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ABSTRACT: Cationic polymer vehicles have emerged as
promising platforms for nucleic acid delivery because of their
scalability, biocompatibility, and chemical versatility. Advance-
ments in synthetic polymer chemistry allow us to precisely tune
chemical functionality with various macromolecular architectures
to increase the e� cacy of nonviral-based gene delivery. Herein, we
demonstrate the� rst cationic bottlebrush polymer-mediated
pDNA delivery by comparing unimolecular, synthetically de� ned
bottlebrush polymers to their linear building blocks. We
successfully synthesized poly(2-(dimethylamino)ethyl methacry-
late) (pDMAEMA) bottlebrushes through ring-opening metathesis
polymerization to a� ord four bottlebrush polymers with systematic
increases in backbone degree of polymerization (Nbb = 13, 20, 26, and 37), while keeping the side-chain degree of polymerization
constant (Nsc = 57). Physical and chemical properties were characterized, and subsequently, the toxicity and delivery e� ciency of
pDNA into HEK293 cells were evaluated. The bottlebrush-pDNA complex (bottleplex) with the highestNbb, BB_37, displayed up
to a 60-fold increase in %EGFP+ cells in comparison to linear macromonomer. Additionally, we observed a trend of increasing
EGFP expression with increasing polymer molecular weight. Bottleplexes and polyplexes both displayed high pDNA internalization
as measured via payload enumeration per cell; however, quantitative confocal analysis revealed that bottlebrushes were able to
shuttle pDNA into and around the nucleus more successfully than pDNA delivered via linear analogues. Overall, a canonical cationic
monomer, such as DMAEMA, synthesized in the form of cationic bottlebrush polymers proved to be far more e� cient in functional
pDNA delivery and expression than linear pDMAEMA. This work underscores the importance of architectural modi� cations and the
potential of bottlebrushes to serve as e� ective biomacromolecule delivery vehicles.

Polymeric vehicles are a versatile platform for the delivery
of nucleic acids and o� er numerous advantages over viral

vectors by potentially enabling lower immunogenicity and
production costs along with facile scalabilty.1 Cationic
polymers readily complex negatively charged nucleic acids
through an entropically driven displacement of counterions to
form interpolyelectrolyte complexes. Beyond linear cationic
homopolymers, the� eld is being transformed through
exploration of the vast chemical and architectural space
a� orded by recent advances in synthetic control to develop
statistical and block linear copolymers, self-assembled micelles,
stars, dendrimers, and cross-linked networks in an e� ort to
overcome limitations in transfection e� ciency.1� 4 Our earlier
work, harnessing reversible addition� fragmentation chain
transfer (RAFT) polymerization techniques to synthesize
triblock micelles, has demonstrated how control over polymer
architecture can lead to high delivery e� ciency without
increasing toxicity, despite increasing the density of cations
within the self-assembled micelle corona.5� 8 That work
compared spherical micelles to linear polymer analogues and
highlighted how micelle complexes (micelleplexes) outperform
polyplexes in delivery e� cacy due to structural maintenance of

the biological payload. This demonstrated the formation of
polycationic micelles that induce high amine density within the
corona is key for improving transfection e� ciency. However,
the self-assembly required to form micelles followed by a
secondary formulation step can lead to challenges in scale-
up.9,10 Indeed, the ability to create well-de� ned unimolecular
architectures, consisting of covalently linked cationic polymer
chains clustered within a� xed volume, could facilitate a similar
performance to cationic self-assembled micelles while granting
more complete synthetic control and reproducibility over the
macromolecular architecture.

Bottlebrush (BB) polymers are well-de� ned unimolecular
architectures made up polymer side-chains that are covalently
attached to and extend radially from a central polymer
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backbone. The polymers are created through polymerization of
macromonomers (MM). The physical properties of such
systems depend on the molar mass, degree of polymerization,
and composition of both the side-chains and backbone.11,12

The unique ability to synthetically alter and isolate these
variables by using orthogonal polymerization techniques such
as RAFT polymerization13� 15 and ring-opening metathesis
polymerization (ROMP)16� 18 can be harnessed by di� erent
synthetic methods, including grafting-through and grafting-
from techniques.19� 21 This synthetic platform also allows for
the production of high molecular weight polymers while having

relative control over dispersity. Bottlebrush polymers have
shown e� cacy for delivery of small molecule therapeutics by
both covalent binding and noncovalent sequestration of the
payload.22� 24 Only a few examples of using bottlebrush
polymers for nucleic acid delivery have been documented to
date. Schmidt et al. reported successful siRNA complexation,
delivery, and gene silencing using bottlebrushes containing
poly-L-lysine-b-polysarcosine polymer side-chains.25 Zhang et
al. covalently conjugated oligonucleotides and siRNA to
poly(ethylene glycol) (PEG) bottlebrush systems and
demonstrated resistance to nonspeci� c protein adhesion as

Figure 1. (A) Chemical scheme showing a two-step orthogonal polymerizations of RAFT polymerization followed by ROMP to achieve
bottlebrush polymers with pendant tertiary amines. (B) Illustration of the bottlebrush (BB) polymer library synthesized from one macromonomer
(MM). Bottlebrush names are de� ned by the number of repeat units in the backbone.

Figure 2.(A) Stacked1H NMR spectra showing the conversion of peak a to a� in MM (top) and BB_13 (bottom) spectra. (B) Stacked normalized
di� erential refractive index (RI) showing conversion of MM to the four bottlebrushes. (C) Illustration showing nomenclature of degree of
polymerization of side-chain (Nsc) and the backbone (Nbb). (D) Summary of SEC-MALS analysis of molecular weight distributions.
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well as increasedin vivobiodistribution.26� 28 The e� ect of a
cylindrical systems compared to spherical systems without
biological payloads was observed to increase circulation time of
cylindrical systems correlated to its increased aspect ratio.29,30

Despite the numerous advantages of bottlebrush systems,
their capacity to deliver larger biological payloads like plasmids
(pDNA) has not yet been investigated. Unlike siRNA and
oligonucleotides, pDNA payloads present unique challenges as
the long semi� exible structure imposes additional constraints
on their polymeric binding partners during polymer� pDNA
assembly and compaction. Moreover, unlike other nucleic acid
payloads, they can only accomplish their therapeutic function
when delivered to the nucleus. In this work, we have exploited
the unique architectural and morphological features of
bottlebrush systems and overcome delivery challenges speci� c
to pDNA payloads. Bottlebrushes o� er three main advantages
for delivery of pDNA over previously published architectural
systems: (1) bottlebrushes have proven to be synthetically
reproducible while o� ering a high molecular weight unim-
olecular synthetic platform to tailor isolated variables of
grafting density, side-chain length, backbone length, and
chemistry; (2) densely grafted bottlebrush systems o� er
physical changes to multivalency, charge, and binding; and
(3) unlike other polymeric gene delivery systems to date,
bottlebrush polymers o� er high-aspect-ratio systems with the
potential to improvein vivodelivery outcomes and facilitate
control over biodistribution pro� les.

Herein, we present the� rst exploration of cationic
bottlebrush polymers for noncovalent binding and delivery of
pDNA payloads. We synthesized a library of cationic
bottlebrush polymers with systematic increases in backbone
degree of polymerization (Nbb), while keeping the side-chain
degree of polymerization (Nsc) constant (Figures 1and2B).
When assessing the discrete role of architecture and size on the
chemical and physical properties of these polymer vectors, it
was found that the bottlebrushes and linear macromonomer
had similar pKa values, formed polymer� pDNA complexes of
comparable sizes, and resulted in similar cellular toxicities.
Interestingly, these bottlebrush polymers showed lower
comparative binding strength, lower protonation degree at
physiological pH, and higher nuclear colocalization of pDNA
with the bottlebrush as compared to the macromonomer. This
work is the� rst to show that bottlebrush polymers signi� cantly
increase the delivery of pDNA when compared to linear
polymer analogues when holding the chemistry and
formulation ratios for amine concentration consistent. Herein
reveals that e� cacy is a function of bottlebrush molecular
weight, with increasedNbb resulting in improved delivery
performance. Overall, this work demonstrates the ability of
these powerful macromolecules to broadly serve as readily
tailorable supramolecular hosts for delivery of large bio-
molecular payloads.

To synthesize the target family of bottlebrush polycations,
we � rst performed RAFT polymerization of an amine-based
monomer, 2-(dimethylamino)ethyl methacrylate (DMAEMA),
with a norbornene-functionalized chain transfer agent (CTA),
to yield linear macromonomers with a number-average
molecular weight (Mn) of 9.4 kDa. The degree of polymer-
ization was found to be higher than theoretical, likely due to
the trithiocarbonate R-group being optimized for polymer-
ization of acrylates/acrylamides rather than methacrylates/
methacrylamides. The bottlebrush polymers were synthesized
through ROMP of the norbornene imide end-group on the

macromonomer by varying the mole ratio of Ru-based third-
generation Grubbs catalyst to achieve bottlebrush polymers
with systematic increases in molecular weight equating toNbb
repeat units of 13, 20, 26 and 37, while maintaining a relatively
low dispersity (� � 1.33, Figure 2D). Size exclusion
chromatography with a multiangle laser light scattering
detector was used to characterize molecular weight and
dispersity (Figure 2B,D), and1H NMR was used to identify
conversion of the norbornene alkene (Figure 2A andFigure
S2).

The protonation state of the multivalent bottlebrushes was
characterized via acid� base titrations. Particularly, we sought
to understand if the collective density of linear polymers
assembled in the� xed volume of the bottlebrush architecture
would lead to pKa changes in the physiological pH range,
which could alter binding interactions between the poly-
cationic polymers and the polyanionic pDNA payload. The
pKa decreased by 1.4 units from monomer (DMAEMA, pKa =
8.5) to linear polymer (macromonomer, pKa = 7.1), as
supported by previous literature� ndings showing the
suppression of amine ionization and proximity to charged
groups upon polymerization.31,32 However, when comparing
the bottlebrush polymers to the macromonomer, similar pKa
values were found (Figure 3A). Uniquely, at physiological pH

of 7.4, bottlebrush polymers are� 10% less protonated than the
macromonomer, indicating a dissimilarity of the charged state
of the polymers (see dotted lines inFigure 3B). This property
could in� uence charge-mediated interactions and compaction/
decompaction of pDNA payloads at physiological conditions.

Figure 3.(A) pKa data of monomer and polymers acquired from
acid� base titration andRh data of polyplexes and bottleplexes formed
in H2O acquired from DLS. (B) Standardized protonation states of
monomer and polymers calculated from titration data. Dotted blue
line shows percent of polymer protonated at pH 7.4 (C) Fluorescence
analyzed through dye exclusion of PicoGreen. (D)Rh data acquired
from DLS of polyplexes and bottleplexes formed in water (t = 0 min)
and then aggregation of the complexes over 60 min after addition of
Opti-MEM. Error bars are represented by± standard deviation of
analyzed data (n = 3). The “� ” indicates the inability to acquire
replicate measurements due to severe aggregation and poor
autocorrelation functions.
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Polymer-pDNA/bottlebrush-pDNA complexes, termed pol-
yplexes/bottleplexes, were analyzed for compaction ability and
binding strength through gel electrophoresistential,� -potential,
and dye exclusion. Assays were completed by varying the
number ratio of amines (N) in the polymer to phosphates (P)
in the nucleic acid backbone (N/P ratio) to determine a
minimum binding capacity. It is worth noting that with this
formulation ratio the number/concentration of amines in
solution are equal at each formulation ratio for each material.
However, going from macromonomer to bottlebrushes of
increasing molecular weight, the number of discrete polymer
chains in solution decreases (as macromonomers successively
covalently stitched together). Qualitative image analysis of the
gel electrophoresis shift assay showed complete hindrance of
pDNA migration at N/P of 1.5 and higher (Figure S7) for all
formulations. This work thus establishes the successful
complexation and compaction of pDNA using bottlebrush
polymers at low formulation ratios for all polymer
architectures. When the� ve polymer formulations at N/P of
7.5 were measured for� -potential, all polymer complexes show
positive charge ranging from 27 to 35 mV for the bottleplexes,
while the macromonomer had an increased charge at 43 mV
(Figure S9).

A dye exclusion assay helped gain further insight into the
degree of pDNA compaction when complexed with these
polycations, which involves the release of a� uorescent
intercalating dye when competitive agents (the cationic
macromonomer or bottlebrushes) are introduced, and no
longer � uoresces when excluded from the pDNA. The
macromonomer showed more displacement of the dye from
pDNA in comparison to the bottlebrushes, with all four
bottlebrush polymers displaying an averaged 5-fold higher
� uorescence at each N/P ratio (Figure 3C). Subsequently, the
gel electrophoresis shift assay showed no free pDNA above N/
P 1.5, and therefore it is hypothesized that the di� erence in
� uorescence intensity between the macromonomer and the
bottlebrushes can be attributed to be the degree of pDNA
compaction. The bottlebrush polymers exist as a multivalent
display of linear polycations that, conformationally, are more
outstretched than the macromonomers, which likely exist as
random coils in solution. The di� erence in solution structure
of the bottlebrush systems could alter the binding mode, where
the pDNA associates more super� cially with the bottlebrush
surface while the more� exible linear MMs could bind more
intimately in the major or minor grooves, thereby displacing
the intercalating dyes.

To further test the stability of these systems against
competitive binding factors such as serum proteins, the
polyplex/bottleplex solutions were diluted 2-fold with a 10%
fetal bovine serum (FBS) solution. There was an increase in
dye � uorescence after introduction of FBS, and the macro-
monomer had an averaged 40% increase in� uorescence, while
the bottlebrushes averaged a 20% increase. These results
interestingly showed slightly better serum stability for
bottlebrushes compared to the linear analogue (Figure S8).
Although the linear macromonomer and bottlebrush polymers
have similarity in chemical functionality and pKa, the
macromolecular structure of the bottlebrush polymers appears
to signi� cantly in� uence the mode of pDNA binding and
compaction, which may, in turn, in� uence intracellular release.

The size and aggregation behavior of these interpolyelec-
trolyte complexes have shown to have some e� ect on delivery
e� cacy of nucleic acids into cells.30 Hydrodynamic radii (Rh)

of polyplexes and bottleplexes were analyzed via dynamic light
scattering after formation. The polyplexes and bottleplexes all
formed similar sized complexes in water (Rh � 30 nm,Figure
S6) and did not aggregate over time, showing that macro-
molecular architecture did not alter the polyionic complex size
during initial formulation. To understand size and stability
during the transfection conditions, the formulations were
further diluted in Opti-MEM and monitored for stability.
Throughout the 60 min period, aggregation was observed
among all� ve interpolyelectrolyte systems. However, the
macromonomer polyplexes aggregated to the largest size. A
trend was observed where increasing the bottlebrush molecular
weight correlated to a decrease in the aggregation behavior.
After 60 min, the bottlebrush with the longest backbone,
BB_37, displayed the lowest size in Opti-MEM (Rh = 165 nm)
and had a 3-fold decrease in size compared to the
macromonomer (Rh = 495 nm,Figure 3D). The ability to
tailor bottleplex size distribution and control aggregation via
synthetic control with ROMP makes this delivery platform
attractive for futurein vivoapplications.

The primary goal of constructing this polymer library was to
create hierarchical unimolecular structures with increasingNbb
and directly compare the transfection ability of the bottlebrush
series to the linear macromonomer building block. We
employed an enhanced green� uorescent protein (EGFP)
reporter assay to gain insight into the polymer vehicle’s ability
to deliver pDNA into cells and express the encoded protein.
To test this, a solution containing the plasmid construct
encoding for EGFP were mixed in formulation ratios at N/P
ratios of 5, 7.5, and 10 with the macromonomer or one of four
bottlebrushes and allowed to complex for 45 min in water
before being further diluted in Opti-MEM and layered onto
human embryonic kidney (HEK293) cells. Transfection and
� ow cytometry procedures are detailed in theSupporting
Information. The di� erences observed in %EGFP positive cells
observed by� ow cytometry and� uorescence microscopy
revealed a vast di� erence in transfection e� ciency between the
macromonomer and the bottlebrush formulations (Figure 4A
andFigure S15). Surprisingly, macromonomer was unable to
produce any notable amount of %EGFP positive cells (<1.5%),
while the bottlebrush polymers ranged from 28 to 60% EGFP
positive cells, depending on N/P ratio andNbb. Previous
studies in our group tested a 25 kg/mol pDMAEMA polymer6

which also delivered pDNA to HEK293 cells and resulted in
� 5% GFP expression. This 25 kg/mol pDMAEMA is 2.5 times
longer than our MM and yet did not result in a commensurate
improvement in transfection performance over our macro-
monomer. This previous work indicates that the sole factor of
increasing molecular weight of a linear pDMAEMA control will
not have a signi� cant impact on pDNA delivery performance.
An average 1.5-fold increase in %EGFP positive cells was
observed between N/P ratio of 5 and 10. At each N/P ratio,
BB_37 had an average 1.5-fold increase of %EGFP positive
cells compared to BB_13, suggesting thatNbb (and thus
molecular weight) is positively correlated to transfection
e� ciency. Positive controls of Lipofectamine 2000 and jetPEI
displayed high transfection performance as expected, with 97%
and 89% EGFP positive cells, respectively (Figure S10).
ANOVA statistical analysis con� rmed statistical signi� cance in
the performance di� erence between macromonomer and
BB_13 as well as BB_13 from BB_37 at all three N/P ratios.
Both BB_13 and BB_37 also are statistically di� erent from
themselves at polymer ratios of N/P 5 from 10, showing an
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increase in transfection e� ciency with an increase in
formulation ratio. This data displays how chemical architecture
can play a signi� cant role in improving delivery e� ciency by

having up to a 60-fold increase of EGFP positive cells when
comparing BB_37 to the macromonomer.

Cell viability was measured with cell counting kit-8 (CCK-8)
to understand the active metabolic process in the cell
populations after transfection. Cells underwent the same
transfection procedures with each formulation and were then
subjected to UV-absorbance analysis of the CCK-8 dye 48 h
after initial transfection (procedures are in theSupporting
Information). As seen inFigure 4B, the cell viability was found
to be similarly high for all formulations at the N/P ratios of 5
and 7.5 and found to have higher cell viability than both
commercial controls of Lipofectamine 2000 and jetPEI (Figure
S12). A higher toxicity pro� le was found at N/P = 10, with the
macromonomer displaying similar levels of viable cells to
jetPEI and the four bottlebrush polymers exhibiting cell
viability similar to Lipofectamine 2000. This shows that the
increased size and charge density of the higher ordered
bottlebrush architectures were not accompanied by signi� -
cantly higher levels of cellular toxicity when compared to the
smaller macromonomer.

To probe whether the stark di� erence in transfection
e� ciency can be attributed to di� erences in cellular uptake
between polyplexes/bottleplexes, we measured internalization
by using� uorescently labeled cyanine 5 (Cy5)-pDNA. Cells
administered with all� ve delivery vehicle formulations showed
similarly high Cy5� uorescence intensities (>90% positive)
showing little discrepancy in Cy5 intensities between the
macromonomer and bottlebrush complexes (Figure S13). This
data suggests that transfection is not limited by cellular
internalization; rather, bottleplexes appear to overcome some
intracellular hurdle for successful expression.

To examine the intracellular localization of polyplexes/
bottleplexes, HEK293 cells were transfected with macro-
monomer and BB_37 complexes formulated at N/P of 7.5, and
the cells were� xed 24 h following pDNA delivery. To facilitate
pDNA visualization,� uorescent polyplexes were formulated by
using Cy5-pDNA payloads; the outlines of lysosomal compart-
ments were labeled by LAMP-2 and the nuclei stained with
Hoechst. Consistent with observations from� ow cytometry,
both complexes were internalized e� ciently, as indicated by
the appearance of multiple Cy5 signals associated with the
pDNA enumerated within cells (Figure 5). Visually, the

Figure 4.(A) Flow cytometry data showing percent EGFP positive
HEK293 cells due to delivery with MM and BBs at N/P ratios of 5,
7.5, and 10. The asterisks (� ) indicate statistical di� erence (p < 0.05)
analyzed by one-way ANOVA followed by apost hocTukey test. (B)
Cell viability data as measured via CCK-8 assay with HEK293 cells
with complexes formed at N/P ratios of 5, 7.5, and 10. Error bars are
represented by± standard deviation of analyzed data (n = 3).

Figure 5.Confocal 2D images comparing MM and BB_37 by tracking Cy5-labeled pDNA internalized into HEK293 cells, cells� xed at 24 h.
Confocal microscopy observations: nuclear Hoechst stain (blue), lysosomal LAMP-2 stain (magenta), Cy5-pDNA� uorescent tag (yellow), and
EGFP produced (green). Scale bar 10� m.
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macromonomer and BB-37 appear similarly colocalized when
stained for LAMP-2 to label lysosomes and Cy5-pDNA
(Figure S16 and S17), and this was con� rmed quantitatively
with Pearson’s correlation coe� cients. We note that the
macromonomer displays higher colocalization (Table S2) with
LAMP-2 than BB_37 in EGFP-positive and negative cells and
that both macromonomer and BB_37 exhibit moderate
colocalization within and outside EGFP-positive cells. Despite
high cellular densities of polyplexes, payloads delivered by
using the macromonomer did not culminate in EGFP
expression, while in contrast very high intensities of EGFP
were observed when treated with BB_37 bottleplexes, which
was consistent with the� ow cytometry data.

To assess the origins of gene expression disparity in
functional payload delivery between the linear macromonomer
polyplexes and the BB_37 bottleplexes, four to� ve Z-stacked
confocal scans were acquired in the cell images per treatment
group. From 3D reconstructions of EGFP-positive cells within
each group, nuclear colocalized pDNA (white) and cytoplas-
mic colocalized pDNA (magenta) were able to be
distinguished (Figure 6A). To quantitatively understand

di� erences in nuclear translocation between bottleplexes and
polyplexes, the volume occupied by Cy5-labeled pDNA was
calculated, and distances between Cy5-labeled pDNA to the
nuclear periphery were mapped. Both sets of analyses were
performed separately for EGFP-positive as well as EGFP-
negative cellular populations. Among the EGFP-positive cells,
we observed over 1.5 times more total volume of Cy5-pDNA
per cell in the cytoplasm and over 7-fold increase in total
volume of Cy5-pDNA per cell in the nucleus when delivered
by BB_37 compared to macromonomer (Figure 6B andTable
S1). When considering the distribution of the pDNA from the
periphery of the nucleus among EGFP-positive and EGFP-
negative cells, more pDNA was internalized and was shuttled
closer to the nuclei by BB_37 (Figure 6C). Commercial
controls such as Lipofectamine33 and JetPEI34 have been
previously studied to show how an increased delivery of pDNA
to and around the nucleus was correlated to higher gene
expression. These studies further support the confocal� ndings
that BB_37 delivered higher amounts of functional pDNA
closer and to the nucleus, thus resulting in high transfection
e� cacy. Overall, quantitative confocal microscopy revealed

Figure 6.(A) Confocal 3D images comparing MM and BB_37 by tracking Cy5 labeled pDNA internalized into EGFP positive cells. Confocal
microscopy observations: nuclear (blue), EGFP in cell cytoplasm (green), Cy5-pDNA in nucleus (white), and Cy5-pDNA in cytoplasm (magenta).
Scale bar 5� m. (B) Normalized volume (� m3) of pDNA per EGFP positive cell in the nucleus and cytoplasm when transfected with MM and
BB_37 determined by quantitative image analysis 24 h after initial transfection. (C) Distribution of polyplexes/bottleplexes from the periphery of
the nucleus in EGFP+ and EGFP� cells analyzed from confocal analysis. Negative distance lengths indicate the centroid of the pDNA complex is
within the nucleus.
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that the distribution of pDNA payload accumulation within
nuclear and cytoplasmic regions varied signi� cantly, depending
on whether they were shuttled into cells by polyplexes or
bottleplexes. It is clear that bottleplexes deliver more pDNA
into cells and shuttle pDNA closer to the nucleus. This
increase in total pDNA uptake via nuclear tra� cking e� ected
by BB_37 bottleplexes likely contributed to the higher levels
functional EGFP expression compared to the macromonomer
polyplexes.

In conclusion, our work represents the� rst example of the
synthesis, characterization, and application of a polycationic
bottlebrush platform toward the delivery of pDNA payloads.
We successfully applied ROMP to create a series of four
bottlebrush polymers with increasingNbb while keepingNsc
� xed from one batch of linear pDMAEMA macromonomer.
Although the bottlebrush polymers and the macromonomer
had similar chemical functionality, pKa values, polyplex/
bottleplexRh sizes, toxicities, and internalization e� ciencies,
bottleplex BB_37 produced a 60-fold increase in EGFP-
positive cells compared to the macromonomer building block.
Flow cytometry further showed that while all bottlebrush
formulations had similar internalization, increasingNbb
displayed on average a 1.5-fold increase in percentage EGFP-
positive cells, when comparing BB_13 to BB_37. Interestingly,
quantitative confocal microscopy a� rmed that bottlebrush
polymers deliver more pDNA into cells and also tra� c pDNA
closer to the nucleus than the macromonomer resulting in the
highest transgene expression with BB_37. Although the
polymer libraries were all constructed from the same cationic
repeat unit, pDNA complexes were formed in the same amine
concentrations, and similar levels of cellular uptake were found
across the formulations, the unimolecular architectures of the
bottlebrushes overcame key intracellular hurdles to achieve
functional pDNA delivery to the nucleus. Ongoing e� orts are
aimed at understanding the biological mechanisms of delivery
of these bottlebrush polymers as well as modifying the
bottlebrush architecture to optimize transfection e� cacy,
colloidal stability, and further mitigation of toxicity.
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