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Abstract

In this paperwe reportthe polymersomemediatedintracellular delivery of pro-apoptoticBKDDA
geneusing two different peptidecopolymer covalent conjugation strategiesspecific for prostate
cancertargeting. The BKDDA genewasusedasatherapeuticagenton prostatecancercels. The
transfection efficiency of BikDDA-loaded poly[oligo(ethyleneglycol) methacrylatelco-poly[2-
(disopropylamino) ethyl methacrylate] (P(OEGoMA)20-PDPALog) polymersomesrevealed that
they could serve asa suitable nonviral genetransfectiontool. The targeteddelivery of BkDDA
into prostate cancer cels (LNCaP) using polymersomeswas successfully carried out by
conjugatingthe PSMA targeting moiety (peptide563)Yo P(OEGoMA) 20-PDPAoccopolymerusing
either succinimidyl 4-(N-maleimidomethyl)cyclohexang-carboxylate (SMCC) asabifunctio nal
linker betweenthe thiol-bearing targeting peptide and aminobearing P(OEGoMA) 20-PDP Ao
copolymer or attaching a maleimidemodified targeting pegide onto a thiolterminated
P(OEGoMA)20-PDPA0o copolymer. The pH responsive and biocompatible polymersomes,
conjugatedwith peptide563exhibited anenhancedcellular uptakeby LNCaPcells in comparison
to the healthy prostateepithelial cell line PNT1A thus indicating the cellspecific delivery. The
increasedBik MRNA expressionandcell deathin theseLNCaPcells indicates high effective ness
of the targeting polymersomes.According to theseresults, we believe more efficient genedelivery
systemsvia specifically targetedpH sensitive polymersomescan be a promising approachand

promotethe developmentof novel therapiesagainst prostatecancer.
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1. Introduction

Prostatecanceris the secondmost common type of canceramongstmen, with 1.1 milion cases
recordedworldwide (International Agency for Researchon Cancer2012) Depending on the
p at $ eondition, the treatment of prostatecancerusually includes surgery, radiation therapy,
hormonetherapy andor chemotherapy.Although the conventionalcombination chemotherapies
are usually preferred by physicians, the heterogeneityof prostatecancercells and toxicity/side
effects of drugs on healthy cells are the limiting factors for the treatment (Beer and Raghavan
2000) Therefore, conventional treatment protocols require novel tools to overcome these
problems. In order to eliminate the shortcomings of conventional therapiesand to replace the
standardtreatmentprotocols,employme nt of the novel nanamaterials ranging from polymer / lipid
based particles (e.g. polymersomes, dendriners, micelles, mesoporoussiica particles, and
liposomes) to metallic particles (e.g. gold / siver particles), resulting in major improve me nts
These nanoscale tools can be utilized to offer controlled drug release, enhanced r ug s’
pharmacokinetic profles, reduce dosageamounts and frequency, augment cell permeability,
enable targetedmolecule delivery and improve therapeuitic eficacy/safety (Bank etal 2016.

Fromthis point of view, the targeteddelivery of pro-apoptotic genesand/ordrugsto specific cancer

cells using nanomaterialsrepresentsa promising approach.

The Bik geneis amemberof the Bcl-2 pro-apoptoticgenefamily andfunctions either by inducing
the activity of other pro-apoptotic Bcl-2 genes,or by inhibiting the antiapoptotic Bcl-2 proteins
(Chinnadurai et al. 2009) For this reason,it has beenproposedas an apoptosispotentiating
therapeuticgenein human cancers(Zou etal. 2002) BikDD protein, amutant form of Bk protein,
behavesasthe constitutively phosphorylatedand active form of Bik protein, with an enhanced

binding affinity to antrapoptotic members.When overexpressedn human cancercells, BkDD



exhibits a greater pro-apoptoticactvity in comparisonto its wild type counterpart,leading to a
two-fold decreasén tumor growth in in vivoassayqLi etal. 2003;Lang etal. 2011) BKkDD not
only strongly inducesapoptosisbut also inhibits cell proliferation when expressedh breast(Lang
etal. 2011) pancreatic(Xie etal 2007) liver (Li etal 2010) and prostatecances (Xie et al.
2014) In arecentwork, the inoculation of male nude mice with prostatecancercells expressing
BikDD led to a reduction in tumor growth and extendedsurvival with low toxicity (Xie et al.
2014) To increasethe halflife of BikDD protein, the BkDDA genewas generatedby mutating
serine 124 of BkDD, which wasshownto bea more efficient therapeuticgenethanBikDD in the
treatment of triple-negative breastcancer(Jiao et al. 2014)Thus BIKKDDA expressesa protein
which exhibits an extendedhalf-life and higher therapeutic eficacy than the productcodified by
the wild-type Bik or mutant BkkDD (Jiao etal. 2014) Therefore, in our study the BkDDA gene
wasloadedinto pH-sensitive polymersoras functionalizedwith peptidesthat exhibit high affinity

to prostatespecific membraneantigen (PSMA) (Shenet al. 2013)

Overthe past20years,the deegning of the understandingdf polymer chemistry allowed scientists
to engineer biologically-inspired vesicles formed by the selfassemblyof copolymers also called
polymersomegDischer etal. 1999) Theseareusedfor various applications suchascargodelivery
tools [for drugs (Ahmed etal. 2006) genes (Lomasetal. 2010)and proteirs (Rameezetal. 2008],
nanoreactors(Gaitzsch et al. 2012) and for diagnostic purposes(Huang et al. 2015) In our
previous repors we demonstratedthe encapsulabn and delivery of pDNA (Lomas etal. 2007,
2008; Oz et al. 2019) mechanisra of celular entry (Coley et al. 2014) rapid and efficie nt
endosomalrelease of the payload rom PDPAbasedpolymersomes (Lomas et al. 2010) In
addition this study is the first application of pDNA-loadedtargetedpolymersomesas nonviral

vectorsfor genedelivery.



Poly[oligo(ethyleneglycol) methacrylatejco-poly[2-(diisopropylanino) ethyl methacrylate]
(P(OEGOoMA)20-PDPA0, also denoted as POEGMAPDPA) copolymer was employed to
produce polymersomes. The unique properties of P(OEGoMA)20-PDPAoo in terms of stealth
abilty in the blood streamand endosomalescapevhen internalized by cells, allowed developng
smart polymersomes for intracellular cargo delvery. Upon cellspecific recognition of
polymersomes,internalization by endocytosis occurs where polymersomesare confined in an
endosomal membrang forming early endosomesto start their cytosolic journey. Here the
endosomeacid lumen (pH ~6) induces the fast disasserbly of the polymersomes(PDPA pKa
=6.2). The consequendramatic increasein the number of speciesfrom onevesicle to its building
blocks and cargo gererates an osmotic shock which leadsto the temporary rupture of the
endosomalmembraneand the subsequenteleaseof any encapsulatecgeneinto the cytosol (Tian

etal 2015)

Active targeting of the cancercells mainly exploits the overexpressionof a receptorelement on
the plasmamembrane so that the targetedpatrticles are solely internalized by the related cancer
cels Here we focused our attention on PSMA, a membraneexpressed and proshate cancer
specific target (ElsdsseBeile et al. 2009) To accomplish this objective, a small peptide
“pept i (@GRARTSGTGRLLRIS), which exhibits high binding affinity to PSMA (Shenetal.
2013) was conjugated to the P(OEGoMA)20-PDPAwoo copolymer and used to decorate

polymersomesfor targeting prostatecancercells.

We recently explored different metalfree conjugation methodsfor amphiphilic copolymers and
conclude that click methods such asring-strain promoted azide-alkkyne reaction (SPAAC) or
Diels-Alder reaction of a 1,2,4triazoline 3,5-dione (TAD) are extremely selective and efficie nt

(Gaitzsch et al. 2016) However, these methods are sometime incompatible with pre



polymeriation approachesn which their insaturation can interfere/or become degradedduring
radical polymerizations (Gaitzsch et al. 2016) Furthermore click methods involve the dual
modification of the copolymers and the targeted peptide with consequentcomplicatons. We
observedhatin aprotic solvens, the mostefficient is the amine/NHSesterreaction whie in protic
solvents the thiolMaleimide is the mosteffective (Gaitzsch etal. 2016) The latter is also better
suited for most proteins and complex peptideswhere amine bearing lysine residuals are often
involved in binding and proteinfolding while cysteinestendto beonly structuralandnotfunctio na
(Ruoslahti 2012) We synthested maleimidebearing intiators for both the polymerization of
PMPCand POEGMA copolymergTian et al. 2015;Gaitzsch et al. 2016)and while this strategy
alows the functionalzation of peptides, its limited vyield permits only few ligands per
polymersomes. We improved on this strategy wusing succinimidyl  4-(N-
maleimido methyl)cyclohe xarng-carboxylate (SMCC)asa bifunctional linker betweenthe thiol-
bearing targeting peptide and the aminc-bearing P(OEG10MA) 20- PDP Aoocopolymeras shown in
Figure 1. In addition amaleimide modified targeting peptidewas attachedonto athiol-terminated

P(OEGoMA) 20-PDP A 0ocopolymer.

Our study demonstrate the targeteddelivery potential of P(OEG oMA) 20-PDP Ao polymersomes
functionalized with peptide563 on prostatecancercells The copolymerpeptide conjugations
were successfully carried out utilizing different thiolMaleimide strategies. After BikDDA
encapsulation,the targeting and transfection eficacy of the polymersomeswere investigated on
human prostaticadenocarcinomecells (LNCaP)and onthe PNT1A cell line, which servesasthe
modelfor normal prostateepithelium The transfectioneficiency andcel specific delivery of the
peptide563 modified P(OEGoMA)20-PDPAo polymersomes was compared with pristine

polymersomesto revealthe abilty of cell specific genedelvery.



2. Materials and methods

2.1. Synthesis of P(OEGloMA) 20-PDPA1 00, PDPA100-P(OEGloMA) zo-S-S-P(OEGloMA) 20"

PDPA 0 and NH2-P(OEG;oMA) 20-PDPA100 copolymers

For the P(OEGoMA)20-PDPAoo (P1) synthesis (Figure Sla), the ATRP initiator ME-Br

(0. 1941empaodOEGOMA (1. 93 .08 g, 20eq.)were placedin aflask. Forthe
PDPAL0o-P(OEG0MA) 20-S-S-P(OEG oMA) 20-PDP Ao (P2) synthesis (Figure S2a), bis[2-( 2 '
bromoisobutyryloxy)ethylldisulfide(0.034g,0 . 0 7 5 lreq)@ahdOEGOMA (1. 3 wmmol ,
40 eq.) were placed in a flask. For the amino terminated NH2-P(OEGoMA) 20-PDP Ao (P3)
synthesis (Figure S3a), 2-aminoethyl 2-bromo2-methypropanocate ( 0 . 1 9 4 1 egnand,
OEGOMA (1. 931.08 & , 20etp)Wereplacedin aflask. Complete dissolutionwasachieved

by adding MeOH (1.5 mL) and then purged with N2 for 1 h. Afterwards, a mixture of CuBr as
catalyst( 2 7. 8@B. Imy4 /bpnesligand ( 6 0. ® . BP,8 waspoepayedior the P1

and Ps3 synthesisandamixture of CuBr ( 2 1 . 5@. Imy , hbpyw(1499 . D . B, wasno | )
preparedfor the P2 synthesis. The solid mixture was addedto the solution and was continually
stired overnight at 30 °C. The viscous POEGoMA polymerization mixture was sampled and
analyzed by H-NMR for the estimation of the conversion. In a separateflask, DPA ( 4. 13 g,
19. 4 106weg.for PrandP3;3 . 41 5g , m2@Déq, for P2) wasdissohvedin 3. 5 ofrftOH

and purgedwith N2 for 1 h. After degassing,the DPA solution wasaddeddropwiseto the viscous
mixture. After 2 4 the flask was openedto the air and diuted with MeOH, which gave a
dispersionthat gradually turned greendueto the oxidized coppercatalyst. Then, 1200mL of EtOH
wereaddedleading to atransparentsolution. This waspassedhrough acolumn of siica toremove

the coppercatalyst. The resulting solution was concentratedby rotary evaporationand dialyzed



(MWCO 1 k Bgainst CHCk/MeOH (3:1, viv) two times, then against MeOH for three times

and eventually againstH20 for four times.

The resulting dispersion was freezedried giving a white powder. The resulting copolymer
composition was analyzed by *H-NMR in CDCk:.CDsOD (3:1, v/v) and the polydispersity was

determinedby gel permeationchromatographyin H20 + 0.25%v/v TFA.

2.2. Reaction of PDPA;oo-P(OEG;1oMA) 20-S-S-P(OEG;oMA) 20-PDPA1 o0 With maleimide

terminated Peptide563

In a typical procedure (Figure S4), maleimide terminated peptide563 (purchased from
Proteogenix)(2.0mg, 0 . 0 0 0 8 72 eqrad IPDP A oo- P(OEGoMA) 20-S-S-P(OEGoMA) 20-
PDPAo( 27 . @ . MY,0 4 41 eqmmerke placedin a flask. A complete dissolution was
obtained by adding EtOH (4 mL) then purged with N2 for 1 h. Afterwards, triphenylphosp hine
(0. 20 .mM@Q O 7 61.5 egn)wvds addedand the solution was continually stirred for 48 h at

room temperature.Then, the solution was passedhrough siica and dialyzed MWCO 1 0 k Da)

againstEtOH (two times) andthen againstH20 (threetimes).

The final dispersion of the conjugate was freezedried and conjugation was confirmed by

fluorescencedetectionvia HPLC analysis.

2.3. Reaction of NH2-P(OEG1oMA) 20-PDPA1go With cysteine terminated Peptide563 via

SMCC

First the synthesis and purification of cysteine terminated peptide563were performed according
to previously publshed proceduregMustapaet al. 2009) and confrmed by Waters Micromass

MALDI -TOF (Figure S6) and analytical HPLC (Figure S7).



Peptideconjugation to HoN-P(OEGoMA) 20-PDP Aoo wascarried out via using succinimidyl 4-
[N-maleimidomethylcyclohexanr&-carboxylate (SMCC) (Figure 1). SMCC exhibits thiol and
amino sensttive groups on opposite sides of its structure therefore as a first step HaN-
P(OEGoMA) 20-PDPAL00(0.0075mmol, 1eq)wasdissolved in 2 mL of DMF and purged with
nitrogen for 1 hour. Freshly preparedSMCC (0.015mmol, 2eq)solution in 0.5 mL of DMF was
addedto the polymer solution and purged with nitrogen 30 min more A few dropsof N,N-
disopropylethylamine(DIPEA) were addedto the solution andleft to reactfor 2h at25°C. Then
purification was carried out by dialysis (MWCO 1kDa) against DCM for two days during which
time the dialysis medium waschangedfour times to remove the nonreactedSMCC.The product
was dissolved in DMF again after DCM was evaporatedfrom purified product by rotary

evaporation.

In the secondstepof conjugation, targeting peptide sequenceg(powderform, 2 eq)was addedin
SMCG-Hz2N-P(OEGoMA) 20-PDPA00 (1€q) solution in DMF and purged with nitrogen for 1 h
then PPh3(1.5 eq) wasaddedin solution andleft to reactover 48 h under nitrogen. The peptide
conjugatedpolymer waspurified by dialysis (MWCO 10kDa) against pH 7.4 water for two days

(dialysis medium waschangedfour times) andfinal productwasobtainedatfter freeze drying.

2.4.Preparation, purification and characterization of polymersomes

The polymersome formulations were preparedusing the pH-switch method. To preparethe
peptide563targeted polymersome (tPS) formulations, a mixture of peptide563P(OEGoMA) 20-
PDPA0o/ ME-P(OEG0MA) 20-PDPAcoat1:9 ratio wasused.Following atypical procedure first,
the polymer mixture wasdissolved (10 mg/mL) in apH 2.0 phosphatebuffered saline (PBS). The

pH wasincreasedby adding0.5M NaOHatal0Op L / matevia asyringe pump. When the pH



reacheds.0,theflow rateof pH 2.0 PBSwas decreasetb 5p L / ramtiinthe pH reached?.4. After

this process.the dispersionwasstirred for 1 day to stabilize the vesicles.

The polymersomeformulation wasthen purified by sonicating the cloudy dispersionfor 45min to
ensurethat all the tubular formations were brokendown into spherical vesicles, and then all the
remaining aggregatesand large particles were removed by centrifugation (1000g, 10 min). The

vesicle dispersionwas purified by SECvia a SepharoseB column to remove micellar structires.

The polymer concentrationwas evaluatedatfter the purification stepby dissolving the polymer in
PBSpH2.0andperforming aUV-Vis spectroscopyneasuremenat220nm. The averagediameter
size and polydispersity of polymersomes(0.5 mg/mL) were andyzed using the Dynamic Light
Scattering (DLS) method andthe zetapotential wasanalyzed with electrophoreticlight scattering

method to assesgshe surfacechargein 5 replicates.

The size, surface morphology and topology of polymersomeswere visualized via Transmission
Electron Microscopy (TEM, Tecnai 10, Philips, Netherlands)at 80 kV. The visualization was
carried out on the phosphotungusticacid (PTA) stained polymersomes(Lopresti et al. 2011) in
which 5 L of polymersomedispersion(0.5mg/mL) wasdepositedonto glow-dischargedcarbon
coatedcoppergrids for 1 min. A 0.75%(w/v) PTA solution at pH 7.4 was usedfor staining. The
excessamounts of solutions were blotted with fiter paperand sampleswere dried under vacuum

after eachstep.

2.5.Encapsulation of BikDDA into P(OEG10MA) 20-PDPA; 0 polymersomes

BikDDA loading into polymersoras was performed using the electroporationmethod (Wang et

al. 2012) previously optimized by our group to encapsulatevarious biomacromoleculesinside

10



polymersomes Firstly, BKDDA genewaslabeledwith Cyanine5 (Cy5) via Label IT TrackerCy5
Kit to detectvery low concentrationsusing a fluorometer. The standardcurve of the BKDDA gene
was conducted using fluorescence spectroscopy(Varian Cary Eclipse) with an excitation
wavelengthof 635 nm and emission wavelength of 674nm. Labeling of BKDDA with Cy5 was
achieved according to the protocol provided by the supplier. The labeling reagentand BkDDA

were mixed at 0.5:1 (v/w) ratio in presenceof labeling buffer and incubatedfor 1.5 h at 37 °C.
Atfter the reactionwascompleted,unreactediabeling reagentwasremovedby EtOH precipitatio n.
The obtainedlabeled BkDDA pellet was washedwith 70% EtOH and the sample was air dried

for 1.5h. Final labeled BKDDA wasdiluted to desiredvolume with sterie PBS.

The BKDDA genewasencapsulatednto the vesicles using the electroporationmethod (Eppendorf
electroporator2510equippedwith 400 Lsterile cuvette). A current of 2500V was applied five
times with 30 s betweeneachapplication. The polymersomedispersionwas storedfor at least1 h

at 4 °C without any manipulationto allow for the poreson the surfaceto completely heal.

The nonencapsulatedBkDDA was removed from the polymersome dispersion via DNA
digestion. In this process65 L of 10xreactionbuffer [100mM TrisHCI (pH 7.5),25 mM MgCk,
and5 mM CaC}], 18 L DNAsel (901U) and167 L DPBS (Ca&*/Mg?* free) were mixed with
the electroporatedpolymersomedispersion(400 L, 0.045mg/mL BikDDA) andincubatedfor 10
min at 37 °C to allow for the phosphodiestebondsin the DNA backboneo bedigested.Then the
polymersomedispersionwaspurified from the nonencapsulatd BikDDA residuesand DNAse |
by passingthrough SepharoselB column. The obtained purified polymersome dispersionwas

storedat 4 °C before further analysis.

11



Aifter purification, the encapsulatedamount of BKDDA was analyzed by a fuorometer and

presentd asnumber of BKDDA perpolymersome(Wang etal. 2012)

2.6. Site-directed mutagenesis

Site-directed mutagenesis was performed according to the ma nu f a c pratac@ vsing
QuikChangeLightning Site-Directed MutagenesisKit. First, threonine 33andserine35of pEGFR
Bk plasmd were changed to aspartc acid to obtan BkDD using 5-
GTTCTTGGCATGGACGACGATGAAGAGGACE3 ' and 5-GGTCCTCTTCATCGT
CGTCCATGCCAAGAAG 3 primers and then the serine 124 of BkDD was changedto alanine
using the  5-AACATAATGAGGTTCTGGAGAGCCCGGAACCCGC3' and 5-
GGGGTTCGGGGCTCTCCAGAACCTCATTATGTB ' primers The sequences of the

BikDDA mutant constructwas confirmed by automatedsequencing(Figure S8).

2.7. Cell culture and measurementof cell viability

PNT1A and LNCaP cells were maintainedin RPMI 1640 medium supplementedwith 10% fetal

bovine serum.

Cell viabilty was assessedolorimetrically using an MTS reagentin LNCaP and PNT1A cells
treatedwith 25,50,75and 100ug/mL concentrationsof P(OEGoMA) 20-PDPAioo polymersomes.
In addition, the cell viability of LNCaPcells transfectedwith the BKDDA geneloadedtPS(tPS
BkDDA) wasevaluatedafter 72 h. Forthis purpose cells were seededh 96-well platesat5 x 10?
cels/iwell and subjectedto an MTS assayat each24 h interval following the standardprotocol

provided by the manufacturer.The absorlancewasreadwith amicroplate readerat 490 nm.

12



2.8. Fluorescencemicroscopy

LNCaP and PNT1A (1 x 10* cells/well) cell lines were treatedwith 25, 50, 75 and 100 pg/mL
concentrationsof PS BkDDA ortPSBKKDDA. The cell images (from at leastfour randomfields
covering a minimum of 100 cels/field) were taken under the Zeiss Axio Vert.Al fluorescence
microscopeat 20x objective at24,48and 72 hfolowing thetreatment. The transfectionefiicie ncy
was presentedasthe percentageratio of EGFPexpressingcells to the total number of cells in the

field.

2.9. Confocal microscopy and flow cytometry

LNCaPandPNT1A (3 x 10° cels/n?) cells were treatedwith 600 pug/mL of tPSin RPMI 1640.
After 4 hincubation, for confocalmicroscopycell monolayerswerewashel in serumfree medium,
fixed with 2% formalde hyde,stainedwith 5 p g / ofl2API andvisualized with a ZeissLSM 700
confocal microscope.Forflow cytometry, after analysis the incubation cells were dislodgedfrom
their substratum via trypsinization and analyzed immediately in a BD FACS Calibur flow

cytometer.

2.10. Quantitative reversetranscripton PCR (QRT-PCR)

The relative Bik/18sRNA mRNA expressionusing realtime PCRin LNCaPcell Ine transfected
with tPSBKKDDA, empty PSandnontreated LNCaP cells (control) were analyzed asdescribed
previouslyErdem et al 2014) Primer sequences used for Bk were sense 5-
GAGACATCTTGATGGAGACG3 'and antisense5 -TCTAAGAACATCCCTGATGT-3 . As a
housekeepinggene to ensureequal loading 18sRNA reference gene was used and the datawas

analyzed using 18sRNAasnormalization control

13



2.11. Statistical analysis

Statistical analyseswere performed using GraphPadPrism Software (version 6.01). Error bars
were obtainedrepresentthe standarderror of the mean and the datasetswere comparedusing t-

test. The significance level wassetat p < 0.05.

3. Resultsand discussion

3.1.Synthesisof P(OEG1oMA )20-PDPA1 oo copolymers and peptide conjugation strategies

The synthesis of P(OEGoMA) 20-PDP Aroo copolymers (plain and bearing an amino or thiol end
groups) wascarriedout accordingto previously published proceduregLomas etal. 2007;Simon
Graciaetal. 2016) *H-NMR analyseswere performed to confirm the molecular structuresof the
polymers (Figure S1b,S2band S3b. The molecular weight and distribution were determinedby
gel permeation chromatography(GPC) analysis and a size distribution was observedwith a

polydispersityindex of 1.2 (Figure S5).

After synthesis,the copolymerswereconjugatedwith peptidesvia two different strategies.Forthe
first reaction, thiol terminated polymes wereconjugatedwith a PMSA-targeting peptidesequence
(TamraGRFLTGGTGRLLRISK-Maleimide), exploiting the onepot synthesis reaction between
the thiol group of the copolymer andthe maleimide group of the peptidesequencdGaitzsch et al.
2016;SiménGracia etal. 2016) As shownin Figure 2a, the P(OEGoMA) 20-PDPAioo copolymer
doesnot exhibit any florescence intensity whie the fluorescence peak of the Tamrabearing
peptide sequencewas observedduring the 13th min of analysis. The pegide conjugation to
copolymer was confirmed (Figure 2) by detecting the fluorescence peak of Tamra by HPLC

analysis using the fluorescence detector set at 541 nm excitation and 568 nm emission

14



wavelengths.The disappearancefthep e p t fuaresceiscepeakat 13thmin and observationof
the strongfluorescencepeakin the 18thmin of the HPLC chromatogram(Figure 2a) of the peptide-
copolymer conjugation reaction product, although the POEGMA-PDPA copolymer itself hasno
fluorescence signal, suggests that the Tamrabearing peptide sequence was successfuy
conjugaéd to the copolymer. As the secondconjugation strategy the NH2-P(OEGoMA) 20
PDPAoocopolymer wasprimarily reactedwith the succinimide group of SMCCby the using NHS
esteramidification reactionin DMF to functionalze the copdymer with the maleimide group then
purified by dialysis to removeunreactedSMCC.Atfter this processthe purified copolymer prodict
bearing maleimide group, was conjugated with synthesizedcysteine terminated peptide563via
thiolk maleimide click reactionn in DMF again (Figure 1). HPLC analyseswereperformedto reveal
the conjugation by setting the fluorescencedetectorto detectp h e ny | a éxatatian (267'nra)
andemission (282nm) wavelengths. The disappearancefthe p e p t fludrescescepeakatthe
13th min and observation of the strong fluorescence peak in the 17th min of the HPLC
chromatogram(Figure 2b) of the peptidecopolymer conjugation reaction productconfirms the
peptidecopolymer conjugation and indicates the successfulutiization of SMCC asa linker for
peptidecopolymer conjugation. The reasonfor the shiting of fluorescenceintensity peals from
~13nin, to ~17 and 18 min (Figure 2aDb) is the increment of the total molecular weight after

fluorescent peptide sequencesvere conjugatedwith copolymers

The aim of proposingtwo counterapproachedor the samereactionis to bring adeepeinsight to
the commonly utiized thiol-maleimide conjugation strategy through presenceof the same
functional groups on different moieties and to reveal the application potential of SMCC as a
crosslinker for conjugation comparedto direct conjugation. Among the peptidecopolymer

conjugationapproachesthe advantageof using SMCCis to eliminae the challengesof maleimide

15



terminated polymer synthesis suchasthe necess$y of protectng the maleimide group. However,
the application of direct thiol- maleimide reaction for peptidecopolymer coupling wasfound to be
advantageouscomparedto SMCC as a crosslinker, considering that the whole conjugation is

completel in onepot synthesis with higher yields and precludes the possibility of undesired
reaction pathways leading to byproducts. Although we successfully achiewed the synthesis of
peptidecopolymer conjugateswith both strategies we preferred the utilization of the one pot
synthesisthiol- maleimide coupling for further peptidecopolymer conjugations. Apart from the
conjugation strategy, prostate cancer targeted polymersomes were formulated with Tamra

Peptide563P(OEGoMA) 20-PDPAoo conjugates since the presene of Tamra createsstrong
fluorescenceintensity that is necessaryin carryng out further microscopy and fow cytometry

analyses.

3.2.SelFAssembly,BikDDA loading and characterization of polymersomes

The preparationsfor the selfassembly P(OEGoMA)20-PDPAoo polymersomes(PS) and peptide
functionalized polymersomeqtPS) wereall carried out using the pH switch method (Robertsonet
al. 2016) as presentedin Figure 3. The massratio of targeting peptide to the P(OEGoMA) 20-
PDPAoocopolymer usedduring the seffassemblywas 10% (w/w). After the vesicle formation
process, the polymersomeswere sonicatedand purified by centrifugation and size exclusion
chromatography (SEC) was used to eliminate unwanted structures. The spherical vesicular
structure of polymersomeswasconfirmed by transmissionemission microscope (TEM) imaging
(Figure 43, 4b). The averagepolymersomediameter, measuredoy dynamic light scattering(DLS),
was181.6+3..1mfor PSBKDDA and205.8+2.5hmfor tPSBIKDDA (Figure 4c,4d), suggeting

non-significant differences which is in agreementwith previous reports (SiménGracia et al.
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2016) The polymersome surface was asse®d by zeta potential analysis at 25+0.5°C, was -

1.54+0.31mV for PSBKDDA and-2.49+0.18or tPSBikDDA to beneutral for all formulatio ns

Hence we caninfer that polymersomecellular uptakeis controlled by the binding of the given
peptide rather than unspecific interactions. The encapsulatedamount of Cy5-labelled pEGFR
BikDDA plasmid into polymersomeswas determined by HPLC using fluorescence detection
which showedthe number of encapsulatedBikDDA perpolymersomeas1.2 for PS andtPS. The

final BkDDA andpolymer concentrationsarepresentedn Table S2.

3.3.Effect of P(OEG1oMA )20-PDPA; o0 polymersomeson cell viability

An MTS assaywasusedto measurethe cell viability of the PNT1A andLNCaPcell lines treated
with different concentrationsof P(OEGoMA)20-PDP Ao polymersomes.The results revealedno
detectabletoxicity of polymersome toward all the cell models atall concentrations(Figure 5a

5b) throughout the time courseof the experiments(72h)

The cytotoxicity assayresults showedthat P(OEGoMA) 20-PDPAoopolymersomesdid nat exhibit
any significant cytotoxicity onthe PNT1A andLNCaPcell lines confirming the biocompatibility

of the vesicles asreportedin earlier studies(Lomas etal. 2007)

3.4.Prostate cancertargeting specificity of tPS

Peptide563conjugatedP (OEGoMA) 20-PDP Aroo polymersomes(tPS) have a high binding affinity
to PSMA. The specificity and affinity of tPS were analyzedin PSMA-expressingLNCaPcells and
negative control PNT1A cells using confocal microscopyandflow cytometry. Confocalimages of
the PNT1A and LNCaP cell lines treatedwith 600ug/mL of tPS for 4 h show that tPS bound

strongly only to LNCaP cells (Figure 6a). The confrmation of theseresults with flow cytometry
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analysis revealed that cellular uptakein PNT1A cel lines treated with tPS was only 3.17%,
whereasthe prostate cancer cell ine LNCaP exhibited 46.72% celular uptake for the same

polymersomes(Figure 6b).

3.5.Genetransfection efficiency of P(OEG1oMA )20-PDPA1 oo polymersomesinto LNCaP cells

To investigatethe potential of P(OEGoMA) 20- PDPAoopolymersomeasa genetransfectionagent,
we encapsulatedthe BKDDA gene in the P(OEGoMA)20-PDPAwoo polymersome. The gene
transfer efficiency of this polymersome was testedwith the plasmid DNA which contains the
reportedgene EGFP (encodig the enhancedgreenflorescent protein) and BkDDA, the gene of
interest. The formulated PSand tPS wastestedfor its genedelivery efficiency by incubation of
LNCaP cels with PSBKDDA (BKDDA encapsulated PS) and tPSBKDDA (BkDDA
encapsulatedPS) The BikDDA gene transfection eficiency of PSBKDDA polymersomewas
thencomparedto tPSBkDDA polymersomeonLNCaPcell ne for 72 h. Cells expressingEGFP
imaged under fluoresce nce microscopy showed that the cells treatedwith PS BikDDA (~5 %)
resultel in lower EGFP expressionlevels than tPSBkDDA (~19 %) at 72 h (Figure 7b). The
guantification of fluorescent images for the EGFRpositve LNCaP cells revealed that tPS

BikDDA was3.7-fold more efficient in genetransfectionthan PS BikDDA.

Recent studies demonstrated that polymersomes could serve as excellent gene delivery
carrie{lLomas et al. 2010) The comparison of the formulated P(OEGoMA)20-PDP Ao
polymersomes with its targeted form demonstrated that targeted P(OEGoMA)20-PDP Ao

polymersomescould beusedfor in vitro cell specific genedelvery.
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3.6.BIkDDA loadedtPS (tPS-BikDDA) increasethe levelsof Bik target genesand cell death

activity in the LNCaP cellline

The relative Bik/18sRNA mRNA expressionof LNCaP cells treated and nonttreated with tPS-
BikDDA were analyzed using gRT-PCR The results showedthat LNCaP cells treatedwith tPS-
BkDDA expressedhe Bk genetwice asmuch asthe untreatedcells (Figure 8a). Cell viability
analysisindicates that almost 50% of the LNCaPcell lines transfectedwith tPS-BikDDA were not
vital after 72 h (Figure 8b). Theseresults confirm that tPS-BikDDA is effective in increasing the

Bik geneexpressioninto LNCaPcels to induce cell death

4. Conclusion

The purposeof this study was to develop novel peptidecopolymer conjugation strategiesand

demonstratethe application of pro-apoptotic BkDDA-loaded polymersomesas targeted gene
delivery tools for prostate cancer cells. Peotide-copolymer conjugation was achieved by the
reactionbetweermmaleimidethiol groupsandusing SMCCasalinker betweenthe peptidecysteine
residual anda primary amine expressedn the copolymer SMCChasrecently beenemployed for

conjugationin aqueousmedium (E-Sayedetal. 2016)but we developeda novel reaction strategy
which takesplacein organic solvent (DMF) and demonstratedhe peptidecopolymer conjugate

by fluorometric HPLC detection.

The TEM images of electroporatedand purified polymersomesproved that the integrity of the
polymersome membrane structure was preservedatfter electroporation, whilst the transfection
experimentsindicated that BKDDA remainedstableafter electroporationwithout anydegradation.

Both theseresults arein agreementwith our previously published work (Wang etal. 2012)
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Given that peptide563has high binding affinity to PSMA protein, which is expressedon the
surface of prostatecancercells (suchas LNCaP),it wasusedto direct P(OEGoMA) 20-PDP Ao
polymersomes specifically to LNCaP cells. Polymersomesdecoratedon their surface with
peptide563,revealedspecificity and high binding affinity to PSMA-expressingLNCaP cells in
comparisonto PNT1A cell ine. PSMA-targeting peptidedecoratedpolymer®mes were prepared
and their cellular uptake by LNCaP and PNT1A cels were demonstrated The targeted
polymersomesnot only exhibited a higher cellular uptake by LNCaP cels, but also were not
internalzed by PNT1A cells This datamight suggestthat targding peptide” pept | aceads 6 3~

asteric barrier against the polymersomeinternalization by PNT1A cells.

The overexpressionof BKDD in various human cancercells lines results in strong apoptosis
induction (Beerand Raghava 2000;Li etal. 2003) and BKDD expressionwasrecently shown
to kil androgendependenprostatecancerLNCaPcell ines (Lang etal. 2011) To the bestof our
knowledge, no studies have beenperformedusing BKDDA asa potential therapeuticfor prostate
cancer.Our findings show that LNCaPcells treatedwith tPSBikDDA expressedik genetwice
asmuch asuntreated LNCaP cells after 72 h. Moreover, tPSBKDDA decreaseel viability of

LNCaPcells by 50% in comparisonto untreatedLNCaPcells.

This study proposeddifferent peptidecopolymer conjugation strategies and demonstratesthe
effective nessof targetedP(OEGoMA) 20-PDP Aloopolymersomesioadedwith BikDDA to enable
cell specific delvery with enhancedgenetrarsfection abilty. This representsa novel, nontoxic

andhighly effective genetherapystrategyfor the prostatecancerLNCaPcell line.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. P(OEGoMA)20-PDPApoconjugationwith cysteine terminated Peptide563using SMCC

asacrosslinker.
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Figure 2. HPLC chromatogramsand chemical structures of peptidecopolymer conjugates.

P(OEGoMA)20-PDP A 0o successfully conjugatedwith Tamra labeled maleimide peptide653 (b)

and cysteinepeptide653(a).
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Figure 3. Scheme of the formation and BKDDA loading into P(OEGoMA)20-PDPAo

polymersomes.
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Figure 4. The TEM images of PS-BKDDA (a) and tPS-BikDDA (b). Size distribution profiles

(c) andcorrelation functions (d) of polymersomes,obtainedby DLS.
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Figure 5. An MTS analysis of healthy epithelial prostatecell ine PNT1A (a) and prostatecancer
cell line LNCaP(b). The cells seedecbn 96-well platesat5 x 10° cells/well density were treated
with 25,50, 75and100pg/mL of P(OEGoMA)20-PDP Ao polymer and polymersomesin RPMI
1640 medium supplementedwith 10% FBS for 24,48 and 72 h. Cell viability was assessedt

each24 h interval by measuringthe absorbancehangeusing a microplate readerat 490 nm.
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Figure 6. Confocalfl u o r e smicrescapymagestakenusing 63xobjective after tPSincubation
of PNT1A (top row) andLNCaP (bottomrow) cells for 4 h (a). The cell nuclei were stained blue
with DAPI. ScaleBar: 20 pm. Flow cytometric detectionof tPScellular uptakeby PNT1A (left)

andLNCap (right) following the 4 hincubation at37 °C (b).
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Figure 7. Transfection eficiency of pEGFRBKDDA plasmid in LNCaP cel lnes for PS
BikDDA and tPSBikDDA. The transfection eficiency was determined by counting the GFP
positive cells under afluoresce ncemicroscopeandthe results were expressedsthe percentageof
total cells. Fourrandomfields with >100celis/field were capturedunderfluorescencemicroscopy
at 20x objectives and quantified. The imagesof the LNCaPcells showthe transfectionefficie ncy
of PSBIkDDA underGFPfiter (a) and mergedimages of bright field (BF) and GFPfiter (b) at
72h. Also, the LNCaPcells showthe transfectionefficiency of tPSBKDDA under GFPfiter ()

and mergedimages of BF and GFPfiter (d) aregiven at72h. ScaleBar: 50 pm.
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Figure 8. Fold increaseof relative Bik/18sSRNA mRNA expressionusing real time PCR(a) and
cell viability analysis with MTS (b) in LNCaP cell lines transfectedwith BikDDA gene loaded
tPS (2 uig BKDDA /3x1(), nonencapsulatedP(OEGoMA)20-PDP A oo polymersome (PS) and
nonttreated LNCaP cells (Control). The data representsthe means of three independent

experiments.* denotessignificant difference comparedwith the control (p < 0.05).
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