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Abstract

Binding interactions between DNA and cationic carriers must be sufficiently strong to prevent

nuclease-mediated degradation, yet weak enough to permit transcription. We demonstrate cationic

diblock copolymers containing PEG and o-nitrobenzyl moieties that facilitated tailorable DNA

complexation and light-activated release. This design unlocks a new approach to advance non-

viral gene packaging.

Nonviral gene therapy has the potential to transform treatment for a range of hereditary and

acquired diseases without the immunogenic and mutagenic concerns of viral methods.1, 2

Gene carriers such as lipids, peptides, and synthetic polymers can condense and deliver

exogenous nucleic acids to dysfunctional cells to manipulate the expression of specific

genetic targets and thereby modulate cellular function.3 Cationic polymers are a promising

subset of nonviral nucleic acid delivery vehicles due to their synthetic versatility and ability

to form electrostatic complexes (polyplexes) with anionic nucleic acids.4 The encapsulation

of nucleic acids within polyplexes can prevent enzymatic degradation, reduce serum protein

adsorption, and promote cell membrane interactions/endocytosis,5 yet ultimately, nucleic

acid release is essential to permit binding by transcription factors (or other protein-based

targets) and promote efficient gene expression.6 Balancing these competing requirements is

a common challenge in developing successful delivery vehicles.

Weak nucleic acid binding affinity is a substantial and well-documented roadblock to

efficient delivery as it leads to polyplex instability, premature nucleic acid release, and

nucleic acid degradation.6 For example, Burke and Pun highlighted the importance of

polyplex stability in a study of plasmid DNA/polyethylenimine (pDNA/PEI) polyplexes.7

During in vivo delivery to liver tissues, interactions between extracellular matrix

components and the pDNA/PEI polyplexes displaced the pDNA from the polyplexes,
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resulting in reduced cellular internalization of pDNA as well as degradation of the pDNA in

the extracellular space. Strategies to improve nucleic acid encapsulation and polyplex

stability include increasing the number of cationic polymers in the polyplex, increasing the

polycation charge density, increasing the length of the polycation, or incorporating

hydrophobic groups within the polycation.8-11 Specifically, Layman et al. showed that

increased lengths of poly(2-dimethylaminoethyl methacrylate) shielded pDNA from

degradation and hence increased in vitro gene expression by 20-fold as the weight-average

molecular weight (Mw) increased from 43,000 g/mol to 915,000 g/mol.9 Rice and coworkers

greatly enhanced both polyplex stability and circulatory half-life through the incorporation

of hydrophobic acridine groups into polycations; these acridine groups imposed

thermodynamic penalties for disassociation and enhanced binding affinities by coupling

electrostatic interactions with intercalation between the acridine aromatic rings and the

pDNA nucleobases.12 Consideration of the complexation strategies mentioned above has led

to improved nanocarrier designs for maintaining pDNA activity during in vivo nucleic acid

delivery.13-15

Although several strategies exist to improve polyplex packaging and ultimately enhance

stability, high affinity polymers present a challenge within cells as they can impede nucleic

acid release.6, 16 Schaffer et al. and Choosakoonkriang et al. showed that increasing

polycation length beyond a certain point (with poly(L-lysine) and PEI, respectively)

decreased the transfection efficiency in vitro due to a lack of nucleic acid release from the

polyplexes.17, 18 Also, Schaffer et al. and Erbacher et al. independently concluded that

reduced cationic charge on poly(L-lysine) improved transfection by enhancing polyplex

dissociation in solution.17, 19 Additionally, multiple studies have correlated increasing

cytotoxicity to increasing cationic charge densities in polyplexes.10, 20, 21 These examples

highlight inconsistent extracellular vs. intracellular needs for gene carriers, and suggest that

alternative nucleic acid packaging strategies are necessary.

The incorporation of stimuli-responsive functional groups into polymer/nucleic acid

complexes can provide complementary functionality for both stable encapsulation and

triggered release of nucleic acids.22 For example, Grinstaff and coworkers reported

amphiphiles that contained both cationic headgroups to bind to pDNA and terminal esters

that were susceptible to enzymatic hydrolysis.23 Gene transfer studies in Chinese Hamster

Ovary (CHO) cells showed that lipoplexes susceptible to enzymatic hydrolysis enhanced

transfection efficiency 100-fold in comparison to amphiphiles that were stable toward

enzymes; the enhancement was attributed to the formation of anionic carboxylates that

simultaneously reduced the binding affinity toward pDNA and destabilized endosomal

membranes. In a related example, Abbott and coworkers developed ferrocene-containing

cationic lipids with reduction/oxidation (redox) sensitive nucleic acid binding capacity.24

The authors showed that chemical or electrochemical oxidation/reduction of the ferrocene

groups could reversibly alter the charge of the lipids and thereby produce shifts between

lamellar (reduced) and amorphous (oxidized) lipoplex morphologies, which was directly

correlated with deactivation/activation of gene transfer.25 Subsequent studies demonstrated

the utility of these approaches in cell patterning, as the authors spatially controlled gene

transfection in COS-7 cultures by incubating the cells with inactivated lipoplexes and
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selectively delivering ascorbic acid to a subpopulation of cells isolated by a hollow cylinder

(among other methods); the ascorbic acid activated lipoplexes in the subpopulation and

facilitated efficient gene transfer.26

The above systems highlight the merits of stimuli-responsive constructs and suggest

enormous potential benefits for gene nanocarriers whose properties are sensitive to

externally-applied stimuli. These types of materials present additional opportunities for

patterned gene expression in cellular subpopulations; for example, substrate-mediated gene

delivery and microfluidic devices, among other techniques, have been used to prepare

cultures that are applicable to guiding neurite extension and preparing defined interfaces for

directed tissue development.27, 28 However, the use of externally-applied stimuli (e.g.

light29) offers tremendous potential for generating practical and large scale cultures with

patterned, targeted, activated/deactivated gene expression. Light-mediated gene transfer also

potentially avoids complications in topical wound repair associated with the off-target

expression of growth factors, which has been cited as a key reason for clinical failure of

recombinant erythropoietin.30 Photo-responsive polymers are particularly appealing due to

the versatility and spatial resolution afforded by light. Photo-responsive systems can

undergo isomeric rearrangements or photochemical cleavage reactions that depend on the

photoactive functional group utilized.31 In particular, the o-nitrobenzyl (o-NB) ester absorbs

UV and near-infrared light and severs to form a carboxylic acid and a

nitrosobenzaldehyde.32, 33 The production of the carboxylic acid introduces a negatively

charged carboxylate ion in aqueous conditions above pH ≈ 3.32

Recent studies have detailed the incorporation of photo-responsive moieties into various

polymeric systems for drug and gene delivery.31, 32, 34-36 In particular, solution assemblies

whose hydrophobic portions contained o-NB moieties could disassemble in response to

irradiation with light and release dyes or drugs.37-39 In one such example, Johnson et al.

synthesized a photocleavable polymer-drug conjugate that tethered doxorubicin (dox) to a

poly(norbornene-PEG) bottle-brush copolymer using an o-NB derivative.40 The polymer

was noncytotoxic in the absence of UV irradiation and demonstrated successful release of

dox in cultured breast cancer cells after UV irradiation. Other researchers have incorporated

the o-NB functionality into block copolymer (BCP) systems for nucleic acid delivery. For

example, two groups have complexed pDNA into polyplexes by using PEI modified with o-

NB–containing crosslinkers.41, 42 In one case, polyplexes were formed and pDNA was

subsequently caged within the polyplexes by methacrylamide crosslinking,41 whereas in the

other case, PEI was first crosslinked with o-NB urethane linkers and then used to form

polyplexes.42 In these examples, the crosslinkers in the polyplexes could be degraded to

yield low molecular weight PEI via irradiation with UV light. Transfection by the

crosslinked polyplexes was limited in the absence of UV light but became detectable in a

portion of cells at levels similar to those induced by standard PEI (e.g. 25 kDa PEI) when

cells were irradiated with UV light subsequent to polyplex delivery. However, while the

application of UV light may have caused changes in polyplex structure/stability, UV

irradiation did not induce pDNA liberation in either example. These results indicate that

improved release efficacy in light-activated systems might substantially improve gene

transfer potential. Other o-NB-containing systems include photoactive dendrons, metallic
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nanoparticles, and peptides that facilitated nucleic acid complexation and release.43-45 The

above systems present strategies to achieve efficient gene complexation, stimuli-triggered

photocleavage, or enhanced gene transfer.

To satisfy the contradictory demands imposed on nucleic acid carriers, our BCP provides an

innovative light-mediated charge-reversal design that simultaneously and independently

controls both binding and release of nucleic acids. Additionally, this BCP uniquely

combines tunable pDNA binding and photo-responsive nucleic acid release with salt

stability and resistance toward protein adsorption to satisfy the multiplicity of requirements

in nucleic acid transfer. To that end, we demonstrate the controlled and scalable synthesis of

this photoactive and cationic diblock copolymer and show its biocompatibilty, stable and

tunable pDNA binding, and capacity for light-triggered release.

Critical criteria for new nucleic acid carriers include: (1) complete complexation and

condensation of nucleic acids into polyplexes; (2) minimized charge content to reduce

cytotoxicity yet retain binding capacity; (3) salt and serum stability; and (4) capability for

nucleic acid unpackaging. We incorporated these features into the design of a BCP

architecture that utilized PEG as a nonfouling/stealth46 component and a methacrylate-based

cationic block to facilitate nucleic acid complexation. We employed a PEG macroinitiator to

provide access to controlled radical polymerization (CRP) techniques, i.e. atom-transfer

radical polymerization (ATRP), and to reduce the overall charge content in the polymer to

moderate cytotoxicity. CRP enables tunable molecular weights, compositions, dispersities,

and end-group functionalities. A vital building block in our scheme was the monomer, 5-(3-

((tert-butoxycarbonyl)amino)propoxy)-2-nitrobenzyl methacrylate (Boc-APNBMA), which

contained a methacrylate and protected amine functionality to facilitate ATRP. Photo-

responsive character was introduced through the incorporation of an o-NB ester moiety,

which also added the potential for the formation of hydrophobic interactions that could

stabilize polyplexes. Cleavage of the Boc-protecting group following ATRP revealed the

final cationic and photo-responsive BCP. The monomer, the subsequent protected BCP, and

cationic BCP were prepared as depicted in Scheme 1. The placement of the photoactive o-

NB ester between the polymer backbone and the ammonium cation is key to the BCP design

as applied to nucleic acid delivery. This location leads to charge reversal and the release of

hydrophobic aryl units upon irradiation to facilitate the catch and release mechanism

desired for efficient nucleic acid delivery. Thus, the design combines critical criteria for

efficient nucleic acid delivery, including: nonfouling PEG components, polymers with

tailorable composition and molecular weights, cationic and hydrophobic moieties that

support tight polyplex formation, and photo-responsive functional groups for controlled

spatiotemporal release of the nucleic acid. This combination greatly enhances the potential

of these stimuli-responsive BCPs for gene delivery.

Developing structure-property relationships is critical to the design and optimization of

polymeric nanocarriers and necessitates the synthesis of polymers with well-defined

characteristics. Thus, ATRP of Boc-APNBMA from a mPEG-Br macroinitiator (5,300 g/

mol, Đ = 1.05) was used to generate well-defined mPEG-b-P(Boc-APNBMA) BCPs. Boc-

APNBMA content and overall copolymer molecular weight were tuned by manipulating the

monomer to macroinitiator ratio.47 The size exclusion chromatography (SEC) traces in Fig.
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1 demonstrate the shift in elution volume upon a change in the monomer to macroinitiator

ratio. Narrow molecular weight distributions (Đ ≤ 1.16) for mPEG-b-P(Boc-APNBMA)n (in

which n represents the calculated degree of polymerization of the Boc-APNBMA block)

supported the controlled nature of the polymerization during Boc-APNBMA chain

extension.

Analysis of 1H NMR spectroscopy data confirmed the chemical structures of the monomer,

protected BCP, and cationic diblock copolymer (Fig. 2). After ATRP, the appearance of

mPEG-associated resonances at ≈ 3.6 ppm, the elimination of resonances from the

methacrylate C=C bond between 5.7-6.3 ppm, and the broadened resonances that correlate

to the repeat unit functional groups supported the successful synthesis of mPEG-b-P(Boc-

APNBMA)n. The disappearance of the resonances at 1.4 ppm following acid treatment

indicated complete conversion of mPEG-b-P(Boc-APNBMA)n to mPEG-b-

P(APNBMA•HCl)n. The charged nature of mPEG-b-P(APNBMA•HCl)n necessitated

analysis in a polar solvent (DMSO-d6) and provided further evidence for the deprotection.

Comparing the integrations of the terminal methoxy (3.4 ppm), PEG methylene (3.6 ppm),

and Boc methylene (1.4 ppm) resonances enabled the calculation of the number-average

molecular weights (Mn)s for mPEG-b-P(Boc-APNBMA)n, which were 8,400 g/mol and

14,600 g/mol for the two polymers depicted in Fig. 1. Using a range of monomer to initiator

ratios yielded a series of BCPs, and the two discussed herein illustrate the ability to tune and

control molecular weight and dispersity. The integrations from the remaining resonances did

not change following Boc deprotection, indicating that no cleavage of the pendant ester

residues occurred during synthesis or workup. Table 1 summarizes the molecular weights

obtained from 1H NMR spectroscopy and the dispersities obtained from SEC for the two

protected polymers and their deprotected counterparts.

Two assays were employed to analyze polyplex formation in this work. The first assay, an

ethidium bromide exclusion assay, probes the extent of nucleic acid compaction into

polyplexes; ethidium bromide fluoresces upon intercalation between nucleic acid base pairs

to reveal the location of the nucleic acids migrating down an electrophoresis gel. A tightly

formed polyplex excludes the fluorescent dye, which reduces or eliminates fluorescence.

The mPEG-b-P(APNBMA•HCl)7.9 complexed pDNA into polyplexes at N/P ≥ 2, with tight

polyplex formation occurring at N/P ≥ 5 as shown by the complete exclusion of ethidium

bromide (Fig. 3a). The mPEG-b-P(APNBMA•HCl)23.6 formed tight polyplexes at N/P ≥ 1

and completely excluded ethidium bromide at N/P ≥ 4 (Fig. S1a). The lower N/P ratio

necessary to form tight polyplexes with the longer polycation length indicated an enhanced

binding affinity between pDNA and the longer polycation, which highlights the benefits of

utilizing tailorable BCPs for gene complexation. The satisfactory binding of both of the

mPEG-b-P(APNBMA•HCl)n polymers initiated further binding studies to probe polyplex

formation. Using mPEG-b-P(APNBMA•HCl)7.9 with pDNA at N/P = 5 as a model system,

a YOYO-1 iodide fluorescence quenching assay was used to quantitatively determine the

level of fluorescence quenching induced by polyplex formation. Specifically, YOYO-1

iodide also labels pDNA through intercalation binding interactions, and pDNA packaging

into polyplexes can position the bound YOYO-1 iodide fluorophores in sufficient proximity

for self-quenching.48 pDNA complexation with mPEG-b-P(APNBMA•HC1)7.9 produced
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decreased fluorescence as tighter polyplexes formed at higher N/P ratios (Fig. 3b). A plateau

in fluorescence occurred near N/P ≈ 5, supporting the ethidium bromide exclusion data in

Fig. 3a.

Polyplexes were further analyzed using dynamic light scattering (DLS) to investigate

polyplex size. DLS analyses identified hydrodynamic diameters (DH) of ≈ 150 nm for

mPEG-b-P(APNBMA•HCl)7.9/pDNA polyplexes at N/P ≥ 4 (Fig. 3c) and ≈ 150 nm for

mPEG-b-P(APNBMA•HCl)23.6/pDNA polyplexes at N/P ≥ 3 (Fig. S1b). These data suggest

potential compatibility with the size limits for endocytic internalization into cells.49

Increasing the N/P ratio led to slight decreases in DH, which was consistent with the tighter

polyplex structures determined by the fluorescence quenching assay. These complementary

results suggested tight polyplex formation at N/P ≥ 5 for both polymers. Thus, polyplexes

were formed at N/P = 5 in all subsequent analyses.

Polyplex stability within high salt and/or protein-rich environments is an additional key

parameter for predicting the in vivo performance of gene delivery vehicles. High salt

environments can induce polyplex aggregation and precipitation, and serum proteins can

adsorb on the surface of polyplexes and significantly alter the size as well as induce immune

clearance.50 As described earlier, we expected that the inclusion of a nonfouling PEG

coating would enhance the stability in solution. Hence, we tested the nonfouling capacity by

performing DLS experiments in the presence of salt or serum with the mPEG-b-

P(APNBMA•HCl)7.9/pDNA polyplexes. The polyplexes exhibited no change in size

following incubation in mild buffered solution (HEPES buffer) or water over a period of 60

min at 23 °C. Incubation in protein-supplemented medium (Opti-MEM) or cell-culture grade

PBS solutions containing physiological saline (150 mM NaCl) only modestly increased

polyplex DH by ≈ 30 nm (1.2×), which suggested improved polyplex stability in high salt

media relative to other nucleic acid carriers in the literature.48 In comparison, Johnson et al.

reported an increase of approximately 1 μrn (10-fold) for the DH of PEI/pDNA and poly(L-

lysine)/pDNA polyplexes over 15 min in PBS.48 In the present work, the nearly constant

polyplex sizes suggested greater stability in the high salt conditions commonly encountered

in vitro and in vivo (Fig. 4d) and indicated a potential for extension to cell-based

applications.

Cell viability assays probed the cytotoxicities of the two BCPs and revealed a slightly

reduced cytotoxicity for mPEG-b-P(APNBMA•HCl)7.9 as compared with mPEG-b-

P(APNBMA•HCl)23.6 (Fig. 4a). The IC50 values for the BCPs were 1.05 μM (7.9 repeat

units) and 0.77 μM (23.6 repeat units), both of which were significantly higher than the

reported IC50 value for PEI (0.28 μM in NIH/3T3 cells48). The slightly increased toxicity for

the higher molecular weight polymer was consistent with polymer toxicity studies in the

literature, which show that increasing polycation molecular weight correlates with

increasing cytotoxicity.9 To determine whether the polymers would maintain low

cytotoxicity under the conditions used for transfection, additional viability assays were

performed using mPEG-b-P(APNBMA•HCl)7.9 polyplexes alone or in combination with

UV treatment. Neither the polyplexes alone nor the polyplexes combined with UV

irradiation induced significant cell losses, indicating that both the treatment conditions and

products of the cleavage reaction were not harmful to cells (Fig. 4b). Moreover, the
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biocompatibility of o-NB-based systems and their photocleavage byproducts is well-

documented for photodegradable hydrogels in vitro,51, 52 beads decorated with photolabile

peptides for cell adhesion and release,53, 54 and in vivo delivery of fluorescent dyes, and o-

NB-based systems are also postulated to extend to clinical trials.56 These literature

precedents, together with the biocompatibility of UV-irradiated mPEG-b-

P(APNBMA•HCl)7.9/pDNA polyplexes demonstrated in vitro (see Fig. 4b), suggest that

these materials may be suitable for extension to further in vitro and in vivo studies.

As mPEG-b-P(APNBMA•HCl)7.9 exhibited favorable properties for nucleic acid packaging

and cell treatment, additional UV irradiation studies were performed to assess the polymer's

efficacy for light-triggered pDNA release. We irradiated mPEG-b-P(APNBMA•HC1)7.9

with 365 nm light at an intensity of 200 W/m2 and monitored the relative characteristic

absorbance of the o-NB ester at 316 nm to determine the extent of photocleavage.57 The

peak at 316 nm displayed dramatic decreases up to 20 min, small changes from 20 to 40

min, and no change between 40 min and 60 min (Fig. 5a), and the decrease in the

characteristic absorbance of o-NB (316 nm) was accompanied by the formation of a new

absorbance peak at higher wavelength that increased in intensity as irradiation time

increased, consistent with the literature cited above.57 Photolysis was confirmed using 1H

NMR spectroscopy, which revealed a decreased intensity for resonances from the benzylic –

CH2– and the formation of the nitrosobenzaldehyde salt (Fig. S2). The decreasing

absorbance at 316 nm as a function of irradiation time followed an exponential decay, and

fitting the decay enabled the determination of an exponential decay constant (τ = 5.7 min for

n = 7.9 and τ = 3.7 min for n = 23.6) (Fig. S3). The subsequent irradiation of mPEG-b-

P(APNBMA•HCl)7.9/pDNA polyplexes yielded a similar decrease in UV-Vis absorbance at

316 nm up to 20 min of irradiation (Fig. 5b), when compared to the free polymer (Fig. 5a),

consistent with cleavage in the polyplexes. The exponential decay constant for the mPEG-b-

P(APNBMA•HCl)7.9/pDNA polyplexes was 2.7 min under the same irradiation conditions

used for photolysis of the polymer samples (Fig. S3).

The UV-Vis absorption findings suggested complete cleavage of the o-NB ester in both the

polymer and polyplex, as well as negligible screening of UV light by the pDNA. Therefore,

polyplex destabilization and unpackaging were visualized using gel electrophoresis to

confirm the reduced electrostatic interactions following longer irradiation times (Fig. 5c).58

The pDNA migrated through the gel at UV irradiation times ≥ 20 min, which suggested a

reduced polyvalency for the BCP, polyplex destabilization, and pDNA release. This mild

release demonstrated a loosening of the polyplex structure, which could enable improved

transcriptional access to the pDNA in a cellular environment. To further simulate the anionic

lipid-rich environment within cells, polyplexes were incubated with sodium dodecyl sulfate

(SDS) prior to UV irradiation (Fig. 5d). Addition of SDS at a sulfate/phosphate ratio of 20

without UV irradiation did not induce pDNA release, whereas addition of SDS combined

with subsequent UV irradiation caused significant pDNA migration out of the loading well.

The arrows in Fig. 5c and Fig. 5d indicate the location of higher intensity fluorescence bands

within the smear, which could potentially correlate to supercoiled DNA or open circular

DNA that is interacting with photocleavage fragments and hence prohibited from migrating

as free pDNA. The reduced migration of the liberated pDNA in the gel in comparison to free
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pDNA indicated that the photocleavage reaction products either inhibited the mobility of the

pDNA through direct interactions or changed the gel characteristics such that migration was

limited. Cowman and coworkers reported several experimental parameters that influenced

the mobility of hyaluronan in agarose gels, including buffer composition, buffer salt

concentration, agarose percentage (i.e. gel pore size), etc.59 We hypothesize that the cleaved

fragments could interact with the pDNA and screen the electric field, which would increase

the apparent molecular weight, and the varying number of interacting fragments would

influence the molecular weight distribution. Further investigations into the dissociated

polyplex structure, size, and dispersity are ongoing.

Our findings differ from earlier studies, described above, employing PEI-based o-NB-

containing nucleic acid delivery systems, which displayed a complete lack of pDNA release

following UV irradiation.41, 42 These systems relied on o-NB-based crosslinkers, and

retained relatively high molecular weight polycations (∼2 kDa) even after irradiation with

UV light. In contrast, mPEG-b-P(APNBMA•HCl)7.9 undergoes a charge reversal after

irradiation with UV light, which could account for the release and migration of pDNA in our

system. Regardless of the reduced pDNA mobility, the supposition of photo-triggered

polyplex disassembly was supported by the clear shifts in pDNA migration behavior

following light irradiation. These promising findings suggested that the mPEG-b-

P(APNBMA•HCl)n design could address a key paradox for biocompatible gene carrier

designs through the simultaneous incorporation of ammonium cations and hydrophobic

residues for strong and tailorable binding and an externally-triggered mechanism to allow

on-demand and spatially-resolved release.

Conclusions

In summary, we synthesized a new photo-responsive, methacrylate-based monomer and

used ATRP to generate a pair of BCPs with tunable block lengths and narrow molecular

weight distributions. These mPEG-b-P(APNBMA•HCl)n BCPs effectively complexed

pDNA into salt-stable polyplexes with sizes appropriate for cellular internalization. The

longer polycation length reduced the N/P ratio necessary for efficient and tight polyplex

formation; however, the longer polycation also was slightly more cytotoxic. Irradiation of

mPEG-b-P(APNBMA•HCl)7.9/pDNA with UV light cleaved the o-NB ester and facilitated

pDNA release. Considering the favorable complexation and release of pDNA, we are

currently investigating the spatiotemporal efficacy and control of these photocleavable BCPs

as nucleic acid delivery vehicles, and the influence of cationic block length on nucleic acid

encapsulation and release. We anticipate that this novel BCP platform will enable the utility

of photoactive polymer assemblies for applications that extend beyond gene delivery to

charge reversal membranes and coatings, coacervates, and cellular encapsulation.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Size exclusion chromatograms of mPEG-b-P(Boc-APNBMA)n.
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Fig. 2.
1H NMR spectra of Boc-APNBMA monomer (top) in CDC13, mPEG-b-P(Boc-APNBMA)n

(middle) in CDC13, and mPEG-b-P(APNBMA•HCl)n (bottom) in DMSO-d6. Letters with a

single prime (′) indicate resonances from the protected BCP and letters with a double prime

(″) indicate resonances from mPEG-b-P(APNBMA•HCl)n.
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Fig. 3.
Characterization of mPEG-b-P(APNBMA•HCl)7.9/pDNA polyplex size and stability. (a)

Gel electrophoresis of polyplexes formed at varying N/P ratios. (b) YOYO-1 fluorescence

quenching assay. (c) DH of polyplexes formed at various N/P ratios in HEPES buffer. (d)

DH of polyplexes at N/P = 5 after a 60 min incubation in various salt solutions. Error bars in

(c) and (d) represent the standard deviation from the mean of three independent

measurements of polyplex DH. An asterisk (*) indicates a statistically significant difference

between the indicated samples (p < 0.05).
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Fig. 4.
Cell proliferation assays following treatment with (a) varying concentrations of free

polymers [mPEG-b-P(APNBMA•HCl)n or PEI], or (b) mPEG-b-P(APNBMA•HCl)7.9/

pDNA polyplexes, UV irradiation, or UV irradiation following polyplex incubation.

Asterisks (*) indicate statistically significant differences between the indicated samples (p <

0.05).
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Fig. 5.
UV-visible spectroscopy of (a) mPEG-b-P(APNBMA•HCl)7.9 following exposure to 365

nm light at 200 W/m2 for 0 (black), 2.5 (red), 5 (blue), 10 (green), 20 (orange), 40 (purple),

and 60 (teal) min; and (b) pDNA/mPEG-b-P(APNBMA•HCl)7.9 polyplexes following

exposure to 200 W/m2 for 0 (black), 2.5 (red), 5 (blue), 10 (green), 20 (orange), 40 (purple),

and 60 (teal) min. Gel electrophoresis of pDNA/mPEG-b-P(APNBMA•HCl)7.9 polyplexes

following exposure to (c) UV at varying irradiation times, and (d) a combination of SDS

surfactant at a sulfate/phosphate (S/P) ratio of 20 and subsequent UV irradiation. The arrows

in (c) and (d) indicate the location of higher intensity fluorescence bands, which potentially

correlate to supercoiled DNA or open circular DNA that is interacting with photocleavage

fragments and hence prohibited from migrating as free pDNA. The free pDNA (“Free

Plasmid”) in (c) and (d) was irradiated with UV light to demonstrate the lack of UV-

mediated crosslinking.
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Scheme 1.
Synthesis of Boc-APNBMA, mPEG-b-P(Boc-APNBMA)n, and mPEG-b-

P(APNBMA•HCl)n.
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Table 1

Characterization of mPEG-b-P(Boc-APNBMA)n and mPEG-b-P(APNBMA•HCl)n using 1H NMR

spectroscopy and SEC.

Mn
a(g/mol) Đb

mPEG-Br 5,300 1.05

mPEG-b-P(Boc-APNBMA)7.9 8,400 1.16

mPEG-b-P(APNBMA•HCl)7.9 7,900 -

mPEG-b-P(Boc-APNBMA)23.6 14,600 1.11

mPEG-b-P(APNBMA•HCl)23.6 13,100 -

a
Determined using 1H NMR spectroscopy and subsequently used to calculate the degree of polymerization for each polymer (7.9 and 23.6).

b
Determined using SEC.
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