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Improving Gene Delivery: Synergy between Alkyl Chain
Length and Lipoic Acid for PDMAEMA Hydrophobic

Copolymers
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In the field of gene delivery, hydrophobic cationic copolymers hold great
promise. They exhibit improved performance by effectively protecting genetic
material from serum interactions while facilitating interactions with cellular
membranes. However, managing cytotoxicity remains a significant challenge,
prompting an investigation into suitable hydrophobic components. A
particularly encouraging approach involves integrating nutrient components,
like lipoic acid, which is known for its antioxidant properties and diverse
cellular benefits such as cellular metabolism and growth. In this study, a
copolymer library comprising 2-(dimethylamino)ethyl methacrylate
(DMAEMA) and lipoic acid methacrylate (LAMA), combined with either
n-butyl methacrylate (nBMA), ethyl methacrylate (EMA), or methyl
methacrylate (MMA), is synthesized. This enables to probe the impact of
lipoic acid incorporation while simultaneously exploring the influence of
pendant acyclic alkyl chain length. The inclusion of lipoic acid results in a
notable boost in transfection efficiency while maintaining low cytotoxicity.
Interestingly, higher levels of transfection efficiency are achieved in the
presence of nBBMA, EMA, or MMA. However, a positive correlation between
pendant acyclic alkyl chain length and cytotoxicity is observed. Consequently,
P(DMAEMA-co-LAMA-co-MMA), emerges as a promising candidate. This is

1. Introduction

Gene therapy could revolutionize the treat-
ment of acquired and inherited diseases,
by introducing genetic material into spe-
cific cells to either correct malfunctioning
or express deficient genes.['*] Delivery of
the genetic material is mainly mediated
by two classes of carriers, that are, viral
and non-viral vectors. While both have their
merits, non-viral vectors such as lipids, or
cationic polymers, are a preferred choice
due to their lower immunogenicity, ability
to carry larger genetic payloads and inex-
pensive production.[*7] Despite the lipids’
remarkable performance to efficiently de-
liver mRNA or siRNA into cells, as demon-
strated in the development of vaccines dur-
ing the pandemic, their effectiveness in de-
livering plasmid DNA into cell nuclei is lim-
ited. This limitation has driven the relent-
less search for alternative transport vectors,
with cationic polymers coming into focus as

attributed to the optimal combination of low cytotoxic MMA and
transfection-boosting LAMA, highlighting the crucial synergy between LAMA

and MMA.
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a promising solution.[®!

An ideal polymeric vector should com-
plex and shield genetic material from
serum interactions, facilitate cellular mem-
brane internalization and endosomal es-
cape, and release genetic material while
remaining non-toxic.’! To this end, cationic polymers such
as poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) have
been broadly investigated due to their potential as a delivery
vector.'11] While PDMAEMA demonstrates a notable binding
affinity, its optimal performance as a carrier is attainable at
higher molecular weights, leading to increased cytotoxicity due
to membrane disruption.['?] Therefore, various strategies em-
ploying DMAEMA have been explored to enhance transfection
efficiency while maintaining low cytotoxicity.''l A promising
approach for enhancing the transfection efficiency of cationic
polymers involves incorporating hydrophobic components.[*13]
These cationic hydrophobic polymers form electrostatic interac-
tions with genetic material and self-assemble, resulting in sta-
ble complexes that are resistant to serum interactions.['*1¢] Fur-
thermore, the hydrophobic components can interact with cellu-
lar membranes which leads to improved uptake or endosomal
release.[161]

Among other hydrophobic groups, incorporating hydropho-
bic monomers with acyclic alkyl chains pendant groups such as
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Figure 1. Summarized kinetics plot of P(DMAEMA),-co-(nBMA),
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-co-(LAMA),]. The left plot depicts monomer conversion, the middle plot compares

calculated and measured molar masses at various conversions, and the right plot displays SEC traces over time. Conversions were determined by "H
NMR and molar mass distributions were measured by SEC using (DMAc + 0.21% LiCl) as eluent and PMMA calibration.

n-butyl methacrylate (nBMA) and methyl methacrylate (MMA)
has proved beneficial in enhancing delivery performance. How-
ever, in some cases higher molar ratios of nBBMA and/or MMA
show increased toxicity.['*1720-22] To this end, integrating natu-
ral compounds such as lipoic acid as a hydrophobic group rep-
resents an interesting solution in maintaining low molar ratios
of acyclic alkyl chains pendant groups. Further, it allows for the
introduction of biological functions inherent to lipoic acid.!*-]
It is an endogenous antioxidant vital for mitochondrial energy
metabolism, cell growth, and differentiation.?*?”] When inte-
grated in a vector, lipoic acid’s disulfide bond and ring structure
facilitate its cellular uptake by interacting with exofacial thiols,
augmenting its potential as a gene delivery agent.[?8:2]

For example, Zheng and co-workers demonstrated that in-
corporating lipoic acid into polyethylenimine (PEI) enhances
transfection efficiency with minimal cytotoxicity.?"! This aligns
with findings from our previous study, which showcased an im-
proved transfection efficiency and low cytotoxicity for a micelle
consisting of DMAEMA, nBMA, and lipoic acid methacrylate
(LAMA).1%5]

In this study, we explore the incorporation of lipoic acid and
acyclic alkyl groups into a hydrophobic cationic copolymer sys-
tem to harness their potential for enhancing transfection. To
maximize lipoic acid’s potential, the design was modified to en-
hance cellular interaction, departing from our previous study
where it was within a micelle’s core. Furthermore, we examine
how varying the length of pendant acyclic alkyl chains affects the
properties of the polymer and its biological performance. We syn-
thesized a copolymer library comprising DMAEMA and LAMA
with either nBMA, EMA, or MMA as hydrophobic components.
A subsequent biological investigation evaluated their interaction
with genetic material, cytotoxicity, and transfection efficiency.

2. Results and Discussion

Reversible addition-fragmentation chain transfer (RAFT) poly-
merization technique was utilized for all syntheses owing to
its versatility, ability to synthesize polymers with complex archi-
tectures, and narrow molar mass distributions.[3'33! First, a ki-
netic study was conducted with DMAEMA, LAMA, and nBMA as
monomers to establish uniform reaction conditions for all poly-
merizations. The kinetics were performed over a 21 h period at
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70 °C using 4-Cyano-4-[[(ethylthio)thioxomethyl]thio]pentanoic
acid (CPAETC) as the chain transfer agent and 4,4'-azobis(4-
cyanovaleric acid) (ACVA) as initiator (Figure 1).

The kinetics revealed similar reactivity among the monomers,
irrespective of the pendant group type. Considering that all in-
vestigated monomers were methacrylates and exhibited compa-
rable reactivity in terms of kinetics, the chosen conditions and
substituents were deemed representative for subsequent poly-
merization reactions. However, the non-linearity of the semilog-
arithmic plot suggested a reduction in active propagating species
over time due to termination reactions.**! Consequently, the
polymerization time was reduced to 15 h for subsequent reac-
tions. Afterward, a small copolymer library, that is, P0-A, PO-
B, and P1, composed of DMAEMA, LAMA, and nBMA was
synthesized to conduct a preliminary transfection investigation
(Scheme 1 and Figure S1, Supporting Information). The com-
position builds upon our previous work, which involved a mi-
celle delivery system.[?] Different molar ratios of DMAEMA
(50%, 60%, and 70%) were employed, along with a correspond-
ing equimolar ratio of nBMA and LAMA. In the initial screen-
ing of transfection, it was observed that transfection efficiency
improved as the DMAEMA molar ratio increased and the mo-
lar ratios of nBMA and LAMA decreased. The order of transfec-
tion efficiency was as follows: P1 (52%) > P0-B (17%) > P0-A
(5%) (Figure S2, Supporting Information). Consequently, the less
efficient variants PO-A and PO-B (transfection efficiency <20%)
were excluded from further studies and new polymers, P2-P7,
were synthesized based on the promising composition of P1
(Scheme 1). The DMAEMA content was comparable for all poly-
mers, while the hydrophobic side groups were varied.

In our previous work, the synergistic effect of copolymeriz-
ing nBMA and MMA with DMAEMA also proved advantageous
in enhancing transfection.?2*] Consequently, copolymers P1-P3
were designed and synthesized, incorporating nBMA, EMA, and
MMA, respectively, to utilize their performance benefits, while si-
multaneously investigating the influence of pendant acyclic alkyl
chain length on overall performance. On the other hand, poly-
mers P4-P7 were devised as controls to investigate the specific
impacts of LAMA (P4 and P5) and MMA (P6 and P7). Regarding
polymerizations, monomer conversions were in the range of 65%
to 70%. As summarized in Table 1, SEC traces (Figures S3-S6,
Supporting Information) revealed good polymerization control,
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PO-P7) which was synthe5|zed RAFT polymerization for 15 h at 70 °C using 4-cyano-4-

[[(ethylthio)thioxomethyl]thio]pentanoic acid (CPAETC) as the chain transfer agent and 4,4’-azobis (4-cyanovaleric acid) (ACVA) as initiator.

with narrow molar mass distributions between 20-40 kg mol~!
and dispersities (P) below 1.4.

Since apparent pK, of nanoparticles show a high correlation
with the efficacy and toxicity,?%*"! titration experiments were con-
ducted to determine the apparent pK, values of all polymers
(Table 1 and Figure S7, Supporting Information). The hydropho-
bic nature of the polymers led to precipitation during the titra-
tions, consequently reducing the ability of the DMAEMA moi-
eties to be protonated/deprotonated, thus causing variations in
the DoC values. The obtained values ranged from 7.0 to 7.4 for
P1-P7, which is slightly below and comparable to the apparent
pK, value of PDMAEMA, that is, 7.4.1!] Notably, the values are
close to the optimal range for high performing lipids for gene de-
livery, that is, 6 to 7.137] Nevertheless, both the apparent pK, values
and the degree of charge (DoC) at pH 7.4 underscore the pH re-
sponsiveness of these polymers. This responsiveness is notewor-
thy since over 50% of DMAEMA units remain chargeable when
the pH decreases, thus improving the buffering capacity. This is
advantageous for pH-dependent endosomal release when con-
sidering the sponge-effect hypothesis mechanism.***1 On the
other hand, a low DoC at physiological pH potentially leads to
poor binding and consequently, potential loss of genetic material.
This was evident for P0-A and P0-A, which showed inferior per-
formance (Figure S2, Supporting Information). Despite binding
being observed in the ethidium bromide assay (EBA), the hep-
arin release assay (HRA) indicated a reduced stability compared

to the other polymers (further details in Table S1 and Figure S8,
Supporting Information).

Prior to biological investigations of P1-P7, EBA was conducted
to study the affinity of the polymer to the genetic material and
HRA was performed to study the stability of the polymer-plasmid
DNA (pDNA) complexes. A reduction in fluorescence intensity,
which is associated with stronger binding, was observed start-
ing at N*/P 3 (ratio of protonated amine in the polymer to phos-
phate in the pDNA) (Figure S9A, Supporting Information). As re-
vealed by HRA, more heparin was required for complete pDNA
release at higher N*/P ratios for P1-P7 (Figures S9B and S10,
Supporting Information), showcasing stability of the polyplexes.
Based on the aforementioned results and the preliminary trans-
fection efficiency results of P1 (Figure S2, Supporting Informa-
tion), it was concluded that an N*/P ratio of 5 was the opti-
mal ratio for formulating fully complexed pDNA. As nanosized
particles are preferred for higher biological impact, the poly-
plex sizes of P1-P7 complexes at an N*/P ratio of 5 were deter-
mined by dynamic light scattering (DLS). As shown in Figure 2,
the results showed a Z-average hydrodynamic diameter within
a range of 84-127 nm for P1-P7 with polydispersity indexes
below 0.2 (further plots are shown in Figure S11, Supporting
Information). The comparable sizes, particularly with P1-P6,
are beneficial when investigating transfection efficiency, as they
minimize the influence of nanoparticle size effect. Overall, the
findings underscore the synergistic effect between electrostatic

Table 1. Summary of molar masses, pK, and degree of charge (DoC) values of the polymer library.

M2 [kg mol™T] M, sec® [kg mol™] D) Apparent pK, 9 DoC® [%] (pH 7.4)
PO-A 35.6 17.9 1.3 6.4 —
PO-B 34.2 17.1 13 6.7 9
P1 39.0 34.1 13 7.2 26
P2 40.2 37.9 13 7.3 35
P3 39.4 37.3 13 7.0 12
P4 36.6 33.0 13 7.1 19
P5 40.2 39.5 1.4 7.3 38
P6 26.6 24.6 12 7.4 50
P7 29.7 20.9 13 7.4 49

% Calculated by Equation S1 (Supporting Information) using conversion determined by 'H NMR; > Determined by SEC using DMAc (0.21 wt% LiCl) as eluent and PMMA
standards for calibration; ¢¢) Calculated by Equation S2 (Supporting Information) and determined by Figure S7 (Supporting Information).
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Figure 2. The DLS plot illustrates the Z-average with full-colored bars,
number-weighted hydrodynamic diameters with patterned bars, and PDI
with a dot plot (n = 3).
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Figure 3. A) Experiment design of transfection efficiency assay: I) medium
change after 4 h incubation (4 + 20 h) and Il) 24 h transfection results
in HEK293T cell line. B) Transfection efficiency (below) and viability con-
ducted with CytoTox-ONE assay (above) of P1-P7 (n > 3). Further details
are shown in Figures S12 and S13 (Supporting Information).

interactions and hydrophobic-induced self-assembly of polymers
when binding genetic material, leading to the formation of
small-sized nanoparticles.®’] Furthermore, the formulated poly-
plexes were within the optimal size range for efficient endosomal
uptake.[*2]

Transfection efficiencies of P1-P7 were assessed using a hu-
man embryonic kidney cell line HEK293T in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% serum (D10)
and 10 mM 4-(2-hydroxyethyl)—1-piperazineethanesulfonic acid
(D10H) to stabilize the pH value of the media. Polyplexes were
incubated for 4 + 20 h (medium change to D10 after 4 h fol-
lowed by further 20 h incubation) and 24 h (no medium change)
as illustrated in Figure 3A. The transfection efficiencies were
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assessed using pDNA encoding enhanced green fluorescent
protein (mEGFP-N1 pDNA). Successful delivery of mEGFP-N1
pDNA to the nucleus leads to the expression of green fluorescent
protein, which is quantified by flow cytometry. As such, improved
transfection efficiency is an indicator of particle uptake, endoso-
mal escape, and subsequent cargo release.[**] Before harvesting
cells for flow cytometry analysis, aliquots were taken from the
supernatant to conduct the CytoTox-ONE assay, a fluorometric-
based method used to assess membrane integrity and, conse-
quently, viability.

Figure 3B shows that after 4 + 20 h incubation, P1 exhibited a
transfection efficiency marginally higher than P2 and P3, which
showed similar transfection efficiencies. Interestingly, the asso-
ciated cytotoxicity after 4 + 20 h incubation reveals that a de-
crease in pendant acyclic alkyl chain length, that is, replacing
nBMA (P1) with EMA (P2) or MMA (P3) results in remarkable
cytotoxicity alleviation. A similar trend among the three poly-
mers was also observed after 24 h incubation. Expectedly, the
longer incubation period resulted in increased cytotoxicity, with
P1 and P2 demonstrating increased cytotoxicity compared to P3.
On the other hand, with extended incubation (24 h), transfection
efficiency of P2 and P3 increased by approximately by a factor
of 2, while P1 showed only a slight increase. It was assumed
that the efficacy of P1 was potentially obscured due to higher
cytotoxicity. The observations imply that shorter pendant acyclic
alkyl chain lengths enhance biocompatibility, thereby augment-
ing overall effectiveness. Furthermore, it is evident that an aug-
mentation in acyclic alkyl chain length leads to increased cyto-
toxicity via membrane destabilization. This corroborates the re-
search of Wakefield et al., who observed that an increase in alkyl
chain length resulted in enhanced lytic membrane activity while
studying amphiphilic polyvinyl ethers.[**) However, it is notewor-
thy that this active membrane attribute also contributes to im-
proved transfection performance. Therefore, P3, with a shorter
acyclic alkyl chain length (MMA) combined with LAMA, emerged
as the most promising candidate, demonstrating an optimal
membrane interaction, resulting in high transfection efficiency
and relatively low cytotoxicity. As such, the morphology of P3
polyplexes was investigated by cryogenic transmission electron
microscopy (cryo-TEM) and showed spherical polyplex particles
(Figure S14, Supporting Information). Additionally, the spheri-
cal nanoparticles had an average size of 40 + 13 nm, compara-
ble to the number-weighted hydrodynamic diameter determined
by DLS (53 + 4 nm). The latter is considered more suitable for
comparison with Cryo-TEM-determined hydrodynamic diame-
ter because it reduces the effects of size-weighting factors. Fur-
thermore, it should be noted that the nanoparticle hydration shell
results in increased sizes in DLS measurements in comparison
to cryo-TEM.[#44]

When comparing the promising tri-copolymer, P3, to the con-
trol polymers, P4-P7, it is apparent that a combination of both
MMA and LAMA exhibits synergistic effects for achieving en-
hanced performance with reduced cytotoxicity. Reduced cytotoxi-
city and transfection efficiency profiles were observed when only
using LAMA or MMA for both short and long incubation times.
Regarding their transfection efficiencies, increasing LAMA con-
tent, thatis, P4 versus P5, unexpectedly results in a reduced trans-
fection efficiency. Interestingly, a similar effect of reduced perfor-
mance with increase in lipoic acid was observed by Zheng and

© 2024 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 4. PrestoBlue assay over 24 hin L929 cells. Dots represent values of
single repetitions (n = 3), and lines represent Dose Respond fit function.
Further details are shown in Figure S15 (Supporting Information). Stars
indicate 50% cytotoxic polymer concentration (LCsq). LCsq of PrestoBlue
can be found on Table S2 (Supporting Information).

colleagues, investigating the effect of coupled lipoic acid to PEI on
transfection efficiency.?”) Contrastingly, when comparing poly-
mers consisting of DMAEMA and MMA, it could be observed
that increasing MMA, that is, P6 versus P7, results in increased
transfection efficiency. Moreover, upon comparing the MMA
copolymers, P6 and P7, with best-performing LAMA copolymer,
P4, it is evident that incorporating LAMA into PDMAEMA no-
tably improves both transfection efficiency and cell viability. Fur-
thermore, it highlights the advantageous impact of integrating
lipoic acid in enhancing performance, a phenomenon which was
also noted in our previous research.!?*]

Further assessment of cytotoxicity profiles of P1-P7 was
achieved by CytoTox-ONE and PrestoBlue assays in a mouse fi-
broblast cell line L929 following 1S010993-5.14°] PrestoBlue as-
sesses the relative metabolic activity of the cells, and the biochem-
ical principle of the dye is similar to the CytoTox-ONE assay. How-
ever, in the latter case, the fluorescence intensity is observed in
membrane damaged cells,[*’] whereas in the PrestoBlue assay,
metabolically inhibited cells affect the fluorescence intensity val-
ues, which reveals the PrestoBlue to be a more sensitive assay.
As shown in Figure 4, generally, increase in polymer concen-
tration resulted in a notable reduction in cell metabolic activity
and disruption in membrane integrity. CytoTox-ONE assay also
exhibited similar trends (Figure S15, Supporting Information).
For comparability, it is worth noting that the polymer concentra-
tion range used during transfection investigations was between
10 and 12 pg mL~!. Notably, the concentration utilized for the
polymers remained below its LCy,, except for P1 (Table S2, Sup-
porting Information). Overall, the presence of nBMA, EMA or
MMA enhanced cytotoxicity in the order: tBBMA>>EMA>MMA.
In contrast, P5, with higher LAMA content, proved to be the least
toxic polymer. This indicates that LAMA possesses low mem-
brane disruptive properties and does not hinder cell metabolism
to a similar extent as acyclic alkyl chains.

However, when comparing transfection efficiency and cyto-
toxicity results of P4-P7, a transfection efficiency-cytotoxicity
dilemma can be observed since increase in LAMA improves
viability but decreases transfection efficiency, while increasing
MMA results in the opposite. This dilemma was circumvented
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Figure 5. Pearson correlation matrix of P1to P7. Analysis was done using
OriginPro Software (Version 2022b). Orange circles show a direct corre-
lation and blue circle show an inverse correlation. The bigger the circle
and the more intense the color, the higher the direct/inverse correlation.
Non-correlations were represented as dots. *apparent pK,, **transfection
efficiency of 24 h, ***differences between transfection efficiency of 4 + 20
hand 24 h.

when both hydrophobic moieties were utilized to yield P3,
P(DMAEMA, 4y-co-LAMA ;4-co-MMA ).

Our findings, presented in Figure 5 as a Pearson correlation
matrix, indicate distinct relationships. Comparing polymers P1—
P3, an increase in pendant acyclic alkyl chain length led to en-
hanced transfection efficiency. However, this enhancement was
accompanied by increased cytotoxicity, as evidenced by a stronger
inverse correlation with LCy, compared to a direct correlation
with transfection efficiency (denoted as TE). Notably, varying
chain length exerted minimal impact at shorter incubation pe-
riods, as denoted by the correlation with the differences between
transfection efficiency of 4 +20 h and 24 h (denoted as TE diff)
of P1-P3 . Furthermore, an inverse correlation emerged between
the DP of LAMA and the apparent pK, due to the augmented
hydrophobicity of LAMA, resulting in a reduction of pK,. Re-
markably, suitable apparent pK, values proved advantageous by
improving cell internalization through hydrophobic interaction
and facilitating endosomal escape. These factors directly corre-
lated with both transfection efficiency and TE diff. Moreover, the
incorporation of lipoic acid boosted transfection efficiency and
increased viability.

3. Conclusion

In conclusion, polymer P3, P(DMAEMA,,y-co-LAMA 4-co-
MMA,,), showcased optimal performance, characterized by
high transfection efficiency and low cytotoxicity. In contrast,
P1 and P2 exhibited higher cytotoxicity, while P4-P7 demon-
strated lower transfection efficiency but improved cytotoxicity.
This highlighted the synergistic interplay between LAMA and
MMA as pivotal for enhancing cationic polymers’ efficacy in
gene delivery. Our forthcoming investigations will concentrate
on fine-tuning the polymer composition using LAMA as a
hydrophobic modifier. Additionally, we will explore the potential
advantages of lipoic acid through its polymer release for cellular
metabolism, growth, and differentiation.[*?]
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4. Experimental Section

Materials, methods, and all experimental procedures are described in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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