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ABSTRACT: Quinine is a promising natural product building block for polymer-
based nucleic acid delivery vehicles as its structure enables DNA binding through
both intercalation and electrostatic interactions. However, studies exploring the
potential of quinine-based polymers for nucleic acid delivery applications
(transfection) are limited. In this work, we used a hydroquinine-functionalized
monomer, HQ, with 2-hydroxyethyl acrylate to create a family of seven polymers
(HQ-X, X = mole percentage of HQ), with mole percentages of HQ ranging from
12 to 100%. We developed a flow cytometer-based assay for studying the
polymer−pDNA complexes (polyplex particles) directly and demonstrate that
polymer composition and monomer structure influence polyplex characteristics
such as the pDNA loading and the extent of adsorption of serum proteins on
polyplex particles. Biological delivery experiments revealed that maximum
transgene expression, outperforming commercial controls, was achieved with
HQ-25 and HQ-35 as these two variants sustained gene expression over 96 h. HQ-44, HQ-60, and HQ-100 were not successful in
inducing transgene expression, despite being able to deliver pDNA into the cells, highlighting that the release of pDNA is likely the
bottleneck in transfection for polymers with higher HQ content. Using confocal imaging, we quantified the extent of colocalization
between pDNA and lysosomes, proving the remarkable endosomal escape capabilities of the HQ-X polymers. Overall, this study
demonstrates the advantages of HQ-X polymers as well as provides guiding principles for improving the monomer structure and
polymer composition, supporting the development of the next generation of polymer-based nucleic acid delivery vehicles harnessing
the power of natural products.
KEYWORDS: gene delivery, quinine, transfection, pDNA delivery, cinchona alkaloids, nonviral gene therapy, controlled polymerization,
natural product polymer

■ INTRODUCTION
The field of gene therapy has undergone exponential growth in
the last decade.1−4 Out of the 24 gene therapy products that
are currently available for patients, 18 of them have been
approved since 2017.5,6 As of the fourth quarter of 2022, more
than 2000 gene therapy products are in the discovery pipeline
with the potential to treat diseases that currently have no
medical interventions.5 One of the crucial steps for success is
the functional delivery of therapeutic nucleic acid into the cells.
Most clinical trials have been developed around the use of
recombinantly engineered viruses as the delivery vehicle or
vector.7,8 Despite their efficiency, viral delivery of genetic
material is limited by factors such as small cargo capacity,
exorbitant cost of manufacturing, poor scalability, and risk of
immunogenicity.9−12 The power of nonviral delivery methods
has been exemplified by the success of the COVID-19
vaccines, which are packaged in lipid-based vehicles.13

Polymer-based gene delivery vehicles have emerged as a
promising alternative due to their facile scalability, ease of
manufacturing, thermal stability, and wide chemical space for
optimizing their design optimized to application.14−16

Cationic polymers, which typically host amine groups, have
been shown to bind with negatively charged nucleic acids and
package them into nanoparticle complexes known as
polyplexes. Many studies have contributed to furthering our
understanding of the role of structural parameters such as
identity of cation/amine groups, molar mass of the polymers,
charge density, and architecture on polymer-mediated gene
delivery, i.e., transfection.14−18 However, most of them have
utilized polymers synthesized from commercially available
monomers, which facilitate binding between the polymer and
nucleic acid only via electrostatic interactions. The use of
natural product-based monomers with known pharmacological
properties that promote polymer-nucleic acid binding via
alternative modes (non-electrostatic interactions) remains
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relatively underexplored, limiting the chemical diversity and
tunability of the polymers to their application. A key known
example is the alkaloid compound and antimalarial drug,
chloroquine, which has long been used to facilitate endosomal
escape of nonviral delivery agents.19,20 Chloroquine is a
lysosomotropic agent, i.e., it gets accumulated in the vesicles of
the endocytosis pathway where the polyplexes also get
localized. At elevated concentrations inside the endosomal
vesicles, chloroquine prevents degradation of the delivered
nucleic acid by buffering the acidic endosomal pH. Addition-
ally, chloroquine facilitates unpackaging of the nucleic acid
payload from the polyplexes as it competitively interacts with
the nucleobases and the negatively charged phosphate groups
through electrostatic interaction.21,22 Taking advantage of
these properties of chloroquine, Oupicky ́ and co-workers have
developed and studied chloroquine-containing polymers for
efficient delivery of anti-miRNA.23 Their results established the
incorporation of chloroquine in the polymers as an advanta-
geous strategy to improve the gene delivery efficiency of
polymer-based vehicles.
Another similar alkaloid and antimalarial compound,

quinine,24−26 has been shown to bind with DNA through
electrostatic and intercalation interactions.27,28 There has been
some success in synthesizing quinine-based copolymers using
free radical and step growth polymerization but there are no
reports of controlled polymerization of quinine.29,30 Our
previous work has demonstrated the synthesis of several
quinine-based copolymers via direct free-radical copolymeriza-
tion of this natural product with monomers such as 2-
hydroxyethyl acrylate (HEA), N-hydroxyethyl acrylamide,
methyl acrylate, and N-isopropylacrylamide. However, we
were only able to incorporate quinine up to 17%.31 From that
family of copolymers, the copolymer of quinine and HEA
(QCR) (Figure 1A) showed remarkable efficiency in delivering
plasmid DNA (pDNA) to a wide range of cells with

transfection efficiency comparable to a commercial standard,
Lipofectamine 2000. Furthermore, Raman spectroscopic
studies on the vibrational modes of quinine provided insights
into protein-mediated polyplex unpackaging in the cellular
environment, without the use of any additional labeling.
In this work, we sought to understand the role of quinine

composition on the pDNA delivery performance of polymer
vehicles along with cellular mechanisms, to elucidate and
optimize design principles for improving quinine-based
polymers from that of our previous model (QCR) created
via free-radical polymerization (FRP). We hypothesized that
modulating quinine composition within the copolymers will
significantly impact polymer−pDNA interactions, delivery
efficiency, and resultant transgene expression. To study this
hypothesis, we synthesized a hydroquinine-functionalized
monomer, HQ, that unlike quinine, was compatible with the
controlled polymerization method of reversible addition−
fragmentation chain transfer (RAFT). Using HEA as the
comonomer, a family of polymers was synthesized with the
mole percentage of HQ, ranging from 12 to 100% (HQ-X, X =
mole % of HQ). Furthermore, we developed a flow cytometer-
based assay to probe the influence of the polymer composition
on the amount of pDNA loaded in the polyplex particles,
assess the relative adsorption of serum proteins on these
particles, and the extent of cargo unpackaging that is facilitated
by the serum proteins. We find that the polymer’s ability to
bind with pDNA increases monotonically with increasing mole
percentage of HQ in the polymer chain, but maximum
transfection efficiency in vitro is obtained with 25−35% HQ
content owing to the optimum balance between polymer−
pDNA binding and release of pDNA after cellular internal-
ization. As HQ is structurally similar to chloroquine, well
known for its ability to rupture endosomal vesicles via the
proton sponge mechanism, we performed confocal imaging to
determine if HQ-X polymers are also efficient in perturbing the

Figure 1. (A) Synthesis scheme and chemical structure of the QCR.31 (B) Synthesis scheme for the HQ monomer and copolymerization of HQ
with HEA using the controlled polymerization method of RAFT.
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endosomes allowing the pDNA payload to escape into cell
cytoplasm. Our quantitative analysis indicates a low correlation
between the spatial distribution of pDNA payload and
lysosomes inside the cells, suggesting that HQ-X polymers
are indeed efficient in facilitating the release of the pDNA
payload from the endosomal vesicles. Compared to HQ (pKa =
8.3), the HQ-X polymers have lower pKa (6−7) and
consequently have a larger reserve of unprotonated amines
that act like proton sponges contributing to the endosomal
escape by HQ-X polyplexes. We also highlight the advantage of
the highest-performing polymers in this family, HQ-25 and
HQ-35, in sustaining the effects of transfection over a longer
period of time outperforming the commercially available
transfection agents. Overall, this study showcases the utility
of using HQ to access a wide range of statistical copolymers
that bind to pDNA via intercalation and electrostatics and that
intermediate levels of HQ incorporation provide the best
results for transfection. To the best of our knowledge, this is
the first demonstration of controlled polymerization of a
hydroquinine-functionalized monomer, and this approach will
enable controlled polymerization of similar alkaloids. More-
over, this work contributes to the fundamental design
principles applied for optimizing the nucleic acid delivery
performance of natural product-based polycations.

■ RESULTS AND DISCUSSION

Synthesis

Despite having a reactive alkene functionality, facile and
controlled polymerization of quinine has remained elusive. The
difficulty with polymerizing quinine via radical polymerization
potentially lies in the degradative chain transfer of the
propagating secondary radical, generated at the alkene, to
one of the three tertiary carbon centers in the quinuclidine
fragment of quinine.32 This leads to the formation of a stable
tertiary carbon radical and termination of the propagating
polymer chain. Instead of using quinine directly, derivatives of
quinine have been used to synthesize various polymers that
were otherwise inaccessible with free-radical copolymerization
of quinine.33−36 In this current work, we synthesized an
acrylate analogue of hydroquinine, HQ, by coupling hydro-
quinine with 2-isocyanatoethyl acrylate due to the higher
propensity of acrylates toward polymerization than simple
alkenes (Figures 1B and S1−S3).37 Hydroquinine was chosen
over quinine, as the precursor, to have only one polymerizable
alkene on the final monomer, minimizing undesired chain
transfer or cross-linking events during polymerization.32 To
our advantage, unlike quinine, HQ was found to be compatible
with RAFT copolymerization. A series of copolymers of HQ
and HEA, with mole percentage of HQ in the polymer chain
varying from 12 to 60%, were synthesized via RAFT
copolymerization (Figures 1B and S4−S6, and Table 1 and

Table S1). Furthermore, HQ was amenable to free-radical
homopolymerization, which has not been possible with quinine
(Tables 1 and S1, Figure S4). This family of polymers
consisted of the six copolymers synthesized via RAFT and the
homopolymer of HQ synthesized via FRP and are collectively
referred to as HQ-X polymers, where X represents the mole
percentage of HQ in the polymer (Table 1).
Determining the Protonation State
Electrostatic interactions between the polymer and pDNA, as
well as the endosomal escape of polyplexes depend on the
protonation state of the polymer, and these properties
ultimately affect the efficiency of polymer-mediated trans-
fection.14 In quinine, there are two nitrogen centers able to be
protonated�one at the quinuclidine group (pKa = 8.5) and
the other at the quinoline ring (pKa = 4.1).38 Consistent with
our previous work, we have studied the protonation state of the
quinuclidine nitrogen center of the HQ-X polymers since that
is the only relevant protonable nitrogen at physiological pH.
To understand how polymer composition influences the
protonation state of the polymers in aqueous solution, the
pKa and the Hill coefficient (nHill) for the monomer as well as
the polymers were determined using potentiometric titration.
Compared to HQ (pKa = 8.3), the polymers had lower pKa
(≤7.0) (Table 1, Figure S7). Such depression of pKa from
monomer to polymer, due to electrostatic repulsion among
amine groups in proximity, aligns with previous reports.39,40

We also observe that the decrease in pKa is correlated with the
polymer composition, i.e., pKa of the polymers decreases as the
mole percentage of HQ in the polymer chain increases, likely
due to increased interactions among the HQ repeat units.39,40

The low pKa of HQ-X polymers suggests that only a small
fraction of amines is present in the protonated state, at the
physiological pH of 7.4, available for electrostatic interactions
with pDNA. However, we speculated that the large reserves of
unprotonated amines can act like a proton sponge, promoting
endosomal escape and aiding in gene delivery to the cell
nucleus.41−43 Furthermore, we also hypothesized that higher
amount of HQ will increase polymer−pDNA binding through
enhanced intercalation. Other than the pKa, the significance of
cooperativity of protonation in the polymers, in the context of
gene delivery, has been suggested in recently published
work.39,44 The Hill coefficient (nHill) is a measure of
cooperativity in the protonation−deprotonation process, and
polymer hydrophobicity has been shown to influence this
parameter.39 A value of nHill ∼ 1 implies that the amine groups
in the polymer undergo protonation (or deprotonation)
independent of other amine groups in their proximity.
However, nHill > 1 suggests positive cooperativity in
protonation (or deprotonation), which means protonation
(or deprotonation) of one amine group facilitates protonation
(or deprotonation) of the surrounding amine groups. Similar
to pKa, a correlation is observed between the polymer

Table 1. Molecular Characteristics of the HQ-X Polymers

Code Method % HQ in chain Mw (kDa) Mn (kDa) Đ pKa nHill

HQ-12 RAFT 12 19 16 1.24 7.0 0.9
HQ-17 RAFT 17 22 17 1.29 6.6 1.3
HQ-25 RAFT 25 24 19 1.28 6.6 1.5
HQ-35 RAFT 35 25 19 1.28 6.3 1.7
HQ-44 RAFT 44 35 25 1.39 6.3 1.7
HQ-60 RAFT 60 21 16 1.33 6.2 1.7
HQ-100 FRP 100 39 20 1.91 6.2 1.6
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composition and nHill�the value of nHill increases with the
increase in the mole percentage of HQ (Table 1, Figure S7).
As HQ is quite hydrophobic (clogP = 4.21),45 the aqueous
solubility of the polymers decreases with the increase in the
mole percentage of HQ. Quinine is also known to interact with
itself at higher concentrations, and the same can be expected
for HQ when it is incorporated into the polymer chain.46 The
hydrophobic nature of HQ and the self-interactions among
HQ repeat units explain the increase in nHill with the increase
in the percentage of HQ in the polymer chain. It has been
suggested in the previous reports that polymers with higher
nHill are capable of releasing their payload rapidly inside the cell
cytosol in comparison to the polymers possessing lower nHill
and therefore have higher gene delivery efficiency.17,39 Based
on those previous findings, we anticipated the efficiency of
delivering pDNA into the cell nucleus to gradually increase
with the increase in the percentage of HQ in the polymer
chain. Overall, the unconventionally low pKa values and
cooperativity of the protonation/deprotonation process (nHill >
1) add to the novelty of HQ-X polymers, and in the later
sections, we discuss what influence these parameters have on
the gene delivery efficiency.
Probing Polymer−pDNA Binding

The ability of these polymers to bind with and compact pDNA
into polyplexes was evaluated using a dye exclusion assay, at
different N/P ratios, where N stands for the number of moles
of quinuclidine nitrogen atoms and P stands for the number of
moles of phosphate groups from pDNA in the solution. In this
assay, pDNA was first mixed with PicoGreen, a molecule that is
fluorescent when intercalated in the pDNA (λex = 485 nm, and
λem = 528 nm). Subsequently, the polymer solutions were
added to the pDNA-PicoGreen mixture at different N/P ratios
to allow the formation of polyplexes. The decrease in the
fluorescence intensity, resulting from the exclusion of Pico-
Green from pDNA due to competitive binding and pDNA
compaction, was measured (Figure 2A). For all the polymers,
increasing the N/P ratio resulted in a decrease in fluorescence
intensity, indicating stronger binding between polymers and
pDNA at higher N/P. More importantly, at all N/P ratios,
polymer−pDNA binding increases monotonically with the
increase in mole percentage of HQ. Interestingly, QCR, with
only 14% quinine incorporation, shows stronger binding to
pDNA compared to HQ-12 and HQ-17 despite the
comparable molar composition of the polymers. In fact,
QCR shows stronger binding than HQ-25 (Figure 2B). This
difference in binding strength can be attributed to the
differences in the monomer structure and orientation of the
side chain in polymers. Unlike QCR, HQ-X polymers do not
possess the hydroxyl group that can participate in hydrogen
bonding with the pDNA (Figure 1). Our previous work using
molecular dynamic simulations has shown that the hydroxyl
group in quinine can interact with nucleobases in DNA
through hydrogen bonding interactions.27 Therefore, we
believe that the lack of the hydroxyl group on the HQ repeat
unit, in contrast to quinine, results in relatively weaker binding
with pDNA compared to QCR, at comparable molar
composition. These results demonstrate that other than
electrostatic and intercalation interactions, hydrogen bonding
plays an important role in dictating the characteristics of
polymer−pDNA binding.

Aggregation Behavior of Polyplexes
Polyplex size has a significant impact on the gene delivery
efficiency as cell membrane adhesion, cellular internalization,
and intracellular trafficking of polyplexes are size dependent.47

In our previous work, we demonstrated that QCR complexes
with pDNA to initially form polyplexes that are 80 to 200 nm
in hydrodynamic diameter (dh). Upon dilution with serum-free
cell culture media, polyplexes of QCR form large aggregates
(dh > 1000 nm), owing to the hydrophobicity of quinine in
physiological pH (∼7.4). The large size of the polyplexes was
found to be advantageous for in vitro transfection as the
polyplex particles settled on the cells faster. Since HQ is
hydrophobic as well (clogP = 4.21),45 we anticipated that
polyplexes formed with HQ-X will also aggregate at
physiological pH, and increasing the mole percentage of HQ
in the polymer will result in an increase in the polyplex size.
Using dynamic light scattering (DLS), we observed that all the
HQ-X polymers form polyplex particles by binding with
pDNA, and the particle sizes (dh) range between 50 and 100
nm. Dilution of the polyplex solution with serum-free media
(FluoroBrite DMEM) causes these polyplex particles to
aggregate over time and grow up to 1000 nm or larger, in
diameter, within 30 min (Figure S8, Table S2). In general, a
higher mole percentage of HQ in the polymer leads to faster
aggregation and larger particles. At mole percentages of HQ
higher than 35%, the polyplexes show a high propensity for
aggregation pushing them beyond the scope of DLS measure-
ments (dh > 1500 nm). Since internalization of the polyplex
particles is a size-dependent phenomenon, we anticipated low
transfection efficiency from the formulations that resulted in
the largest aggregates potentially due to poor internalization.
However, the results from cellular uptake experiments
discussed later provide evidence that even the polymers

Figure 2. (A) General scheme for the dye exclusion assay.
Intercalation of PicoGreen in pDNA results in bright green
fluorescence. Binding of polymer with pDNA and the subsequent
compaction leads to exclusion of PicoGreen from the pDNA resulting
in decrease in fluorescence intensity. (B) Normalized fluorescence
intensities from the dye exclusion assay. For all N/P ratios, higher
mole percentage of HQ in polymer leads to stronger binding and
compaction of pDNA, as indicated by the gradual decrease in the
fluorescence intensity.
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producing the largest aggregates can deliver pDNA inside the
cells.47

Flow Cytometry on Polyplexes

The characteristics of the aggregated polyplex particles formed
with HQ-12, HQ-17, HQ-25, and HQ-35 as well as QCR were
studied in more detail using flow cytometry since their sizes
ranged above the lower limit of detection (diameter ≥ 500
nm) for the flow cytometer (Table S2, Figure S21). HQ-44,
HQ-60, and HQ-100 could not be studied via this method as
they formed large nonuniform flocculant aggregates. Fluo-
rescently labeled polyplexes were formed by mixing Cy5-
labeled pDNA with the polymers, at N/P = 16. Next,
aggregation of the polyplexes was induced by dilution with
FluoroBrite DMEM, consistent with our transfection protocol
(Figures 3A and S9−S11). At first, the Cy5 fluorescence
intensity (λex = 651 nm, and λem = 670 nm) was used as a
parameter to compare the amount of pDNA present in each
aggregated polyplex particle. The average Cy5 fluorescence
intensity per particle increased with the increase in mole
percentage of HQ in the polymer chain (Figure 3B,C),
implying a higher amount of pDNA per polyplex particle and
corroborating the results from the dye exclusion assay (Figure
2B). Additionally, aggregated polyplexes of QCR showed
about 35-fold higher Cy5 fluorescence intensity than that of

HQ-17 despite having a similar polymer composition. This
corroborates the results from the dye exclusion assay that the
quinine repeat unit has a stronger affinity toward pDNA than
the HQ repeat unit, providing further evidence that monomer
structure and orientation (Quinine vs HQ) can be tailored to
modulate polymer−pDNA binding affinity (Figure 3C).
For engineered nanoparticles, protein adsorption and the

resultant protein corona are known to affect their biological
fate.48 Our previous Raman spectroscopic studies have
demonstrated that serum proteins are responsible for
unpackaging of pDNA from polyplexes of QCR.27,31 To
compare the influence of the polymer composition on protein
adsorption and cargo unpackaging, in the second part of the
flow cytometry experiment, the aggregated polyplexes were
incubated with fetal bovine serum (FBS), and the changes in
the Cy5 fluorescence due to the presence of serum proteins
were measured. We observe that introduction of FBS in the
polyplex solution led to about 35% decrease in the Cy5
fluorescence intensity from the polyplexes of QCR. This
indicates to the protein-mediated release of pDNA from
polyplexes, which agrees with our previous results with Raman
spectroscopy. In contrast, polyplexes formed with HQ-X
showed different characteristics�the polyplex associated Cy5
fluorescence intensity did not change significantly upon the

Figure 3. Flow cytometric analysis of aggregated polyplex particles. (A) Scheme for forming fluorescently labeled aggregated polyplexes using HQ-
X polymers and Cy5-labeled pDNA. The influence of the polymer composition on protein adsorption on the aggregated polyplexes was studied by
incubating the aggregated polyplexes with either FBS or Alexa Fluor 488-labeled bovine serum albumin (BSA-AF488). (B) Flow cytometry scatter
plots of the aggregated polyplexes formed using different polymers. Cy5 intensity is on the Y-axis, and Alexa Fluor 488 intensity is on the X-axis.
(C) Geometric mean fluorescence intensity of Cy5 from the aggregated polyplexes before and after incubation with FBS. Aggregated polyplexes of
QCR have higher pDNA loading compared to HQ-12, HQ-17, and even HQ-25. While HQ-X polymers have lower loading capacity for pDNA,
their polyplexes were found to be more resistant to protein-mediated payload unpackaging compared to QCR. Statistical significance was evaluated
using two-way ANOVA followed by Šid́aḱ’s multiple comparisons test (***p ≤ 0.001). (D) Geometric mean fluorescence intensity of Alexa Fluor
488 from the aggregated polyplexes. HQ-X polymers show significantly low protein adsorption compared to QCR. Statistical significance was
evaluated using one-way ANOVA followed by Dunnett’s multiple comparisons test (***p ≤ 0.001).
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introduction of FBS to the system (Figure 3B,C). This suggests
that compared to QCR, polyplexes of HQ-X polymers are less
susceptible to protein-mediated unpackaging, the influence of
which on payload release kinetics is discussed later in the
context of sustained effects of transfection.
Finally, to compare the extent of protein adsorption on the

polyplexes, we incubated the aggregated polyplexes with Alexa
Fluor 488-labeled bovine serum albumin (BSA-AF488) instead
of FBS and maintained the same protein concentration as the
previous experiment. The fluorescence intensity of Alexa Fluor
488 (λex = 490 nm, and λem = 525 nm) associated with the
aggregated polyplexes was used as an indicator for the amount
of protein adsorption. The geometric mean fluorescence
intensities from the polyplex particles indicated that polyplexes
of HQ-X adsorb less amount of protein relative to polyplexes
of QCR (more than a three-fold difference in mean
fluorescence intensity) (Figure 3B,D). This explains the
difference we observed for changes in Cy5 intensity after the
addition of FBS to the polyplexes, i.e., compared to polyplexes
of QCR, a significantly less amount of serum protein is
adsorbed onto the polyplexes of HQ-12 to HQ-35, and
consequentially, the degree of pDNA unpackaging is also lower
(Figure 3C). In other words, polyplexes formed with HQ-X
have a lower propensity for protein adsorption and therefore
exhibit less unpackaging in protein-rich media compared to
polyplexes formed with QCR. These observations showcase
how subtle differences in the monomer structure and
orientation can have great implications on polymer−protein
interactions. Overall, this polyplex flow cytometry workflow
that we developed has enabled qualitative comparison of
different polyplex formulations in three parameters: (i) pDNA
loading per polyplex, (ii) adsorption of serum proteins on the
polyplexes, and (iii) extent of payload unpackaging that is
facilitated by serum proteins. These results corroborated our
findings from the dye exclusion assay that the polymer−pDNA

binding strength increases with the increase in the mole
percentage of HQ in the polymer chain and that for similar
molar composition, QCR binds to pDNA more strongly than
HQ variants. Additionally, polyplexes of HQ-X adsorb
significantly less amount of proteins than QCR, and HQ-X
polymers are notably more resilient from protein-mediated
payload release.
Influence of Composition on the Transfection Efficiency

A goal of this study was also to determine how polymer
composition in the HQ-X system influences functional delivery
of pDNA into the nucleus and the subsequent expression of
the transgene. To evaluate that on an in vitro model, a green
fluorescent protein reporter assay was performed using the
pZsGreen1-N1 pDNA (4.7 kbp) as the payload. HEK293T
cells were transfected with the aggregated polyplex particles
formed with HQ-X polymers and pZsGreen1-N1. The
transfection efficiency was evaluated based on the percentage
of live cells having green fluorescence (i.e., the percentage of
live cells producing the green fluorescent protein, ZsGreen1).
With the increase in mole percentage of HQ, the

transfection efficiency increased gradually from HQ-12 to
HQ-35 but dropped to zero from HQ-44 onward to HQ-100.
HQ-25 and HQ-35 emerged as the highest-performing
polymers from the HQ-X family with the transfection
efficiency reaching about 80%, similar in performance to the
commercial controls (jetPEI and Lipofectamine 2000). The
complete inability of HQ-44, HQ-60, and HQ-100 to transfect
the cells despite having higher nHill and stronger binding with
pDNA than the rest of the HQ-X polymers was unexpected
(Figures 4A and S12, 13A). The correlation between the
transfection efficiency and polymer composition was not
monotonic (Figure 4), unlike the trends from dye exclusion
assay and potentiometric titration (nHill). Previous studies have
proposed high nHill to be a predictive indicator for high

Figure 4. (A) Representative widefield fluorescence images of HEK293T cells, 48 h after transfection with pZsGreen1-N1 plasmid, N/P = 16 (scale
bar = 200 μm). Upon successful transfection, the cells produce ZsGreen1 protein that has green fluorescence. (B) Transfection efficiency assessed
by quantifying the percentage of live HEK293T cells that are ZsGreen1+, via flow cytometry. Data are the mean of three replicates ± standard
deviation. Cells transfected using HQ-44, HQ-60, and HQ-100 did not show green fluorescence even at the 96 h time point.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00126
JACS Au 2023, 3, 1876−1889

1881

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00126/suppl_file/au3c00126_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00126?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00126?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00126?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00126?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transfection performance; however, this clearly does not apply
to our HQ-X polymer family. For the HQ-X polymers,
electrostatic interactions play a minor role, and the dominant
mode of binding between the polymer and pDNA is
intercalation which is a non-electrostatic interaction. As a
result, the trend in the value of nHill does not explain the trend
in the performance of HQ-X polymers as nHill is only relevant
for electrostatic interaction. This illustrates that the guiding
principles developed for conventional cationic polymers do not
necessarily apply to quinine-based polymers (or other
monomers with alternative binding mechanisms). Therefore,
systematic studies on quinine-based polymers, such as this, are
necessary for improving their pDNA delivery efficiency.
An important observation from the transfection results is

that compared to QCR, HQ-12 to HQ-35 have a delayed onset
of ZsGreen1 expression. Cells transfected using QCR almost
reach a maximum transfection efficiency by 24 h; however,
HQ-12 to HQ-35 polyplexes require about 48 h to reach the
peak efficiency. This slower response with the HQ-X polymers
aligns well with the results we obtained by analyzing the
protein dependency on unpackaging of the polyplexes (Figure
3C,D). Compared to QCR, HQ-X polymers have less affinity
to adsorb intracellular proteins and consequently undergo
slower unpackaging of the payload, ultimately resulting in a
delayed onset of ZsGreen1 production. On the other hand,
polyplexes of QCR undergo rapid protein-mediated unpack-
aging, leading to a faster cellular response in the form of early
onset of ZsGreen1 expression.
For therapeutic applications, a sustained effect of trans-

fection, i.e., gene expression can be useful for reducing the
frequency of dose administration.49,50 To evaluate the ability of
HQ-X polymers in sustaining gene expression over a longer
period of time, the transfection efficiency was quantified 96 h
after transfection, which is 48 h longer than the typical
standard in this field (Figures 4B and S14). For QCR and the
commercial controls, the ZsGreen1+ population peaked at 48
h but diminished significantly by 96 h. However, for the cells
transfected using HQ-17 to HQ-35, the ZsGreen1+ population
remained high from 48 to 96 h, outperforming QCR as well as
the commercial controls (Figure 4B). We hypothesize that the
resistance to protein-mediated unpackaging of the polyplexes
and consequent slow release of the pDNA payload is
responsible for the sustained transfection efficiency observed
for HQ-17 to HQ-35. For HQ-44, HQ-60, and HQ-100,
fluorescent cells were not observed even 96 h after transfection,

suggesting that for polymers with high HQ content, pDNA
release does not occur even after 96 h due to very tight
polymer−pDNA association. Overall, these results collectively
indicate that the HQ-X class of polymers have more stable
pDNA binding characteristics that could benefit packaging,
storage, and sustained in vivo delivery for the nucleic acid
payload.
Cellular Uptake Studies

There is literature precedent that cells can internalize particles
as large as 5 μm in diameter but generally the extent of the
cellular uptake decreases rapidly with an increase in particle
size, specifically for particles that are larger than 1 μm in
diameter.51 The larger size and the flocculant nature of the
aggregates formed with HQ-44, HQ-60, and HQ-100 (Figure
S8, Table S2) were initially hypothesized to be an obstacle for
cellular internalization that ultimately rendered them incom-
patible for transfection. This hypothesis was tested through
cellular uptake studies.
At first, we quantified the extent of polyplex internalization

(percentage of live cells containing polyplexes) by taking
advantage of the inherent fluorescence of the HQ and HQ-X
polymers (λex = 352 nm, λem = 460 nm) (Figure S15A). We
analyzed the cells, 24 h after transfection, using flow cytometry
by excitation with an UV laser (350 nm) and observing cells
for blue fluorescence. We confirmed the presence of polyplexes
from cells that were transfected using HQ-12, HQ-17, HQ-25,
and HQ-35. However, we also found polyplexes present inside
the cells that were transfected using HQ-44, HQ-60, and HQ-
100, although to a relatively lesser extent compared to the
other four polymers in the HQ-X family (Figures 5A and
S15B). The general trend from this experiment aligned with
our initial hypothesis, that polyplexes of HQ-44, HQ-60, and
HQ-100 are internalized into the cells to a lesser extent due to
their larger size and internalization decreased with increasing
composition. The fluorescence of HQ is advantageous in
determining the cellular uptake of polyplexes, but it is not
without limitations. The fluorescence intensity of HQ-X
polymers decreases with an increase in the mole percentage
of HQ due to self-quenching (Figure 5B). Therefore,
corroborating these results with an additional fluorescent
probe was deemed necessary.
To confirm the cellular uptake results, we transfected the

cells using Cy5-labeled pDNA and analyzed the cells based on
Cy5 fluorescence (λex = 651 nm, and λem = 670 nm), 24 h after

Figure 5. (A) Cellular uptake of the polyplexes, measured with flow cytometry, based on the fluorescence intensity of HQ-X observed from the
cells. Data are the mean of three replicates ± standard deviation. (B) Comparison of fluorescence intensities of HQ-X polymers in 0.05 M acetic
acid in water. The amount of polymers in the solution was adjusted for each composition to have [HQ] = 1 mM for all polymers. At lower mole
percentages of HQ, the HQ fluorescence can be used to directly quantify the cellular uptake without additional fluorescent tags. However, at higher
percentages, self-quenching of HQ fluorescence leads to higher number of false negatives for HQ+ live cells.
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transfection, with flow cytometry (Figures 6 and S16). Cy5 is a
more sensitive fluorophore than HQ; therefore, examining the
cellular uptake of polyplexes based on Cy5 intensity was
expected to have lower occurrences of false negative events
than that in the case of HQ fluorescence. The results indicated
that all the polymers were able to deliver the Cy5-labeled
pDNA inside the cells with half of the formulations achieving
more than 80% internalization efficiency (% of Cy5+ live cells),
even including most formulations of HQ-44, HQ-60, and HQ-
100. Comparing the cellular uptake results from this
experiment with the data in Figure 5A, where HQ fluorescence
was used, we observe that for HQ-12, HQ-17, and HQ-25, the
percentage of Cy5+ cells matches closely with the percentage
of HQ+ cells. However, for polymers with a higher mole

percentage of HQ (≥35%), the use of HQ fluorescence leads
up to 65% underestimation of the cellular uptake due to
significant fluorescence quenching of HQ (Figures 5A and 6).
With these results, we demonstrate that at low molar
incorporation of HQ (≤25%), the inherent fluorescence of
these polymers can be utilized to directly quantify the extent of
the cellular uptake of the polyplexes, without requiring
additional fluorescent labeling.
More importantly, it can be concluded that the poor

transfection with HQ-44, HQ-60, and HQ-100 is not due to
the limitation on the internalization of the polyplexes as a
result of their size or flocculant nature. Based on the combined
results of dye exclusion assays, polyplex flow cytometry, cellular
uptake, and transfection experiments, it appears that for HQ-

Figure 6. Cellular uptake of the polyplexes, measured with flow cytometry, based on the fluorescence intensity of Cy5 (tagged to the pDNA)
observed from the cells. Data are the mean of three replicates ± standard deviation.

Figure 7. Top: representative 3D images (left) and contour surface rendering of the 3D confocal images (right) of HEK293T cells, 24 h after
transfection, obtained using confocal laser scanning microscopy. Cy5-labeled pDNA was used as the payload at N/P = 16 (outside cytoplasm: gray,
inside cytoplasm: yellow). Lysosomes (red) were stained using an anti-LAMP primary antibody and an Alexa Fluor 555-labeled secondary
antibody. Nucleus was stained with DAPI (blue). Fluorescence of ZsGreen1 was used as the cytosolic stain (green). For untreated control, HQ-44,
and HQ-60, cell cytoplasm was visualized by staining the actin filaments using Alexa Fluor 488-labeled phalloidin. Pearson’s correlation coefficients
(PCCs) for colocalization between pDNA and lysosome are mentioned at the top of the respective images. The contour surface renderings were
constructed to evaluate distance between nucleus and the Cy5-labeled pDNA present inside the cells. Scale bar 10 μm.
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44, HQ-60, and HQ-100, the primary obstacle in successful
transfection and the subsequent gene expression is the
insufficient release of pDNA from the polyplexes after
internalization into the cytoplasm. For successful transfection
and transgene expression, the pDNA needs to be released from
the polyplexes inside the cell and get translocated into the
nucleus. Polymers with a high mole percentage of HQ (≥44%)
likely bind too strongly with pDNA not allowing it to be
released from the polyplexes inside the cytoplasm, preventing
its translocation to the nucleus, and production of ZsGreen1.
Though QCR binds to pDNA as tightly as HQ-44, HQ-60,
and HQ-100, a higher affinity for proteins allows the pDNA to
be released from polyplexes of QCR making it functional. On
the other hand, at lower percentages of HQ (≤17%), the
binding between pDNA and the polymer is not sufficient to
form stable polyplexes, resulting again in the poor transfection
efficiency. Based on the transfection results, it can be
concluded that mole percentages between 25% and 35% for
HQ provide the optimum balance between polymer−pDNA
binding and post-internalization pDNA release. This trend
highlights the importance of the balance of binding and release
of the genetic payload that has strong literature precedent.52−54

Evaluating Endosomal Escape with Colocalization Studies

To gain insights into the subcellular localization and
intracellular behavior of the polyplexes, we performed
colocalization experiments using confocal laser scanning
microscopy on fluorescently labeled HEK293T cells. The
cells were transfected with five out of the seven polymers from
the HQ-X family (HQ-17, HQ-25, HQ-35, HQ-44, and HQ-
60) using Cy5-labeled pZsGreen1-N1 pDNA as the payload.
24 h after transfection, the cells were fixed, and the lysosomal-
associated membrane protein-2 (LAMP2) were stained with a
primary antibody and an Alexa Fluor 555-labeled secondary
antibody. The colocalization of pDNA (Cy5) and lysosome
(Alexa Fluor 555) was evaluated in the form of Pearson’s
correlation coefficient (PCC) (Figures 7 and S17). For all five
polymers, the PCC score was found to be close to zero
(between −0.1 and 0.1), implying that there is no correlation
in the localization of the pDNA payload and the lysosomes.
This suggests that all five of the HQ-X polymers that were
tested were able to facilitate endosomal escape of the pDNA
payload from endosomal compartments, and it aligns well with
the fact that HQ is structurally and physiochemically similar to
chloroquine, a well-known endosomal escape enhancer. Due to
having low pKa (Table 1), the large reserves of unprotonated
amines in the HQ-X polymers likely act like a proton sponge
and facilitate endosomal escape. As a comparison, the PCC
score from the jetPEI-treated cells was higher (0.15) than the
cells transfected using HQ-X, which further highlights the
ability of HQ-X polymers for endosomal escape (Figure S18).
Furthermore, the low PCC scores for HQ-44 and HQ-60,
which is the proof of efficient endosomal escape of pDNA,
strengthens the hypothesis we proposed earlier that the poor
release of pDNA from the polyplexes is the primary bottleneck
against productive transfection for polymers with high HQ
content (≥44%). We also compared the distribution of the
distances between the internalized Cy5-labeled pDNA and the
nuclear membrane and found that HQ-17, HQ-25, and HQ-35
are able to shuttle pDNA 20−30% closer to the nuclear
periphery than HQ-44 and HQ-60 (Figure S19). Our
hypothesis on poor release of pDNA from HQ-44, HQ-60,
and HQ-100 was further validated by performing a dye

exclusion assay in the presence of heparin which is a polyanion
known to compete with pDNA to bind with cationic polymers
(Figure S23).55 We observed that the extent of pDNA release
from polyplexes, caused by heparin, decreases with the increase
in the HQ content of the polymer clearly indicating that
among the HQ-X polymers, HQ-44, HQ-60, and HQ-100 not
only bind with pDNA the strongest but also have the least
amount of pDNA release. Overall, results obtained from the
confocal microscopy experiment showcase the endosomal
escape capabilities of the HQ-X polymers and provide further
evidence to our hypothesis that at high molar incorporation of
HQ, the major bottleneck in transfection is related to poor
unpackaging and release of the pDNA rather than cellular
internalization and trafficking.

■ CONCLUSIONS
In our pursuit of developing highly efficient polymer-based
gene delivery vehicles, we have synthesized and studied in
detail a collection of polymers based on quinine, a promising
natural product from the cinchona alkaloid family. The
challenges of polymerizing quinine were circumvented by
using a hydroquinine-functionalized monomer, HQ. The
compatibility of HQ toward RAFT copolymerization as well
as free-radical homopolymerization allowed a great degree of
control in synthesizing copolymers of desired molar
composition (HQ content: 12−100%) and molar mass. We
also developed an assay for analyzing polyplex particles using a
flow cytometer and demonstrated the influence of the polymer
composition as well as the monomer structure on three key
features of polyplexes: the amount of pDNA loaded per
polyplex particle, the extent of protein adsorption on the
particles, and the protein-mediated release of pDNA from the
particles. Although the polymer−pDNA binding increased
monotonically with the percentage of HQ in the polymer, the
maximum transfection efficiency in cellular studies was
achieved with 25% and 35% incorporation of HQ (HQ-25
and HQ-35, respectively)�the optimum range of the
composition needed for balancing pre-internalization pDNA
binding and post-internalization pDNA release. HQ-25 and
HQ-35 also showed superiority over QCR as well as the
standard transfection agents, jetPEI and Lipofectamine 2000,
in terms of sustaining the effect of transfection over 96 h.
Quantitative confocal microscopy and image analysis establish
the remarkable endosomal escape capability of HQ-X
polymers, eliminating the need for endosome disrupting agents
such as chloroquine. The results also support our hypothesis
that polymers with high molar incorporation of HQ do not
transfect well, likely due to poor release of pDNA from the
polyplexes inside the cells. Overall, in this work, we have
developed quinine-based polymers possessing excellent gene
delivery efficiency with the ability to sustain transgene
production and great endosomal escape capability and also
showcased fundamental guiding principles on using non-
electrostatic interactions such as intercalation to our advantage
for modulating polymer−pDNA binding. These results will
serve as a stepping stone toward developing the next
generation of natural product-based polymers for delivery of
therapeutic nucleic acids of different kinds, both single as well
as double stranded, such as antisense oligonucleotides (ASO),
siRNA, mRNA, and even Cas9-sgRNA complexes for gene
editing.
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■ MATERIALS AND METHODS

Synthesis
Quinine (anhydrous, 99% total base with ≤5% dihydroquinine) was
purchased from Alfa Aesar (Tewksbury, MA). Hydroquinine (98%),
HEA, 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid
(DDMAT), azobisisobutyronitrile (AIBN), 4,4′-azobis(cyanovaleric
acid) (V-501), silica gel (technical grade, pore size 60 Å, 70−230
mesh), and heparin ammonium salt from porcine intestinal mucosa
were purchased from Sigma-Aldrich (St. Louis, MO). 2-Isocyana-
toethyl acrylate (stabilized with BHT (butylated hydroxytoluene))
was purchased from TCI Chemicals (Portland, Oregon). Spectra/Por
Pre-wetted RC dialysis tubing (MW cutoff ∼ 1 kDa) was purchased
from Spectrum Chemical Mfg. Corp (New Brunswick, NJ). The
tubing was soaked in and rinsed with Milli-Q water prior to use.
Transfection
The pZsGreen1-N1 plasmid DNA (4.7 kbp) was purchased from
Aldevron (Fargo, ND). The CCK-8 cell counting kit was purchased
from Bimake (Houston, TX). Lipofectamine 2000, SYTOX red dead
cell stain, and PicoGreen (Quant-iT PicoGreen, dsDNA reagent)
were purchased from Thermo Fisher Scientific (Waltham, MA).
CellScrub buffer was purchased from Genlantis (San Diego, CA).
Label IT Nucleic Acid Labeling Kit, Cy5 was purchased from Mirus
Bio (Madison, WI). jetPEI was purchased from Polyplus-transfection
(New York, NY).
Cell Culture
Dulbecco’s Modified Eagle’s Medium (DMEM; high glucose,
pyruvate, and GlutaMAX supplemented), FluoroBrite DMEM,
Trypsin-EDTA (0.05%) with and without phenol red, phosphate-
buffered saline (PBS) pH = 7.4, UltraPure DNAse/RNAse-free
distilled water (DI H2O), antibiotic−antimycotic (100×), and flow
cytometry sub-micron particle size reference kit (F13839) were
purchased from Life Technologies Thermo Fisher Scientific
(Carlsbad, CA). Heat-inactivated fetal bovine serum (HI FBS) was
purchased from Corning Life Sciences (Durham, NC). Cell lines of
human embryonic kidney cells (HEK293T) were engineered from the
laboratory of Mark Osborne at the University of Minnesota with a
traffic light reporter system. Subclones were made at the Genome
Engineering Shared Resource (Minneapolis, MN) to obtain a stable
cell line.
Microscopy
For confocal microscopy imaging, cells were plated in eight-well
chambered slides purchased from ibidi (Graf̈elfing, Germany). Anti-
LAMP2 antibody [H4B4]�lysosome marker and normal goat serum
was purchased from Abcam (Waltham, MA). Goat anti-Mouse IgG
(H + L) highly cross-adsorbed secondary antibody, Alexa Fluor 555,
and SlowFade Glass (with DAPI) Soft-set antifade mountant were
purchased from Invitrogen (Thermo Fisher Scientific; Waltham, MA).
Gelatin from porcine skin (gel strength ∼ 300 g Bloom) and BSA
were purchased from Sigma (St. Louis, MO). 16% Paraformaldehyde
aqueous solution was purchased from Electron Microscopy Sciences
(Hatfield, PA). Triton X-100 was purchased from Integra (Renton,
WA). The Steriflip vacuum-driven filtration system (0.22 μm) was
purchased from Millipore (Burlington, MA).
Instrument Details
NMR spectra were recorded on AX-400 Bruker Avance III HD
(Billerica, MA). Mass spectra were recorded on a BioTOF II ESI-
TOF Mass Spectrometer. Size exclusion chromatography was
performed on the Agilent Infinity 1260 HPLC system equipped
with the Wyatt DAWN Heleos II multiangle laser light scattering
detector and Wyatt OPTILAB T-rEX refractive index detector. Molar
masses were obtained using dn/dc values calculated from the
refractive index signal using samples with the known concentration
with an assumption of 100% mass recovery. Absorbance and
fluorescence measurements of polymers and polyplexes were acquired
using the Synergy H1 multimode plate reader (BioTek; Winooski,

VT). pH measurements and potentiometric titrations were carried out
with OrionStar T910 (Thermo Fisher Scientific; Waltham, MA). Flow
cytometry was performed on a ZE5 cell analyzer (Bio-Rad; Hercules,
CA), and results were analyzed using FlowJo software (Ashland, OR).
DLS measurements were made with a Zetasizer Nano ZS (Malvern;
Worcestershire, UK) with a 4.0 mW He−Ne laser (λ = 633 nm). Cell
suspensions were counted with a Countess II automated cell counter
(Thermo Fisher Scientific; Waltham, MA) with dead cell discrim-
ination by dilution (1:1) with trypan blue (0.4%). Widefield
fluorescence microscopy was carried out using an EVOS Digital
Microscope (AMG Life Technologies; Grand Island, NY). Confocal
microscopy images were acquired on Olympus Fluoview FV1000 BX2
Upright Confocal. All statistical calculations were performed with
GraphPad Prism v9.4.1.
Synthesis of HQ
In a round-bottom flask, hydroquinine (4.0 g, 12.3 mmol) was
dissolved in anhydrous THF (50 mL) followed by addition of
dibutyltin dilaurate (23 mg, 0.036 mmol dissolved in 5 mL of
anhydrous THF) into the reaction mixture.37 A solution of 2-
isocyanatoethyl acrylate (2.3 g, 16 mmol) in anhydrous THF (20 mL)
was added dropwise to the reaction mixture under continuous stirring.
After stirring for 30 min at room temperature, the reaction mixture
was heated to 40 °C in an oil bath and was stirred for another 24 h
under a N2 atmosphere. Completion of the reaction was confirmed via
TLC, and excess 2-isocyanatoethyl acrylate was quenched by adding
distilled water. The quenched reaction mixture was washed with ethyl
acetate (3 × 200 mL) to extract the product into the organic phase.
The organic phase was further washed with brine, followed by drying
over anhydrous Na2SO4, and then was concentrated under vacuum.
The pure product was isolated by flash chromatography using silica
gel as the stationary phase and 20% methanol in DCM as the mobile
phase. The purified product was dried under high vacuum overnight
before further use.
Polymerization of HQ via Reversible
Addition−Fragmentation Chain-Transfer Polymerization
(RAFT)
Into one-dram vials, monomers (HQ and HEA), chain-transfer agent
(DDMAT), and initiator (AIBN) were transferred and dissolved in
anhydrous DMF (total monomer concentration = 1 M, [total
monomer]/[DDMAT]/[AIBN] = 200:1:0.2). The vials were closed
with the Suba-Seal septa, and the reaction mixture was purged with N2
for minimum of 30 min. Subsequently, the vials were transferred to
the metal heating block and stirred vigorously for 6 h at 80 °C. The
reactions were quenched by rapidly cooling the reaction mixture in
liquid N2 bath followed by exposure to atmospheric oxygen. The
reaction mixture was diluted with 10% THF (inhibitor free) in
methanol, then transferred to RC dialysis tubing, and then dialyzed
for 4 days using 10% THF (inhibitor free) in methanol. The purified
polymer solutions were first concentrated under vacuum and then
dried under high vacuum overnight to yield the pure polymer. For all
experiments and assays, polymer stock solutions were prepared in 3%
acetic acid in water solution. The polymer solutions were vortexed
well and then filtered using a 0.22 μm syringe filter before use.
Polymerization of HQ via Free-Radical Polymerization
(FRP)
Into one-dram vials, HQ (with or without HEA) and AIBN were
loaded and dissolved in anhydrous DMF. Total monomer
concentration was 1 M with [total monomer]/[AIBN] ratio being
100:1. The vials were closed with Suba-Seal septa, and the reaction
mixture was purged with N2 for minimum of 30 min. After that, the
vials were placed in metal blocks and stirred in the N2 atmosphere at
80 °C for 15 h. The polymerization reactions were quenched by
rapidly cooling the reaction mixture in liquid N2 baths and then
exposing them to atmospheric oxygen. The reaction mixture was
diluted with 10% THF (inhibitor free) in methanol, then transferred
to RC dialysis tubing, and then dialyzed for 4 days in 10% THF
(inhibitor free) in methanol. The purified polymer solutions were first
concentrated under vacuum and then dried under high vacuum
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overnight to yield the pure polymer. For all experiments and assays,
the polymer stock solution was prepared in 3% acetic acid in water
solution. The polymer solution was vortexed well and then filtered
using a 0.22 μm syringe filter before use.
Potentiometric Titration
Monomers and polymers were dissolved in 30 mM HCl to prepare 15
mL of stock solutions having concentration of 1 mg/mL. This acidic
solution was titrated with freshly prepared 75 mM NaOH solution,
using the OrionStar autotitrator, under constant stirring. The titration
endpoints were determined from the derivative of the titration curve.
A linear fit was applied between the titration endpoints, and the pKa
values were calculated by determining the pH at the middle point of
the titration endpoints. Hill coefficients were calculated by rearranging
the titration curve data into eq 1 and plotting log

1
vs pKa − pH

and applying linear fit.

= ·n Klog
1

(p pH)Hill a (1)

According to eq 1, θ is the fraction of amines protonated and nHill is
the Hill coefficient which was determined from the slope of the
log

1
vs pKa − pH plot.

Dye Exclusion Assay
To improve the aqueous solubility of the polymers as well as to
increase the electrostatic interactions between the polymer chains and
the pDNA, the stock solutions for the polymers were prepared in
aqueous solution of acetic acid (3% glacial acetic acid in water, pH ∼
2.6), similar to our previous work with QCR.31 In general, for all
experiments and assays, stock solutions of the polymer (0.0104 M
with respect of quinuclidine nitrogen atoms) and pDNA (1 mg/mL)
were diluted with ultrapure water to freshly prepare secondary
solutions with appropriate concentrations. pDNA was always diluted
to 0.02 mg/mL, and the polymer solutions were diluted according to
the desired N/P of the final mixture. For the dye exclusion assay,
pDNA was diluted with ultrapure water that was doped with
PicoGreen (0.5% v/v). The polymer secondary solution was added
into the pDNA secondary solution in a 1:1 volume ratio to form
primary polyplexes for 30 min at room temperature. Fluorescence
intensity was measured using the fluorescence filter cube (λex = 485/
20 nm, and λem = 528/20 nm). The intensity from polyplex solutions
(at respective N/P ratios) without PicoGreen was used for
background subtraction. The intensity from the polymer-free
solutions (N/P = 0) was used to normalize the intensity from
polyplex solutions. Additionally, fluorescence of the polymers in the
presence of PicoGreen but without pDNA was measured for which we
only observed the baseline level fluorescence signal. These controls
confirmed that neither the fluorescence of the free polymer nor the
interaction of PicoGreen with polymer interferes with the dye
exclusion results.

The ability of the polymers to release pDNA after formation of
polyplexes was tested with a modified version of dye exclusion with
the addition of heparin at the final concentration of 33.5 μg/mL.55

Control samples were prepared by adding water instead of heparin to
the polyplex solution. The difference in normalized fluorescence
intensity due to addition of heparin was used to compare the extent of
pDNA release from polyplexes in the presence of heparin (Figure
S23).
Flow Cytometry on Aggregated Polyplexes
To determine the lower size limit of detection for the polyplex
particles, commercially available fluorescent particles with diameters
of 100, 200, 500, 1000, and 2000 nm were used first on the flow
cytometer. Forward scattering intensity and green fluorescence
intensity were used in tandem to distinguish the particles from
noise. From this study, the lower detection limit was found to be 500
nm in diameter (Figure S21). Fluorescently labeled primary polyplex
particles were formed using the general protocol described for dye
exclusion assay but with the modification of using Cy5-labeled
pZsGreen1-N1 pDNA. The primary polyplex solutions were diluted

in 1:2 volume ratio using FluoroBrite DMEM to induce aggregation
of the polyplexes. The aggregated polyplex solutions were split into
three portions. The first portion was left untreated, the second portion
was treated with 10% FBS, and the third portion was treated with FBS
doped with BSA conjugated with Alexa Fluor 488 (95% FBS + 5%
BSA-AF488). Aggregated polyplexes were also formed with unlabeled
pZsGreen1-N1 pDNA to serve as controls.
Cell Culture
The engineered HEK293T cells were cultured in DMEM
supplemented with 10% FBS and 1% antibiotic−antimycotic at 37
°C and 5% CO2 in 75 cm2 cell culture flasks.
Transfection
Cells were plated in 24-well plates at the density of 50,000 cells/mL,
24 h before transfection. Manufacturer’s protocol was used for
transfection with jetPEI and Lipofectamine 2000. For HQ-X polymers
as well as QCR, previously reported transfection protocol was used
with minor modifications.31 Similar to the protocol mentioned for dye
exclusion assay and flow cytometry on polyplexes, secondary solutions
of polymer and pDNA were mixed in a 1:1 volume ratio and
incubated for 30 min at room temperature to form primary polyplexes
at the desired N/P ratios. The polyplex solutions were then diluted in
a 1:2 volume ratio using FluoroBrite DMEM to induce aggregation of
the polyplexes. After 30 min, the cells were washed with PBS and
treated with the aggregated polyplex solution with each well receiving
1 μg of pDNA. The cells were then incubated at 37 °C with 5% CO2
for 30 min before addition of 1 mL of serum-supplemented DMEM
into each well. Fresh supplemented media was added to each well 24
h later. Negative controls were performed with cells being similarly
treated with media that is equivalently diluted but does not contain
any polymer and pDNA to confirm that the cells are tolerant of the
media changes, the wash procedures, and the duration of transfection.
Transfection in the presence of serum was also tested using HQ-25 as
a model polymer, at N/P = 12. To transfect the cells, aggregated
polyplexes were prepared according to the regular transfection
protocol followed by addition of polyplex solution directly into
serum-supplemented media (Figure S22).
Quantifying Cell Viability
Cell viability was measured using colorimetric assay with CCK-8. 48 h
after transfection, the cells were treated with 6% solution of CCK-8 in
FluoroBrite DMEM and incubated at 37 °C with 5% CO2 for 1 h.
After 1 h, the supernatant solution was transferred to a clear 96-well
plate, and the absorbance of the supernatant solution at 450 nm was
measured. Absorbance from 6% CCK-8 solution in FluoroBrite
DMEM was subtracted from all data points, and the values were
normalized to the absorbance from the supernatant of untreated cells
(Figure S13B).
Quantifying Transfection Efficiency with Flow Cytometry
48 h after transfection, the cells were washed with warm PBS and
trypsinized using phenol red-free trypsin for 5 min followed by
quenching of trypsinization with serum-supplemented phenol red-free
DMEM. The cell suspension was diluted with ice-cold PBS containing
2% FBS and centrifuged at 4 °C at 1000 rpm for 10 min in deep well
plates. The supernatant was discarded, and the cells were resuspended
in ice-cold PBS with 2% FBS and 17 nM SYTOX Red and used for
flow cytometry. Untreated cells were used as negative controls for
gating. 350, 488, and 640 nm lasers were used for detecting HQ+,
ZsGreen1+, and SYTOX Red+ cells, respectively (Figure S12).

For quantifying the effect of transfection 96 h after the transfection,
a separate transfection was performed following the same protocol. 48
h after transfection, the cells were passaged and plated into a new 24-
well plates with 1:3 split to allow continuous growth. The media was
changed 24 h later. After a total of 96 h, the cells were prepared for
flow cytometry following the protocol mentioned earlier.
Labeling pDNA with Cy5
The label-IT nucleic acid labeling kit from Mirus Bio was used to
prepare Cy5-labeled pDNA using manufacturer’s protocol with one
adjustment. Briefly, one full kit was used to label 1 mg of pDNA
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instead of 100 μg. The reduction in labeling density was to minimize
alteration in polymer−pDNA binding while keeping sufficient number
of fluorophores for detection using flow cytometry and confocal
microscopy. Labeling density of the fluorescent probe was calculated
using the spectrophotometric method provided by Mirus Bio. The
average ratio of nucleobase to Cy5 was calculated to be 440 which
implies that each pDNA was labeled with 21 molecules of Cy5 on
average.

Polyplex Internalization Measurement Using Cy5-Labeled
pDNA
Cells were transfected according to the typical protocol using the
Cy5-labeled pZsGreen plasmid. 24 h after transfection, the cells were
washed PBS and trypsinized using phenol red-free trypsin for 5 min
followed by quenching of trypsinization with serum-supplemented
phenol red-free media. The cell suspension was diluted with ice-cold
PBS containing 2% FBS and centrifuged at 4 °C at 1000 rpm for 10
min in deep well plates. The supernatant was removed, and the cells
were incubated with CellScrub solution for 10 min at room
temperature followed by centrifugation at 4 °C at 1000 rpm for 10
min. The supernatant was discarded, and the cells were resuspended
in ice-cold PBS with 2% FBS and used for flow cytometry
measurements. 640 nm laser was used for detecting Cy5+ cells, and
350 nm laser was used detecting HQ+ cells.

Confocal Microscopy
The general transfection protocol was followed, but the amounts of
reagents were reduced by half. Fluorescent labels were carefully
selected to provide sufficient spectral separation during image
acquisition. Cy5-labeled pZsGreen1-N1 was used as the payload. 24
h before transfection, eight-well chambered slides were coated with
porcine gelatin solution (0.1%) followed by seeding with HEK293T
cells with concentration of 25,000 cells/well. For transfection with
jetPEI, N/P of 5 was used. For HQ-X polymers, N/P = 16 was used.
24 h after transfection, the cells were washed gently with PBS
followed by fixation with 4% paraformaldehyde in PBS for 15 min at
room temperature. After fixation, the fixative solution was discarded,
and the cells were washed gently with PBS followed by
permeabilization with washing buffer (0.1% Triton-X100 in PBS for
5 min). The washing buffer was then switched with blocking buffer
(5% BSA, 1% normal goat serum, and 0.1% Triton-X100 in PBS), and
the cells were kept submerged in blocking buffer for 60 min at room
temperature. Subsequently, the blocking buffer was switched with
primary antibody solution (anti-LAMP2 antibody [H4B4] diluted
1:200 in blocking buffer), and the cells were kept submerged in it
overnight at 4 °C. The following day, the primary antibody solution
was discarded, and the cells were washed with washing buffer before
treatment with secondary antibody solution [goat anti-mouse IgG (H
+ L) highly cross-adsorbed secondary antibody Alexa Fluor 555
diluted 1:1000 in blocking buffer] for 60 min. Next, the secondary
antibody solution was discarded, and the cells were washed with
washing buffer. Residual buffer was removed carefully, and the glass
coverslip was mounted on top of the cells using SlowFade Glass (with
DAPI) as the mountant, and the cells were imaged on the same day.
The fluorescent profile of HQ matches with DAPI, but the overall
brightness of HQ is significantly lower than DAPI to be able to
interfere in confocal imaging. Furthermore, the DAPI staining was
used for cell segmentation during the image processing, and it is not
connected to calculations for PCC which provided us the most
meaningful insight from confocal microscopy images.

All images were collected on an Olympus Fluoview 1000 BX2
upright confocal imaging system equipped with a Prior stage
controller, lasers, primary dichromatic mirror, emission filters,
photomultiplier tube detectors, and a PLAPON 60× oil objective
(NA 1.42). Laser illumination consisted of 405 and 635 nm solid-state
diode lasers set to 20 and 50% laser power, respectively, a 543 nm
HeNe laser set to 60% laser power, and a 488 nm argon laser set to
15% laser power. The dichromatic mirrors for the various channels
consisted of a SDM490 mirror for the DAPI channel, a SDM560
mirror for the Alexa Fluor 488 channel, and a SDM640 mirror for the

Alexa Fluor 555 channel. Emission bandpass filters ranged from 450/
40 nm for blue emission, 515/20 nm for green emission, 610/100 nm
for orange-red emission, to 705/100 nm for far red emission. Voltage
settings for the photomultiplier tube detectors were 555 V with an
offset of 7 for the DAPI channel, 470 V with an offset of 6 for the
Alexa Fluor 488 channel, 705 V with an offset of 7 for the Alexa Fluor
555 channel, and 535 V with an offset of 4 for the Cy5 channel.
Acquisition software was controlled by FluoView FV1000 software,
version 4.1.1.5 (Waltham, Massachusetts).

Confocal Microscopy Image Analysis
All images were collected in the Olympus Image Binary format and
converted to TIFF images, which were imported into Nikon Elements
Analysis software (version 5.41.01) for spectral unmixing. Labeling
nuclei with DAPI inadvertently stained the Cy5-labeled pDNA as
well, this had to be spectrally unmixed with Nikon Elements software
using the ROI method, and the unmixed images were saved as ND2
files. These files were next converted into IMS files with Imaris
FileConverter (version 9.9.1) for eventual processing, segmentation,
and quantification in Imaris software (version 9.9.1). First, back-
ground was automatically subtracted from all images with a Gaussian
filter radius of 17.6 to define the background at each voxel, and then,
software conducted a baseline subtraction of this variable background.
Structures smaller than the automatically calculated filter width were
removed. Second, all images were smoothed and denoised with a 3 ×
3 × 3 median filter. Segmentation of nuclei and cells employed the
surface module. First DAPI-stained nuclei were automatically
thresholded and segmented by morphological split with an estimated
region growing diameter of 5.0 μm. Next, cells were detected via
expression of ZsGreen1 and manually thresholded, followed by
segmentation by morphological split with an estimated region
growing diameter of 8.0 μm. Cy5-labeled pDNA (Cy5-pDNA) was
detected and segmented with the spot module. Region growing
detection and local contrast were enabled, and spot sizes were
estimated as 0.6 μm laterally and 1.76 μm axially followed by manual
thresholding. These surface and spot renderings were imported into
the cell module, wherein Cy5-pDNA distances to the nucleus border
were measured. In Imaris software, lysosome−Cy5-labeled pDNA
colocalization was measured within the cell boundaries imposed by
ZsGreen1 labeling. Lysosome and Cy5 signals were automatically
thresholded with the method devised by Costes et al.56 A
colocalization channel was built from which PCCs were calculated.
PCCs within the colocalized volume were utilized for data analysis.
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