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Abstract

Polymer chemistry, composition and molar mass are factors that are known to affect
cytotoxicity however the influence of polymer architecture has not been investigated
systematically. In this study the influence of the position of the cationic charges along the
polymer chain on cytotoxicity was investigated while keeping constant the other polymer
characteristics. Specifically, copolymers of various architectures, based on a cationic pH
responsive monomer, 2-(dimethylamino)ethyl methacrylate (DMAEMA) and a non-ionic

hydrophilic monomer, oligo(ethylene glycol)methyl ether methacrylate (OEGMA) were

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

engineered and their toxicity towards a panel of cell lines investigated. Of the seven different
polymer architectures examined, the block-like structures were less cytotoxic than statistical

or gradient/tapered architectures. These findings will assist in developing future vectors for

Open Access Article. Published on 07 December 2022. Downloaded on 12/12/2022 12:49:32 PM.

nucleic acid delivery.
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Introduction

Polymers have been the focus of non-viral gene delivery methods for over three decades.!2?3
Their attractiveness in the field is a consequence of: i) their ease of synthesis, ii) the availability
of monomers which allows for numerous combinations to be made when designing polymers,
thus enabling the integration of key characteristics in one polymer chain and iii) their ability
to be further functionalised with targeting or imaging moieties through post-polymerisation
methods3-6. Of the various polymer-based options available, cationic polymers have taken
centre stage as their pH-dependent positive charges (amino groups), which can become
protonated, enable interactions with the negatively-charged nucleic acids and cellular

membranes. However, these same charges are the main contributors to the toxicity of cationic
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polymers that ultimately hinders their application as nucleic acid delivery systems’?® - oo

cationic charges are postulated to interact with phosphate groups on the cell membranes,
destabilising them and causing cell toxicity®.

Polyethylenimine (PEI) and poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) are the
most studied cationic polymers for delivery of nucleic acids, closely followed by
poly(amidoamine) (PAAs), poly-L-lysine (PLL), polylactic-co-glycolic acid (PLGA) and poly(-
aminoesters)'®-'4, Of these, PEI was one of the first polymers reported as a DNA carrier in
gene delivery studies'®-'8, which has branded this polymer as the “gold standard” for polymer-
based delivery. PEI's commercial availability, high cationic charge density, efficient packaging
of nucleic acids and high transfection rates are all contributors to its widespread use.
Nonetheless, PEI's unacceptable cytotoxicity has been well documented?®'°.

Similarly, DMAEMA based polymers have shown success in nucleic acid delivery, however
data on its toxicity to cells is ambiguous, which has slowed down its translation into the clinic.20-
25 DMAEMA has a tertiary amine group, thus a less dense cationic character than PEI, which
could attenuate toxicity and could be further diminished when coupled with other monomers
that balance charge effects. What it is broadly accepted across the field is that there exists a
clear trade-off between delivery (consequently, transfection efficiency) and cytotoxicity of
polymers, which has led to continuous research efforts to adjust the balance, alleviate the
latter and increase the former.3

One of the most common ways to improve cationic polymer cytotoxicity is to integrate
poly(ethylene glycol) (PEG) - a neutrally charged, hydrophilic polymer - into the polymer
chain?6. PEG is well known for its biocompatibility and increasing circulation times and is used
in many FDA-approved products?’28, However, studies suggest that the mechanism by which
the shielding effect of PEG chains limits undesirable interactions with negatively charged blood
components and cell membranes?®-32, also influences how the cationic charges from the
polymer interact with nucleic acids, effectively decreasing cellular uptake, endosomal escape
and consequently, molecule-delivery?8.33,

Polymer characteristics, other than chemistry, have also been found to affect transfection
efficiency and cytotoxicity. In early studies by Mikos’s et al .3* found that as molecular mass
(MM) increased, so did the transfection efficiencies of PEl-based polyplexes into endothelial
cells. However, their work did not investigate the toxicity of these polymers and there is
evidence that polymer MM is inversely associated with cell viability®'%35. Monnery et al .8
investigated a range of linear and branched PEI and PLL-based polymers on a lung carcinoma
cell line and found that higher MMs led to low cell viability caused by an increase in cell
membrane damage. This trend was also observed on 3D structures®¢3” using star-shaped

polymers for gene delivery; when MM was kept constant and monomer position was varied,
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gene delivery was improved, suggesting a role that polymer architecture plays in gene delivgry.s roe
systems.

Polymer architecture can be split into two categories: the position of the monomer in the
polymer chain, and topology. In the case of topology, polymers can be further classified into
linear, branched, graft or star-shaped architectures, depending on the spatial arrangement
that the linear co- or homopolymers follow.3383 |t is well established that stars outperform
their linear counterparts or even branched/linear PEI in terms of toxicity, as well as nucleic
acid complexation.?42540-42 Additionally, the success of grafted structures is dependent on the
content and composition of its side chains*3. In fact, the flexibility warranted by the 3D
conformation of branched and hyperbranched copolymers may improve interactions with the
cell surface to reduce toxicity.84445

In contrast to topology, the position of the monomers in the polymer chain has not been
investigated systematically. Polymers are classed as homopolymers or as block-, gradient- or
statistical copolymers*, in regard to monomer position. Linear architectures are the most
studied for non-viral gene delivery vectors, however two points need to be clarified before they
are developed. Firstly the effect of monomer position on cytotoxicity or cellular uptake is a
controversial topic®4648, Second, there is little consistency between the experimental
conditions: monomers, composition, molecular weight, linear versus non-linear architectures
and synthetic method used, and also cell lines investigated across different studies to draw
valuable conclusions about which parameters influence delivery. Alhoranta et al .46 found that

architecture does not affect cell viability in retinal cells by comparing linear and star DMAEMA-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

based copolymers. However, neither the MM nor the compositions of the polymers
investigated were held constant and these factors impact cellular response. Bryer and

colleagues*” investigated triblock copolymers of poly((ethylene glycol) methyl ether
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methacrylate and DMAEMA monomers copolymerised with a 2-(diethylamino)ethyl

(cc)

methacrylate and butyl methacrylate (DEAEMA-co-BuMA) copolymer. Their study found that
monomer position did not affect cytotoxicity in immune cell lines, however the length of the
OEGMA segment varied in the 6 polymers investigated. Perrier’'s*® investigated triblock and
statistical terpolymers with comparable MM and compositions, on cervical cancer cells (HelLa)
and found that although monomer position did not impact cytotoxicity or cellular uptake in the
long-term, the statistical polymer was internalised more rapidly than the block structures. In
contrast, when statistical and diblock glycopolymers of 3.2 to 29.5kDa were compared,
statistical glycopolymers outperformed their corresponding diblocks in terms of cell survival
and transfection efficiency®.

Nonetheless, cationic homopolymers generally show high transfection efficiencies, as the

availability of charges allows for tight complexation of nucleic acids, however this is often
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accompanied by very high toxicity3'4950, which explains the shift in the field towards | cle Onine

Y01012G

complex architectures and topologies.

Together, the literature suggests that the influence of parameters such as monomers used,
hydrophobic content, charge density, molar mass or architecture on toxicity may be
multifactorial rather than individual. Nonetheless it is important to understand individual trends
to improve the design of polymeric delivery systems. Here we investigated 7 linear copolymers
with varied architectures across five cell lines (two non-malignant control cell lines, human
embryonic kidney 293 cells, HEK-293, and human pancreatic duct cells, HPNE; and three
pancreatic adenocarcinoma cell lines, BXxPC-3, PANC-1 and S2-007). All polymers had the
same targeted MM and composition as both factors affect transfection and toxicity but varying
position of the monomers withing the polymer chain (architecture). Specifically, copolymers of
varying architectures (AB diblock, ABA triblock, BAB triblock, ABAB tetrablock, statistical, A-
b-(A-co-B)-b-B and gradient/tapered copolymers) were synthesised through Group Transfer
Polymerisation (GTP), using DMAEMA and oligo(ethylene glycol) methyl ether methacrylate
(OEGMA molar mass=300 g.mol-') monomers. The physicochemical properties and influence
of the panel of copolymers on cell viability were compared; the comonomer composition and
the polymer molar mass were kept constant throughout. To the best of our knowledge this is
the first study of its kind comparing multiple linear copolymers to evaluate the effect of
architecture in cell-material interactions, in which the defining features of molar mass and

composition were kept constant.

1. Experimental

1.1. Materials

All chemicals involved in polymer synthesis, purification and characterisation were purchased
from Sigma-Aldrich, U.K. except for n-hexane that was used for polymer precipitation that was
obtained from VWR Chemicals. These were: 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH,
free radical inhibitor), basic aluminium oxide (Al,03.KOH), calcium hydride (CaH,, 290%), 2-
(dimethylamino)ethyl methacrylate (DMAEMA, 98%), oligo(ethylene glycol) methyl ether
methacrylate (OEGMA, MM: 300 g/mol, 94%), methyltrimethylsilyl dimethylketene acetal
(MTS, 95%), anhydrous tetrahydrofuran (THF, inhibitor-free, HPCL grade 299.9%),
deuterated chloroform (chloroform-d, CDCI3), poly(methyl methacrylate) (PMMA) standard
samples (MM = 2000, 4000, 8000, 20 000, 50 000, 100 000 g/mol), branched polyethylenimine
(PEI, MM by LS 25,000g/mol ), thiazolyl blue tetrazolium bromide reagent (MTT) and dimethyl
sulfoxide (DMSO) Poly(tetrafluoroethylene (PTFE) hydrophilic syringe filters (0.45um pore
size, 13 and 25mm diameter), and nylon syringe filters (0.45um pore size, 25mm diameter)

were obtained from Thermo Fisher Scientific.
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Dulbecco’s modified eagle medium (DMEM) was obtained from Lonza. RPMI-1640 meditiny, ;015
foetal calf serum, L-glutamine, penicillin and streptomycin were obtained from Sigma-Aldrich,

U.K.
1.2. Purification of Reagents

Ahead of synthesis, DMAEMA and OEGMA300 monomers were purified to remove inhibitors
and acidic impurities. OEGMA300 was first diluted in THF in a 50:50 volume ratio and
DMAEMA was used as provided. Both monomers were passed twice through basic aluminium
oxide columns followed by the addition calcium hydride to remove any traces of humidity For
further purification, DMAEMA was freshly distilled under vacuum (after DPPH was added) the
day before polymer synthesis. Due to its high molar mass, OEGMA300 was not distilled, but
directly filtered into the reaction flask, similarly to Vamvakaki et al .5' MTS was also distilled
under vacuum for purification. The catalyst, tetrabutylammonium bibenzoate (TBABB), was

in-house synthesized, following the procedure reported by Dicker et al.>?
1.3. Group Transfer Polymerisation (GTP)

All copolymers were synthesised via a sequential — one pot GTP synthesis, where each block
takes approximately 15 minutes. As an example, the synthesis of diblock, OEGMAs-b-
DMAEMAs, (P1, AB), is described. Approximately 10mg of TBABB were added to a round-
bottom flask which was sealed with a rubber septum and purged with argon. This was followed
by the addition of anhydrous THF (60mL), addition of MTS (0.55mL, 0.47g, 3 mmol), filtration
of the first monomer, OEGMA300 (22.5mL, 11.8g, 40mmol) in the reaction flask and injection
of DMAEMA (12.5mL, 11.8g, 80mmol). As the synthesis is an exothermic reaction, the

temperature of the reaction was monitored and recorded. Upon temperature stabilisation, 15

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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minutes after the addition of each monomer, two samples of approximately 0.1mL each were

(cc)

collected for '"H NMR and GPC analysis. Copolymers with statistical or gradient central blocks
(i.e. P5, P6 and P7) were synthesised as above for the first block, followed by the simultaneous
addition of monomers for central blocks, and again as initially described for all blocks that
followed. The difference between the P6 and the gradient P7 is that for the gradient it was
ensured that the rate of addition of the two monomers was different so a gradient distribution
of the two monomers on the polymer chain was achieved. The synthesised copolymers were

recovered in n-hexane and dried under vacuum and at room temperature for at least a week.
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Figure 1. Chemical structures and names of the monomers used in this study and a schematic
representation of the architectures synthesised. OEGMA300 and DMAEMA units are

represented in green and blue, respectively.
1.4. Gel Permeation Chromatography (GPC)

Molar masses (MM) and molar mass distributions (dispersities, Ps) of all copolymers and
precursors were determined by GPC. Samples were analysed using GPC (SECurity GPC
System 1260 Infinity, Agilent Technologies). The flow rate at the time of calibration and of
experimental sample analysis was 1mL/min and the mobile phase used was THF with 5%
Et;N. Samples were prepared by dissolution in the same solvent as the mobile phase and
filtered using 0.45um PTFE filters prior to analysis. The system was calibrated with six PMMA

standards.
1.5. Proton Nuclear Magnetic Resonance ('H NMR) Spectroscopy

"H NMR was carried out for every sample collected during and at the end of synthesis using

a Jeol 400 NMR Spectrometer. CDCl; was used as solvent.
1.6. Cloud Points

Cloud points (CPs) of 1% w/w polymer solutions in PBS were determined via Ultraviolet-visible

(UV-Vis) Spectroscopy. A Cary UV-Vis Compact Peltier Spectrometer (Agilent, U.K) equipped
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with a temperature probe and stirring was used for analysis. Samples were heated at4°CCe e
increments and each temperature was held for 30 seconds for stabilisation. Measurements
were acquired at 550 nm, and a blank cuvette with PBS was used as reference. The instrument
determines the cloud point temperature as the temperature at which a 50% change in

transmittance is observed. The instrument error is +1°C.
1.7. Potentiometric Titrations

Polymer solutions prepared in DI water (1 w/w%) were titrated to determine the pK, values of
DMAEMA units. A pH meter (Hanna Instruments, U.K) with a two-point calibration at pH 4 and
pH 7 was used. The pK, is determined as the pH at which 50% of the amino groups are

protonated.
1.8. Dynamic Light Scattering (DLS)

The experimental hydrodynamic diameters of 1% w/w polymer solutions (prepared in PBS)
were determined using a Zetasizer Nano ZSP (Malvern, U.K) which collects scattered light at
a backscatter angle of 173°. Samples were filtered using 0.45 ym nylon filters to remove dust
and left to rest for 30 minutes to allow dispersion of any bubbles formed during filtration. Each
sample was run three times after an equilibrium time of 120 seconds. Experimental results are
compared with theoretical hydrodynamic diameters, where for all copolymers a random coil

configuration was assumed. The theoretical hydrodynamic diameters were calculated

DPoggma + DPpmaEma

following the equation®3: d,=2 X (2 X 2.20 X 3 )12 x 0.154nm. The DP values

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

were calculated from the experimental M, values after polymer precipitation, obtained by GPC,
and experimental composition values determined by 'H NMR. For OEGMAS300, it was
considered that the length of ethylene glycol (EG) chains to be 1.5 of the length of the
methacrylate®. OEGMA300 has 4.5 EG groups, thus 6.75 was added to the DPoggua (1.5 %
4.5).
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1.9. Zeta Potential

A Zetasizer Nano ZSP (Malvern, U.K.) was used to determine surface potential 1% w/w
polymer solutions (prepared in PBS). For all measurements, cuvettes were prepared
according to manufacturer’s instructions and samples were carefully loaded on to the cuvettes
to avoid formation of air bubbles and left to equilibrate for 120 seconds. Each measurement

run was performed 3 times. Results were reported as an average of the measurement runs.
1.10. Cell Culture

HEK-293, PANC-1 and BxPC-3 cell lines were obtained from American Type Culture

Collection, S2-007 were obtained from Dr Silvia Ottaviani (Department of Surgery & Cancer,
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Imperial College London) and HPNE were obtained from Dr Jonathan Krell (Departmerit/of
Surgery & Cancer, Imperial College London). HEK-293, PANC-1 and S2-007 were maintained
in DMEM and BxPC-3 were maintained in RPMI-1640 medium, at 37°C and 5% CO,
humidified environment (standard culture conditions). Both DMEM and RPMI-1640 media
were supplemented with 10% foetal calf serum (FCS), 2mM L-glutamine, 100 U/mL of
penicillin and 100 mg/mL of streptomycin. HPNE were maintained in DMEM supplemented
with 5% FCS, 10ng/mL of human epidermal growth factor, 4mM L-glutamine, 100 U/mL of

penicillin and 100 mg/mL of streptomycin.
1.11. Cytotoxicity

For standard 24h assay, cells were seeded in 96-well microplates at densities of 10,000
(BxPC-3), 8,000 (PANC-1, S2-007 and HEK-293) or 6,000 cells per well (HPNE). For 48h
assays, cell densities were reduced to avoid over-confluency at the time of assay. After 24h,
cells were treated with increasing concentrations of polymer solution and left to incubate for a
further 24h at standard culture conditions. MTT reagent was added to each well in a 1:10
dilution and incubated for 4 hours at 37°C. Medium was aspirated and DMSO used to
solubilise formed crystals. Absorbance was read at 560nm using OPTImax microplate reader.
Untreated cells, seeded under the same experimental conditions, were used as negative
control (100% cell viability). PEI, for its known cytotoxicity, was used as positive control. Three
independent experiments, with three replicate wells, were carried out for each cell line.

Percentage cell viability of each treatment, relative to untreated controls, was calculated

Asgg treated — Asgoblank

following the equation, % Cell Viability = x 100, where Ayeaeq refers to the

Asgocontrol — Asgoblank
absorbance readings of cells treated with solutions and A, refers to the absorbance

readings of untreated cells (negative control).

Note that the polymer concentrations tested ranged from 25 to 500 ug/mL. This is quite a
broad range and normally the concentrations used to delivery therapeutics are within the lower
limits of this range. Please also note that the MTT assay measures metabolic activity of the
cells. Decreased compared to no control cells metabolic activity suggests cell death but it is
not uncommon for increased metabolic activity to be observed that will result to % cell viability
higher than 100%.

1.12. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism 9 (Prism, San Diego, U.S.A). Zeta
Potential results were analysed using 2-way ANOVA and Tukey’s multiple comparison tests.

MTT assay results were analysed using 2-way ANOVA or Kruskal-Wallis, and Tukey’s or

Page 8 of 27
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Dunn’s multiple comparison tests, respectively. A p-value of *<0.05 was gonsidered’s e

significant.
2. Results and Discussion

In this study, seven linear copolymers with the same target MM (10 000 g/mol), OEGMA300-
DMAEMA composition (50-50% w/w) and varying architectures were synthesised via GTP. All
copolymers were composed of hydrophilic OEGMA300 block(s) (A) and DMAEMA block(s)
(B). Architectures synthesised were diblock (AB, P1), triblock (ABA, P2., BAB, P3), tetrablock
(ABAB, P4), statistical (AcoB, P5), statistical-central block (P6, A-(AcoB)-B) and gradient
copolymer (AgradB, P7). The structures are schematically represented in Figure 1, where
OEGMA300 and DMAEMA units are represented in light green and dark blue spheres,

respectively.

Table 1. Theoretical and experimental molar masses, distributions and compositions
of the copolymers synthesised and their precursors.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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No. Theoretical Polymer Structure = MMTheor.a  Jf D  wiw% OEG-DMA
(g/mol) (g/mol) Theor. H'NMR
P1 OEGy; 4000 4300 1.16 100 100
OEG3-b-DMA,5 8100 10 113 1.10 50-50 49-51
OEGg 2000 3200 1.14 100 100
P2 OEGg-b-DMA5 6000 7600 1.17 64-36 64-36
OEGg-b-DMA5-b-OEGg 8100 11 800 1.14 50-50 56-44
DMA;» 2000 2400 1.14 100 100
DMA1,-b-OEG13 6000 6200 1.17 66-34 66-34
P3 DMA,-b-OEG3-b-DMA > 8100 9400 1.16 50-50 50-50
OEGg 2000 3000 1.16 100 100
P4 OEGg-b-DMA;, 4000 5700 1.16 50-50 51-49
OEGg-b-DMA1,-b-OEGg 6000 8300 1.18 66-34 66-34
OEGg-b-DMA1-b-OEGg-b-DMA 1, 8100 11 500 1.20 50-50 49-51
E P5 OEG3-co-DMA,s 8100 11 200 1.19 50-50 51-49
OEGg 2000 3200 1.16 100 100
P6 OEGgs-b-(OEG,,-co-DMAg) 6000 8200 1.19 66-34 65-35
OEGg-b-(OEG+,-co-DMAg)-b-DMA ¢, 8100 12 200 1.20 50-50 50-50
OEGg 2000 2700 1.14 100 100
OEGg-b-(OEG,-grad-DMA,) #1 3000 3000 1.14 80-20 98-2
P7 OEGg-b-(OEG,-grad-DMA,) #2 4000 3600 1.17 60-40 94-6
OEGg-b-(OEGg-grad-DMA;) #3 5000 4000 1.13 40-60 88-12
OEGg-b-(OEGg-grad-DMA ;) #4 6000 7100 1.18 20-80 66-34
OEGg-b-(OEGg-grad-DMA,)-b-DMA 1, 8100 9400 1.18 50-50 50-50

a-Theoretical MM (MMteer) was calculated using the equation: MMteer- (g/mol) = (£; MM; x DP;) + 100, where MM; and
DP; correspond to the MM of the monomer and its degree of polymerisation, respectively. The addition of 100 g/mol
accounts for the mass of the initiator that remains on the polymer chain.

b— Abbreviated nomenclature. OEG and DMA refer to OEGMA and DMAEMA, respectively.
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Successful synthesis of all copolymers was monitored via GPC and 'H NMR spectroscopy.
Specifically, the MMs and compositions for all final polymers but for their precursors was
determined and presented in Table 1. The final M,s varied between 9400 and 12 200 g/mol
(Table 1). The discrepancies between target and final M, values can be explained by the
deactivation of MTS molecules that are added to the active polymer chains, leading to higher
experimental MM values, which have been reported in GTP.%%:56 Dispersity (D) (molar mass
distribution) values vary between 1.10 and 1.20, and agree with previously reported values for

copolymers synthesised through GTP and using OEGMA monomers.57-50,
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Figure 2. GPC chromatogram of the AB diblock copolymer, OEGMA300+5-b-DMAEMA;, (P1),
and its precursor. OEGMA300,, (abbreviated OEG;, on inset legend) and the final polymer
(abbreviated OEG,¢-b-DMA3, on inset legend) are represented by the green dashed line and
blue solid line, respectively.

The GPC profile (Figure 2) confirms the successful synthesis of polymer 1 (AB),
OEGMA3004¢-b-DMAEMA;,, and its precursor, with minimal deactivation. The progression of
the reaction can be observed as the peak shifts towards higher MM values. The GPC traces

of the copolymers followed a similar trend (Figure S1).

"H NMR spectra of polymer 1 and its precursor is shown in Figure 3. The three methoxy
protons of OEGMA300, found next to the methyl group, are labelled “e” on Figure 3, are
represent the monomer distinct peak. For the second monomer, DMAMEMA, its peak is

labelled “h” and distinguishes the 6 methyl protons next to the nitrogen atom. These two peaks
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were used to determine the composition of all polymers and their precursors. 'H NMR spettrass e
of copolymers P2-P7 can be found in the Supplementary (Figure S6A-F). Theoretical and
experimental compositions were in agreement (Table 1), confirming successful synthesis for

all copolymers.
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Figure 3. H' NMR spectra of the AB diblock copolymer, OEGMA300+s-b-DMAEMA3, (P1), and
its precursor. The first block of the copolymer, OEGMAS300, is represented in green (chemical
structure and spectra), the second block, DMAEMA, is represented in bright blue (chemical

structure), and the final spectra in bright blue.
2.2. Physicochemical properties

Properties such as pK, surface charge and size are known to influence cell-material
interactions. Cloud point temperatures (CPs) were also determined to investigate the solubility
of copolymer in aqueous solutions resembling physiological environment (37 °C, pH 7-7.4). All
copolymers were found to be soluble in aqueous solvents, either DI water, sterile PBS and

cell culture media, in agreement with the hydrophilic nature of both monomers used. For
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investigation of aqueous solution properties, 1% w/w polymer solutions either in D| water o

PBS were made unless stated otherwise.

Table 2. Architecture, theoretical structure, effective pK, and cloud point temperatures
(through visual and UV-Vis spectroscopy determination) of all copolymers synthesised and
of PEI.

No. Arch. Theoretical Polymer Structure? pK,y Cloud Points (°C)
UV-Vis (1)
pH 9P pH 7°
P1 AB OEG3-b-DMA,5 7.4 56 N.D
P2 ABA OEGg-b-DMA,5-b-OEGg 7.3 57 N.D
P3 BAB DMA>-b-OEG3-b-DMA, 7.3 56 N.D
P4 ABAB OEGg4-b-DMA,-b-OEGg-b-DMA 4, 71 55 N.D
P5 AcoB OEG;3-co-DMA,5 71 56 N.D
P6 A(Aco)B OEGg-b-(OEG1,-co-DMAg)-b-DMA, 7.2 55 N.D
P7  A(AgradB)B  OEGg-b-(OEGe-grad-DMA5)-b-DMA, 7.3 58 N.D
PEI Branched N.A N.A N.D N.D

a— Abbreviated nomenclature. OEG and DMA refer to OEGMA and DMAEMA, respectively.

b — pH 9 and pH 7 refer to approximated pH of solutions tested. The pH of each solution was measured before each
experiment. On a non-protonated state, the copolymers solutions pH ranged from 8.7 to 9 for all copolymers. When
protonated to physiological pH, values ranged from 7.0 to 7.2. For PEI, the solutions’ pH prior to testing was found to be at
10.9 and 7.1, respectively.

N.A — Not Applicable. Cannot be calculated.

N.D — Not Determined. Cloud point temperature not found at the temperature range tested (21-80°C)

2.2.1. Cloud Points

The cloud point temperatures for all copolymers solutions (1wt%) were determined at the
solutions original pH, where most of the DMAEMA units are not protonated, and at
physiological pH range, where around 50% of the DMAEMA units are protonated. Heat curves

of each copolymer can be found on Figure S7 (supplementary data).

CPs are indicative of the hydrophilicity of polymers and consequently, their tendency for
aggregation. DMAEMA homopolymers have an expected CP of around 50 degrees®%61,
introducing a hydrophilic monomer, such as OEGMA in this case, will lead to an increase in
cloud point temperatures, a trend described by others.%56-64 |n this study, CPs ranged
between 55 and 58°C in a non-protonated state and no clear differences were observed
between the different architectures. Additionally, since the amine groups of DMAEMA become
protonated at physiological pH range, the polymer becomes even more hydrophilic®%%6, which
explains why no CPs were observed at pH=7. As expected, PEI did not display a cloud point

due to its higher charge density.
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Table 3. Architecture, theoretical structure, theoretical and experimental hydrodynamic diameters (by

intensity) of copolymers synthesised and of PEI.

No Arch. Theoretical Polymer Structure? Hydrodynamic diameter® (Dy,nm, £0.5)

Theor.c pH?9 PDI pH7 PDI

pH 9 pH7
P1 AB OEG3-b-DMA,s5 2.8 5.6 0.146 49 0.127
P2 ABA OEGg-b-DMA,5-b-OEGg 29 6.5 0.120 6.5 0.218
P3 BAB DMA2-b-OEG3-b-DMA, 27 49 0.220 5.6 0.120
P4 ABAB OEGg-b-DMA12-b-OEGg-b-DMA 4, 3.0 5.6 0.086 5.6 0.312
P5 AcoB OEG3-co-DMA,5 29 5.6 0.091 6.5 0.219
P6 A(Aco)B OEGg-b-(OEG12-co-DMAg)-b-DMA 1, 3.0 6.5 0.076 6.5 0.136
P7 A(AgradB)B  OEGg-b-(OEGs-grad-DMA,)-b-DMA, 3.0 5.6 0.112 5.6 0.152
PEl Branched N.A N.A 10.1 0.179 10.1 0.195

a— Abbreviated nomenclature. OEG and DMA refer to OEGMA and DMAEMA, respectively.

b — The experimental hydrodynamic diameters reported are the average (of 3 independent runs) of the mean diameters of the maximum peak
reported by the instrument.

¢- Calculations for the theoretical diameters are based on the experimental degrees of polymerisation (DPs). DPs were calculated by using

the experimental MM after precipitation, determined by GPC, and experimental composition, by 'H NMR. Theoretical diameters assume a

. ) . . . DPoggma + DPpmaema
random coil configuration and were calculated following the equation®3: d,=2 X (2X 220X ————— )12 X 0.154nm,

d- pH 9 and pH 7 refer to approximated pH of solutions tested. The pH of each solution was measured before each experiment. On a non-
protonated state, the copolymers solutions pH ranged from 8.7 to 9 for all copolymers. When protonated to physiological pH, values ranged
from7.0t0 7.2.

N.A — Not Applicable. Cannot be calculated.
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2.2.2. Size

(cc)

Hydrodynamic diameter measurements were carried out at non-protonated and protonated
states at 37°C (Table 3, pH 9 and pH 7, respectively). Given the hydrophilic nature of both
DMAEMA and OEGMA units, a random coil configuration was assumed for all copolymers

and theoretical diameters were calculated following the equation d, = 2 X (2 X 2.20 X

DPoggema + DPpmaEma
3

)2 x 0.154nm.

All copolymers were found to be nano-sized (Dy < 10nm) and have narrow size distributions.
At this size and considering the hydrophilic nature of DMAEMA and OEGMA, no self-assembly
was expected and the polymers’ chains are in the form of unimers. Mendrek and co-workers?*
report hydrodynamic radius ranging between 10-14nm for DMAEMA-OEGMA stars while
Hong-Tan et. al®” found ranges of 12-18nm for hyperbranched DMAEMA-OEGMA statistical

structures. It is of note that the MMs used in these studies are significantly different than those
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reported here , as expected since the hydrodynamic diameter increases with, increasjtigr- e

MM?24.25.40 - At 37°C results also show no evidence of self-aggregation in either protonation
state, in agreement with the cloud point temperatures observed. However, it must be noted
the difference between theoretical and experimental values is due to steric hindrance caused
by the presence of EG side groups, which forces the polymer chain to be in a more extended
configuration. As expected, PEI has a greater hydrodynamic diameter (of 10nm) since it has
a higher MM.

2.2.3. Effective pK,s

All copolymers had an acid dissociation constant (pK,) values in the range of 7.1 — 7.4 (Table
2.) agreeing with previously described values for DMAEMA-based copolymers.556869 The pK,
of a polymer describes the pH at which 50% of its ionizable groups are in a protonated state,
thus in environments where the pH is lower than the pK,, there is an abundance of protons,
and the pK, can also be used to infer the polymer’s charge under varying pH conditions.”® The
pK, values reported indicate that the copolymers in this study are partially protonated at

physiological pH, carrying a cationic charge.
2.2.4. Zeta Potential

The surface charge of all copolymers in PBS was found to be moderately positive, with zeta
potential values varying from 0.32 to 5.63mV, at a physiological pH (Figure 4.). Based on the
pK, values reported, these results were anticipated, however they do not match the values of
linear PDMAEMA (15mV) or other DMAEMA-based polymers at non-protonated and
protonated states.?470 Our data can be explained due to the shielding effect of the PEG-chains
present in our copolymers, given the high OEGMA content?®. Additionally, comparison with
other studies is conflicting due to the sensitivity of zeta potential measurements to sample
concentration, pH and ionic strength.47”" In contrast, branched PEI had a noticeably higher
zeta potential of around +14.93mV (x 1.73mV), which is in agreement with previously reported
values and is explained by PEl's greater density of ionizable groups’. As charge and
cytotoxicity are intrinsically related and recognising the marked toxicity of PEI in in-vitro
models, the lower zeta potential values reported for our copolymers could hint toward them
being less cytotoxic. The significant differences found between the designed copolymers also
suggest copolymers P5 to P7, non-block architectures (AcoB, A-(AcoB)-B and gradient,
respectively) are potentially more cytotoxic than their block architecture counterparts (P1-P3).
Tetrablock copolymer P4, ABAB, however, has slightly higher zeta potential though this

difference was only significant in comparison to P1.
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arrow (top) was found to be the same for all copolymers, when compared to PEI.

(cc)

3. Cytotoxicity

3.1. Non-malignant models

Cytotoxicity was investigated in HEK-293 (embryonic kidney cells) and HPNE (ductal cells of
the pancreas) human cell lines as non-malignant models. MTT assay was used to measure
metabolic activity of cells. Reduced metabolic activity correlates to cell toxicity or unhealthy
cells. The cell viability percentages were calculated relative to untreated controls, most

measurements observed for copolymers report a cell viability greater than 100%°°.

MTT assay demonstrated a time, concentration and polymer dependent effect in cell viability,
across all pancreatic cell lines. In HEK-293, significant differences were found between block-
like and non-block architectures, at 24 hours (Figure 5). Particularly, exposure to polymer P6,

a statistical central block, lead to a reduction of up to 25% in cell viability at the three highest
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concentrations (125ug-, 250ug- and 500pg/mL). Exposure to the gradient copolymer, (P7):Was 75, 01se

Y01012G

only found significant, compared to the others, at 500ug/mL with a reduction of 20% in cell
viability. In contrast, block architectures were not found to impact cell viability significantly. No
significant reduction in cell viability was measured for any of the copolymers, at 48 hours
(Figure S2). The effects of other cationic polymers on the viability of HEK-293 cells and cell
transfection has been described by others#+71.72, Cook et al.** found bPEI to be cytotoxic at
low concentrations (200ug/mL), which was significantly improved with the introduction of a
second monomer in poly(ethylenimine-co-oxazoline) copolymers. The copolymers
transfection efficiency was roughly 25% lower than that of bPEI but with much reduced
cytotoxic effects in HEK-293. Similarly, Yu”® showed cell viability to decrease around 70%
when exposed to 25kDa PEI but only 15-20% with PDMAEMA linear polymers. Transfection
efficiency was also remarkable compared to PEI, however it must be noted that such
improvement could be due to the marked cell death caused by PEI exposure. In contrast,
PDMAEMA polymers of Bitoque et al 7 were cytotoxic towards HEK-293 cells in
concentrations as low 10ug/mL, but no decrease in cell viability was observed when their
polymers were complexed with DNA. Together, these studies show that complexation limits
the amount of charges available to disrupt the cellular membrane and cause toxicity, which
translates in lower cytotoxic effects from polyplexes. Our results show a similar trend of
polymer-only toxicity, which is a promising sign on the suitability of our copolymers for gene
delivery.

Similarly, HPNE cells appeared to be more susceptible to non-block architectures. When
exposed for 24 hours to P6 (A-(AcoB)-B) and P7 (A(AgradB)B), copolymers of random (less-
ordered) monomer distributions, a significant decrease in cell viability was observed (Figure
5). Exposure to gradient copolymer led to a 30% decrease in cell viability at the highest
concentration (500ug/mL). A-(AcoB)-B (P6) showed significant cytotoxic effects from a
concentration of 125ug/mL and higher, with cell viability decreasing with concentration. A
reduction of more than 50% in cell viability was observed for the two highest concentrations
when exposed to A-(AcoB)-B. By comparison with 24 hours, results show that longer exposure
time to the polymer significantly impacts cell viability at lower concentrations. At 48 hours
(Figure S2), exposure to A-(AcoB)-B (P6) saw a 30% reduction in cell viability at lowest
concentration (25ug/mL) which doubled at highest concentration (60% reduction, 500ug/mL).
Exposure to P7 led to a 50% reduction at the highest concentration, versus 30% at 24 hours.
Surprisingly, not having been observed at 24 hours, AcoB (P5) 48 hour exposure reduced cell

viability 20-40% as concentration increased from 50ug/mL.
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Figure 5. Effect of monomer distribution on non-malignant cell lines. HEK-293 (A) and
HPNE (B) were treated with increasing concentrations of polymer solutions for 24 hours.
Polymer concentrations, for all copolymers, are: 25 ug/mL (lilac), 50 ug/mL (green), 125 ug/mL
(orange), 250 pug/mL (blue) and 500 ug/mL (pink). Polymer abbreviations for P1 to P7 are AB,
ABA, BAB, ABAB, AcoB, A(AcoB)B and gradient, respectively. PEl was used a positive control
(cytotoxic). Cell viability is reported as percentage relative to untreated control cells (0 pug/mL,
not plotted). Black dotted line indicates 100% cell viability (control). Data shown as mean +
SEM from triplicates. Differences in mean cell viability between polymers was investigated
using Two-way ANOVA and Tukey’s multiple comparison tests. Significance denoted **** P
<0.0001, *** P < 0.001, ** P <0.01, * P < 0.05.

3.2. PDAC models
The cell viability of BxPC-3 and PANC-1 PDAC cell lines was significantly more affected by

exposure to the statistical/tapered co-polymers (Figure 6). For the BxPC-3 cells, non-block

architectures P5, P6 and P7 were found to negatively impact cell viability. AcoB (P5) led to a
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decrease in cell viability of more than 30% at the two highest concentrations inyestigated.c- '7¢

PY01012G

A(AcoB)B (P6) decreased cell viability between 30% and 60% from exposures as low as
50ug/mL. Finally, cell viability was around 30% when exposed to the gradient copolymer at
the highest concentration, which is nearly a 70% reduction. At 48 hours (Figure S3), however,
cytotoxic effects were not observed which is unusual — increasing dosage and time of
exposure normally leads to higher cytotoxicity. Our results suggest that cells recover after
initial insult, however this was not observed (nor expected to) with the control PEI. Further
studies will need to be performed to understand why this is observed and why metabolic

activity seems to increases in some cases.

For PANC-1, while it seems that A-(AcoB)-B, P6, could be affecting cell viability (Figure 6) no
significant differences were found compared to untreated cells. It was observed that as
concentration increased, so did cell viability, which is unusual. A hallmark of cancer is that
cells proliferate in excess partly due to a stress-induced response, in which if a given dosage
does not induce cell death pathways , cells will continue to proliferate”>76. Considering that
PEI, follows a standard trend in which cell viability is negatively impacted with increasing
concentrations, the increase in cell viability observed for P6 is likely an artefactual result. At
48h (Figure S3), while it was visually clear that copolymers P5, P6 and P7 to potentially have
an effect on cell viability, following the same trend as positive control PEI, this was not found

to be significant.

Similar to what was observed for PANC-1 cells, none of the architectures investigated were
found to affect cell viability on the S2-007 cells, at either timepoint (Figure 6, Figure S3). While
at 24 hours cell viabilities kept increasing with exposure to higher concentrations, at 48 hours
(Figure S3), the opposite was observed and agrees with what has been previously described
for the other cell lines in this study: that A(AcoB)B and gradient copolymers may affect cell
viability however, in this case, this was not found to be significant.

As PDAC models, the cells lines share genotypic profiles, such as mutations on KRAS and
tumour suppressor genes TP53, SMAD4 and CDKN2a, which lead to a higher proliferative
and invasiveness profile and to an inability to regulate cell division pathways, recognise DNA-
damaged cells and induce cell death in such cases”-7°. These mutations can play a role in
the cytotoxicity resistance observed. On the other hand, the more pronounced cytotoxic effects
observed in HPNE, could be due to opposite reasoning — the lack of mutations that allow

evasion from cellular death pathways or promote stress-induced proliferative states.

In comparison with our copolymers, PEI’s cytotoxicity increased with concentration, a trend
well described in the literature across different cell lines®%-83 and mirrored by the results here

described for both non-malignant and PDAC models. PEI's high density of cationic charges,
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cause membrane disruption®.
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Figure 6. Effect of monomer distribution on PDAC cell lines. BxPC-3 (top), PANC-1
(middle) and S2-007 (bottom) cells were treated with increasing concentrations of polymer
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solutions for 24 hours. Polymer concentrations, for all copolymers, are: 25 pg/ml_ (lilag); 50752155

Mg/mL (green), 125 ug/mL (orange), 250 upg/mL (blue) and 500 pg/mL (pink). Polymer
abbreviations for P1 to P7 are AB, ABA, BAB, ABAB, AcoB, A(AcoB)B and gradient,
respectively. PEl was used a positive control (cytotoxic). Cell viability is reported as
percentage relative to untreated control cells (0O ug/mL, not plotted). Black dotted line indicates
100% cell viability (control). Data shown as mean £ SEM from triplicates. Differences in mean
cell viability between polymers was investigated using Kruskal-Wallis tests and Dunn’s
multiple comparison testes. Significance denoted **** P <0.0001, *** P < 0.001, ** P <0.01, *
P < 0.05.

3.3. Effect of architecture on cytotoxicity

As evidenced by the cytotoxicity results, copolymers in which cationic charges are randomly
distributed across the chain show lower cell viability than those with cationic charges
distributed in predetermined manner. These results were unexpected. Singhasa and co-
workers®  investigated a range of linear  glycopolymers, of  N-[3-
(dimethylamino)propyllmethacrylamide hydrochloride copolymerised with methacrylamide
hydrochloride, N-(3-aminopropyl) morpholine methacrylamide and 2-lactobionamidoethyl
methacrylamide where having a statistical component led to better cell viability when
compared with strictly block architectures. This was particularly relevant in copolymers
carrying tertiary amines, which has been described in earlier studies and in copolymers of
similar MM to those here described?'2885, This trend has also been observed in more complex
structures, where stars with arms of random distribution were found less toxic than diblock
arms?. In contrast, comparing linear block copolymers of PDMAEMA-Poly(B-aminoesters)
with PDMAEMA homopolymer, strengthens the evidence that higher accessibility of positive
charges to interact with the cellular membrane leads to its disruption and consequently lower
cell viability31.86.87,

It is conventionally accepted that cationic polymers interact with the cell membrane via non-
specific electrostatic interactions.?88 This interaction between positive and negative charges
is hypothesized to create holes in the cell membrane, which permeabilises it, thus improving
cellular uptake, but can also lead to membrane destabilization, potentially initiating cell death
pathways. Ruenraroengsak et al.?° investigated alveolar epithelial cells exposed to amine-,
carboxyl- and unmodified polystyrene nanoparticles of 50nm in size. Live imaging analysis of
cell topography found the formation of holes in the cell membrane as well as diminished cell
membrane density, when exposed to amine-modified NPs (+50mV) but not with the other
formulations (-10 to -50mV). Their results suggest that electrostatic interactions between
amine groups and phospholipids of the lipid bilayer causes the formation of holes, as the lipid
bilayer transitions into liquid phase. Ruenraroengsak et al.®® shows the effect surface

chemistry can have in cell-material interactions. This has also been described in
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groups) within the polymer chain has distinct impact in cytotoxicity.

In the present study, we hypothesis that, because the cationic charges of the statistical or
gradient copolymers are more spread out in the polymer when the polymer is in contact with
the cell membrane it has a higher impact. l.e. the distribution of cationic charges within
statistical or gradient copolymers could lead to an increased number of interactions with the
cell membrane, thereby causing greater cytotoxicity. Such concept is presented visually in
Figure 7. Specifically, in can be observe that because the DMAEMA block coils many of the
charges are not accessible to interact with the membrane. While when the cationic charges
are more spread out in the polymer more charges are accessible to interact. Our results are
also supported by the zeta potential values reported, where significant differences between

block architectures and copolymers P5-P7 were found (Figure 4).

diblock gradient
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Figure 7. Conceptual illustration of the effect of monomer distribution on cell
membrane interaction. Blue sections represent partially protonated DMAEMA units, green
sections represent other monomer units (in the case of this schematic, OEGMA300). A wider
distribution of cationic charges may lead to a higher number of interactions with the negatively
charged cellular membrane, disturbing the membrane across more locations, leading to
increased toxicity.

4. Conclusions

In this study, the properties and cytotoxicity of seven DMAEMA-OEGMA3O00, linear
copolymers were investigated for their suitability as potential delivery systems. Our results
found statistical (or of statistical/tapered component) to cause a more overt reduction in cell
viability than their block counterparts, suggesting that the monomer position in the polymer
chain plays a key role in cytotoxicity. To the best of our knowledge this study is the first of its

kind comparing the cytotoxicity of multiple linear architectures. Specifically, the toxicity was
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evaluated using MTT assay in a range of pancreatic cancer cell lines versus nop-maligiian;
control lines. While copolymers OEGMA,-b-(OEGMAg-co-DMAEMA 5)-b-DMAEMA,4, a
statistical-centre block, and OEGMA;-b-(OEGMAs-grad-DMAEMA 5)-b-DMAEMA,, a
gradient, were found to significantly affect cell viability, it can be said that all polymers are well
tolerated by these cell lines and in some cases metabolic activity increased that will need to
be investigated further. We believe that OEGMA-DMAEMA copolymers have potential to
overcome the cytotoxic limitations of bPElI and of PDMAEMA homopolymers and show
promising properties as gene delivery systems to treat PDAC. Further studies on the delivery
of therapeutic molecules by this copolymers and also how different factors like the composition

affect toxicity will follow.
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