

MWNT dispersed in phosphate buffered saline (400 pg/mouse, 200 pi). For 

comparison, separate groups of mice were injected with pMWNT coated with 

serum proteins (400 pg/mouse, 200 pi). As controls, mice were injected with 

200 pi of either PBS alone or mice serum. Groups of four mice were placed in 

metabolic cages and urine was collected over 18 hours. Urinary excretion of 

intact DTPA-MWNT in less than 6  hours was confirmed by observation of 

changes in the coloration of the urine collected (Figure 5.10).
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B

Figure 5.10. Im ages o f pooled urine collected from  BALB/c mice 6 hours post-adm inistration  

of MW NT.

Urine im ages o f m ice that were adm inistered intravenously w ith (A) PBS; (B) 400 pg DTPA-M W NT 
in PBS; (C) m ouse serum : and (D) 400 pg pM W NT in m ouse serum . The glass via ls next to the 
urine sam ples are the solutions in jected. Note the darker urine colour in B which is s im ilar to the 
co lour o f the adm in istered solution.

Following collection of urine, an aliquot of 100 pi from the group 

injected with DTPA-MWNT was lyophilised. The pellet obtained was dispersed 

in methanol or water (2 mg/ml) and centrifuged (15,000 rpm). The precipitate 

after centrifugation was re-suspended in 100 pi of water. Then, both supernatant 

and precipitates from the urine sample were examined by TEM. TEM analysis 

indicated abundant presence of intact DTPA-MWNT in the supernatant and 

precipitate of the urine samples (Figure 5.11). These observations confirmed 

that DTPA-MWNT were indeed cleared from systemic blood circulation through 

the renal excretion route into the urine as intact nanotubes.

A

B

Figure 5.11. TEM im ages o f DTPA-M W NT present in the urine o f BALB/c mice.

Urine sam ples were centrifuged and both (A) supernatant and (B) precip itate were observed by 
TEM  Scale bars correspond to 100 nm. TEM im ages provided by Dr A. B ianco (CNRS, 
Strasbourg, France).
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In summary, the findings from section 5.2.2 showing that highly 

functionalised and water-dispersible MWNT did not accumulate in or injure any 

tissues on passage, taken together with the visualisation of intact f-MWNT 

excreted into urine shown in this study, are clear indications that functionalised 

and thereby water-dispersible and biocompatible MWNT exhibit a significantly 

improved toxicity profile compared to their non-functionalised counterparts. 

From this work, highly functionalised water-dispersible MWNT are thought to 

constitute toxicologically naive materials that can be further developed for 

pharmacological applications that may involve their systemic administration.

5.4 .2  In d iv id u a lised  C N T  C ro ss  th e  R enal G lo m eru la r F iltra tio n  

B arrier

Several groups, all using water-dispersible f-CNT, have reported 

urinary excretion of these nanostructures, yet an elimination mechanism has not 

been proposed160-62, 641. In order to further elucidate the crucially important 

mechanism of CNT elimination from the blood compartment and, in particular, 

their translocation through the kidney, it was investigated here how MWNT 

cross the renal glomerular filtration membrane by direct microscopic imaging. 

Functionalised DTPA-MWNT and non-functionalised pMWNT were 

administered intravenously via the tail vein to BALB/c mice (400 pg/mouse). 

Next, at 5 and 30 minutes post-injection, mice were euthanized and their 

kidneys were collected and fixed in phosphate buffered 2.5-3% glutaraldehyde 

(pH 7.3) until processed (section 3.4.4). TEM imaging of ultra-thin renal cortex 

sections was carried out as described in section 3.4.6.

Figure 5.12A shows the characteristic structure of the renal glomerulus 

formed by a mesh of capillaries (insert of Figure 5.12A) and depicts all the 

components that constitute the glomerular filtration barrier: the fenestrated 

endothelium (FE), basal membrane (BM) and podocytes (P). Individualised, 

well-dispersed MWNT were observed in the renal capillary lumen, and during 

translocation through the glomerular filtration barrier with their longitudinal axis 

vertically oriented to the endothelial fenestrations, as can be seen in Figure 

5.12, images C and D (arrows indicate MWNT). Moreover, it was also 

repeatedly observed that administration of CNT dispersions that were not 

adequately individualised or that had aggregated in vivo could be found in the
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glomerular capillaries and were not able to translocate through the kidney 

filtration system, as seen in Figure 5.12B (see dashed line around the MWNT 

bundle and also Appendix E).

.  G l o m e r u l a r  C a p i l l a r y

B o w m a n ' s  S p a c e

Figure 5.12. Renal clearance o f individualised MW NT.

(A) G lom erular filtration barrier o f BALB/c m ice: P, podocyte; BM, basal membrane; FE, fenestrated 
endothelium . Insert: section o f renal g lom eru lus (insert scale bar is 10 pm); (B) bundled MW NT 
agglom erate (circled by dashed black line) in the lum en o f g lom eru lar capillary; (C) individualised 
M W NT (black arrow) 5 m inutes afte r in travenous (tail ve in ) injection; and (D) Individualised MW NT 
(black arrow) 30 m inutes a fte r in travenous (tail ve in) in jection crossing the renal filtration 
mem brane. EC, endothelial cell; RBC, red blood cell

In summary, the findings described here indicate that dimension, shape 

and structural characteristics of the CNT administered in vivo can be extremely 

important in order to these nanostructures be eliminated from the body via 

kidney and urine. If MWNT were in aggregates or bundles were not be able to 

cross the glomerular filter barrier. In contrast, well-individualised CNT were able 

to permeate through the glomerular filtration barrier.

149



In Vivo P rofile  o f  Carbon Nanotubes

5.4 .3  D iscu ss io n

There is accumulating evidence in the last few years to suggest that

the shape and other structural features of nanoparticles are responsible for

dramatically different pharmacokinetic and body excretion profiles, as in the 

case of cylindrical-shaped CNT. A recent study12081 illustrated convincingly that 

the mean hydrodynamic diameter of quantum dots (spherically-shaped 

nanocrystals) is a determinant factor in achieving effective urinary excretion 

through the glomerular filtration barrier (in the kidney). In that study however, 

the effect of nanoparticle shape on renal filtration was not examined at all. 

Earlier, Singh et al.l61) have reported that surface functionalised, water-

dispersible SWNT (average diameter 1 nm; average length 300-1000 nm) were 

capable of rapid and effective renal clearance and urinary excretion with a 

blood-circulation half-life of a few hours. Moreover, such observations were 

verified by McDevitt et al.162,631, who also studied similarly functionalised SWNT 

and reported that the majority of the injected SWNT rapidly cleared the body 

through the kidney excretion pathway.

Findings from section 5.1.2 of this work show that systemic

administration of larger MWNT (average diameter 20-30 nm; average length 

500-2000 nm) also led to clearance from the body of rodents via the kidneys 

and bladder, as studied by dynamic whole body (microSPECT) imaging. In 

addition, MWNT have been observed intact in the excreted urine of the animals 

by TEM as reported here in section 5.4.1. However, the elimination mechanism 

of cylindrical-shaped structures, such as CNT, through the glomerular filtration 

membrane of the kidney remains to be directly elucidated. This work was 

focused on the elucidation of the possible mechanism by which CNT could 

translocate through the glomerular filtration system into the urine.
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B o w m a n ’ s  S p a c e
( u r i n e  c o m p a r t m e n t )

B a u l  M e m b ra n e Silt D iap hrag m

C a p i l l a r y  L u m e n Feneitra

M u l t i - w a l l e d  C a r b o n  

N a n o t u b e  D i m e n s i o n s

Figure 5.13. G lom erular filtration system  characteristics and dim ensions o f MWNT.

Schem atic depiction o f the principal com ponents o f the g lom eru lar filtration system  o f k idney (top) 
com pared with the longitudinal and traverse dim ensions o f a characteristic M W NT used in the in 
vivo  stud ies described here (boxed at the bottom).

The mechanism by which CNT renal clearance occurs, described in 

section 5.4.2, indicates the sharply different elimination characteristics that 

individualised, well-dispersed nanotube structures can exhibit in vivo compared 

to globular proteins and spherically-shaped nanoparticles12081. Moreover, the 

atypical pharmacological profiles of cylindrical-shaped, filamentous block 

copolymer micelles in blood circulation have been reported recently12091, also 

indicating that the shape of injected nanoparticles is critically important. Since 

the MWNT length imaged in Figure 5.12 and depicted in Figure 5.13 is 

significantly larger than the dimensions of the glomerular capillary wall 

(minimum diameter of fenestra is 30 nm; thickness of the glomerular basement 

membrane in rodents and humans is 200-400 nm; and width of the epithelial 

podocyte filtration slits is 40 nm)12101, the longitudinal nanotube dimension does 

not appear to be a critical parameter in renal clearance. Therefore, the 

mechanism by which nanotubes pass through the glomerular filtration barrier 

appear to involve the acquisition of a spatial conformation in which the 

longitudinal CNT dimension is perpendicular to the endothelial fenestrations, 

since only the traverse dimension of CNT (cross-section is between 20-30 nm) 

is small enough to allow permeation. This suggests that MWNT are capable of 

reorientation while in blood circulation, able to readily pass into Bowman's 

space and subsequently accumulate in the bladder and get excreted in urine.
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In addition, the adequate individualisation of nanoparticles is extremely 

important in vivo. Differences in the individualisation o f CNT before 

administration or varying degrees of CNT aggregation in vivo (after 

administration) are thought to be responsible for the dramatically different 

pharmacokinetic and excretion profiles that have been reported in the literature 

recently using different types of CNT (see section 1.3). If the nanomaterial 

injected is in aggregates or bundles, these will not be able to cross the 

glomerular filter and will accumulate in liver, spleen, or lung, as has been 

observed by others142,561. In section 5.4.2 was shown that well-individualised 

CNT, in contrast with bundled or aggregated CNT, could translocate through the 

glomerular filtration barrier. These observations further reinforce the view that 

glomerular capillary permeability is dependent on a multitude of factors1211,2121. It 

is believed that a fine balance between CNT shape, backbone structure, surface 

character and degree of individualisation will determine the pharmacological and 

excretion profile of these fibrilous nanomaterials in vivo.

In conclusion, the direct imaging of CNT at the blood-urine interface 

and their translocation through the glomerular filter illustrates the mechanisms 

by which novel nanomaterials interact with the biological milieu in vivo and 

experimentally indicates the critical role played by nanomaterial shape and the 

need for nanoparticle individualisation in vivo. Lastly, it should be reinforced that 

clinical and pharmaceutical development of non-biodegradable nanomaterials 

such as CNT will only be made possible if body clearance and excretion of the 

vast majority of administered doses is achieved to minimise organ accumulation 

and duration of nanomaterial contact with healthy tissue.
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6 Plasmid DNA Delivery Systems Based on Carbon 
Nanotubes

CNT have very interesting physicochemical properties, including: an ordered 

structure with high aspect ratio, ultra-light weight, high mechanical strength, high 

electrical conductivity, high thermal conductivity, metallic or semi-metallic behaviour 

and high surface area. The combination of these characteristics make the CNT a 

unique material with the potential for diverse applications, including biomedical12131. 

There is an increasing interest in exploring the properties CNT possess in order to 

develop delivery systems for a variety o f diagnostic or therapeutic agents. Very 

recently, studies have reported that CNT hold potential to become viable components 

of delivery systems12141. Further engineering of the CNT structures will certainly offer 

new possibilities for diagnostic and therapeutic applications.

153



P lasm id DNA D elivery System s B ased on Carbon Nanotubes

6.1 Effect o f pDNA on f-C N T Monitored by Fluorescence 

Spectrophotometry

6.1.1 F lu o rescen ce  o f A q u e o u s  D is p ers io n s  o f f-C N T

Recently, the characteristics of the compiexation between f-CNT and 

double stranded (ds) pDNA, and their impact on the gene expression 

capabilities of those newly designed gene delivery vector systems have been 

explored11221. In addition, the effects of covalent and non-covalent conjugation of 

single stranded (ss) DNA onto CNT have also been investigated for a variety of 

different applications, including the development of microcircuits1215, 216), 

biosensors1100, 101!, probe tips for AFM(217] and for improving the aqueous 

dispersibility of CNT1251. However, although they have been studied by several 

techniques, the physical interactions between CNT and ssDNA or pDNA and the 

nature of such interactions is not well understood148' 122' 218-221).

Figure 6.1. M olecular structures o f f-CN T used in the fluorescence spectrophotom etry  

studies.

(A) SW NT-NHs*; (B) Ac-NH -SW N T; (C ) M W NT-N H3’ ; and (D) Ac-NH-M W NT.

Fluorescence spectrophotometry is a technique with high sensitivity 

and specificity. Moreover, it is a non-destructive technique that has not been 

widely used for CNT characterisation. The UV-visible luminescence of f-CNT 

(single- and multi-walled) in liquid phases has been previously reported119,166'168' 

222-226] yyhile such luminescence seems to be an intrinsic property of CNT, it 

becomes pronounced following their functionalisation12241. Riggs et al.11661 have 

proposed that f-CNT visible luminescence is due to the extended Tr-conjugated
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electronic structure of the carbon backbone and the trapping of excitation 

energy at various defect sites. More recently, Lin et al.|,b81 reported that, the 

better the dispersion and functionalisation of the CNT, the more intense the 

observed luminescence emissions. In the present work, it was studied if CNT 

covalently functionalised via a 1,3-dipolar cycloaddition reaction128 291 (F ig u re  

6.1) exhibit distinct excitation and emission spectra using a standard 

fluorescence spectrophotometer in the UV-visible light range. Moreover, it was 

investigated if the characteristic emission peak of f-CNT can be used to monitor 

the extent of CNT bundle formation and dissociation.
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Figure 6.2. Spectra o f SW NT-NH3\

(A) excitation and (B) em ission spectra o f 150 pg/m l SW NT-NH 3 * in water.

Dispersions of f-CNT were prepared in deionised water. Next, samples 

were scanned in quartz cuvettes of 1.5 ml with a fluorescence 

spectrophotometer (section 3.5.2.3). F ig u re  6.2 shows the normalised excitation 

and emission spectra of an aqueous dispersion of SWNT-NhV (150 pg/ml). The 

excitation spectra of both CNT-NH3* and Ac-NH-CNT in aqueous dispersions of 

the same concentration showed a broad peak with maximum intensity at 390- 

395 nm. Their emission spectra showed maximum intensity peaks at 480-485 

nm, indicating a Stokes shift of 90 nm. No remarkable differences were found 

between the fluorescence intensities of SWNT and MWNT. In contrast, when 

comparing the fluorescence intensity between the two types of functionalisation, 

almost two times higher fluorescence intensity was obtained for the CNT-NH3*
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compared to Ac-NH-CNT following excitation at 395 and 390 nm respectively 

(Figure 6.3B, curves II & III).

6.1.1.1 E ffect o f  SD S on f-C N T  F luorescence

Chen et al.I227) have shown the improved dispersion of acid- 

treated SWNT, non-ionic surfactant-coated SWNT, and acid-treated 

SWNT coated with non-ionic surfactants after 3 hours of low-power 

bath sonication by light scattering. O'Connell et a 1.1231 used cup-horn 

sonication to disperse SDS micelle-coated SWNT and found that the 

photoluminescence intensity of sonicated samples gave more intense 

emissions in the near-infrared region. Therefore, in order to determine 

whether nanotube bundle dissociation can be monitored through the 

optical properties of /-CNT, the effect of SDS in aqueous dispersions of 

/-CNT was studied.

For this purpose, dispersions of CNT-NH3+ in 1, 5 and 10% 

(wt/v) solutions of SDS were prepared. Samples were bath sonicated 

for 1 minute and then scanned in quartz cuvettes o f 1.5 ml with a 

fluorescence spectrophotometer (section 3.5.2.3). The dispersion of 

CNT-NhV in an aqueous phase in the presence of SDS caused an 

enhancement of the fluorescence intensity o f the MWNT-NH3+ by 20%, 

independent of added SDS concentration in a range from 1 to 10% 

(wt/v) (Figure 6.3A). SWNT-NH3+ exhibited a similar increase of 

fluorescence intensity when dispersed in 1% SDS aqueous solution 

(Figure 6.3B, curves I & II).

Next, in order to further understand the nature of the 

interactions between CNT-NH3+ and SDS in solution, the fluorescence 

properties of Ac-NH-SWNT, which possess an overall neutral surface 

charge, were studied after dilution in a 1% SDS solution.
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Figure 6.3. F luorescence spectra o f f-CNT in SDS solutions.

(A) F luorescence spectra o f M W NT-NH3‘ (excitation wavelength (A o x )  was 390 nm ) in SDS solutions 
at: 1% (I), 5% (II) and 10% (III); and in w ater (IV) Aqueous solutions o f SDS only at: 10% (V), 5% 
(VI) and 1% (VII) (B ) F luorescence spectra o f SW NT-NH3* (A ex was 395 nm ) in 1% SDS and water 
(I and II respectively); and Ac-NH -SW N T (Aex was 390 nm ) in 1% SDS and w a te r (III and IV 
respectively)

F ig u re  6.3B  shows that in a 1% SDS solution, the 

fluorescence intensity of Ac-NH-SWNT is identical to that in water 

alone. The Ac-NH-SWNT exhibited no increase in their fluorescence 

intensity in the presence of SDS (F ig u re  6.3B , curves III & IV), 

indicating that interactions between the surfactant molecules and the 

nanotubes did not lead to bundle dissociation as in the case of SWNT- 

NH3\  This observation indicates that the positive charges of the NH3’  

groups are important sites for interaction with the SDS molecules 

(particularly its anionic polar head). Therefore, SDS can result in f-CNT 

unbundling, mainly through electrostatic interactions.
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6.1.1.2 E ffect o f  pH  on f-C N T F luorescence

The direct relationship between fluorescence intensity and 

bundle formation/dissociation of CNT-NH3+ in water, described in 

section 6.1.1.1, was further confirmed by increasing the pH of the 

dispersion. For this purpose, NaOH (0.02 M) was added dropwise to 

aqueous dispersions of f-CNT. It was found that aqueous dispersions 

of MWNT-NH3+ had a pH of 4.6 immediately after hydration. At this pH, 

the fluorescence intensity was at its maximum, as shown in Figure 6.4. 

Upon pH increases the fluorescence of MWNT-NH3* was gradually 

quenched (Figure 6.4). This was an indication that pH increases led to 

CNT bundle formation.
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F ig u re  6.4. F lu o re sce n ce  s p e c tra  o f M W N T-N H 3 * a t d iffe re n t pH.

(A) 4.6; (B ) 6.5; (C) 8.5; (D ) 11.5; and (E) 12.0. Concentration o f MWNT-NH3 * was 150 pg/m l and
Ae« was 390 nm

To further elucidate this observation, samples were studied 

using TEM. Figure 6.5 depicts the different degree of bundling that 

occurs between MWNT-NH3* at pH 4.6 and 12.0. At pH 4.6, a small 

number of bundles (aggregates or groups of tubes) could be visualised 

(F igure 6.5A), These bundles were of small dimensions while 

individual nanotubes seemed to be aligned in parallel to each other 

(F igure 6.5, A and B). In contrast, at pH 12.0 larger bundles of MWNT-
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NH3* were formed with a concurrent aggregation between bundles 

(Figure 6.5, C and D). This behaviour could be attributed to both the 

change of pH and the presence of NaCI, which was generated during 

the titration from the acidic to the basic condition.

F ig u re  6.5. TEM im ages o f  M W NT-N H 3* in  aq ue ou s  s o lu t io n  a t d iffe re n t pH.

(A  & B) pH 4 6  and (C & D) pH 12 0 Concentration o f M W N T-N H 3‘ was 150 pg/ml TEM  images 
provided by Dr. A B ianco (CNRS, Strasbourg, France).

The functional NH3* groups at the surface of CNT seem to 

introduce electrostatic repulsion forces between nanotubes enhancing 

their individualisation. By increasing the pH, the NH3+ groups were 

gradually neutralised, resulting in increased bundle formation and 

bundle aggregation (F igure 6.4 and Figure 6.5). This phenomenon 

was accompanied by a decrease in fluorescence intensity (quenching). 

A decrease to pH 2 did not lead to further enhancement in the 

fluorescence intensity indicating, that the nanotubes were adequately 

individualised and dispersed in the aqueous buffer at pH 4.6. 

Therefore, the observed decrease in fluorescence intensity at higher 

pH corresponded to enhanced formation of MW NT-NH/ bundles and 

bundle aggregates as imaged by TEM.

In summary, the data obtained in section 6.1.1 confirmed previous 

observations by Guldi et al.l19|t as further chemical modification of the TEG-
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derivatised CNT to introduce ammonium or acetamido terminal groups (CNT- 

NH3‘  and Ac-NH-CNT), led to a significant optical difference between these two 

types of f-CNT. The acetamido-functionalised tubes have shown weaker 

fluorescence intensity than the ammonium-functionalised tubes (Figure 6.3). 

Moreover, evidence was obtained confirming the correlation between bundle 

formation (by pH increase, section 6.1.1.2) and dissociation (by addition of SDS, 

section 6.1.1.1) with fluorescence intensity readings in the UV-visible region.

6.1 .2  C o m p lexa tio n  betw een  f-C N T and pD N A

Earlier, the physicochemical interactions between f-CNT and DNA 

during complex formation were explored in studies that focused on the 

characteristics of pDNA condensation and the ensuing supramolecular 

complexes1'"^. In this section, it was attempted to elucidate how pDNA can 

affect or change the aggregation status of CNT-NH3* in bulk solution using 

much higher CNT-NH3*:pDNA charge ratios.

1 000

[DNA]

3

0.70
£
5>
C
0Jc
oo
cO)u(A
0)
o
3

0.40

LL
0.20

0  10

0  0 0 0

450 550 600 650 700 750.0

W a v e l e n g t h  ( n m )

F ig u re  6 .6 . E ffe c t o f  pD N A  o n  the  f lu o re s c e n c e  s p e c tra  o f  S W N T-N H 3*.

F luorescence spectra o f S W N T -N H 3* in w ater (Ae» was 395 nm ) alone (A ) and in the presence o f 
pDNA at: (B ) 1 1x10 8  M; (C) 2.1x10 ' 8  M; (D) 3.2x10'® M; (E) 4 2x10® M; and (F) 5.3x10® M. 
Concentration o f S W N T -N H 3’  was kept constant at 150 pg/ml.

160



P lasm id DNA D elivery System s B ased on Carbon Nanolubes

The complexation of SWNT-NH3+ with pDNA, carried out as described 

previously148 1221 (see also section 3.5.2.2) for various pDNA concentrations in 

aqueous solutions, produced a gradual quenching of f-CNT fluorescence 

(Figure 6.6). Moreover, the fluorescence intensity of SWNT-NH3TpDNA 

complexes decreased proportionally to increased pDNA concentrations.

By application of the rearranged Stem-Volmer equation12281:

l0/l -  1 = Ksv [Quencher] (Eq.1)

l0/l ratio between the intensities of fluorescence in the absence and 

presence of the quencher (in this case pDNA);

Ksv Stern-Volmer constant;

the efficiency of quenching is given quantitatively by the Stern-Volmer 

constant, Ksv.

2 x 1 0 * 4 x 1 0 * 6 x 1 0 *

B

0  2 x 1 0 *  4 x 1 0 *  6 x 1 0 *

[DNA] M

F igu re  6.7. S te rn -V o lm e r p lo ts  o f C N T-N H 3* q u e n c h in g  by pDNA.

(A ) S tern-V olm er p lot o f S W N T -N H 3* (150 pg/ml) in water (em ission wavelength (Aem) was 486 nm) 
quenching by pDNA; (B ) S tern-Volm er plot o f M W N T-N H 3‘  (150 pg/m l) in w ater (Aem was 480 nm) 
quenching by pDNA
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The calculated Ksv was 9x106 M 1 for SWNT-NH3‘  (emission at 486 

nm), as seen in F ig u re  6.7. However, complexes between MWNT-NH3* with 

pDNA produced a different trend. In the concentration range explored, a linear 

relationship with fluorescence quenching was observed at low pDNA 

concentrations, with a Kvs = 2x10 7 M ' (emission at 480 nm). At higher pDNA 

concentrations, the fluorescence quenching of MWNT-NH3*:pDNA complexes 

reached a plateau, indicating that fluorescence quenching was independent of 

pDNA concentration (F ig u re  6.7B). In this way, it was quantitatively shown that 

condensation of pDNA onto f-CNT led to quenching of their luminescence, 

indicating bundle formation.

Next, in order to determine the importance of the electrostatic 

interactions in the CNT-NH3*:pDNA complex formation and the ensuing 

quenching effect observed, the fluorescence intensity of complexes prepared 

between Ac-NH-SWNT and pDNA was studied.
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F ig u re  6 .8 . E ffe c t o f  cha rge  o f  f-C N T on c o m p le x a tio n  w ith  pD NA.

Fluorescence spectra o f SW NT-NH3" (Ae, was 395 nm) and Ac-NH-SW NT (Ae,  was 390 nm) in 
water: alone (A  and B respective ly) and com plexed with 5 .3 x 1 0 8  M o f pDNA (C and D, 
respectively). C oncentration o f both f-CNT was 150 pg/ml.

As shown in F ig u re  6.8, a minor decrease in the luminescence of Ac- 

NH-SWNT was obtained when allowed to complex with pDNA. This observation 

indicated that pDNA complexation can lead to minor bundle formation of the Ac- 

NH-SWNT, which may be attributed to possible hydrophobic interactions 

between the pDNA and the nanotube carbon backbone (F ig u re  6.8, curves B &
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D). On the other hand, SWNT-NH3+ exhibited a significant decrease in its 

fluorescence intensity, which was considered an indication of bundle formation 

(Figure 6.8, curves A & C) and the importance of the electrostatic interactions 

between this type of nanotubes and the polyanionic pDNA.

6.1.2.1 E ffect o f SDS on Com plexation o f f-C N T with pDNA

To further investigate whether SDS was capable of 

interfering with the formation of complexes between SWNT-NH3* and 

pDNA, or whether it would potentially lead to nanotube bundle 

dissociation once the SWNT-NH3*:pDNA complex was formed, two 

experimental protocols were followed: ACNT:pDNA complexes were 

formed in 1% SDS, and ACNT:pDNA complexes were diluted in 1% 

SDS.
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Figure 6.9. Effect o f SDS on com plexation between f-CN T and pDNA.

Fluorescence spectra o f S W N T -N H 3‘  (Ae« was 395 nm ) in (A) 1% SDS; (B) in water; and (C) 
com plexed with 5 .3 x 1 0 8  M o f pDNA F luorescence spectra o f S W N T-N H 3* in SDS fo llowed by
pDNA com plexation (D ) and S W N T-N H 3*:pD NA com plexes followed by SDS addition (E).
Concentration o f S W N T -N H 3* le ft constant at 150 pg/m l throughout.

To determine if pDNA had the same bundle formation effect 

on SWNT-NH3* as that observed in Figure 6.6 in the presence of SDS,
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the complexation between pDNA and SWNT-NH3+ was performed in a 

solution of 1% SDS (Figure 6.9D). Comparing the maximum emission 

peaks of SWNT-NH3+ alone (in water and in 1% SDS), the nanotube 

fluorescence intensity increased by approximately 20% in the presence 

of SDS (Figure 6.9, curves A & B) as obtained in section 6.1.1.1 

(Figure 6.3B). The addition of pDNA to SWNT-NH3+ dispersed in SDS 

produced spectrum Figure 6.9D, which completely overlapped with 

spectrum Figure 6.9A, indicating that no change occurred. This data 

revealed that in SDS solutions, the pDNA was unable to condense and 

form complexes with the SWNT-NH3+ tubes.

In the alternative protocol, complexes were formed between 

SWNT-NH3+ and 5.3x1 O'8 M pDNA (Figure 6.9C) in water only and 

then diluted in SDS. Following the addition of SDS to the pre-formed 

SWNT-NH3+:pDNA complexes (Figure 6.9E), luminescence was 

recovered to the SWNT-NH3+ in SDS values (Figure 6.9A). This data 

indicated that SDS was able to compete electrostatically with pDNA for 

the nanotube surface, resulting in bundle dissociation. Moreover, it 

confirmed that complexation between SWNT-NH3+ and pDNA leads to 

bundle formation, which also can be electrostatically reversed.

In summary, the findings described in section 6.1.2 have shown that 

pDNA can lead to quenching of CNT-NH3+ fluorescence to a greater extent 

when compared with Ac-NH-CNT fluorescence. Such effect suggests that pDNA 

complexation can lead to increased CNT-NH3+ bundle formation. It was verified 

that complexation of nanotubes with pDNA was mainly taken place through 

electrostatic interactions. Moreover, SDS could compete with the nucleic acid 

and was capable of displacing pDNA from the positively charged f-CNT 

surfaces, leading to increased nanotube individualisation (section 6.1.2.1).

6.1 .3  D iscu ss io n

Very recently, the high sensitivity of UV-Visible luminescence obtained 

from a series of functionalised CNT has been proposed as a valuable tool in the 

evaluation of their dispersion and aggregation state in aqueous media11681. In the
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studies described in section 6.1.1, the use of the UV-visible luminescence 

properties of f-CNT to monitor their bundle formation and dissociation in 

aqueous dispersion using standard fluorescence spectrophotometry 

instrumentation was explored. Furthermore, this technique was applied to better 

characterise the complexation between f-CNT and nucleic acids toward 

construction of effective CNT-based gene therapy vectors (section 6.1.2).

Previously, Guldi et al.1191 have shown that triethyleneglycol (TEG) 

derivatised CNT, which result from the 1,3-dipolar cycloaddition reaction, exhibit 

a quantum yield of 0.4 and emission lifetimes varying from 3.7 to 5.2 

nanoseconds. Moreover, the optical features of /-CNT are expected to be 

dependent on the chemical moiety by which they are functionalised119,166,168]. 

The results described in section 6.1.1 are in agreement with the literature. It was 

observed that different chemical modifications of the TEG-derivatised CNT led 

to significant optical differences between two types of /-CNT (NH3+ and Ac-NH). 

In addition, and in agreement with previous studies123,168,224,227], it was found 

that the dispersion of CNT-NH3+ in 1% SDS aqueous solution assisted by 1 

minute of bath sonication leads to enhanced fluorescence intensity (section

6.1.1.1). The observed increases in fluorescence intensity were attributed to the 

disruption of nanotube bundles in the liquid phase. In this way, a proportional 

relation between fluorescence intensity enhancement and CNT-NH3+ bundle 

dissociation in water was established.

Such an effect is thought to occur as SDS disrupts the CNT bundles, 

causing more individual CNT to be present in solution, and increasing the total 

CNT surface area, which leads to higher fluorescence intensity. Increases in 

SDS concentration did not lead to further enhancement of the fluorescence 

intensity (section 6.1.1.1). SDS is an amphiphilic molecule with a negatively 

charged polar headgroup and a hydrophobic aliphatic chain and CNT-NH3+ are 

polycationic structures (Figure 6.1), with a positive charge from the NH3+ 

functional groups available for every ca. 95 carbon atoms in a poly-benzene ring 

structure128,29). Therefore, in theory, these two chemical moieties can interact 

through both hydrophobic and electrostatic forces. The concentration of 1% 

SDS used (35 mM) was higher than the critical micelle concentration (CMC) of 

this surfactant (8.5 mM)12181, and thus SDS is present in the form of micelles. 

Moreover, the estimated +:- charge ratio between CNT and SDS was 1:450. It is 

believed that the excess SDS micelles interact primarily through attractive 

electrostatic forces with the NH3+ groups on the CNT surface, allowing for better 

individualisation of nanotubes and the stabilisation of the CNT-NH3+ dispersion.
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The studies reported here offer previously unreported evidence of CNT bundle 

dissociation monitored by fluorescence spectrophotometry in the UV-visible light 

range.

In addition, how the complexation of f-CNT with pDNA occurs in 

aqueous phases and affects CNT bundling was also investigated, for the 

purposes of gene delivery vector construction. Zheng et al.l25] have reported that 

ssDNA assisted the dispersion and separation of bundled, non-functionalised 

SWNT in water by sonication. However, it was found in the study described in 

section 6.1.2 that an excess of double stranded pDNA can lead to quenching of 

CNT-NH3+ fluorescence, signifying increased f-CNT bundle formation. 

Concerning the nature of such interactions, the data obtained (section 6.1.2) are 

in complete agreement with previously reported observations11221. The 

supramolecular complex formed between CNT-NH3+ and pDNA is stabilised by 

strong electrostatic interactions. Nevertheless, contributions from hydrophobic 

interactions that may also allow the pDNA to bundle CNT cannot be excluded. 

Such hydrophobic interactions may be responsible for the moderate quenching 

obtained when the neutral Ac-NH-SWNT were allowed to complex with pDNA 

(Figure 6.8). Furthermore, the pDNA-mediated f-CNT bundling can be 

explained by either neutralisation of the positive charges on the f-CNT surface 

leading to reduction of the repulsive forces between neighbouring tubes, or 

alternatively, by the ability o f pDNA to form CNT bundles by wrapping around 

multiple tubes. Concerning the strength of the CNT-NH3TpDNA association, it 

was observed that in the presence of SDS (independent of the order of addition 

to the f-CNT and their complexes with pDNA), unbundling of the tubes occurred 

(section 6.1.2.1). Interestingly, the binding between CNT-NH3+ and pDNA was 

shown to be reversible, indicating that release of the plasmid from the nanotube 

surface is possible. Others have also suggested a modest binding of calf 

thymus ssDNA to non-functionalised CNT dispersed with SDS12181. This finding is 

particularly important for gene delivery applications o f CNT-NH3+:pDNA 

complexes, as release of the condensed nucleic acid is required intracellularly 

to achieve gene expression or silencing.

In conclusion, it was shown here that fluorescence spectrophotometry 

in the UV-Visible region is indeed a reliable and accurate technique by which to 

characterise the aggregation and self-assembly of aqueous dispersions of f- 

CNT, particularly after complexation with other macromolecules such as 

surfactants, polymers or nucleic acids. Utilisation of f-CNT as gene delivery 

systems will require a better understanding o f the complexes formed between f-
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CNT and nucleic acids. This study showed that f-CNT:pDNA complex formation 

is taking place primarily through electrostatic interactions, leading to enhanced 

nanotube bundle formation and aggregation. These observations have direct 

implications as far as the pharmacological and therapeutic capabilities of such 

complexes are concerned. Their degree of aggregation will have a decisive role 

on their in vivo pharmacokinetic profile (interaction with blood and complement 

system components) and their interactions with target cells (including cellular 

binding and intracellular trafficking), which will ultimately determine their 

therapeutic efficacy.

6.2 f-CNT:pDNA Complexes

6.2,1 E ffec t o f f-C N T  C h arg e  D en s ity  on C o m p lexa tio n  w ith  pD N A

Since CNT-NH3+ were shown previously to be able to cross cell 

membranes (section 4.2) without toxic effects (section 4.3), the development of 

f-CNT vectors for gene delivery applications was further investigated. In this 

study, the ability of CNT-NH3+ to complex negatively charged pDNA through 

electrostatic interactions and the resulting degree of pDNA condensation was 

examined by gel electrophoresis (ethidium bromide exclusion). Four different 

CNT-NH3+ were mixed with pDNA at several +:- charge ratios and allowed to 

interact and complex for 30 minutes at room temperature (section 3.9.2.1). 

Samples were loaded onto agarose gels with ethidium bromide. Each gel was 

run for 1-2 hours at 80 volts and then exposed to UV to visualise the pDNA 

bands (section 3.9.3). SWNT-NH3+ and MWNT-NH3+ were both tested with a 

high degree (0.70 and 0.65 mmol o f NH3+ per gram of material, respectively) 

and a low degree (0.182 and 0.188 mmol of NH3+ per gram of material, 

respectively) of sidewall functionalisation.

Agarose gel electrophoresis demonstrated the ability of f-CNT to bind 

pDNA (gel-retardation assay). Within the electric field, the negatively charged 

pDNA moved towards the anode (bottom of gel) in two bands (upper band of 

open circular pDNA and lower band of supercoiled pDNA)11221. Ethidium bromide 

was used to detect pDNA. However, it intercalates only uncondensed pDNA 

bands. The condensation o f pDNA by f-CNT excludes ethidium bromide
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intercalation, quenching the fluorescence signal. Furthermore, complexation 

with f-CNT should also prevent pDNA from travelling across the gel, as 

complexes do not migrate in the gel. In the charge ratios where f-CNT were able 

to bind to pDNA efficiently, a decrease in the fluorescence intensity of the non- 

complexed pDNA bands was observed (Figure 6.10).

SWNT-NHj* 0.70
B

MWNT-NHj’  0.65

p D N A  1 :1  2 :1  4 : 1  6 :1

SWNT-NH,’  0.182
D

MWNT-NH,* 0.188

Figure 6.10. E lectrophoretic m otility o f CNT-NH3*:pDNA complexes.

In all panels, the first lane represents free pDNA (0.2 pg). All rem aining lanes contain CNT- 
NH3':p D N A  com plexes at several +:- charge ratios. (A) SW NT with a NH3‘  loading o f 0.70 mmol/g; 
(B) M W NT w ith a NH3" loading o f 0.65 mmol/g; (C) SW NT with a NH3'  loading of 0.182 mmol/g; 
and (D) MW NT with a NH3‘  loading o f 0 188 mmol/g.

In addition, the pDNA signal was visualised in the well (Figure 6.10, A 

and B) or completely disappeared from the gel (Figure 6.10, C and D) with 

increasing CNT-NH3*:pDNA charge ratios. Such differences were attributed to 

the actual quantity (pg) of CNT-NH3+ needed to achieve each charge ratio and 

to the degree of pDNA condensation. The amounts of low functionalised CNT- 

NH3* (1 to 50 pg for both CNT) used were much higher when compared to the 

highly functionalised CNT-NH3* (2.1 to 21.4 pg for SWNT and 2.3 to 23.1 pg for 

MWNT). After 30 minutes complexation with pDNA, it was observed that low 

functionalised CNT-NH3* lead to precipitation and formation of large aggregates, 

at charge ratios above 2:1 for SWNT-NH3* (0.182 mmol/g of NH3*) and 2.5:1 for 

MWNT-NH3* (0.188 mmol/g of NH3+). These findings suggest that pDNA 

complexed with low functionalised CNT-NH3* adopts a more condensed
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conformation, which impedes the intercalation of ethidium bromide, resulting in 

the loss of the fluorescent signal.

In summary, pDNA was shown to be fully complexed with SWNT-NH3+ 

from a charge ratio of 2:1 regardless of the loading of NH3+, while with MWNT- 

NH3+, charge ratios higher than 1.3:1 for low functionalised and 2:1 for highly 

functionalised nanotubes were needed. Moreover, since the actual quantity of 

CNT-NH3+ leads to aggregation of the complexes with pDNA, highly 

functionalised nanotubes were taken forward to carry out gene delivery 

protocols, as these will require smaller amounts of f-CNT to fully complex pDNA 

and avoid precipitation of complexes.

6 .2 .2  C ell B in d in g  &  U p take  are  d e p en d en t on  C o m p lexes  Net

C h arg e  &  S ize

One of the limiting steps of gene delivery protocols is the ability of 

complexes containing pDNA to bind to and to be uptaken by cells. Previously it 

was shown that CNT-NH3* were able to cross cell membranes and accumulate 

within the cell cytoplasm on their own (section 4.2). However, the addition of 

pDNA to CNT-NH3+ can affect this capability of the nanotubes. Therefore, it was 

examined by confocal laser scanning microscopy (CLSM) the ability of CNT- 

NH3+:pDNA complexes to bind and internalise mammalian cells. For this 

purpose, pDNA was fluorescently-labelled with the red fluorochrome TM- 

Rhodamine (section 3.9.1.1). The labelled pDNA was complexed with highly 

functionalised CNT-NH3+ and then incubated for 4 hours with A549 cells (section

3.9.4.1). Finally, cell cultures were processed and imaged (sections 3.6.2.1 and 

3.6.3). In this study, SWNT-NH3* with two degrees of functionalisation of NH3+ 

moieties (0.53 and 0.70 mmol/g) and MWNT-NH3+ (0.65 mmol/g) were used.
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p D N A

♦  T r a n s f e c t io n  R e a g e n t

S W N T - N H i * : p D N A  C o m p le x e s  

♦  T r a n s f e c t io n  R e a g e n t

1:1

2:1

4 :1

6:1

Figure 6.11. CLSM  im aging o f com plexes w ith SW NT-NH 3 * binding to cells.

Images o f A 549 ce lls  incubated w ith com plexes SW NT-NH 3 ’ :pDNA in the presence o f the 
transfection reagent T rans IT-LT1 Red signal corresponds to pD N A labelled w ith TM -Rhodamine. 
SW NT had a NH 3* loading o f 0.53 m m ol/g (Left colum n), and 0.70 m m ol/g (R ight column).
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The red fluorescent signal o f pDNA could not be visualised using 

CLSM in any culture incubated with naked pDNA (results not shown). 

Surprisingly, the signal of pDNA complexes with CNT-NH3+ was also absent at 

all charge ratios and in all cultures from different CNT-NH3+ (results not shown). 

In contrast, the red signal o f pDNA complexed with a commercially available 

transfection reagent (Trans IT-LT1, positive control) was localised within the 

cytoplasm of cells as multiple red spots (F igure 6.11 and Figure 6.12). Thus, 

naked pDNA and CNT-NH3+:pDNA complexes were found unable to bind or 

enter mammalian cells. Such finding led to the hypothesis that after 

complexation with pDNA, the remaining NH3+ sites on the nanotubes sidewalls 

were insufficient to allow the complexes to bind to negatively-charged cell 

membranes. In order to verify this hypothesis, a transfection reagent was added 

to pre-formed CNT-NH3+:pDNA complexes (of each charge ratio) and the 

resultant ternary complexes were incubated with A549 cells for 4 hours at 37 °C.

As shown in Figure 6.11, SWNT-NH3+:pDNA complexes in the 

presence of the transfection reagent were able to bind and internalise cells at all 

charge ratios. The red signal from pDNA was present in all cell cultures. Multiple 

red spots bound to the extracellular part of the cell membrane and within the 

cytoplasm were found. Interestingly, such red spots had larger dimensions as 

the charge ratio increased when using SWNT-NH3+ with a degree of 

functionalisation of 0.53 mmol/g (F igure 6.11, left column). Comparing each 

charge ratio between the two SWNT-NH3+, the red spots were much smaller for 

nanotubes with a higher degree of functionalisation (0.70 mmol/g) complexed 

with pDNA and incubated with cells in the presence of the transfection reagent. 

Although much less pronounced, an increase in the size of the red spots was 

also observed as the charge ratio increased for SWNT-NH3+ with a degree of 

functionalisation of 0.70 mmol/g (F igure 6.11, right column).

Next, cell cultures incubated in the presence of the transfection reagent 

with MWNT-NH3+:pDNA complexes were examined. Processing of the cell 

cultures for imaging included cellular nuclei counterstaining with a solution of 

TO-PRO 3 (section 3.6.2.1). By CLSM (section 3.6.3), the red signal of 

fluorescently-labelled pDNA was clearly visible in all charge ratios around the 

cell nuclei (F igure 6.12). Moreover, an increase in the size of the red spots was 

observed again concomitant with an increase in the charge ratio of MWNT- 

NH3+:pDNA complexes in the cellular environment. It should be stressed, 

however, that the quantity of transfection reagent added in each condition 

(different CNT-NH3+ and charge ratio) was kept constant.
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4 : 1 .  TR 6 :1 .  TR 8:1 *  TR

F ig u re  6.12. CLSM  im a g in g  o f  co m p le xe s  w ith  M W N T-N H 3* b in d in g  to  ce lls .

Fluorescence im ages o f A549 cells incubated w ith M W NT-NH 3 - :pDNA com plexes in the presence 
o f the transfection reagent Trans IT-LT1. M W NT w ith a NH3* loading o f 0.65 mmol/g. Red signal 
corresponds to  pDNA labelled with TM -Rhodam ine and blue signal to cell nucleus counterstained 
with TO-PRO  3

In summary, it was verified that the degree of functionalisation of the 

nanotubes was not enough to provide extra positively charged sites to allow the 

CNT-NH3*:pDNA complexes to bind to cell membranes. However, by the 

addition of a commercially available transfection reagent, the now ternary 

system had the ability to bind and internalise mammalian cells. Furthermore, it 

was observed that the size of the ternary systems increased as the charge ratio 

between nanotubes and pDNA was also increased, or as the absolute quantity 

of CNT-NH3 '  used was increased.

6 .2 .3  D is c u s s io n

Singh et al. 1,221 characterised the physicochemical interactions between 

different CNT-NH3* and pDNA in order to construct CNT-based gene delivery 

systems. Condensed pDNA forming a supramolecular lattice with nanotubes 

were shown by scanning electron microscopy (SEM). Furthermore, it was found 

that SWNT-NH3* electrostatic interactions with pDNA were significantly weaker
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than MWNT-NH3+ electrostatic interactions with pDNA. It is known that the 

charge density of polycationic vectors affect not only the condensation of pDNA 

but also the stability of the complexes and its gene transfer efficiency1229'2321. The 

ability of SWNT-NH3+ and MWNT-NH3+ to bind and condense pDNA through 

electrostatic interactions was studied by gel electrophoresis in section 6.2.1. 

Single- and multi-walled CNT were tested with a high degree (0.70 and 0.65 

mmol of NH3* per gram of material, respectively) and a low degree (0.182 and 

0.188 mmol of NH3+ per gram of material, respectively) of charge densities. 

Therefore, it was possible to directly compare the effect of charge density or 

degree of functionalisation on the complexation with pDNA and stability of 

complexes prepared with f-CNT.

In the study described in section 6.2.1, it was verified that pDNA was 

fully complexed at +:- charge ratios above 2:1 regardless of the charge density 

or type of CNT-NH3+ (SWNT or MWNT) used. Moreover, it was observed that 

pDNA complexed with low functionalised CNT-NH3+was tightly condensed, as 

the fluorescent signal (intercalation o f ethidium bromide) was completely lost. In 

contrast, presence of fluorescence in the wells suggested an association with 

highly functionalised CNT-NH3+ but not tight condensation of pDNA because 

ethidium bromide was able to intercalate pDNA. The binding of pDNA to CNT- 

NH3+ must be sufficient to condense and protect the nucleic acid but also 

reversible to release it within cells in gene delivery applications. Thus, the latter 

complexes will probably release pDNA more easily and lead to efficient gene 

transfer, as verified for other polycationic delivery systems1229,2321. In addition, 

complexes of pDNA and CNT-NH3+ with a low charge density precipitated 

shortly after pDNA was added. Therefore, these complexes are not stable and 

do not fulfil the basic requirements for gene delivery systems intended for in vivo 

applications.

In addition to preventing degradation of pDNA, the delivery system also 

is required to facilitate the intracellular transport o f pDNA on its journey to the 

nucleus. Generally, non-viral gene delivery systems assist cellular uptake by 

charge-mediated interactions with the cell surface12331. In section 6.2.2, the ability 

of CNT-NH3*:pDNA complexes to bind and internalise cells was monitored by 

CSLM. It was found that CNT-NH3+:pDNA complexes were absent from every 

cell culture at all charge ratios tested. In other words, CNT-NH3+:pDNA 

complexes were unable to bind or enter cells in vitro. It can be suggested that 

premature dissociation of CNT-NH3+:pDNA complexes and release of pDNA in 

the extracellular space occurred, and was caused by: (i) interaction of the
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complexes with anionic glycosaminoglycans at the plasma membrane12291, or (ii) 

dilution of the complexes in the cell medium12301.

Nevertheless, the net charge of the CNT-NH3+:pDNA complexes did 

not allow binding to the negatively charged cell surface membrane, as occurs 

with lipid-based systems1234' 2351. Negatively- and non-charged complexes can be 

repelled by the cell surface membrane or not being sufficiently condensed to be 

uptaken by cells12361. Thus, a possible optimisation of cell surface binding was 

investigated. A polycationic transfection reagent was added to CNT-NH3+:pDNA 

complexes in order to increase their overall positive charge surface. All ternary 

complexes (different CNT and NH3+ loading) were found binding to the cell 

membrane and within the cytoplasm of cells by CLSM. Moreover, it was 

observed that the size o f the ternary complexes increased as the quantity of 

CNT-NH3+ within the complexes also increased. Interestingly, the size of 

complexes has also been reported to influence the gene delivery efficiency12371.

In conclusion, the studies described in sections 6.2.1 and 6.2.2 have 

shown that CNT-NH3+ with high degrees of functionalisation are preferred for 

gene delivery. CNT-NH3+ should compact pDNA by forming stable complexes 

able to bind and internalise cells without compromising the release of pDNA and 

the gene transfer. Extracellular barriers such as poor cell binding and 

internalisation were found to hamper the efficacy of CNT-NH3+ to deliver pDNA 

into cells. Correlation o f the findings described here with gene expression 

studies in vitro and in vivo will allow the implementation o f rational design 

strategies in the development of effective gene delivery systems based on CNT- 

NH3+.

6.3 Gene Delivery by f-CNT

In this section are described proof-of-concept experiments, which were carried 

out in vitro and in vivo with the simplest water-dispersible, covalently-functionalised 

CNT -  CNT-NH3+ -  and pDNA encoding a reporter gene.
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6.3.1 In  V itro  S tu d ie s

6.3.1.1 Cellu lar Uptake o f  CNT-NH3+:pDNA Com plexes Lim its  

Gene Transfer

In order to evaluate the impact of C N T-N fV  on pDNA 

transfection efficiency and gene expression in vitro, complexes were 

prepared in deionised water with SWNT-NH3* (0.7 mmol/g of NH3+) and 

pDNA encoding the reporter gene P-galactosidase (P-gal) and then 

incubated with A549 cells (sections 3.9.2.1 and 3.9.4.1). After a period 

of incubation of 4 hours at 37 °C, the transfection media was replaced 

and cells were further incubated for 48 hours. Finally, the efficiency of 

transfection and expression of the reporter gene was visualised in situ 

by optical microscopy using a colorimetric assay (section 3.9.5.1), in 

which cells expressing the reporter gene were stained in blue.

A

pDNA

F ig u re  6.13. Im a g in g  o f  in  v it ro  gene  tra n s fe r b y  SW NT-NH j*.

(A ) (3-gal expression in A549 cells incubated with SW NT-NH 3 *:pD NA com plexes form ed in 
deionised w ater at d iffe rent +:- charge ratios; and (B ) (3-gal expression in A549 cells incubated with 
SW NT-NH3':p D N A  com plexes in presence o f the transfection reagent L ipofectam ine 2000 (LipoF). 
Original m agnification x20.

As can be seen in Figure 6 .13A. cell cultures incubated with 

SWNT-NH3*:pDNA complexes formed at different +:- charge ratios did 

not present any blue staining. In contrast, the positive control of pDNA 

mixed with a commercially available transfection reagent 

(Lipofectamine 2000) was found to produce a dark blue staining in
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approximately 80% of the cells (F ig u re  6 .1 3B). SWNT-NH3*:pDNA 

complexes were also incubated with cells in the presence of 

Lipofectamine 2000. Interestingly, it was observed that as the charge 

ratio of the latter complexes increased, the number of cells blue stained 

gradually decreased (F ig u re  6.13B).

In contrast to recently published work148 '22-'26\  these findings 

indicated that no gene expression was occurring after the cells were 

incubated with SWNT-NH3+:pDNA complexes. Therefore, it was 

hypothesised that the colorimetric assay used was not sensitive 

enough for the gene expression levels taking place. A 

chemiluminescent quantitative assay was chosen to carry out the gene 

delivery studies described here. Moreover, the transfection reagent for 

the positive controls was also changed since Lipofectamine 2000 

produced visible cytotoxicity on cell cultures.
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F ig u re  6.14. In  v itro  gene tra n s fe r  by S W N T-N H 3*.

(A ) (3-gal expression in A549 cells incubated with SW NT-NH3*:pD NA com plexes formed in 
deionised w ater at d iffe rent +:- charge ratios; and (B ) p-gal expression in A549 cells incubated with 
SW NT-NH3‘ :pDNA com plexes in the presence o f the transfection reagent Trans IT-LT1.
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Figure 6.14 shows the p-gal expression in A549 cells 48 

hours after an incubation period of 4 hours with SWNT-NH3+:pDNA 

complexes (NH3* loading of 0.7 mmol/g, 0.5 pg/well of pDNA, 100 pi 

complexes/well). The P-gal expression was quantified with the Tropix 

Galacto-Light Plus Kit (Applied Biosystems) by luminometry as 

described in section 3.9.5.1. As can be seen in Figure 6.14A, delivery 

of pDNA by SWNT-NH3* produced no difference in the level of gene 

expression as compared with naked pDNA. Interestingly, it was 

observed that SWNT-NH3*:pDNA complexes were able to more 

efficiently transfect the cells in the presence of the transfection reagent 

Trans IT-LT1 (Figure 6.14B). Nevertheless, it was found that the 

presence of SWNT-NH3+ in the complexes inhibited the expression of 

P-gal in comparison with the commercially available transfection 

reagent.

A

j  1 . 4 x 1 0 *

N a T v e  p D N A  1 : 1  2 : 1  4 : 1  6 : 1  8 : 1

B
=  1 . 0 x 1 0 *

3  8 . 0x 1 0 ’

0.0

N a i v e  p D N A  1 : 1 2:1 4 : 1 6:1 8:1

F ig u re  6.15. In  v it ro  gene  tra n s fe r  b y  M W NT-NH 3*.

(A) p-gal expression in A549 cells incubated w ith M W NT-N H3*:pD NA com plexes form ed in 
deionised w ater at d iffe rent +:- charge ratios; and (B ) p-gal expression in A549 cells incubated with 
M W NT-NH3*:pDNA com plexes in the presence o f the transfection reagent Trans IT-LT1
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Next, complexes were prepared with MWNT-NH3+ (0.65 

mmol/g of NH3+) and pDNA in deionised water as described in section 

3.9.2.1. After 4 hours incubation at 37 °C with A549 cells (0.5 pg/well of 

pDNA, 100 pi complexes/well), the transfection media was replaced 

and cells were further incubated for 48 hours. Then, the (3-gal 

expression was quantified by luminometry (section 3.9.5.1). It was 

found that delivery of pDNA by MWNT-NH3+ produced no difference in 

the level of gene expression as compared with naked pDNA (Figure 

6.15A). Furthermore, in the presence of the transfection reagent Trans 

IT-LT1, the ability of MWNT-NH3+:pDNA complexes to transfect cells 

decreased gradually as their charge ratio increased. Therefore, it was 

verified again that the presence of MWNT-NH3+ in the complexes 

inhibited the expression of (3-gal in comparison with the commercially 

available transfection reagent (Figure 6.15B).

6.3.1.2 Effect o f pDNA Buffer Solution on Gene Transfer

It has been recently suggested that the medium used for the 

preparation of nanoparticles:DNA complexes affects the efficiency of 

transfection in vitro[23Bi 2391. Moreover, it was indicated that the 

complexation of cationic nanoparticles with DNA in TRIS-buffered 

saline solutions leads to better gene transfer efficiency than 

complexation in HEPES-buffered saline solution, phosphate-buffered 

saline (PBS) solution or cell media12381. Hence, it was studied if the 

complexation of SWNT-NH3+ (NH3* loading of 0.7 mmol) with pDNA 

pre-diluted in TRIS-buffer affects the gene transfer efficiency of SWNT- 

NH3+.

The p-gal expression in A549 cells, 48 hours after incubation 

with SWNT-NH3+:pDNA complexes for 4 hours (0.5 pg/well of pDNA, 

100 pi complexes/well) is shown in Figure 6.16. The data verified that 

the delivery of pDNA pre-diluted in TRIS-buffer by SWNT-NH3+ resulted 

in a moderate up-regulation of gene expression as compared to naked 

pDNA (Figure 6.16A). Still, an improvement in the gene transfer 

efficiency in relation to complexes prepared in deionised water was not 

found (Figure 6.14A). In contrast, it was observed that SWNT-
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NH3*:pDNA complexes incubated with cells in the presence of 

transfection reagent produced comparable gene transfer efficiency to 

reagent Trans IT-LT1 (Figure 6.16B). In this case, the results were 

strikingly different from those obtained previously in deionised water 

(section 6.3.1.1, Figure 6.14B)

A

3.0x10*

N a ive  pD N A 1:1 2:1 4:1 6:1 8:1

B

0.0
N a ive  pD N A 1:1 2:1 4:1 6:1 8:1

F ig u re  6.16. E ffe c t o f  pD N A  b u ffe r s o lu t io n  on in  v it ro  gene tra n s fe r b y  SW NT-NH3*.

(A ) p-gal expression in A549 cells incubated w ith SW NT-NH 3*:pD NA com plexes formed at different 
+:- charge ratios and w ith pD N A pre-diluted in TRIS buffer; and (B ) (3-gal expression in A549 cells 
incubated with SW NT-NH 3 *:pDNA com plexes in the presence o f the transfection reagent T rans IT- 
LT1

In summary, the data described in section 6.3.1 demonstrated that 

CNT-NH3* can deliver and moderately up-regulate the expression of pDNA in 

vitro in comparison to naked pDNA. Nevertheless, CNT-NH3':pDNA complexes 

did not improve the transfection efficiency achieved by commercially available 

transfection reagents. It was shown that adding commercially available 

transfection reagents to CNT-NH3*:pDNA complexes helped CNT-NH3* to 

transfect cells with pDNA much more efficiently. Furthermore, it was verified that 

the dilution buffer of pDNA can play a role in the gene transfer efficiency of
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CNT-NH3+. This data encouraged the exploration of the CNT-NH3+:pDNA 

complexes in vivo.

6 .3 .2  In Vivo S tu d ies

6.3.2.1 Effect o f High Speed Systemic Injection o f Complexes

on Gene Transfer

Hydrodynamic tail vein injection is a very effective technique 

to deliver genes to the liver in vivo and has been used to evaluate the 

efficacy of new plasmid constructs12401. High levels of gene expression 

are achieved in hepatocytes of young mice after the rapid tail vein 

injection of a large volume of a physiological solution containing pDNA. 

The critical parameters for the successful expression o f a foreign gene 

are the volume of solution administered and the injection rate1142,143).

As in vitro transfection is a poor predictor of in vivo success, 

it was evaluated in this study if pDNA was able to dissociate from CNT- 

NH3+ and express its reporter gene in vivo. By this way, it was 

assessed if condensation and complexation with CNT-NH3+ cause any 

damage to the structure of pDNA or impede gene expression by failure 

of complex dissociation. Complexes formed between MWNT-NH3+ 

(0.65 mmol/g of NH3+) and pDNA (firefly luciferase), as described in 

section 3.9.2.2, were administered by hydrodynamic tail vein injections 

in young female BALB/c mice anesthetised by inhalation with isoflurane 

(section 3.3.4.2). Complexes with different +:- charge ratios were tested 

and 50 pg of pDNA per mouse in 1 ml of 0.9% saline solution were 

administered in all conditions. As a positive control, mice were injected 

with naked pDNA, and for the negative control with 0.9% saline 

solution. Marker gene expression was evaluated at 24 hours post

injection. The mice were euthanized and tissues (liver, spleen, heart, 

lung and kidney) were harvested and processed (section 3.3.6).
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F ig u re  6.17. In  v iv o  gene tra n s fe r b y  h y d ro d y n a m ic  ta il v e in  in je c tio n .

F irefly luciferase expression in different tissues o f BALB/c m ice adm inistered w ith MW NT- 
N H 3’ :pDNA com plexes by hydrodynam ic tail vein injections. Each m ouse received 50 pg o f pDNA 
(com plexed o r not with M W NT-NH 3 *) in 1 ml o f 0.9% saline solution All groups n=5 for each tissue.

The levels of gene expression (firefly luciferase reporter 

gene) in different organs of the mice after systemic administration by 

hydrodynamic tail vein injection of pDNA, complexed or not with 

MWNT-NH3\  are shown in Figure 6.17. As expected, the rapid 

administration of naked pDNA produced a significantly high level of 

gene expression in the liver. Moreover, in agreement with the literature, 

gene expression was also observed in kidney, lung, spleen and heart 

tissues1142 1431. Interestingly, MWNT-NH3*:pDNA complexes 

administered by hydrodynamic injection produced levels of gene 

expression comparable to those of naked pDNA in all tissues, 

regardless of the +:- charge ratio. This data suggests that CNT-NH3‘ do 

not damage the structure of pDNA following its condensation and 

complexation. Moreover, the MWNT-NH3*:pDNA complexes dissociate 

and pDNA is able to efficiently transfect cells in vivo.

6.3.2.2 E ffect o f  Loca l Injection o f Com plexes on Gene 

Transfer

Intratumoural administration of genes and their delivery 

directly into tumour cells can be a realistic clinical option, particularly for 

tumours that are surgically accessible. Local administration of

□  N a i v e  ■  p D N A  □  2 : 1  D 4 : 1

L i v e r  S p l e e n  H e a r t  L u n g  K i d n e y
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therapeutic genes using cationic lipids has proven to be a viable option 

for the treatment of cancer12411. In this study, the pDNA delivery 

mediated by MWNT-NH3+ after intratumoural administration of MWNT- 

NH3*:pDNA complexes in mice was assessed. For this purpose, a 

syngeneic murine flank tumour model, established as described in 

Materials & Methods section 3.3.3, was used. Solid tumours were 

allowed to reach a size of approximately 50-100 mm2 (8-10 days 

following tumour inoculation).

Once the tumours were established and could be easily 

palpitated, mice were anesthetised by inhalation with isoflurane, and 

different MWNT-NH/ipDNA complexes were administered 

intratumourally (section 3.3.4.3). Injection volume was limited to 50 pi 

per tumour in a sterile 0.9% saline solution with 50 pg of pDNA (firefly 

luciferase reporter gene). Gene expression was allowed for 24 hours. 

Then, mice were euthanized and tissues (liver, spleen, heart, lung, 

kidney and tumour) were harvested and processed in order to carry out 

the gene reporter assay (section 3.9.5.2).
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F ig u re  6.18. In  v iv o  gene  tra n s fe r b y  in tra tu m o u ra l in je c tio n .

F irefly luciferase expression in different tissues o f BALB/c m ice adm inistered in tra tum ourally with 
M W NT-N H 3*:pD NA com plexes. M ice received 50 pg per tum our o f pDNA naked o r com plexed with 
M W NT-N H 3 '  (0.70 m m ol/g o f NH 3 *). A ll groups n - 3 fo r liver, spleen, heart, lung and kidney. All 
groups n = 6  fo r tumour.

□  N a i v e  ■  p D N A  □  2 : 1  □  4 :1

L i v e r  S p l e e n  H e a r t  L u n g  K i d n e y  T u m o u r

In Figure 6.18, the levels of gene expression (Luciferase 

RLU per mg of protein) obtained in different mice tissues after 

intratumoural administration of pDNA alone and complexed with
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MWNT-NH3+ are shown. As can be seen, MWNT-NH3TpDNA 

complexes produced no difference in the level o f gene expression in 

tumour tissue as compared with naked pDNA.

In summary, the results from section 6.3.2 confirmed that the structure 

o f pDNA is not damaged by its condensation and complexation with MWNT- 

NH3+, and that pDNA is able to dissociate from MWNT-NH3+ and efficiently 

transfect cells in vivo when administered systemically. Furthermore, liver levels 

of gene transfer comparable to naked pDNA were obtained with MWNT- 

NH3*:pDNA complexes following hydrodynamic tail vein injection in mice. Such 

in vivo gene expression by CNT-NH3+:pDNA complexes has not been previously 

reported. On the other hand, intratumoural injection of MWNT-NH3+:pDNA 

complexes showed no difference in the gene expression levels in tumour tissue.

6 .3 .3  D iscu ss io n

Gene therapy is one of the most promising concepts to correct genetic 

defects or exogenously alter the cellular genetic makeup. The main aim is to 

efficiently, specifically and safely introduce nucleic acid molecules into cells. 

However, a major drawback of this methodology is the rapid degradation of 

exogenous nucleic acids1242,2431. To overcome this problem, one strategy is to 

use a vector system able to associate with DNA, RNA or other types o f nucleic 

acids by self-assembly and assist its intracellular translocation. Some effective 

delivery systems that now constitute components of various non-viral gene 

transfer systems include liposomes, cationic lipids, polymers and 

nanoparticles1521. These systems offer several advantages, including easy up- 

scaling, flexibility in terms of the size of nucleic acids to be delivered and 

reduced immunogenicity compared to viruses. However, non-viral gene delivery 

systems suffer from both limited levels of gene expression and an unfavourable 

toxicity profile due to their highly cationic surface character*461. Therefore, there 

is an ever-growing need to enhance the available tools that can lead for 

effective and safe gene delivery and expression.

CNT are some of the most recent nanomaterial constructs to be 

developed as gene delivery vectors. In the last few years, it was shown that
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positively charged f-CNT can deliver pDNA into mammalian cells for gene 

transfer applications148,122‘124>. However, more work is needed to determine the 

optimal transfection conditions. In the studies described in section 6.3.1, the 

effects that charge ratio of CNT-NH3+:pDNA complexes and dilution buffer of 

pDNA play on transfection efficiency in vitro were investigated. In contrast with 

others148,122'124], it was observed that CNT-NH3+ cause no difference in the level 

of expression o f pDNA in vitro in comparison to naked pDNA. Yet, the efficiency 

of cellular uptake o f CNT-NH3+:pDNA complexes has been identified as a critical 

limiting factor for the gene transfer. In section 6.2.2, it was shown that by 

addition of a commercially available transfection reagent (polyamine based 

reagent) that increased the positive charges of the complexes, they had the 

ability to bind and internalise mammalian cells. The transfection reagents added 

to CNT-NH3+:pDNA complexes indeed helped CNT-NH3+ to transfect cells with 

pDNA (section 6.3.1.1). Taken together, these findings indicate that CNT-NH3+ 

with higher charge density are needed in order for the nanotubes to be able to 

complex with pDNA and overcome two important barriers for gene delivery and 

expression: (i) binding to the cell surface and (ii) cellular internalisation of the 

complexes.

In addition, it was also observed that with increases in the +:- charge 

ratio of the complexes, the gene transfer efficacy decreased, even in the 

presence of a transfection reagent (section 6.3.1.1). On the other hand, when 

pDNA was pre-diluted in TRIS buffer and the CNT-NH3+:pDNA complexes were 

incubated with cells in the presence of the transfection reagent, the efficiency of 

gene transfer improved (section 6.3.1.2). These results may be explained by the 

fact that as the +:- charge ratio of the complexes is increased, more CNT-NH3+ 

are enclosed and consequently pDNA became more tightly packed, within the 

complexes. In contrast, TRIS buffer is slightly basic (pH 7-9) and keeps pDNA 

deprotonated; consequently, pDNA will not be tightly complexed by CNT-NH3+ 

and its dissociation will be facilitated once the complexes are inside the cells, 

producing better gene transfer. Singh et al.[122) have shown improved gene 

transfer efficiency for pDNA only partially condensed by CNT-NH3\  

Furthermore, studies by Isobe et al.[23S| confirmed that TRIS buffer helps to 

achieve higher gene transfer efficiencies for complexes between amino- 

fullerenes with pDNA. It is well known that the window of charge ratios to 

achieve complexation, internalisation, vector dissociation and efficient gene 

transfer by cationic non-viral gene delivery systems is narrow1230,231 ■236). Thus, a 

fine balance between pDNA condensation, tight association with CNT-NH3+,
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complex internalisation and intracellular pDNA release will determine the 

efficiency of CNT-NH3* as a novel gene delivery system.

V e c t o r N u c l e i c  A c id

I n t r a t u m o u r a l

In j e c t i o n

E x t r a v a s a t i o n  a n d  

e n t r y  i n t o  t h e  c e l l

+  N u c l e a r  P o r e  

C r o s s i n g

F igu re  6.19. B a rr ie rs  fo r  gene  d e liv e ry  b y  CNT ve c to rs .

Extracellu lar and in tracellu lar factors affecting CNT-NH3':p D N A  com plexes adm in istered by 
hydrodynam ic tail vein in jection o r in tra tum oural in jection in gene delivery applications RES. 
reticuloendothelia l system

Several teams have reported in vitro gene transfer using positively 

charged f-CNT148 122' 1241, but to date in vivo gene expression mediated by CNT 

has not been reported. The in vivo performance of CNT-NH3*:pDNA complexes 

administered systemically (hydrodynamic injection) and locally (intratumoural 

injection) in mice was studied (section 6.3.2). In these studies, MWNT-NH3* with 

a high degree of functional groups were used, since the absence of acute 

toxicity or adverse reaction to the administration of MWNT-NhV in vivo was 

verified previously in section 5.3. The effect of high speed systemic 

administration of CNT-NH3*:pDNA complexes on liver gene transfer was 

evaluated by carrying out hydrodynamic tail vein injections (section 6.3.2.1). 

This technique involves the injection of large volumes of a solution containing 

pDNA (corresponding approximately to 10% of body weight) and results in high 

levels of gene delivery to the liver, its efficacy is dependent on (i) raising the 

intravascular hydrostatic pressure by accumulation of the large volume injected 

in the vena cava, and (ii) exceeding the cardiac output with a high speed 

injection1142 143). It has been suggested that when the fluid containing pDNA is
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forced to extravasate into the liver, a transient inversion of the intra-hepatic 

blood flow and a circulatory stasis occurs12441. Consequently, the increased 

pressure in the liver produces enlargement of liver vessels fenestrae, and pDNA 

enters into hepatocytes via transient membrane defects and pores in their 

plasma membrane1245,2461 or via very large endocytic vesicles found within their 

cytoplasm'244,247-2491.

MWNT-NH3+:pDNA complexes administered into mice by 

hydrodynamic tail vein injections produced levels o f gene expression 

comparable to naked pDNA in the liver (section 6.3.2.1). The high speed 

injection was used to evaluate if condensation and complexation of pDNA with 

MWNT-NH3+ caused any damage to the structure of pDNA and if the complexes 

were able to dissociate in vivo. The results obtained indicate that the structure of 

pDNA is not damaged and that pDNA is able to dissociate from MWNT-NH3+ 

and efficiently transfect its reporter gene to hepatocytes in vivo. Nevertheless, 

the timing o f pDNA dissociation from MWNT-NH3+ is not precisely known. As 

schematically represented in Figure 6.19, pDNA can dissociate from MWNT- 

NH3* while in the blood stream, as a consequence of shear forces caused by 

the rapid flow of the hydrodynamically injected solution. Naked pDNA injected 

via this technique is protected from serum and cellular nucleases and is not 

degraded for at least 2 hours after administration'1431. Thus, the gene transfer 

efficiency would not be affected. Alternatively, MWNT-NH3+:pDNA complexes 

can internalise together into cells and dissociate inside the cytoplasm by 

competition with cytosolic RNA or other anionic species'229,250,2511. Interestingly, 

it was shown in section 6.1.2.1 that SDS (negatively charged) competed with 

pDNA and was capable of displacing it from CNT-NH3+. Therefore, the release 

of the pDNA from the nanotube surface can occur within the cytoplasm. This 

way, the gene transfer efficiency would not be compromised again.

The gene transfer efficiency of MWNT-NH3+:pDNA complexes was then 

evaluated, after local administration into solid tumours implanted 

subcutaneously in mice (section 6.3.2.2). Gene therapy is believed to be an 

indispensable therapy o f the new millennium and cancer is currently the largest 

group of diseases being actively treated by gene therapy'252, 253). Local gene 

delivery via intratumoural injections circumvents extracellular barriers such as 

opsonisation of vectors by serum proteins and blood components, recognition 

by the reticuloendothelial system (RES) and extravasation from blood vessels 

(Figure 6.19)'253"2561. Intratumoural injection of MWNT-NH3+:pDNA complexes 

resulted in no significative difference in the level of gene expression in the
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tumour tissue, compared with naked pDNA. The efficacy o f intratumoural 

injections in solid tumours depends on (i) the volume of solution injected, (ii) the 

rate or pressure of injection and (iii) the amount of fissures formed in the tumour 

by the injection1253'.

Upon local injection, the movement in the extracellular matrix to reach 

the tumour cells, cell membrane binding and cellular internalisation are also 

common hurdles found to hamper efficient and safe nucleic acid delivery by its 

delivery system (Figure 6.19)|256 258]. Taken together, the results obtained 

suggest that MWNT-NH3+:pDNA complexes were able to move in the 

extracellular matrix and then bind to and cross the plasma membranes of 

tumour cells. It can be hypothesised that MWNT-NH3+:pDNA complexes 

diffused directly through the plasma membrane due to the ability of CNT to act 

as ‘nanoneedles' o f cell membranes, as it was verified in section 4.2.2. Very 

recently, Zhang et al.I127] reported that SWNT-NH3+ mediated the delivery of a 

different nucleic acid -  siRNA -  into tumour cells in vivo. The intratumoural 

injection of SWNT-NH3*:siRNA complexes silenced the expression of a specific 

gene, and consequently the tumour growth was inhibited. In addition, Gannon et 

al.|138] described that SWNT intratumourally administered into hepatic tumours 

successfully produced cytotoxicity in the tumour cells by hyperthermia. Both 

studies verified that the nanotubes were able to enter tumour cells following 

intratumoural administration. Moreover, these studies and the work described in 

section 6.3.2.2 demonstrated that CNT can be used on different approaches for 

localised anticancer therapy.

In conclusion, it was shown here that MWNT-NH3+ can form complexes 

with pDNA, release it without damaging the structure of the nucleic acid and 

achieve gene expression. Such capability, combined with large surface area 

and lack o f toxicity of MWNT-NH3+ in vitro (section 4.3) and in vivo (section 5.3) 

demonstrates that nanotubes can offer a promising new technology for the 

development of advanced gene delivery systems for therapeutic applications. 

The findings described here provide useful information for designing nucleic 

acid delivery systems based on CNT. However, much more work is definitely 

needed in order to define the opportunities and limitations of CNT and develop 

these nanoparticles as delivery systems of nucleic acids for in vivo applications. 

The optimisation of CNT vectors for pDNA delivery remains an ongoing 

challenge.
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7 Final Remarks

The last few years have witnessed the discovery, development and, in some 

cases, large-scale manufacturing and production of novel materials that lie within the 

nanometer scale. Such novel nanomaterials consist of inorganic or organic matter and 

in most cases have never been studied in the context of a pharmaceutical. At the same 

time, some of the most promising and exciting applications of these nanomaterials 

involve their biomedical utilisation. The use of nanomaterials, nanoparticles and 

nanocomposites for biomedical purposes constitutes a burgeoning new field called 

nanomedicine. Administration of nanoscale delivery systems (nanomedicines) as 

components o f therapeutic or diagnostic agents involves a multi-scale, multi-step 

process, from the initial administration to trespassing the tissue endothelium and into 

the interstitial space of tissues, through the cell membrane into intracellular 

compartments, and even through the nuclear membrane into the nucleus of cells 

(Figure 7.1). Nanomedicines will have to go through these barriers following 

administration before reaching their targets or being eliminated. Furthermore, 

systematic studies must be undertaken to assess the toxicological and 

pharmacological profiles of nanomedicines.
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F igu re  7.1. In v iv o  b a rrie rs  and  c r it ic a l pa ram e te rs  a ffe c tin g  th e  fa te  o f  na no m e d ic in e s .

The development of delivery systems to date has indicated that each one of the 

parameters identified in Figure 7.1 can have a determinant role in the in vivo fate of 

any material administered, irrespective of the level of complexity or sophistication of the 

design features it exhibits. The same will hold for all types of novel, 'smart' 

nanomedicines that are currently under early stage development and will soon be in 

preclinical stages. Any attempt that ignores or underestimates such parameters will find 

it difficult to succeed in preclinical studies and consequently attract the attention of 

pharmaceutical companies and clinicians that eventually will need to be involved in the 

clinical development of nanomedicines.

Numerous nanoscale and microscale systems have been developed in efforts to 

find efficient carrier systems for drugs, antigens and genes to facilitate their transport 

into specific tissues, cell populations and intracellular compartments while minimising 

deleterious side effects. Studies have shown the translocation of CNT loaded with 

peptides, proteins, nucleic acids and drugs into mammalian cells (section 1.5.4 of 

Introduction). Moderate biological effects have been achieved in these studies, but 

more importantly, they have proven the principle that CNT can offer advantages in 

terms of their pharmacological utilisation. Based on these initial studies, the major 

driving force behind the project described in this thesis was to further understand the 

basic characteristics of CNT in vitro and in vivo, in order to contribute to the rational

189



F in a l Rem arks

design and engineering of CNT-based delivery systems for diagnostic, imaging and 

therapeutic purposes.

The effectiveness of a delivery system at the cellular level is dependent on the 

uptake and trafficking fate of the particular system within cells136,40,51,2351. At this early 

stage in the development of CNT as delivery systems for biomedical applications, 

examination of all possible mechanisms of their cellular uptake was considered. A 

variety of factors such as particle size, charge, interactions with cell receptors and cell 

type may trigger different internalisation mechanisms that can occur solely or 

simultaneously. In chapter 4 (Interaction of Carbon Nanotubes with Lipid Bilayers in 

Vitro), the mechanisms of interaction and membrane translocation of /-CNT (single- 

and multi-walled) were reported and discussed. In studies using model membranes, it 

was observed that the initial contact between /-CNT and lipid membranes was driven 

by electrostatic interactions. Using mammalian cell cultures, it was observed that /-CNT 

bind onto the cell surface, reorient spontaneously to adopt a transmembrane 

configuration and diffuse directly through the cell membrane, as predicted 

theoretically1164,165]. Regarding the mechanism for cellular internalisation o f /-CNT, the 

results suggested that it may occur by more than one mechanism. Internalisation o f /- 

CNT by several energy- and temperature-dependent mechanisms (clathrin- and 

caveolae-mediated endocytosis and macropinocytosis) occurring simultaneously was 

obtained. However, /-CNT were also seen to internalise by temperature-insensitive and 

energy-independent mechanisms. Following cellular internalisation, the rapid 

intracellular trafficking and perinuclear accumulation of /-CNT without any cell damage 

was also evidenced.

Numerous studies have reported different mechanisms for the cellular 

internalisation of CNT: phagocytosis134, 35, 133), endocytosis141-45, 110, 123, 128'131- 135J, and 

translocation or penetration o f the plasma membrane130'32, 48'50, 1751. The degree of 

occurring phagocytosis is mainly determined by the cell type used1331. The other two 

mechanisms appear to be dependent on the characteristics of the CNT. Endocytosis 

has been reported in studies using non-covalently functionalised CNT (coated or 

wrapped by surfactants, polymers, DNA or proteins). Translocation or penetration of 

the plasma membrane has been mainly described in studies using covalently 

functionalised CNT (with chemical moieties attached directly to the pristine CNT). The 

results described in chapter 4 demonstrate that approximately 50% of the covalently 

functionalised CNT used throughout this thesis were internalised by A549 cells via 

translocation or penetration o f the plasma membrane. Energy- and temperature- 

dependent mechanisms also contributed for their cellular internalisation.
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These results also draw attention to the possible contributions that other 

parameters such as size (length and diameter), degree of individualisation and 

aggregation of f-CNT may have in determining the interactions with cells and 

intracellular fate of CNT. Based on this work, future studies attempting to elucidate 

further the internalisation mechanisms of a particular type of CNT should explore: (i) 

multiple cell lines (phagocytes, mammalian, bacteria, fungi); (ii) CNT with different 

dimensions (length and diameter); (iii) CNT functionalised with the same chemical 

moiety through different methodologies; and (iv) CNT with different degree of 

hydrophilic/hydrophobic surface characteristics. In addition, the fate of CNT after 

cellular internalisation, such as the cellular compartment where CNT accumulate and 

possible exocytosis of CNT from cells that has been recently reported12591, should also 

be investigated.

In the last few years, the field of CNT in biomedical applications has developed 

very rapidly. Consequently, an emergent necessity for a fundamental understanding of 

the pharmacological and toxicological aspects of CNT now exists. Biodistribution, 

pharmacokinetic and toxicity data of CNT in vivo can provide the basis and a 

foundation for further development o f targeted CNT delivery systems to specific tissues 

for diagnostic and therapeutic uses. In chapter 5 {In Vivo Profile of Carbon Nanotubes), 

the distribution, excretion and toxicity of f-MWNT in rodents were evaluated and 

discussed. It was demonstrated that f-MWNT circulated in the systemic blood 

compartment and were rapidly eliminated from the body after intravenous 

administration. Furthermore, it was observed that individualised and intact f-MWNT 

were able to permeate through the glomerular filtration barrier and excreted into the 

urine. Concerning the histological impact and toxicity of MWNT, the results obtained as 

part of this thesis demonstrated the importance of high degree of surface 

functionalisation to achieve dispersions of MWNT. In that way, organ accumulation and 

immune responses were minimised and no adverse effects in renal and hepatic 

function were observed after intravenous administration of f-MWNT. In contrast, tissue 

deposition was found after administration of non-functionalised as-prepared MWNT.

Several studies have now reported the in vivo biodistribution of CNT. Direct 

comparison between these studies is very difficult because different types of CNT, 

dose regimes and routes o f administration, in vivo models and duration of study have 

been selected by different groups. Nevertheless, it is possible to correlate the results 

described in studies intravenously injecting CNT with the type of CNT used, i.e. non- 

covalently154'581 versus covalently160'631 functionalised CNT. The former showed a higher 

affinity for RES organs (liver and spleen), overwhelmingly accumulating in the liver, 

with a reported slow excretion rates (months) via the intestinal route into the faeces.
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The covalently functionalised CNT distributed rapidly via systemic circulation 

throughout the whole body and were excreted via the kidney into the urine (in hours). 

Interestingly, only a few studies reported the CNT toxicity after intravenous 

administration157, 92, 93). Evidence of the physiological and histological impact of 

intravenously administered CNT has been lacking. Chapter 5 of this thesis provided the 

first evidence that dimension, shape, degree of functionalisation and individualisation of 

the CNT administered in vivo were extremely important in determining their tissue 

accumulation, body elimination and toxicity. In future work it will be crucial not only to 

determine the characteristics of each batch of CNT used but also to determine such 

characteristics after administration of CNT in vivo. The further development of CNT in 

vivo should be expected to focus on: (i) determination of any acute responses such as 

allergy-like and complement activation effects; (ii) use of specific toxicological markers, 

such as cytokines, to determine any interference of CNT with more complex biological 

cascades and processes; (iii) determination of the almost unexplored long term impact 

on the pathophysiology of organs to which CNT may accumulate or transverse; and (iv) 

explore any acute and chronic toxic effects after multiple administrations of CNT.

Finally, the potential o f f-CNT as new vectors for effective gene transfer was 

investigated was investigated in this thesis. Utilisation of f-CNT as gene delivery 

systems requires a good understanding of the complexes formed between /-CNT and 

nucleic acids and the ability of these complexes to bind to and internalise into ceils 

without compromising the release of pDNA and the gene transfer. In chapter 6 

(Plasmid DNA Delivery Systems Based on Carbon Nanotubes), the effect of pDNA on 

the aggregation status of f-CNT in aqueous dispersions; the effect of charge density at 

the surface of f-CNT on complexation with pDNA; the effect of overall surface charge 

and size o f complexes in binding and internalising cells; and the effectiveness of f-CNT 

in delivering pDNA to cells and tissues were examined and discussed. It was found that 

/-CNT:pDNA complex formation takes place primarily through electrostatic interactions 

and results in nanotube bundle formation and aggregation. Moreover, it was 

demonstrated that CNT-NH3+ with a high degree of functionalisation performed better 

for gene delivery, because a good balance between condensation of pDNA and 

dispersability and size o f the complexes was achieved. Regarding the ability of f-CNT 

to deliver pDNA to cells, the results indicated that CNT-NH3+ were able to form 

complexes with pDNA and translocate inside cells without damaging the structure of 

the nucleic acid. However, gene expression using pDNA was achieved at levels much 

lower than commercially available transfection reagents.

Several reports describing successful gene expression by delivery systems 

based on CNT and pDNA have already been published by other groups148, 122'1261.

192



F ina l Rem arks

Almost all of these studies performed in vitro investigations. To date, no in vivo gene 

expression has been described for any type of CNT-based delivery system of pDNA. 

The studies described in chapter 6 of this thesis provide the basis for understanding 

some of the factors that determine gene delivery and expression using CNT-based 

systems for pDNA. The field of biological applications of CNT has also explored the 

design of CNT-based systems for delivery of molecules smaller than pDNA, such as 

siRNA1’27 129 13J,JS| and small molecule therapeutic agents'32 1,3 115, 116). The 

cytoplasmatic delivery of small molecules covalently attached to CNT by biodegradable 

or enzymatically cleavable linkers should be further explored in future work.
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Figure 7.2. Pros & Cons for the utilisation of CNT in Nanom edicine.

In summary, severe limitations persist, as the production of structurally and 

chemically reproducible batches of CNT with identical characteristics, high quality 

control and minimal impurities is still a challenge. Identification of the critical factors 

determining the in vitro and in vivo profile of CNT has been initiated and it will gradually 

become apparent what advantages and potential hazards CNT may entail (F igure 7.2). 

Very recently, it has been suggested that CNT show asbestos-like pathogenicity (lung 

cancer, mesothelioma, pleural thickening and plaque formation) due to their needle-like
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fibre shape and biopersistence in the lungs12601. However, such pathogenic behaviour 

was only associated with samples containing long (> 20 pm), straight, pristine CNT 

fibres (wires or ropes of intertwined single CNT) that were not phagocytosed by 

macrophages. On the other hand, short (< 1 pm) and functionalised CNT (single- and 

multi-walled f-CNT) were internalised by a variety of cell types1491. Elucidation of the 

cellular binding, internalisation and intracellular trafficking mechanisms (as attempted in 

chapter 4 of this thesis) will help with: (i) determination of the advantages and barriers 

of nanotubes compared to spherical nanoparticles for intracellular delivery o f cargo and

(ii) identification of critical factors to improve the cellular internalisation of CNT-based 

delivery systems. Moreover, the in vivo toxicological and pharmacological studies 

undertaken so far indicate that /-CNT can be developed as nanomedicines, in contrast 

to non-functionalised, as-prepared CNT. Covalent functionalisation o f CNT surfaces 

renders them water-dispersible, compatible with biological fluids and leads to their 

rapid excretion through the renal route, minimising unwanted tissue accumulation and 

any associated toxic effects (chapter 5).

In the continuing development of f-CNT as nanomedicines, the lack of an innate 

tissue affinity to overcome in vivo will also be proven very useful in future studies where 

specificity will be added to CNT by decorating their surfaces with biological targeting 

moieties such as antibodies and peptides. Indeed, it has been reported recently that 

the biodistribution and pharmacokinetics of water-dispersible CNT-NH3* were 

completely altered following the attachment of a monoclonal antibody onto the CNT- 

NH3+l63). The door of opportunity for the development of CNT as diagnostic and 

therapeutic nanomedicines has opened, and the systematic study of their efficacy is 

anticipated for different medical purposes, including vaccines, cancer and gene 

therapy, implants, and many others.
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Appendix A : Cellular uptake o f SW NT-NH3+

CLSM  im ages o f CHO  cells incubated for 2 hours w ith d iffe rent doses of 
SW NT-NH3‘ (green): (a) CHO cells alone: (b) 50 pg/ml; (c) 250 pg/ml; and (d) 
500 pg/ml o f SWNT-NH3* Cellular nucle i are countersta ined in red using PI
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Cell viability following SWNT-NH3* internalisation and intracellular trafficking was 
assessed by flow cytometry using the PI and Annexin V-FITC cellular staining protocol 
(section 3.2.5.3). This assay allowed the detection and quantification of healthy, 
apoptotic and necrotic cells within a cell population. No differences were found 
between the control (untreated) cell cultures and the cells that interacted with 
increasing doses of SWNT-NH3+. In addition, PI allowed to confirm cellular membrane 
integrity following interaction with SWNT-NH3+. Analysing the flow cytometry 
histograms of PI staining, no shift was observed between the histograms of the 
different samples.
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Flow cytom etry (P l-Annexin V  assay) analysis o f A549 
cells incubated for 2 hours (37 °C, 5% C 0 2) w ithout 
SWNT-NH3* (a contro l) and in the presence o f SW NT- 
NH3* (b, 500 pg/ml). (c), percentage o f live (grey bars), 
apopto tic (green bars) and la te apoptotic/necrotic cells 
(red bars) a fte r 2 hours incubation (37 °C, 5%  C 0 2) with 
the indicated concentrations o f SW NT-NH3*. (d) Flow 
cytom etry h istogram s o f PI staining fo llow ing incubation o f 
A549 cells for 2 hours (37 °C, 5%  C 0 2) in the absence 
(black line) and presence o f SW NT-NH3*: 50 pg/ml (green 
line), 250 pg/m l (blue line) and 500 pg/m l (red line).
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Cells were also analysed 24 hours post-incubation with SWNT-NH3+ and again no 
differences were found between the untreated and treated cells. Thus, was confirmed 
that the incubation and the cellular internalisation of SWNT-NH3* have not caused any 
damage on the plasma membrane within 24 hours post-incubation at the doses used in 
this study.
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Flow cytom etry analysis o f A549 cells 24 hours post-incubation for 2 hours (37 °C, 5% 
CO 2 ) (a) w ithou t SW NT-NH 3 ’  (control) and in the presence o f SW NT-NH 3 *: (b) 50 pg/ml. 
(c) 250 pg/m l and (d) 500 pg/ml.
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Appendix B : Cellular uptake o f FITC-MW NT

Quantification by flow cytometry of the extent of cellular uptake of FITC-MWNT, 
Transferrin, Bodipy and Dextran for conditions that inhibit different cellular 
internalisation pathways. A549 cells were pre-treated with different inhibitors and then 
incubated with FITC-MWNT (100 pg/ml) for 60 minutes at 37 °C. For low temperature 
treatment, cells were pre-incubated at 4 °C for 30 minutes and then incubated with 
FITC-MWNT (100 pg/ml) at 4 °C for 60 minutes. The inhibitory effects in each 
internalisation pathway were verified by monitoring the internalisation of well-known 
fluorescent cellular uptake markers by flow cytometry: 30 pg/ml Transferrin was 
incubated with cells for 30 minutes at 37 °C (positive control for clathrin-mediated 
endocytosis), 0.5 pM Bodipy was incubated with cells for 30 minutes at 37 °C (positive 
control for caveolae-mediated endocytosis) and 250 pg/ml of Dextran was incubated 
with cells for 30 minutes at 37 °C (positive control for macropinocytosis).
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Appendix C: Quality control o f CNT material

Thermogravimetric analysis (TGA) of pMWNT and MWNT-NhV (i.e. before and after 
functionalisation of CNT via the 1,3-dipolar cycloaddition reaction) were performed on a 
TA Instruments Q500 with heating ramp of 10 °C per minute until 1000 °C and under 
100 ml per minute N2 or air flow. All samples were heated at 100 °C for 30 minutes 
prior to measurements. The purity of the commercial pMWNT was initially checked by 
TGA under air flow. This analysis shows the presence of a residue of about 10.6% at 
1000 °C (a). This is attributed to the amount of oxidised metals remaining after all the 
carbon has burned. Indeed a careful inspection of the TEM image showed the 
presence of encapsulated particles inside the closed-cup pMWNT. The same type of 
analysis was performed on the MWNT-NhV. The TGA under air shows the presence of 
a residue of about 8.1% at 1000 °C (b). This corresponds to the metal that remains 
entrapped into the closed-cup M W NT-NhV
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Atomic absorption analysis was also performed in pMWNT. A sample of pMWNT (1 
mg) was refluxed in 2 ml of concentrated H N 03 for 12 hours. After elimination of the 
solvent, the residue was further stirred in 5 ml of 0.1 M HCI for 6 hours. The solution 
was then diluted up to 10 ml with 0.1 M HCI. The content of Fe and Ni was determined 
by diluting the acid solution 2000 and 100 times in water, respectively. The metal 
content, as measured by atomic absorption, corresponds to a content in weigh of 
7.95% of Fe and 2.20% of Ni. This result is in agreement with the TGA data. According 
to these results, was concluded that the starting materials contain about 10% of metals 
(Fe and Ni). TGA and Atomic absorption data provided by Dr. A. Bianco (CNRS, 
Strasbourg, France) and Professor M. Prato (University of Trieste, Trieste, Italy).

For Cryo-TEM imaging of MWNT-NH3+ suspended in water, sample preparation was 
carried out in a temperature and humidity controlled chamber using a fully automated 
(PC-controlled) vitrification robot (Vitrobot®). A specimen grid was dipped into a 
suspension, withdrawn and excess liquid was blotted away. Thin films were formed 
between the bars of the grids. To vitrify these thin films the grid was shot into melting 
ethane. The grids with vitrified thin films were analysed in a CM-12 transmission 
microscope (Philips, Eindhoven, The Netherlands) at -170 °C using a Gatan-626 cryo- 
specimen holder and cryotransfer system (Gatan, Warrendale, PA). The vitrified films 
were studied at 120 kilovolt and at standard low-dose conditions, micrographs were 
taken. Cryo-TEM image provided by Dr. P. Frederik (University of Maastricht, 
Maastricht, The Netherlands).
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Appendix D : Serum stability o f free 111 In & [ 111ln]DTPA

Solvent Front

□ D □

Application Point

□

Applica tion Point

Q □ El
Solvent Front g A  4  J

TLC strips o f " 'in C fo  alone (subjected to labelling reaction conditions) fo llow ing dilution in: 
(a) PBS; (b) m ouse serum; (c) a fte r incubation in mouse serum  for 1 hour and (d) 24  hours. 
TLC strips o f the ['" in J D T P A  conjugate fo llow ing dilution in: (e) PBS; (f) m ouse serum ; (g) 
after incubation in m ouse serum  for 1 hour and (h) 24 hours.
Note that " ' i n  in the free form  (a-d) o r conjugated w ith D TPA (e-h), in the absence or 
presence o f serum , 100% o f ' " i n  rad ioactiv ity was always mobile, in all cases traced in the 
solvent front.
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Appendix E : CNT aggregates in the kidney

TEM  im age o f bundled o r unstable d ispersions o f pM W NT that reach the kidney 
capillaries in aggregates and are not ab le to  cross the endothelial fenestrations 
o f the g lom eru lar filtration barrier
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