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Abstract

Disulfiram (DS) is an anti-alcoholism drug capable of acting against important and hard-to-treat cancers.
The drug’s relative instability and variable absorption/distribution have led to its variable pharmacokinetics
and suboptimal exposure. Hence, it was hypothesised that a nano-enabled form of DS might be able to
overcome such limitations. Encapsulation of the labile DS was achieved with quaternary ammonium
palmitoyl glycol chitosan (GCPQ) to form a high-capacity, soybean oil-based DS-GCPQ nanoemulsion.
DS-GCPQ showed capability of oil-loading up to 50% v/v for a stable entrapment of high drug content.
With increasing oil content (10 to 50% v/v), the mean particle size and polydispersity index were also
increased (166 to 351 nm and 0.14 to 0.22, respectively) for a given amount of GCPQ. Formulations
showed a highly positive particle surface charge (50.9 = 1.3 mV), contributing to the colloidal stability of
the individual particles. DS-GCPQ showed marked cytotoxicity against pancreatic cancer cell lines with
enhanced activity in the presence of copper. An intravenous pharmacokinetic study of DS-GCPQ in vivo
showed improved plasma drug stability with a DS half-life of 17 min. Prolonged survival was seen in
tumour-bearing animals treated with DS-GCPQ supplemented with copper. In conclusion, DS-GCPQ
nanoemulsion has the potential to be developed further for cancer therapeutic purposes.

Keywords:

Disulfiram, Nanoemulsion, GCPQ, Pharmacokinetic, Anticancer

Abbreviations

Data availability
Data will be made available on request.
1 Introduction

With 10 million cancer-related deaths worldwide reported in 2020 (Sung et al., 2021), the search for safe and potent
anticancer drugs capable of selectively killing cancer cells without harming normal cells continues. Apart from the



development of novel chemical entities, there is also considerable interest in repurposing, i.e. exploring the anticancer

potential of existing drugs with known safety profiles.

Disulfiram (DS) has been used for the treatment of alcoholism since the year of 1947 (Chick, 1999) and was the first
medication approved by U.S. Food and Drug Administration (FDA) for the treatment of chronic alcohol dependence.
Recently, DS has been discovered to have activities against cancer and therefore sparked an interest among researchers
to repurpose DS into an anticancer drug. Both in vitro and in vivo studies have reported that DS has cytotoxic effects
against several types of cancer, such as pancreatic (Kim et al., 2013; Xu et al., 2021), breast (Chen et al., 2006; Liu et
al., 2014; Swetha et al., 2020), brain (Qu et al., 2021; Yang et al., 2022), prostate (Lin et al., 2011), lung (Duan et al.,
2014; Nechushtan et al.,, 2015) and skin cancer (Meraz-Torres et al., 2020). The anticancer property of DS is

heightened when given to the patients in combination with metal, in particular, copper (Kannappan et al., 2021).

The main mechanism of action of DS as an anti-alcoholic drug is by inhibiting aldehyde dehydrogenase (ALDH) from
converting acetaldehyde to acetate in the metabolism of alcohol. Accumulation of acetaldehyde causes uncomfortable
side effects such as sweating and flushing on the upper chest and face (flush syndrome), nausea, vomiting, tachycardia,
vertigo and blurred vision (Wright and Moore, 1990), thus encouraging the abstinence towards drinking alcohol. In
recent years, ALDH has been linked to cancer through its function as a cancer marker. The ALDH 1-positive tumours
were associated with poor clinical prognosis of breast, pancreatic and lung cancer (Ginestier et al., 2007; Jiang et al.,
2009; Marcato et al., 2011; Rasheed et al., 2010). The ALDH2, an important enzyme in acetaldehyde oxidation, was
linked to alcohol-mediated carcinogenesis (Seitz and Stickel, 2007). The specific property of DS in blocking the
activity of ALDH enzyme could have contributed to its role as an anticancer agent, thus making it a strong candidate

for use as an adjuvant in chemotherapeutic treatments._

A potential reason DS has not been used widely in clinical applications for cancer treatment is probably due to the
absence of a DS formulation that could prolong the short half-life of the drug in the acidic gastric fluid. It is crucial to
prevent DS from decomposing into diethylamine and carbon disulphide upon oral consumption (Johansson, 1992).
There is also a lack of DS formulation that could protect DS from rapid degradation in blood circulation from the
activity of glutathione reductase and interactions with endogenous enzymes (Eneanya et al., 1981; Johansson, 1992).
Despite the labile nature of DS, its metabolism pathway in humans is well-known, thus ensuring the safety of DS usage

to be used in larger dosages, which gives a distinct advantage in repurposing DS as a chemotherapy drug.

Acid degradation of glycol chitosan (GC) followed by conjugation of palmitoyl groups and quaternisation of amine
residues creates positively charged amphiphilic polymer GCPQ, which spontaneously self-assembles to form micelles
in an aqueous solution. Encapsulation of hydrophobic drugs within these GCPQ micelles can protect the drug from
gastric and intestinal degradation and could improve absorption in the gut (Lalatsa et al., 2012b). GCPQ is bioadhesive,
allowing adherence of the GCPQ-based nanoparticles to the mucus membrane, thus providing a longer residence time
of the drug in the gut for a higher chance of absorption through the gut wall (Siew et al., 2012). The nanometre size
range of GCPQ nanoparticles creates a high surface area which potentially facilitates faster drug dissolution (Lalatsa et
al., 2012a). GCPQ can be loaded with hydrophobic drugs such as griseofulvin, cyclosporine and propofol by mixing in
an aqueous media (Qu et al., 2006; Siew et al., 2012).

It was hypothesised that GCPQ would encapsulate the hydrophobic DS and stabilise the structure of the nanoparticles.
Fundamental approaches were taken to produce stable and robust GCPQ-based nanoemulsions, including thorough

formulation characterisation in vitro and in vivo to ensure the optimum criteria of nanoparticles were achieved.

2 Materials

All chemicals and reagents were obtained from Sigma-Aldrich Co. Ltd., Dorset, UK, unless otherwise stated. All
solvents were obtained from Fisher Scientific Ltd., Leicestershire, UK. Disulfiram and S-methyl-N,N-
diethyldithiocarbamate (MeDDC) were purchased from Santa Cruz Biotechnology, Inc., California, USA. Deuterated
methanol was obtained from Cambridge Isotope Laboratories Inc., Massachusetts, USA. The human pancreatic cancer
cell line (MIAPaCa-2) was obtained from American Type Culture Collection, Rockville, Maryland, USA. Glucose IV

infusion was obtained from Hameln Pharmaceuticals Limited, Gloucester, UK.

3 Methods
3.1 Synthesis of GCPQ

GCPQ was synthesised as described previously (Siew et al., 2012; Uchegbu et al., 2001). Briefly, 2 g of GC was
dissolved in 152 ml 4 M hydrochloric acid and incubated in a 50 9°C water bath with shaking at 125 rpm for 24 h.
After 24 h, the degraded GC (dGC) solution was cooled to room temperature (RT) and transferred into seamless
cellulose dialysis tubes (MWCO 3.5 kDa) for dialysis against 5 L of distilled water with six changes of the water in
24 h. The dialysate was then freeze-dried until a white, cotton-like solid was obtained. Every 500 mg dGC was
dissolved in 24 ml absolute ethanol and 76 ml Milli-Q water pre-added with 376 mg sodium bicarbonate, followed by
drop-by-drop addition of 792 mg palmitic acid N-hydroxysuccinimide ester (PNS) pre-dissolved in 150 ml absolute



ethanol into the dissolved dGC solution. The palmitoylation process was performed under the protection of light and
continuous stirring for 72 h. Ethanol in the cloudy mixture of palmitoylated GC (PGC) was later removed using a
rotary evaporator at 50 to 52_2°C under reduced atmospheric pressure. The remaining aqueous phase was then
extracted with diethyl ether (three times the volume of the aqueous phase). The cloudy aqueous mixture was dialysed
exhaustively against water (SL) using a dialysis membrane (MWCO 12-14 kDa) with 6 changes of water in 24 h. The
dialysate (PGC) was freeze-dried to give a cotton-like solid. Every 300 mg PGC was dispersed in 25 ml N-methyl-2-
pyrrolidone (NMP) overnight with continuous stirring. Later, 45 mg sodium iodide, 0.44 ml methyl iodide and 40 mg
sodium hydroxide pre-dissolved in 4 ml absolute ethanol were added into the PGC dispersion and continuously stirred
at 36 2°C under a nitrogen atmosphere for 3 h. The product (GCPQ) was obtained by precipitation with diethyl ether.
The resultant solid product was dissolved in 100 ml water (for every 400 mg PGC) and dialysed exhaustively against
water (5L) using a dialysis membrane (MWCO 7 kDa) with 6 changes of water over 24 h. For the removal of iodide
from the product, the dialysate was passed through a column made of 100 ml Amberlite IRA-96 (pre-washed with
150 ml 1 M hydrochloric acid, followed by a copious amount of Milli-Q water until a neutral pH was obtained). The

brown eluate was then freeze-dried to give a cotton-like GCPQ product.
3.2 Characterisation of GCPQ

Characterisation of GCPQ involved determination of a) molecular weight of the polymer using gel permeation
chromatography and multiangle laser light scattering, and b) percentage of palmitoylation and quaternisation using
proton nuclear magnetic resonance ('"H NMR) analysis, as described previously (Lalatsa et al., 2015; Serrano et al.,
2015; Siew et al., 2012).

3.3 Formulation of DsS-GepgCPQ

The DS-GCPQ nanoemulsions were made at 1 to 10 drug-to-polymer ratio (w/w) in 1 ml volume. The stock of DS in
soybean oil (SBO) was prepared at 20 mg/ml by dissolving DS crystals in the oil at 50 °C and cooled to room
temperature (RT) before use. GCPQ was dissolved in Milli-Q water at 10 mg/ml prior to the addition of DS in SBO.
Formulations containing either 5, 10, 20, 30, 40 or 50% oil v/v were prepared by adding either 50, 100, 200, 300, 400
or 500 ul DS in SBO into 10 mg/ml GCPQ suspension at either 950, 900, 800, 700, 600 or 500 ul volumes,
respectively. The final volume for all different oil content formulations was 1 ml. The formulations were then sonicated

using an ultrasonic disintegrator at amplitude 5 (Soniprep 150 Plus, MSE, U.K.) for 15 min.
3.4 Characterisation of DsS-GepqCPQ
3.4.1 Drug content

The drug content of the formulations was analysed using high-performance liquid chromatography (HPLC) equipped
with one reverse phase Phenomenex Onyx Monolithic C18 column (4.6 X 100 mm) connected with a guard column
(4.6 x 5 mm) on Agilent 1200 series HPLC (Agilent Technologies, Wokingham, UK) with a quaternary pump,
degasser, autosampler and UV detector. The mobile phase was a mixture of methanol and Milli-Q water at an 80:20 v/v

ratio. The flow rate was 1.0 ml/min with column temperature at 302€_°C and injection volume of 5 ul. The DS peak

was measured at wavelength 275 nm with a retention time of 1.58 min. The amount of DS encapsulated in the
nanoparticles was determined as drug entrapment (DE%) which represents the percentage of the amount of drug found

(drug content) in proportion to the amount of drug added into the formulation.
3.4.2 Particle size, polydispersity and surface charge

Dynamic light scattering (DLS) analysis was used to measure the particle size, polydispersity index (PDI) and zeta
potential (surface charge) of the nanoparticle formulations. The DLS analysis was performed using Malvern Zetasizer
Nano ZS ZEN3600 (Malvern Instruments Ltd., Worcestershire, UK) fitted with a 633 nm (red) laser. The sample was
prepared by diluting 10 pl formulation in 990 ul Milli-Q water to meet data quality criteria set by the DLS equipment.

3.4.3 Transmission electron microscope (TEM)

Preparation of the samples for TEM imaging was performed by placing a small amount of the nanoparticle formulation
(£10 ul) on a carbon-coated grid and negatively stained with uranyl acetate (1% w/v). Images of the samples were then
captured using FEI CM129 BioTwin transmission electron microscope (Philips, Eindhoven, The Netherlands) fitted

with an advanced microscopy technique digital camera.
3.5 Stability of DsS-GepgCPQ

The effects of changes in bulk pH, presence of salts and gastrointestinal enzymes on the morphology and drug
encapsulation of the nanoparticles were determined by exposing the freshly prepared DS-GCPQ nanoemulsions at 5%
oil content to either highly acidic or basic pH solution, buffers, or simulated biological medium of the gastric and

intestinal fluid, respectively.



3.5.1 Stability in acidic and basic pH

DS-GCPQ nanoemulsion and 10 mg/ml GCPQ aqueous suspension (control) were ftitrated with either 0.1 M
hydrochloric acid (HCI) or 0.1 M sodium hydroxide (NaOH) solution to expose a highly acidic (pH 1.7) or highly
basic (pH 11) condition to the nanoparticles, respectively. Both formulation and control were then sampled immediately

for particle size and PDI measurement.
3.5.2 Stability in buffer

HCI buffer at pH 1.2 was prepared by mixing 50 ml 0.2 M potassium chloride, 85 ml 0.2 M HCI solution and 65 ml
Milli-Q water in a 200 ml volumetric flask. Phosphate buffer at pH 6.8 was prepared by mixing 50 ml 0.2 M
monobasic potassium phosphate, 22.4 ml 0.2 M NaOH solution and 127.6 ml Milli-Q water in a 200-ml volumetric
flask. The stability of DS-GCPQ in the buffer was determined by assessing the DE% of the formulation in the buffer at

various time points.

The DS-GCPQ formulation was added into either HCI or phosphate buffer solutions (1:9 ratio) at RT (22-24 °C).
Samples were taken (50 pl) at 0 min (right after addition), 30 min, 1, 2 and 4 h after the addition of the formulation into
the buffer (t = 0, 0.5, 1, 2 and 4, respectively), followed by dilution with 950 ul ethanol. The samples were then
centrifuged at 1,000 g for 10 min to sediment any large particles (e.g., salt crystals) that may be present in the samples.
The drug content in the supernatant was then measured with HPLC.

3.5.3 Stability in simulated biological samples

Simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) were prepared as described in British Pharmacopoeia
(2013). SGF which consisted of 2 g sodium chloride and 3.2 g pepsin powder was later added with 80 ml 1 M HCI to
make 1 L of SGF solution at pH 1.2. In contrast, SIF consisted of 77 ml of 0.2 M sodium hydroxide, 250 ml of 6.8 g
potassium dihydrogen phosphate and 10 g of pancreas powder to make 1 L of SIF solution at pH 6.8. For control,
1 mg/ml of DS was prepared in 2% dimethyl sulfoxide (DMSO). An amount of 400 ul of the DS-GCPQ 5% oil
formulations or control was added into 3.6 ml of either SGF or SIF and incubated in a 372€°C water bath. The drug
content was assessed at several time points after the addition of formulation into either SGF or SIF; right after the
addition of formulation (t = 0), and at 30 min, 1 h, 2 h and 4 h post-addition (t= 0.5, 1, 2 and 4, respectively). At each
time point, 50 ul of either SGF or SIF solutions were taken and diluted in 950 ul ethanol. The samples were then
centrifuged at 1,000 g for 10 min. The supernatant was collected and subjected to HPLC analysis.

3.5.4 Stability in mouse plasma

Mouse plasma diluted to 50% of the initial concentration using 0.9% w/v sodium chloride solution was prepared in
bulk (approximately 8 ml) before the experiment. An amount of 995 ul of the diluted plasma was placed in a
microcentrifuge tube and placed in a 37 °C water bath for at least 30 min. Once the plasma temperature stabilised, 5 ul
of either DS-GCPQ at 5% oil or 1 mg/ml DS solution in 0.5% DMSO was added into the plasma (n = 3). The samples
were maintained in a 37 °C water bath throughout the experiment. Samples were measured for drug content at time
points 0, 10, 30, 60 and 120 min using LC-MS/MS analysis (see 3.7.2).

3.6 DsS-GepgCPQ activity against cancer cells

The anticancer activity of DS and DS-GCPQ, with and without the presence of copper against the human pancreatic

cancer cell line MIAPaCa-2, was determined using thiazolyl blue tetrazolium bromide (MTT) reduction assay.
3.6.1 Cell culture condition

Freshly thawed MIAPaCa-2 (ATFCC® CRL-1420™, Manassas, VA, USA) cells from cryopreservation were grown
for at least 2 weeks prior to the experiment. The complete growth medium used for the cells was prepared using sterile-
filtered Dulbecco’s Modified Eagle’s Medium (DMEM) added with 10% v/v fetal bovine serum (FBS) and 1 mM
sodium pyruvate. The cells were maintained in a CO, incubator with an environment set at 5% CO, and 37 °C

temperature.
3.6.2 Cytotoxicity assay

Cells were seeded at 500 cells in 200 ul medium per well in 96-well plates and incubated in the CO, incubator for
3 days to allow the cells to be in the log phase growth during the treatment. The cells were treated with four different
types of treatments: 1) DS in 2% DMSO (DS), 2) DS-GCPQ at 5% oil content (DS-GCPQ), 3) DS in 2% DMSO with
copper chloride (CuCl,) (DS + Cu) and 4) DS-GCPQ at 5% oil content with CuCl, (DS-GCPQ + Cu). CuCl, solution
was prepared in phosphate buffered saline (PBS) at a concentration equimolar to the DS molarity (1 mg
DS =3.37 x 10°™! = 0 45 mg CuCly). Ten different concentrations for each type of treatment were achieved by serial
dilution from 500 to 5 X 107 pg/ml DS. The cells were incubated with the treatments for 4 h. For positive control, cells
were treated with 200 ul of 1% Triton-X solution for 10 min. After the drug incubation, cells were washed three times

with PBS before adding 200 ul/well of fresh growth medium for incubation overnight. The cells were then incubated



with 200 ul of MTT solution (0.5 mg/ml) for 2 h in the incubator, protected from light. The formation of purple
formazan crystals was confirmed with examination under a light microscope. The MTT solution was removed and
100 ul DMSO was added per well to dissolve the crystals. The absorbance was then measured using ELX808TM
Absorbance Microplate Reader (Bio-TEK Instruments Inc., Winooski, Vermont, USA) at wavelength 570 nm. The
cytotoxicity effect of the treatments was expressed as a percentage of cell survival (V%). The mean values of V% for
each concentration were used to create a dose—response curve for determining half-maximal inhibitory concentration
(ICs) for each treatment.

3.7 Pharmacokinetic study of DsS-GepgCPQ

3.7.1 Animals

The animal experiments were approved by the local ethics committee and carried out under license from the UK Home

BE Office-and-by-thepolicies-andregulations-eomphan t
housed at Biological Service Unit (BSU) and animal handling and care for scientific research were implemented as
recommended by the UCL BSU guidelines.

6-HH<. All animals were

Female CD-1 mice (Charles River, Kent, UK), 17-21 g, were maintained in controlled room conditions with ambient
temperature at 22-25 °C, relative humidity at 55-60% and 12-hour light and dark cycles. Food and water were given

ad libitum to the animals. All animals were acclimatised for a week before the experiment.
3.7.2 LeC-MsS/MsS analysis

3.7.2.1 Instrumentation and analytical conditions

The liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was conducted using Agilent 1260
Infinity LC (Agilent Technologies, California, USA) connected to Agilent 6460 Triple Quadrupole LC/MS system
with an ESI source equipped with Agilent Jet Stream technology. The chromatographic separations were performed
using Phenomenex Onyx™ Monolithic C18 analytical column (50 X 2 mm, 130 A) connected to Phenomenex
Onyx™ Monolithic C18 guard column (5 x 2 mm, 130 A) (Phenomenex, Torrance, California, USA). The column
temperature was maintained at 30 °C. The LC run was carried out by injecting 5 ul of sample into the mobile phase of
water added with 0.1% formic acid (A) and acetonitrile (B) under gradient elution of 5-minute runtime. The gradient
conditions were as follows: B was increased from 5 to 95% at 1 min and stayed at the same value for 1.5 min. At
2.5 min, B was decreased back to 5% to be at the original ratio for re-equilibration of the column until stop time at
5 min. The flow was kept constant at 0.4 ml/min. The tandem mass spectrometry was done under positive ion mode.
The source parameters were as follows: nitrogen as collision gas, the gas temperature at 300 °C, gas flow at 5 L/min,
nebuliser at 45 psi, sheath gas heater and gas flow at 250 °C and 11 L/min, respectively and capillary voltage at 3.5 kV.
Detection of the analytes was carried out using multiple reaction monitoring (MRM) scan type to monitor transitions of
precursor-product ion of DS at m/z 297.1 > 116.1, MeDDC at m/z 164.06 > 116, and diphenhydramine hydrochloride
(DPH) as the internal standard (IS) at m/z 256 > 167 with fragmentor voltage at 73 V for both DS and DPH and 45 V
for MeDDC and collision energy 9 V for all analytes.

3.7.2.2 Preparation of cold stabilising agent

For 10 ml of stabilising agent, 90 mg of sodium chloride, 64 mg of sodium acetate, and 80 mg of diethylene triamine
pentaacetic acid (DTPA) were mixed in 10 ml of Milli-Q water and stirred until all substances dissolved. The stabilising
agent was ensured at pH 4.5 and kept at 42€ °C until use.

3.7.3 Intravenous administration of DsS-GepgCPQO

Twenty-five female CD-1 mice were given single intravenous (IV) administration of DS-GCPQ at 20% oil content
(4 mg/ml DS) in 5% glucose solution at a dosage of 20 mg/kg via the tail vein injection. Animals were then euthanised

at 5 different time points (n = 5 per time point): 5 min, 15 min, 30 min, 1 h and 2 h by CO, asphyxiation.

Blood was immediately taken by cardiac puncture and collected into K,EDTA blood tubes. The blood was then added
with an equal volume of cold stabilising agent and centrifuged for 5 min at 10,000 g to obtain the stabilised plasma.
The plasma was added with methanol (3 times the volume of plasma) containing the IS and vortexed vigorously for
10 min for drug extraction, followed by centrifugation at 10,000 g for 5 min to precipitate the protein. The methanol
supernatant was collected without disturbing the pellet and kept on dry ice until the LC-MS/MS analysis. The samples
were brought to room temperature 5 min before sampling. Pharmacokinetic parameters were determined using PK
solver software (Zhang et al., 2010) with the implementation of non-compartmental analysis. Pharmacokinetic
C

AUC; where the AUC was measured from zero (0) hour to time of last quantifiable concentration (t).

parameters were used to evaluate the treatments; elimination half-life (t;,), T max> area under curve (AUC) and

max>

3.8 Anticancer property of DsS-GepgCPQ



3.8.1 Animals

The animal experiments were carried out under ethical approval from the Home Office, as described previously in
23.7.1. Fifteen female CD-1 nude mice (Charles River, Kent, UK) of 17-21 g were kept in individually ventilated
cages with constant temperature and humidity monitoring according to the UCL School of Pharmacy BSU guidelines.

Animals were acclimatised for a week before the start of the experiment and were given food and water ad libitum.
3.8.2 Cell preparation and xenograft implantation

As described previously in 3.6.1, MIAPaCa-2 cells were grown for at least 2 weeks in the complete DMEM growth
medium before the implantation. Cells for the implantation were prepared in a combination of blank growth medium
(DMEM medium without FBS and sodium pyruvate) and Matrigel (Corning, New York, USA). The complete growth
medium was first removed from the cells by centrifugation at 1000-2000 g for 3 min at 4 °C and replaced with a new
blank growth medium. This step was repeated twice. Later, cells in the medium were mixed with liquid Matrigel at a
1:1 ratio containing 2x107 cells/ml and kept on ice until injection. The cell mixture was injected subcutaneously into the
right flank of the mouse at 100 ul volume per flank. The day of implantation was determined as Day 0. The animals
were monitored daily for the first tumour appearance, bodyweight change and health conditions. Once tumours were

detected in all mice, animals were randomly divided into 3 groups (n = 5).
3.8.3 DsS-GepgCPQ and DS treatments in xenograft-implanted mice

Treatment was started when the tumour reached a palpable size of approximately 6—7 mm in diameter. Group 1 was the
control group (no treatment), Group 2 was for the treatment of IV 20 mg/kg DS-GCPQ at 20% oil content in 5%
glucose (IV DS-GCPQ), and oral 11.4 mg/kg copper gluconate (Oral Cu), and Group 3 was for the treatment of oral
20 mg/kg DS in SB oil (Oral DS) with Oral Cu. Treatments were given once every two days, along with the
subsequent monitoring of the animals' tumour growth and body weight. Treatments were terminated in all groups once
the total amount of 10 IV injections was given to the mice in Group 2. The tumour growth was continuously measured
until it reached a maximum diameter of 13 mm, at which point the study was terminated. Mice were euthanised with
CO, asphyxiation. The tumours were then excised and measured for tumour volume. The tumour volume (mm?) was
calculated as (width? x length)/2.

3.9 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics for Windows, Version 22.0 (IBM Corp, Armonk, New
York, USA). Comparison of more than two groups was done using One-way ANOVA with Tukey’s multiple
comparison test for the post-hoc analysis, whereas comparison between two groups was done using Independent
samples #-test (Student’s #-test). Survival data analysis was performed using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego, California, USA). The survival of animals was determined using Kaplan-Meier
analysis with Log rank (Mantel-Cox) test to compare two survival curves. Data were presented as mean + standard

deviation with significance value of p < 0.05.

4 Results

4.1 GepqCPQ polymer

GCPQ was synthesised, and the characteristics were as follows: M, = 24,-890 Da, M, = 20,-110 Da, M,/M, = 1.238,
dn/dc = 0.140 % 0.005 ml/g, mole % palmitoyl groups = 19.9, mole % quaternary ammonium groups = 11.2 (Fig. S1 in
Supplementary Information).

4.2 DsS-GepqCPQ nanoemulsion

The resulting dispersion of DS-GCPQ nanoemulsion was uniform and milky white in colour (Fig. 1). As GCPQ can
act as a surfactant or emulsifier itself, no additional surfactant was added to stabilise the formulations. Formulations at 5,

10, 20, 30, 40 and 50% oil content were made to contain 1, 2, 4, 6, 8 and 10 mg/ml DS, respectively.

@ Images are optimised for fast web viewing. Click on the image to view the original version.



(a) GCPQ micelles appeared as a clear suspension. (b) The milky-white appearance of freshly prepared DS-GCPQ formulations at (from
left) 5, 10, 20, 30, 40 and 50% v/v oil content. The formulations appeared thicker and denser towards the higher amount of oil
content.

The drug content graph shows the trend of an increasing amount of DS detected towards the increasing amount of oil
added into the formulations (Fig. 2a). This drug content was later interpreted into DE% to determine the encapsulation
efficiency of GCPQ polymer on the different amounts of oil (Fig. 2b). The result shows all formulations having almost
100% drug entrapment with no significant difference of entrapment percentage between the different oil content
formulations (p > 0.05). The particle size was in the range of 166 to 351 nm and was seen to increase with a higher
amount of oil in the formulation (Fig. 2¢). The mean particle size was found to be significantly different among the
different oil content formulations (p < 0.05). On the other hand, all formulations showed low PDI (<0.3), albeit the
values for 5% oil were significantly higher than 10 and 20% oil formulations and 40% oil was significantly higher than
10% oil formulations (Fig. 2d). The zeta potential of DS-GCPQ nanoemulsions (5% oil content) was 50.9 + 1.3 mV at
pH 4.54.

@ Images are optimised for fast web viewing. Click on the image to view the original version.
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The bar graphs display the drug content (a), DE% (b), particle size (c) and PDI values (d) for the freshly prepared DS-GCPQ
formulations at 5, 10, 20, 30, 40 and 50% oil content. The mean values for each data type were labelled on top of the bars. Data were
presented as mean + SD (n = 3). *Significant compared to the mean particle size of other formulations with different oil content
(p <0.05). *Significant compared to the mean PDI value of 5% oil content formulations (p <0.05). bSigniﬁcant compared to the mean
PDI value of 10% oil content formulations (p <0.05).

TEM images showed formation of spherical particles in the formulations (Fig. 3). The GCPQ micelles (Fig. 3a), which
are the self-assembled polymeric nanoparticles containing no drug (control), were seen as a collection of very small



particles with a diameter of <30 nm. In contrast, DS-GCPQ were seen as heterogeneous with sizes between 9 and
100 nm in diameter. The overall size of the DS-GCPQ particles appeared bigger than the size of the GCPQ micelles
with no drug, which could indicate the encapsulation of the drug by the GCPQ polymer, positioning the oil droplets at
the core and increasing the size of the DS-GCPQ particles. However, DS-GCPQ particles in the images appeared
smaller than the size detected using DLS. The shrunken nanoparticles might cause the smaller size due to the drying
process of the sample before the imaging. Formulations at 40% and 50% oil content also showed the formation of
heterogenous particle size in the range of between 300 and 500 nm in diameter (Fig. S2 in Supplementary Information).
The particles were seen tightly packed together, especially in the 50% oil formulation. The reason was probably that
more oil causing more particles to be formed by GCPQ up to a point where there was hardly free space for the particles

to move around, which could explain the higher viscosity observed in higher oil content formulations.

@ Images are optimised for fast web viewing. Click on the image to view the original version.
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(a) GCPQ at 10 mg/ml in MilliQ water. The size of GCPQ micelles shown here is between 12 and 23 nm in diameter (93,000x
magnification). (b) DS-GCPQ 1:10, 5% oil. The particle size was heterogeneous between 9 and 100 nm in diameter (93,000x
magnification).

Due to the high DE%, small particle size and low PDI values, the DS-GCPQ nanoemulsion containing 5% oil content
was chosen as the formulation to be used later on in the stability and cytotoxicity assays.

4.3 DsS-GepqCPQ stability
4.3.1 Stability in acidic and basic pH

No significant changes in particle size and PDI values in both DS-GCPQ and GCPQ suspensions when the
formulations were adjusted into the highly acidic and basic environments when compared to the unaltered fresh
preparation (p > 0.05) (Table 1). It was noticed that PDI values for GCPQ suspension were large (0.4 - 0.6), which
might be due to the way the polymeric suspension was prepared in which the GCPQ suspension was not sonicated
after completely dissolved in Milli-Q water compared to the DS-GCPQ formulations where they were sonicated to
reach homogeneity. No aggregation was observed in all formulations that might have led to flocculation or cracking
(phase separation) of the nanoemulsion, although it was expected to happen in the highly basic environment where the
abundant presence of OH™ ions might neutralise the positively charged particles, leading to instability of the particle
structure. The absence of aggregation is perhaps attributed to the highly charged GCPQ particles outweighing the effect

of the counter ions introduced into the formulations.

Table 1

@ The table layout displayed in this section is not how it will appear in the final version. The representation below is solely
purposed for providing corrections to the table. To view the actual presentation of the table, please click on the ' Preview
located at the top of the page.

The particle size and PDI values of GCPQ suspensions and DS-GCPQ in highly acidic and basic pH conditions.

GCPQ DS-GCPQ

Condition Fresh preparation Acidic Basic Fresh preparation Acidic Basic



pH 4.53 1.73 11.10 4.40 1.67 10.90
Size (nm) 156.0+12 152.6 £32.1 125.7 £13.1 195723 2158 0.7 1922 +14

PDI 0.59 £0.15 0.46 £0.07 0.49 +0.06 0.24 £0.004 0.33 £0.01 0.24 £0.01

4.3.2 Stability in buffer

The results showed no significant decrease in DE% for formulations incubated in phosphate buffer (pH 6.8) for up to
4 h. Still, a significant decrease was seen in HCI buffer (pH 1.2), only at t =4 h (Fig. 4a). Despite the presence of salts,
the formulation was able to maintain its colloidal stability. It could be summarised that with the presence of 0.2 M salt in
the acidic and neutral buffer, DS-GCPQ is stable and can withhold the drug encapsulation for as long as 2 and 4 h,

respectively.

@ Images are optimised for fast web viewing. Click on the image to view the original version.
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(a) DE% of DS-GCPQ in HCI and phosphate buffer at t = 0, 0.5, 1, 2 and 4 h. Buffers were at room temperature at the time of
measurement (n = 3). *Significant compared to mean DE% at t =0 h (p <0.05). (b) The stability of DS following incubation of the DS-
GCPQ formulation or the drug alone (control) in SGF and SIF up to 4 h at 372 _°C. The drug concentration in the graph was
normalised using percentages (n =3). b, c Significant compared to drug content at t =0 for DS in SGF, DS in SIF and DS-GCPQ in
SIF, respectively (p < 0.05). (¢) In vitro stability of DS and DS-GCPQ 5% oil upon incubation in diluted mouse plasma. The drug

concentration in the graph was normalised using percentages. de Significant compared to drug entrapment at 0 h for DS and DS-
GCPQ 5% oil, respectively (p <0.05).

4.3.3 Stability in SGF and SIF

As shown in Fig. 4b, the stability of DS in SGF was improved greatly when it was incorporated with GCPQ with no
significant degradation throughout the 4 h. In contrast, DS in DMSO (control) was significantly degraded over time.
The improved stability of DS with GCPQ could indicate that the polymer protected the drug from the digesting activity
of the pepsin enzyme and the low pH environment in the SGF. Meanwhile, in SIF, the DS content decreased gradually

over time in both control and DS-GCPQ samples, probably due to the multiple enzymes affecting the structure of the



GCPQ polymers, causing the release of the encapsulated drug into the SIF and being degraded by the pancreatin

enzyme.
4.3.4 Stability in mouse plasma

Fig. 4c shows the DS entrapment percentage derived from DS drug level analysis from plasma samples added with
either DS solution in 0.5% DMSO or DS-GCPQ at 5% oil for 2-hour period. The result showed a significant decline in
DS level in both groups, with a sharper drop seen in plasma with the nanoemulsions compared to plasma added with
the naked DS. The t;, for DS-GCPQ formulation and DS in DMSO was 7 min and 49 min, respectively. The plasma
was diluted to reduce the activity of the protein and other endogenous components against the drug to see the rate of
possible degradation of the drug upon contact with the plasma (Lalatsa et al., 2012a). The rapid decrease of DS level in
the plasma added with DS-GCPQ formulation suggests the instability of the nanoparticle upon exposure to the
components in the plasma. This instability had been observed previously when the formulations were incubated in the

SIF, in which medium DS concentration was also decreased over time.
4.4 Activity of DsS-GepgqCPQ against human pancreatic cancer cells

In the presence of copper ion, the ICs for the DS group with or without GCPQ encapsulation were significantly lower
than groups treated without copper (Fig. 5). This showed that copper highly enhanced the potency of DS in the
cytotoxic activity against the MIAPaCa-2 cancer cell lines. This effect of copper on DS activity has been reported
previously against melanoma, myeloma, and breast cancer cell lines (Chen et al., 2006; Chen and Dou, 2008;
Conticello et al., 2012; Yip et al., 2011). A pattern of lower IC5, was also seen in groups treated with DS-GCPQ in
comparison to the groups treated with DS but without GCPQ, although none of the differences was statistically
significant. Cells treated with DS-GCPQ nanoemulsion and copper showed a remarkably low IC5, almost 10 times the
effect in cells treated with Cu + DS.
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Summary of IC5( obtained from dose-response curves of four different treatments against MIAPaCa-2 cells. *Significant compared to
IC50 of DS and DS-GCPQ (p <0.05).

4.5 Pharmacokinetics of DsS-GepgCPQ

A developed and validated LC-MS/MS method was used to determine the pharmacokinetic profile of DS in mouse
plasma upon IV administration of DS-GCPQ. MeDDC is the hydrophobic form of DS metabolite and was utilised in
the chromatographic analysis as the marker for metabolised DS. The use of a cold stabilising agent to minimise the
rapid degradation of DS in plasma samples for analytical measurement was first attempted by Johansson (1988), and
later on, Zhang et al. (2013) modified the stabilising agent formula for a more practical approach in the sample
preparation. DTPA was used to chelate plasma protein-bound cupric ions and to acidify the plasma to stop the

interference of various thiols against DS stability in blood.

In this study, no IV DS control group (non-encapsulated) is to be used as a comparison to the IV formulation group
since humans routinely take DS through oral routes only. DS-GCPQ at 20% oil (4 mg/ml DS) was used in the dosing
regimen as this formulation had the highest viscosity suitable for parenteral injection through the mouse tail vein
without causing high back pressure. The plasma concentration-time profile of the single IV administration of the
formulation is shown in Fig. 6. Qualitative visual examination of the graph showed a gradual decline of concentration
for both analytes within 1-hour post-injection. Plasma DS level continuously decreased until the end of the observation
period at t = 2 h. MeDDC level was however seen to increase again starting from t = 1 h onwards. The
pharmacokinetic parameters for IV administration of DS-GCPQ are shown in Table 2. Despite the gradual decline of
the drug level, DS t;, at 17 mins was longer than previously reported (6 mins) for IV administration (Liu et al., 2014).
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1600

5 1400
]
< 1200 -8-DS -O-MeDDC
£ 1000
£ 300
g
g 600
2
= 400
Z
200 6__________,5
0

o] 15 30 45 60 75 90 105 120 135
Time (minute)

Plasma concentration-time profile of DS-GCPQ at 20% oil in 5% glucose IV treatment. Data were presented as mean + SD (n = 5). *
MeDDC was significantly higher compared to DS level at t =2 h (p <0.05).

Table 2

@ The table layout displayed in this section is not how it will appear in the final version. The representation below is solely
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located at the top of the page.

Pharmacokinetic parameters of DS-GCPQ following single IV administration of the nanoemulsion to the animals.

DS-GCPQ
Parameter Unit

DS MeDDC
t12 min 17 110
Tmax min 5 5
Cinax ng/ml 645.59 376.57
AUC(.ohr ng/ml.min 13348.47 16883.17

4.6 Anticancer study of DsS-GepgCPQ

Treatments were started on Day 8 when the palpable tumour in mice reached approximately 6 to 7 mm in diameter and
ended on Day 26, which was equivalent to the total amount of 10 IV injections given to the animals in the IV DS-
GCPQ + Oral Cu group. The median survival time for animals received IV DS-GCPQ + Oral Cu, Oral DS + Oral Cu
and control group was 30, 32 and 25 days, respectively (Fig. 7). Statistically, the median survival time in animals
received no treatment (control) was significantly shorter compared to the values in both IV DS-GCPQ + Oral Cu and
Oral DS + Oral Cu treatment groups (Pp = 0.0305, Pp = 0.0031, respectively). There was no significant difference in
the survival time between the two treatment groups. Bodyweight change for each animal in all groups also showed no
significant difference upon tumour implantation and administration of the treatments. It is suggested that the tumour
burden did not induce severe health deterioration effects, and the treatments did not produce toxicity or any adverse
side effects on the animals. All tumours, with or without treatments, showed a gradual increase in tumour volume over

time (Fig. S3 in Supplementary Information).
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Kaplan-Meier survival curve of nude mice bearing pancreatic xenograft tumours. *Median survival for IV DS-GCPQ + Oral Cu and
Oral DS + Oral Cu group was significantly different compared to the control (p <0.05).

The analysis of animal survival is commonly used to measure clinical outcomes. Since the humane practice of the

experiment only allows the animals to bear a single tumour up to a certain size (maximum of 13 mm in diameter for the



present case), this was used as a surrogate marker and an endpoint to study the anticancer effects of DS-GCPQ
nanoemulsion. Based on this modified survival study, the treatment of DS with copper supplementation significantly
increased the survival of the animals bearing MIAPaCa-2 xenograft pancreatic tumours. It has been shown that both
oral and IV treatment of DS produced the effect of tumour growth suppression, rendering the IV route the less
preferable choice for the route of administration of the drug. The method of administering DS in soybean oil is however
only feasible in this experiment for easy oral administration of DS via oral gavage to the mice. This approach is less

desirable in humans as the drug is more convenient and commonly taken in the solid form of capsules or tablets.

5 Discussion

GCPQ with higher palmitoylation (more apolar polymers) allows a higher hydrophobic drug entrapment, as previously
occurred in other GCPQ nanoparticle formulations (Qu et al., 2006). Therefore, the hypothesis is that using a highly
hydrophobic vehicle or excipient to encapsulate drugs, such as oil, would give a possibility of high drug entrapment
upon formulation with the polymer. DS-GCPQ was able to be loaded with as high as 50% oil v/v without disrupting
the colloidal stability of the formulation. In theory, the disperse phase of an emulsion can occupy up to 74% of the
phase volume, but common pharmaceutical emulsions usually contain only between 10 and 30% of the disperse phase (
Eccleston, 2013). Therefore, it is suggested that GCPQ at 19.9% palmitoylation is a good emulsifier as it can withhold
such amount of oil, which is generally high compared to other commercially available emulsions. The high positive-
charge values of DS-GCPQ nanoparticles at an acidic pH of 5 were probably contributed by the GCPQ hydrophilic
substituent, the trimethyl ammonium groups (Uchegbu et al., 2004). The stable condition of the formulations in various
pH and buffers might also be due to the high positive-charge values, as the strong charges around the individual
particles continuously repel each other and ensure the dispersion stability of the formulations by avoiding aggregation

or flocculation.

The aim of the present study was to improve the delivery system of DS for anticancer purposes by developing a
nanoparticle formulation that uses GCPQ polymer to incorporate the drug. Thus, step-by-step DS-GCPQ formulation
development was conducted by considering that the final, optimised formulation could be administered orally or
intravenously. The initial work focused on developing DS-GCPQ into an oral formulation as oral administration is a
more convenient, cost-effective and commonly used route of administration. The pharmacokinetic profile of DS-GCPQ
when administered orally, however, showed a low level of DS concentration in the blood (data not included).
Henceforth, the focus of the study shifted to developing the DS-GCPQ formulation towards intravenous administration

purposes.

Nanoparticles tend to be covered with protein corona upon contact with biological mediums. In blood, different
biological molecules, of which majority are proteins and small portions of lipids, compete to adsorb onto the surface of
nanoparticles. Albumin, fibrinogen, apolipoprotein and immunoglobulin G are the most commonly present in the
corona as they are highly abundant in the blood plasma (Aggarwal et al., 2009). The protein adsorption to the
nanoparticles also promotes configuration change to the particle’s surface morphology. The formation of protein corona
around DS-GCPQ particles could have changed their physicochemical properties and might have contributed to the
instability of the nanoemulsion in the plasma. The protein corona could alter the size and surface composition of the
nanoparticles, thus giving a new biological identity to the nanoparticles which could trigger physiological responses
such as agglomeration, as well as affecting the transport, circulation lifetime and toxicity of the nanoparticles (
Nierenberg et al., 2018).

The corona's structure and composition depend on the nanomaterials' physicochemical properties (e.g. size, shape,
surface charge and duration of exposure) (Rahman et al., 2013). The protein corona formation is however not
permanently fixed, and composition is due to change depending on the kinetic rate of the adsorption and desorption of
the protein, as well as upon movement of particles from one site to the other, such as from the blood circulation into the
tissue. The change in corona’s composition could also be due to the different relative abundance of different types of
protein in the biological environment. The effects of protein corona suggest that the DS-GCPQ nanoparticle behaviour

from in vitro data does not necessarily predict the same activity happening in vivo for the same nanoparticles.

The decrease in DS level upon exposure to the mouse plasma might also be attributed to the action of the mononuclear
phagocytic system (MPS) eliminating the nanoparticles. Positively charged nanoparticles were reported to have a
higher rate of opsonisation by the phagocytes compared to ones with neutral charges (Nandhakumar et al., 2017). In
future studies, perhaps one possible way to improve the stability of DS-GCPQ nanoparticles is to attach shielding
group on the particle surface to block electrostatic and hydrophobic attractions of opsonins from binding to the
particles, such as attaching biodegradable poly(ethylene glycol) (PEG) chains to avoid the MPS elimination (Chong et
al., 2021).

The high AUC value of DS from the IV administration (13348.471 ng/ml.min) was expected as the nanoparticles
avoided the first-pass metabolism in the liver. The other possible explanation is less deposition of DS-GCPQ in major
organs, which increases the drug level in blood circulation. Serrano et al. (2015) revealed that very low levels of GCPQ

nanoparticles had been found in the liver and none in the spleen following an IV administration. A slight elevation of



MeDDC level, which was higher than the DS level at time point 120 min, might be due to the late release of DS from
some of the nanoparticles, causing parts of the administered DS to be converted into MeDDC in the liver at a later time
than the rest of the drug.

The effectiveness of DS in suppressing the growth of pancreatic cancer xenografts has been reported by Han et al.
(2013). In the study, DS and copper were made into a complex and administered intraperitoneally to animals with
subcutaneous pancreatic tumour xenograft, which was able to inhibit 62.8% tumour growth when compared to the
control. The positive effect of DS against pancreatic tumour growth was also achieved when administered in
combination with other active ingredients, such as gemcitabine (Dalla Pozza et al., 2011; Kim et al., 2013), and arsenic
trioxide with ascorbic acid (Dinnen et al., 2013). Copper is an essential ingredient in elevating the anticancer property
of DS. Since there was a lack of information on the possible interactions between the copper ions and the particles of
the nanoemulsions in the blood microenvironment, the copper was administered orally in the form of copper gluconate.
Copper (cupric) gluconate is a widely available salt as a dietary supplement and is one of the Generally Regarded as
Safe (GRAS) substances. Copper gluconate has also been used in Phase 1 clinical trials to study DS against hepatic
metastases from solid tumours (ClinicalTrials.gov Identifier NCT00742911). As copper can form complexes with DS
in vivo (Johansson, 1992), it is possible that copper and DS form complexes in the tissues (e.g., liver) and the tumours.
The accumulation of copper in cancer cells is high (Oliveri, 2022). The supplementation of copper gluconate was
therefore assumed to help increase copper's bioavailability in blood circulation and the tumour microenvironment, thus

aiding the anticancer activity of the DS-GCPQ without causing unnecessary toxicity from the copper overdose.

Several reported mechanisms of actions responsible for the anticancer effect of DS include inhibition of nuclear factor
kappa B (NF-xB) (Liu et al., 2014; Wang et al., 2003), blocking the activity of P-glycoprotein membrane pump (Loo et
al., 2004), induction of apoptosis (Cen et al., 2004; Li et al., 2018a; Shah O’Brien et al., 2019) and reduction of
angiogenesis and metastasis (Li et al., 2018b; Shian et al., 2003). The enhanced cytotoxicity effect of DS with copper
appears to happen by inhibiting the proteasome pathway leading to the induction of apoptosis activities in human
cancer cell lines (Chen et al., 2006). These DS activities hence provide enough evidence to repurpose the use of DS as
an adjuvant anticancer agent. Additionally, as DS is an old generic drug, the drug is inexpensive, easily available and
has negligible adverse effects compared to classical chemotherapeutic drugs. The utilisation of GCPQ to create a robust
DS formulation for efficient drug delivery can also avoid the expensive and time-consuming development process of

new anticancer drugs that involves costly pre-clinical and clinical testings.

6 Conclusion

DS-GCPQ nanoemulsion protected the drug in the blood circulation to some extent and delivered the drug load to the
tumour site. An additional feature of the nanoemulsion was the ability to be loaded with high amount of oil, thus, the
high amount of drug can also be encapsulated within the nanoparticles without compromising the colloidal stability of
the formulation. The high loading capacity of DS-GCPQ nanoemulsion could enable the administration of high DS
concentrations that could reach the therapeutic dose needed for cancer treatment without the risk of toxicity from the
use of high surfactant/emulsifier in the formulation. This study proves the potential of the newly found DS-GCPQ

nanoemulsions to be used and developed further for cancer therapeutic purposes.

7 Data availability
Data will be made available on request.
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