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ABSTRACT: Cationic polymer vehicles have emergedLi@sr Polymer Bottlebrush Polymer
promising platforms for nucleic acid delivery because of their 0O *

scalability, biocompatibility, and chemical versatility. Advanﬁl \* Fema oA
ments in synthetic polymer chemistry allow us to precisely tupe+/ .

chemical functionality with various macromolecular architectures

to increase the eacy of nonviral-based gene delivery. Herein,\/€xpression
demonstrate therst cationic bottlebrush polymer-mediatgisramssms
pDNA delivery by comparing unimolecular, syntheticaliscH el
bottlebrush polymers to their linear building blocks.
successfully synthesized poly(2-(dimethylamino)ethyl met
late) (,BDMAEMA) bottlebrushes through ring-opening metatty
polymerization to ard four bottlebrush polymers with systematic
increases in backbone degree of polymerizidtipn 13, 20, 26, and 37), while keeping the side-chain degree of polymerization
constant . = 57). Physical and chemical properties were characterized, and subsequently, the toxicity amiedelivefry e

pDNA into HEK293 cells were evaluated. The bottlebrush-pDNA complex (bottleplex) with tih hiBBeR7, displayed up

to a 60-fold increase in %EGFP+ cells in comparison to linear macromonomer. Additionally, we observed a trend of increa
EGFP expression with increasing polymer molecular weight. Bottleplexes and polyplexes both displayed high pDNA internaliz
as measured via payload enumeration per cell; however, quantitative confocal analysis revealed that bottlebrushes were ¢
shuttle pDNA into and around the nucleus more successfully than pDNA delivered via linear analogues. Overall, a canonical cal
monomer, such as DMAEMA, synthesized in the form of cationic bottlebrush polymers proved to becfantioferectional

pDNA delivery and expression than linear pPDMAEMA. This work underscores the importance of architectimasmaodithe

potential of bottlebrushes to serve asteve biomacromolecule delivery vehicles.

Polymeric vehicles are a versatile platform for the delivetlge biological payload. This demonstrated the formation of
of nucleic acids ande&r numerous advantages over viralpolycationic micelles that induce high amine density within the
vectors by potentially enabling lower immunogenicity andorona is key for improving transfectioniency. However,
production costs along with facile scaldbi@ationic  the self-assembly required to form micelles followed by a
polymers readily complex negatively charged nucleic acigisondary formulation step can lead to challenges in scale-
through an entropically driven displacement of counterions {g %' |ndeed, the ability to create wellri unimolecular

form interpolyelectrolyte complexes. Beyond linear cationigchitectures, consisting of covalently linked cationic polymer
homopolymers, theeld is being transformed through chains clustered withinxeed volume, could facilitate a similar
exploration of the vast chemical and architectural spag@rformance to cationic self-assembled micelles while granting
a orded by recent advances in synthetic control to develgqre complete synthetic control and reproducibility over the
statistical anq block linear copo'lymers, self—assembled m'Cém%?cromolecular architecture.

stars, dendrimers, and cross-linked networks inodnta Bottlebrush (BB) polymers are wellrdel unimolecular

\(l)vv?[(corr?er:mlt?rt:onf '\';' trr?QISfeCté%ﬁencmﬁ ntOtLi”nearlrI\erin architectures made up polymer side-chains that are covalently
ork, harnessing reversible addii@gmentation cha attached to and extend radially from a central polymer

transfer (RAFT) polymerization techniques to synthesize
triblock micelles, has demonstrated how control over polyms:

architecture can lead to high deliverciency without  Received: May 14, 2021
increasing toxicity, despite increasing the density of catiofigcepted: June 17, 2021
within the self-assembled micelle cotdhalhat work

compared spherical micelles to linear polymer analogues and

highlighted how micelle complexes (micelleplexes) outperform

polyplexes in delivery eacy due to structural maintenance of
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Figure 1.(A) Chemical scheme showing a two-step orthogonal polymerizations of RAFT polymerization followed by ROMP to achiev
bottlebrush polymers with pendant tertiary amines. (B) lllustration of the bottlebrush (BB) polymer library synthesized from one macromonon
(MM). Bottlebrush names are ded by the number of repeat units in the backbone.

Figure 2.(A) StackedH NMR spectra showing the conversion of peak it (top) and BB_13 (bottom) spectra. (B) Stacked normalized
di erential refractive index (RI) showing conversion of MM to the four bottlebrushes. (C) lllustration showing nomenclature of degree c
polymerization of side-chaM§ and the backboné\(,). (D) Summary of SEC-MALS analysis of molecular weight distributions.

backbone. The polymers are created through polymerizationrefative control over dispersity. Bottlebrush polymers have
macromonomers (MM). The physical properties of suctshown e cacy for delivery of small molecule therapeutics by
systems depend on the molar mass, degree of polymerizatiooth covalent binding and noncovalent sequestration of the
and composition of both the side-chains and backiidne. payload? * Only a few examples of using bottlebrush
The unique ability to synthetically alter and isolate thespolymers for nucleic acid delivery have been documented to
variables by using orthogonal polymerization techniques suttdte. Schmidt et al. reported successful siRNA complexation,
as RAFT polymerizatioh'® and ring-opening metathesis delivery, and gene silencing using bottlebrushes containing
polymerization (ROMP§ '8 can be harnessed byafent  poly+-lysines-polysarcosine polymer side-cHai@$iang et
synthetic methods, including grafting-through and graftingd. covalently conjugated oligonucleotides and siRNA to
from techniques. ?* This synthetic platform also allows for poly(ethylene glycol) (PEG) bottlebrush systems and
the production of high molecular weight polymers while havirdemonstrated resistance to nonspemiotein adhesion as
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well as increaséd vivobiodistributiorf® ® The e ect of a macromonomer by varying the mole ratio of Ru-based third-
cylindrical systems compared to spherical systems with@eneration Grubbs catalyst to achieve bottlebrush polymers
biological payloads was observed to increase circulation timevith systematic increases in molecular weight equating to

cylindrical systems correlated to its increased aspecttatio. repeat units of 13, 20, 26 and 37, while maintaining a relatively

Despite the numerous advantages of bottlebrush systerdasy dispersity ( 1.33, Figure D). Size exclusion
their capacity to deliver larger biological payloads like plasmisomatography with a mulidga laser light scattering
(pPDNA) has not yet been investigated. Unlike siRNA andletector was used to characterize molecular weight and
oligonucleotides, pDNA payloads present unique challengedipersity Figure B,D), and'H NMR was used to identify
the long semexible structure imposes additional constrainteonversion of the norbornene alkefiguie A andFigure
on their polymeric binding partners during polypi2NA S2.
assembly and compaction. Moreover, unlike other nucleic acidrhe protonation state of the multivalent bottlebrushes was
payloads, they can only accomplish their therapeutic functicharacterized via aclehse titrations. Particularly, we sought
when delivered to the nucleus. In this work, we have exploitéal understand if the collective density of linear polymers
the unique architectural and morphological features @fssembled in thexed volume of the bottlebrush architecture
bottlebrush systems and overcome delivery challenges spewiould lead to I§, changes in the physiological pH range,
to pDNA payloads. Bottlebrushesrahree main advantages which could alter binding interactions between the poly-
for delivery of pDNA over previously published architecturalationic polymers and the polyanionic pDNA payload. The
systems: (1) bottlebrushes have proven to be syntheticafi, decreased by 1.4 units from monomer (DMAEMAS p
reproducible while ering a high molecular weight unim- 8.5) to linear polymer (macromonomeK, = 7.1), as
olecular synthetic platform to tailor isolated variables cfupported by previous literaturadings showing the
grafting density, side-chain length, backbone length, agsdppression of amine ionization and proximity to charged
chemistry; (2) densely grafted bottlebrush systegrs o groups upon polymerizatitri: However, when comparing
physical changes to multivalency, charge, and binding; &t bottlebrush polymers to the macromonomer, sitdjlar p
(3) unlike other polymeric gene delivery systems to dat&alues were foun&igure 2). Uniquely, at physiological pH
bottlebrush polymers @ high-aspect-ratio systems with the
potential to improvén vivodelivery outcomes and facilitate
control over biodistribution pies.

Herein, we present therst 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,(), while keeping the side-chain
degree of polymerizatioNsf) constant Eigures Jand 2B).

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 I§, values, formed polym@DNA 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 sogmitly
increase the delivery of pDNA when compared to linear

polymer analogues when holding the chemistry angigyre 3.(A) pk, data of monomer and polymers acquired from
formulation ratios for amine concentration consistent. Hereigid base titration ang, data of polyplexes and bottleplexes formed
reveals that ecacy is a function of bottlebrush molecularin H,0 acquired from DLS. (B) Standardized protonation states of
weight, with increased,, resulting in improved delivery monomer and polymers calculated from titration data. Dotted blue
performance. Overall, this work demonstrates the ability tifie shows percent of polymer protonated at pH 7.4 (C) Fluorescence
these powerful macromolecules to broadly serve as readif@lyzed through dye exclusion of PicoGreer,(@3ta acquired
tailorable supramolecular hosts for delivery of large bim DLS of polyplexes and bottleplexes formed in wa@mgin)
and then aggregation of the complexes over 60 min after addition of

molecular payloads. . . pti-MEM. Error bars are represented:bstandard deviation of

To synthesize the target family .Of l_JottIebrush pqucat'on%lalyzed datan (= 3). The" ” indicates the inability to acquire
we rst performed RAFT polymerization of an amine-basefljicate measurements due to severe aggregation and poor
monomer, 2-(dimethylamino)ethyl methacrylate (DMAEMA),autocorrelation functions.
with a norbornene-functionalized chain transfer agent (CTA),
to yield linear macromonomers with a number-average
molecular weight\,,) of 9.4 kDa. The degree of polymer-
ization was found to be higher than theoretical, likely due tof 7.4, bottlebrush polymers ai®% less protonated than the
the trithiocarbonate R-group being optimized for polymemmacromonomer, indicating a dissimilarity of the charged state
ization of acrylates/acrylamides rather than methacrylatesf the polymers (see dotted line§igure B). This property
methacrylamides. The bottlebrush polymers were synthesizexlild in uence charge-mediated interactions and compaction/
through ROMP of the norbornene imide end-group on thelecompaction of pDNA payloads at physiological conditions.
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Polymer-pDNA/bottlebrush-pDNA complexes, termed polef polyplexes and bottleplexes were analyzed via dynamic light
yplexes/bottleplexes, were analyzed for compaction ability aswhttering after formation. The polyplexes and bottleplexes all
binding strength through gel electrophoresistertiatiential, formed similar sized complexes in w&eger (30 nm,Figure
and dye exclusion. Assays were completed by varying ®@ and did not aggregate over time, showing that macro-
number ratio of amines (N) in the polymer to phosphates (Pmolecular architecture did not alter the polyionic complex size
in the nucleic acid backbone (N/P ratio) to determine aduring initial formulation. To understand size and stability
minimum binding capacity. It is worth noting that with thisduring the transfection conditions, the formulations were
formulation ratio the number/concentration of amines infurther diluted in Opti-MEM and monitored for stability.
solution are equal at each formulation ratio for each materidhroughout the 60 min period, aggregation was observed
However, going from macromonomer to bottlebrushes afmong all ve interpolyelectrolyte systems. However, the
increasing molecular weight, the number of discrete polymmacromonomer polyplexes aggregated to the largest size. A
chains in solution decreases (as macromonomers successivelyd was observed where increasing the bottlebrush molecular
covalently stitched together). Qualitative image analysis of tiveight correlated to a decrease in the aggregation behavior.
gel electrophoresis shift assay showed complete hindrancé\fiér 60 min, the bottlebrush with the longest backbone,
pDNA migration at N/P of 1.5 and high&igqure Syfor all BB_37, displayed the lowest size in Opti-MEM (L65 nm)
formulations. This work thus establishes the successand had a 3-fold decrease in size compared to the
complexation and compaction of pDNA using bottlebrusimacromonomerR, = 495 nm,Figure ®). The ability to
polymers at low formulation ratios for all polymertailor bottleplex size distribution and control aggregation via
architectures. When thee polymer formulations at N/P of synthetic control with ROMP makes this delivery platform
7.5 were measured fepotential, all polymer complexes show attractive for futurm vivoapplications.
positive charge ranging from 27 to 35 mV for the bottleplexes,The primary goal of constructing this polymer library was to
while the macromonomer had an increased charge at 43 rakéate hierarchical unimolecular structures with inciégsing
(Figure Sp and directly compare the transfection ability of the bottlebrush

A dye exclusion assay helped gain further insight into tlseries to the linear macromonomer building block. We
degree of pDNA compaction when complexed with thesemployed an enhanced greemrescent protein (EGFP)
polycations, which involves the release ofiomescent reporter assay to gain insight into the polymer Ve laigikty
intercalating dye when competitive agents (the cationim deliver pDNA into cells and express the encoded protein.
macromonomer or bottlebrushes) are introduced, and ndo test this, a solution containing the plasmid construct
longer uoresces when excluded from the pDNA. Theencoding for EGFP were mixed in formulation ratios at N/P
macromonomer showed more displacement of the dye froratios of 5, 7.5, and 10 with the macromonomer or one of four
pDNA in comparison to the bottlebrushes, with all fourbottlebrushes and allowed to complex for 45 min in water
bottlebrush polymers displaying an averaged 5-fold higheefore being further diluted in Opti-MEM and layered onto

uorescence at each N/P rafiagiure &€). Subsequently, the human embryonic kidney (HEK293) cells. Transfection and
gel electrophoresis shift assay showed no free pDNA above v cytometry procedures are detailed inSheporting

P 1.5, and therefore it is hypothesized that tleedice in Information The di erences observed in %EGFP positive cells

uorescence intensity between the macromonomer and tbbserved by ow cytometry and uorescence microscopy
bottlebrushes can be attributed to be the degree of pDNrevealed a vast drence in transfection @ency between the
compaction. The bottlebrush polymers exist as a multivalemacromonomer and the bottlebrush formulatieigsife A
display of linear polycations that, conformationally, are moead Figure S16 Surprisingly, macromonomer was unable to
outstretched than the macromonomers, which likely exist pgoduce any notable amount of %EGFP positive cells (<1.5%),
random coils in solution. The @ience in solution structure while the bottlebrush polymers ranged from 28 to 60% EGFP
of the bottlebrush systems could alter the binding mode, whepesitive cells, depending on N/P ratio &g Previous
the pDNA associates more sugiatly with the bottlebrush  studies in our group tested a 25 kg/mol pDMAEMA polymer
surface while the morexible linear MMs could bind more which also delivered pDNA to HEK293 cells and resulted in
intimately in the major or minor grooves, thereby displacing5% GFP expression. This 25 kg/mol pDMAEMA is 2.5 times
the intercalating dyes. longer than our MM and yet did not result in a commensurate

To further test the stability of these systems againsinprovement in transfection performance over our macro-
competitive binding factors such as serum proteins, thmmonomer. This previous work indicates that the sole factor of
polyplex/bottleplex solutions were diluted 2-fold with a 10%ncreasing molecular weight of a linear pPDMAEMA control will
fetal bovine serum (FBS) solution. There was an increasennt have a sigriant impact on pDNA delivery performance.
dye uorescence after introduction of FBS, and the macrdAn average 1.5-fold increase in %EGFP positive cells was
monomer had an averaged 40% increagerescence, while observed between N/P ratio of 5 and 10. At each N/P ratio,
the bottlebrushes averaged a 20% increase. These redBBs37 had an average 1.5-fold increase of %EGFP positive
interestingly showed slightly better serum stability focells compared to BB_13, suggesting Ngat(and thus
bottlebrushes compared to the linear analdggeré¢ SB molecular weight) is positively correlated to transfection
Although the linear macromonomer and bottlebrush polymees ciency. Positive controls of Lipofectamine 2000 and jetPEI
have similarity in chemical functionality amg, phe displayed high transfection performance as expected, with 97%
macromolecular structure of the bottlebrush polymers appearsd 89% EGFP positive cells, respectiedyuré S10
to signicantly inuence the mode of pDNA binding and ANOVA statistical analysis coned statistical signance in
compaction, which may, in turn,uance intracellular release. the performance drence between macromonomer and

The size and aggregation behavior of these interpolyeld&B_13 as well as BB_13 from BB_37 at all three N/P ratios.
trolyte complexes have shown to have saesean delivery  Both BB_13 and BB_37 also are statisticalgredit from
e cacy of nucleic acids into céllslydrodynamic radiiR,) themselves at polymer ratios of N/P 5 from 10, showing an
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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 inShpporting
Information. As seen ifrigure 8, 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 jetRfal¢
S13. A higher toxicity prde was found at N/P = 10, with the
macromonomer displaying similar levels of viable cells to
jetPEl 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 elience in transfection
e ciency can be attributed to @iences in cellular uptake
between polyplexes/bottleplexes, we measured internalization
by using uorescently labeled cyanine 5 (Cy5)-pDNA. Cells
administered with alve delivery vehicle formulations showed
similarly high Cy5uorescence intensities (>90% positive)
showing little discrepancy in Cy5 intensities between the
macromonomer and bottlebrush compldéXgare S13 This
data suggests that transfection is not limited by cellular
internalization; rather, bottleplexes appear to overcome some
intracellular hurdle for successful expression.
Figure 4.(A) Flow cytometry data showing percent EGFP positive To examine the intracellular localization of polyplexes/
HEK293 cells due to delivery with MM and BBs at N/P ratios of 5pottleplexes, HEK293 cells were transfected with macro-
7.5, and 10. The asteriskyi(dicate statistical dirence§ < 0.05) monomer and BB_37 complexes formulated at N/P of 7.5, and
analyzed by one-way ANOVA followed pysa hoBukey test. (B) Egl‘ue cells werexed 24 h following pDNA delivery. To facilitate

e

Cell viability data as measured via CCK-8 assay with HEK293 ¢ ; At
with complexes formed at N/P ratios of 5, 7.5, and 10. Error bars a B.NA visualizationuorescent polyplexes were formulated by

represented by standard deviation of analvzed data 8). using Cy5-pDNA payloads; the outlines of Iysos_omal_ compa_lrt-
P by viat v 9 ments were labeled by LAMP-2 and the nuclei stained with

Hoechst. Consistent with observations from cytometry,
increase in transfection @ency with an increase in both complexes were internalizediently, as indicated by
formulation ratio. This data displays how chemical architectutieze appearance of multiple Cy5 signals associated with the
can play a sigrdant role in improving deliveryaency by pDNA enumerated within cell&idure % Visually, the

Figure 5.Confocal 2D images comparing MM and BB_37 by tracking Cy5-labeled pDNA internalized into HEK293xaalIgit @di$.
Confocal microscopy observations: nuclear Hoechst stain (blue), lysosomal LAMP-2 stain (magenta), (@y&sgBbiNAag (yellow), and
EGFP produced (green). Scale barr0
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Figure 6.(A) Confocal 3D images comparing MM and BB_37 by tracking Cy5 labeled pDNA internalized into EGFP positive cells. Confoc:
microscopy observations: nuclear (blue), EGFP in cell cytoplasm (green), Cy5-pDNA in nucleus (white), and Cy5-pDNA in cytoplasm (magent
Scale bar 5m. (B) Normalized volume f1®) 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 fromfthe periphery
the nucleus in EGFP+ and EGRgells analyzed from confocal analysis. Negative distance lengths indicate the centroid of the pDNA complex |
within the nucleus.

macromonomer and BB-37 appear similarly colocalized whéinerences in nuclear translocation between bottleplexes and
stained for LAMP-2 to label lysosomes and Cy5-pDNAolyplexes, the volume occupied by Cy5-labeled pDNA was
(Figure S16 and 9]1and this was cormed quantitatively  calculated, and distances between Cy5-labeled pDNA to the
with Pearsda correlation coeients. We note that the nuclear periphery were mapped. Both sets of analyses were
macromonomer displays higher colocalizatasiel Spwith performed separately for EGFP-positive as well as EGFP-
LAMP-2 than BB_37 in EGFP-positive and negative cells ameétgative cellular populations. Among the EGFP-positive cells,
that both macromonomer and BB_37 exhibit moderateve observed over 1.5 times more total volume of Cy5-pDNA
colocalization within and outside EGFP-positive cells. Despiter cell in the cytoplasm and over 7-fold increase in total
high cellular densities of polyplexes, payloads delivered \mlume of Cy5-pDNA per cell in the nucleus when delivered
using the macromonomer did not culminate in EGFFby BB 37 compared to macromonorféy(re 8 andTable
expression, while in contrast very high intensities of EGFP). When considering the distribution of the pDNA from the
were observed when treated with BB_37 bottleplexes, whipkriphery of the nucleus among EGFP-positive and EGFP-
was consistent with thew cytometry data. negative cells, more pDNA was internalized and was shuttled
To assess the origins of gene expression disparity éfoser to the nuclei by BB _3Fiqure €). Commercial
functional payload delivery between the linear macromonomesntrols such as Lipofectamiinand JetPEf have been
polyplexes and the BB_37 bottleplexes, fowet@-stacked previously studied to show how an increased delivery of pDNA
confocal scans were acquired in the cell images per treatmentand around the nucleus was correlated to higher gene
group. From 3D reconstructions of EGFP-positive cells withigxpression. These studies further support the confticgls
each group, nuclear colocalized pDNA (white) and cytoplathat BB_37 delivered higher amounts of functional pDNA
mic colocalized pDNA (magenta) were able to becloser and to the nucleus, thus resulting in high transfection
distinguished Higure @). To quantitatively understand e cacy. Overall, quantitative confocal microscopy revealed
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that the distribution of pDNA payload accumulation within Ramya Kumar Department of Chemistry, University of
nuclear and cytoplasmic regions varied caguly, depending Minnesota, Minneapolis, Minnesota 55455, United States;
on whether they were shuttled into cells by polyplexes or orcid.org/0000-0002-8725-0023

bottleplexes. It is clear that bottleplexes deliver more pDNA Monica Ohnsorg Department of Chemistry, University of
into cells and shuttle pDNA closer to the nucleus. This Minnesota, Minneapolis, Minnesota 55455, United States;
increase in total pPDNA uptake via nuclearcitimg eected orcid.org/0000-0002-7616-3880

by BB_37 bottleplexes likely contributed to the higher levels Mary Brown University Imaging Centers, University of
functional EGFP expression compared to the macromonomer Minnesota, Minneapolis, Minnesota 55455, United States

polyplexes. Complete contact information is available at:

In conclusion, our work represents tts¢ example of the s /hubs.acs.org/10.1021/acsmacrolett. 1c00335
synthesis, characterization, and application of a polycationic

bottlebrush platform toward the delivery of pDNA payload
We successfully applied ROMP to create a series of f
bottlebrush polymers with increadifag while keepind\g,
xed from one batch of linear pPDMAEMA macromonomer.
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