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Abstract

Nucleic acid delivery offers tremendous potential for the treatment of acquired and hereditary diseases. Despite limited
successes, the use of nucleic acid therapies has been hampered by the lack of safe and efficient delivery approaches. To
address this challenge, Epps, Sullivan, and coworkers developed a new nucleic acid delivery framework predicated on a
photo-responsive cationic block copolymer (BCP) that enabled tunable nucleic acid binding and precise spatiotemporal
control over gene expression. This innovative platform, in which the polymer moieties directly responsible for nucleic acid
complexation could be cleaved from the polymer upon photo-stimulation, significantly enhancing nucleic acid release.
Furthermore, temporal control over polyplex disassembly facilitated the development of a simple, and potentially universal,
kinetic modeling scheme for intracellular small interfering RNA (siRNA), messenger RNA, and protein concentrations, and
that model was quantitatively validated using various genes across several animal cell lines and human primary cells. This
versatile BCP-based framework easily accommodated: anionic excipients that increased siRNA potency by ~200% (on a per
mass basis) over comparable polyplex systems; quantum dots that unlocked theranostic applications without impacting
silencing performance; and small-molecule lipid co-formulations that enhanced transfection in human primary cells.

Altogether, the system described herein shows great promise for the clinical translation of gene therapeutics.

Introduction

Gene therapy involves the transfer of DNA or RNA into
cells to alter gene expression and thereby treat hereditary or
acquired diseases [1-3]. Gene therapy is highly attractive in
concept because it addresses common challenges faced by
traditional drug delivery methods, such as low specificity,
unwanted side effects, high cost, and repetitive adminis-
tration [4]. Moreover, it offers a versatile route for the
in situ production of protein therapeutics and enables
sophisticated manipulation of cell phenotype in applications
ranging from regenerative medicine to immunotherapies.
However, the translation of gene therapies into clinically
relevant treatments has not been as rapid or successful as
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expected [1]. Glybera, the Western world’s first approved
gene therapy, was announced in 2012 [5], several decades
after the concept of gene therapy was introduced [2, 6]. Due
in part to its high price and limited demand, Glybera was
discontinued in 2017 [7]. Also in 2017, the US Food and
Drug Administration approved its first in vivo gene therapy,
Luxturna, for the treatment of an inherited rare retinal dis-
order. The cost of the treatment was $425,000 per eye [8].
The high prices of these therapies have raised concerns
about the sustainability of gene therapy in the long term.
Furthermore, the slow and expensive translation of pre-
clinical gene therapy studies into effective clinical protocols
has been linked to the lack of suitable and versatile nucleic
acid delivery methods [4, 9]. Thus, significant research
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activity has focused on the development of robust delivery
vehicles that can successfully package and transport nucleic
acids to target cells, while preserving the gene regulating
efficacy of these molecules [4, 10].

Among various delivery approaches, nucleic acid deliv-
ery by nonviral vectors, such as cationic polymers, has some
advantages over other options (i.e., viral vectors), including
reduced immunogenicity and increased synthetic/structural
versatility [10, 11]. In most cases, the cationic polymers are
used to electrostatically bind nucleic acids to form nanoscale
polyplexes exhibiting many favorable properties for gene
therapy [12]. For example, the encapsulated nucleic acids
exhibit reduced nuclease degradation, while also showing
increased cellular endocytosis due to their more favorable
interactions with the cell membrane [13]. These cationic
polymers also are advantageous because they can be easily
linked to “stealthy” macromolecules such as polyethylene
glycol (PEG) that are able to reduce serum protein adsorp-
tion and increase biocompatibility. However, the main
drawback of the above-mentioned cationic polyplexes is
their low gene expression efficiency, which is linked to both
their inefficient trafficking within cells and their suboptimal
in vivo properties.

A key unsolved issue is that polyplexes must stably
encapsulate their nucleic acid cargoes in blood/tissues yet
effect release of the same nucleic acid cargoes within the
cytoplasm of cells. The challenges inherent in designing
polymers to meet these contradictory needs have been
manifested repeatedly in polymer gene carrier analyses to
date [14]. For example, a study by Davis and coworkers
demonstrated that small interfering RNA (siRNA)/cyclo-
dextrin-containing polymer polyplexes accumulated and
disassembled in the glomerular basement membrane due to
interactions with heparan sulfate polyanions [14], demon-
strating the critical need for polymer binding interactions
with sufficient stability to resist competitive displacement
by abundant polyanionic sugars. Approaches to improve
nucleic acid binding stability through alteration of polymer
architecture have focused primarily on increasing the
polymer molecular weight (MW) [15-18] or hydrophobic
modification [19-23]. However, a critical challenge with all
of these approaches is the need for intracellular unbinding
of siRNA from polyplexes to enable efficient RISC
assembly and silencing activity [24-26].

To address this challenge, Epps, Sullivan, and coworkers
developed novel photo-responsive nucleic acid delivery
vehicles comprised of mPEG-b-poly(5-(3-(amino)propoxy)-
2-nitrobenzyl methacrylate) (mPEG-b-P(APNBMA)) that
served as a versatile platform for the investigation of nucleic
acid binding vs. release and provided a new strategy for
enhanced nucleic acid delivery [27, 28]. A block copolymer
(BCP) architecture was used to ensure nanoscale size con-
trol through self-assembly. The PEG-polycation structure
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led to the formation of stable polyplexes with the nucleic
acid payloads binding electrostatically in the cores and
the PEG “stealthy” corona to resisting both salt-induced
aggregation and protein adsorption [27].

Several key features made this system promising for
nucleic acid delivery applications. First, the balance
between nucleic acid binding vs. release was optimized by
tuning the overall electrostatic interactions via two simple
and elegant methods: the use of BCPs of different cationic
block lengths (as well as various mixtures of those copo-
lymers) and the incorporation of anionic excipients [29, 30].
A combination of such methods permitted the formulation
of polyplexes with maximal nucleic acid delivery and gene
regulating efficiency in a range of different cell types.
Second, the use of biocompatible, photo-responsive o-
nitrobenzyl (0-NB) groups to link the cationic groups of the
APNBMA side chains to the polymer backbone facilitated
efficient, light-induced side chain cleavage (e.g., in both the
free polymer and polyplex, the labile ester bonds exhibited a
7y, of approximately 5 min under mild irradiation conditions
of 200 W m~2 [28], typical of o-NB polymers [31, 32]).
Polymer cleavage triggered the rapid release of nucleic acid
cargoes via light-induced charge reversal of the polymer
side chains and also provided a robust method for the
spatiotemporal control over gene expression [33]. This
control is extremely important in applications such as
regenerative medicine and cancer because it allows an extra
level of specificity and minimizes unwanted off-target
effects [4, 10]. Third, the ability to regulate nucleic acid
delivery in both space and time enabled the development of
simple kinetic models that accurately predicted the
dynamics of nucleic acid-mediated gene silencing in both
animal cell lines and human cells [29, 30, 33, 34]. These
kinetic models were vital to formulating dosing regimens
that sustained therapeutic effects over the course of several
days to a week [30, 34]. This model-driven approach is
particularly attractive for the successful treatment of chronic
diseases in which multiple doses may be required to sup-
press disease symptoms over prolonged timescales [35].
Accurate dosing regimens also lead to less frequent drug
administration, which could further reduce cost and asso-
ciated risks of side effects.

Versatility and adaptability are other significant char-
acteristics of the mPEG-b-P(APNBMA) system. For
example, the incorporation of lipid components into the
polyplex formulations enhanced transfection of human
primary cells and was easily tailorable to improve specifi-
city and reduce off-target effects for other cell types [34].
Additionally, the facile incorporation of anionic excipients
such as quantum dots (QDs) introduced in situ theranostic
capabilities, while simultaneously improving nucleic acid
release [34, 36]. Finally, the universal principles of elec-
trostatic binding between nucleic acids and cationic blocks
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Fig. 1 Schematic of nucleic acid delivery approaches. Adapted with permission [29]. Copyright © 2017 American Chemical Society

permitted the efficient delivery of various nucleic acids
without further macromolecular modifications. This char-
acteristic is beneficial for the treatment of more complex
genetic diseases in which two or more nucleic acid types
must be administered together to achieve a desired ther-
apeutic outcome. Taken together, the flexibility of nucleic
acid delivery platforms such as mPEG-b-P(APNBMA) can
enhance the efficiency and affordability of gene therapy,
bridging the gap between conceptual potential and clinical
translation.

This article highlights Epps’ and Sullivan’s development
of robust and efficient nucleic acid delivery vehicles that
address current drawbacks impeding the success of gene
therapeutics in the clinic. The team leveraged combined
expertize in chemical synthesis, polymer chemistry, bio-
materials, and gene/drug delivery to design nanoscale
delivery vehicles that introduced exquisite, rapid, and tun-
able control over nucleic acid binding and release. The
majority of activities focused on siRNA for gene silencing
via an RNA interference (RNAi) approach, and the overall
system, which is summarized in Fig. 1, is translatable to
other nucleic acid types. The presented framework was
synthesized by straightforward methods, easily adapted to

different cell types, capable of carrying different nucleic
cargoes, and exhibited tremendous salt and serum stability
along with low toxicity, all toward the goal of improving
the efficacy of gene therapy treatments.

Balancing nucleic acid binding vs. release
through formulation design

Many drawbacks of nucleic acid delivery vehicles made
from cationic polymers are linked to a lack of control over
binding vs. release [1]. Efficient carriers must satisfy the
seemingly contradictory requirements of remaining stable
extracellularly but disassembling efficiently intracellularly.
At one extreme, weak nucleic acid binding often causes
premature nucleic acid release in the extracellular environ-
ment, which leads to nucleic acid degradation in the pre-
sence of nucleases or anionic proteoglycans such as heparin
sulfate [14, 37]. Common strategies to enhance binding
include increasing the charge density and/or chain length of
the complexation-inducing polycations, and/or incorporat-
ing hydrophobic groups within the polycations [15, 19, 38,
39]. At the same time, strong binding of nucleic acids can
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impede release and hinder gene expression [25, 40], and
higher cationic charge densities have been linked to greater
cytotoxicity [41, 42]. Thus, the balance between nucleic
acid binding vs. release is one of the most crucial, and
fundamental, design criteria for any nucleic acid delivery
vehicle.

In the mPEG-b-P(APNBMA) system, the optimal nucleic
acid-cationic polymer binding was probed via two
straightforward methods: the use of polyplexes containing
BCPs of different cationic block lengths (as well as mixtures
of those copolymers) and the incorporation of anionic
excipients. These methods eliminated the need to synthesize
huge libraries of cationic polymers to probe the impact of
changing macromolecular parameters on packaging, uptake,
and gene silencing.

Mixed BCPs formulations for screening
polyplex binding vs. release

One common strategy to modulate nucleic acid binding is to
vary the MW and/or charge density of the cationic com-
ponents. Generally, increasing the number of cationic
groups improves the polymer/nucleic acid binding effi-
ciency and the cellular uptake of the polyplexes; however,
increased positive charge has been linked to greater cell
death and reduced nucleic acid release [25, 41, 42]. While
the use of polymers with intermediate binding forces could
offer a suitable balance, systematic approaches to generat-
ing such macromolecules often require the synthesis of
comprehensive materials libraries, a time-consuming
endeavor. A more practical strategy to provide tunable
control over siRNA binding affinity is the use of mixed
polyplexes made from BCPs of different compositions to
rapidly screen the parameter space (Fig. 2a) [30]. The net
cationic charge can be modulated by adjusting the molar
ratios of as few as two polymers, offering a simple and rapid
method to screen for suitable nucleic acid binding [30].
Work by Greco et al. demonstrated enhanced silencing of
the endogenous glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene in NIH/3T3 cells using mixed mPEG-b-P
(APNBMA)/GAPDH-targeting siRNA polyplexes for-
mulated from two different cationic P(APNBMA) block
lengths (Fig. 2a), when compared to “unmixed” polyplexes
made from either of the single cationic block lengths
(Fig. 2b) [30]. Maximum gene silencing was achieved with
the 50/50 formation, showing ~70% GAPDH protein
knockdown. It was noteworthy that a BCP was subsequently
synthesized with a block length that matched the average
length of the 50/50 formulation, and polyplexes from that
material exhibited nearly identical silencing to the mixed
counterpart, demonstrating the robustness of the screening
approach. Furthermore, the silencing efficiency realized with
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Fig. 2 a Schematic of mPEG-b-P(APNBMA)/siRNA polyplexes made
from mixed BCPs with different cationic block lengths. b GAPDH
protein silencing efficiencies of mixed mPEG-b-P(APNBMA)/siRNA
polyplexes. The polyplex composition was defined as the ratio of
short/long BCPs, on a molar basis of cationic amine groups. Adapted
with permission [30]. Copyright © 2017 Acta Biomaterialia Inc

this formulation was very close to the maximum achievable
with a single dose of siRNA given the half-lives of the target
messenger RNA (mRNA) and protein [43-45].

Incorporation of anionic excipients

An alternative approach to modulate nucleic acid release
from cationic delivery vehicles is the incorporation of
anionic excipients that have strong binding to cationic
polymers (e.g., highly negatively charged polymers, pep-
tides, or glycosaminoglycans) [46]. These excipients can
improve the stability and biocompatibility of polyplexes,
while enabling the selective release of nucleic acid cargoes
due to their capacity for competitive displacement of the
nucleic acids [40, 47-49]. Excipient incorporation was of
interest in the mPEG-b-P(APNBMA)/siRNA system
because a fraction of the siRNAs remained inaccessible
within the polyplexes, even after complete polymer photo-
cleavage [33]. The efficacy of excipients, such as poly
(acrylic acid) (PAA), was investigated in the mPEG-b-P
(APNBMA)/siRNA system as outlined in Figure 3a [29].
PAA was chosen because of its high-anionic charge density
and extensive use in FDA-approved products [50, 51]. Gene
silencing efficiency was measured as a function of PAA
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Fig. 3 a Schematic of mPEG-b-P(APNBMA)/siRNA polyplexes co-
formulated with PAA and/or QD anionic excipients. b Silencing
efficiency fold change of ternary mPEG-b-P(APNBMA)/PAA/siRNA
system, as a function of PAA MW and weight fraction in the poly-
plexes. ¢ Model predictions of silencing efficiency fold change of

MW and weight fraction in polyplexes. Several key insights
and excipient design rules were gleaned from this effort.
First, formulations containing PAA with MWs that were
approximately one order of magnitude greater than the MW
of a typical siRNA showed the greatest release and most
efficient silencing (Fig. 3b) [29]. Second, the mPEG-b-P
(APNBMA)/PAA/siRNA formulations were stable for at
least one week in serum-supplemented media without any
loss in activity [29]. Third, the gene silencing capacity of the
excipient-containing polyplexes could be quantitatively
predicted using heparin-induced siRNA release assays to
generate heat maps that forecast the optimal co-formulation
PAA MWs and weight fractions (Fig. 3c) [29]. Finally, the
optimized systems resulted in photo-responsive nanocarriers
in which the siRNA usage was at least 100% more efficient
on a per mass basis than cases where PAA was not
used [29].

Given the success of incorporating high-charge density
anionic excipients such as PAA to positively impact gene
silencing, QDs were explored to introduce self-reporting and
imaging capabilities into the mPEG-b-P(APNBMA)-based
polyplexes [29]. QDs are an ideal alternative labeling agent
for monitoring polyplex trafficking and nucleic acid release
because of their high-extinction coefficients, precisely tun-
able optical properties, and reduced susceptibility to photo-
bleaching [36]. QDs also serve as efficient donors for
fluorescence resonance energy transfer (FRET) to provide

fold change per pug siRNA

Polyplex

siRNA release

50/50

30/70

(M/m) ¥NYIS/VYd

10/90

2 30 154 240 642 4000

PAA MW (kDa)

mPEG-b-P(APNBMA)/PAA/siRNA polyplexes as a function of PAA
MW and weight fraction. d Image of an isolated QD-containing
polyplex using cryo-TEM. Adapted with permission [29]. Copyright ©
2017 American Chemical Society

spatially resolved information about intracellular interactions
at the nanometer scale [52]. In relation to gene therapeutics,
this type of excipient is attractive for theranostic applications
[36], as it does not require the conjugation of the diagnostic
moieties to the drugs or nanocarriers, an approach that can
negatively impact the activity of therapeutic agents or the
intracellular trafficking of the delivery vehicles [52, 53]. The
FRET-tracking of the QD-containing system was robust, and
additionally, the siRNA release efficiency was improved by
100% as a result of QD loading [29]. Furthermore, polyplex
behavior, interrogated using QD-based FRET, demonstrated
the stability of the nanocarriers in the absence of the photo-
stimulus but clearly indicated polyplex disassembly fol-
lowing several minutes of photo-irradiation. Polyplexes
comprised of both excipients (QDs and PAA) displayed the
greatest enhancement in disassembly, with the dual exci-
pients effecting an ~200% increase in the per mass efficiency
of the siRNA therapeutics [29]. Finally, the contrast afforded
by the high-electron density of QDs permitted direct ima-
ging of water-swollen polyplexes via cryogenic-transmission
electron microscopy (Fig. 3d) [29], without the need to stain
or otherwise fix samples [54]. Overall, these studies
demonstrated the versatility of the mPEG-b-P(APNBMA)
platform to incorporate additional components for materials
optimization (e.g., improve siRNA silencing efficiency,
facilitate imaging and diagnostics, self-report nanoscale
disassembly).

SPRINGER NATURE
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Spatiotemporal control over gene
expression

Nanocarriers with tunable nucleic acid binding vs. release
also offer important opportunities for improved spatio-
temporal control over gene expression. Broadly, the capa-
city to control gene expression in both space and time
addresses many fundamental challenges faced by drug
delivery systems such as low efficacy and off-target effects,
while also providing unique capacity to manipulate indivi-
dual and/or collective cell phenotypes [55]. The pre-
dominant strategies for the spatiotemporal alteration of gene
expression include inducible promoter and optogenetic
regulation systems [55-61]. Optogenetic regulation systems
have demonstrated especially exciting capacity for tunable,
light-based control over gene expression [56]. However,
significant drawbacks include the inability to regulate
endogenous genes, the inherent difficulty in delivering
multicomponent optogenetic machinery, and immunogeni-
city or mutation/oncogene activation [56, 61]. Thus, an
alternative approach to regulating spatiotemporal gene
silencing is essential.

Stimuli-responsive polymers that regulate nucleic acid
binding vs. release offer a particularly appealing strategy to
control nucleic acid activity [62—-64]. This binding/release
approach mimics histone-mediated transcriptional regula-
tion in which the charge state of histone proteins is dyna-
mically altered by chromatin-modifying enzymes in order to
transition between silenced heterochromatin and active
euchromatin structures. Stimuli-responsive delivery also
offers more precise control than spatially constrained
nucleic acid application, which is limited by diffusion
considerations. Photo-stimuli are especially advantageous,
as light application can be controlled both spatially and
temporally with high resolution [65, 66]; accordingly, light-
based tools are increasingly prevalent in clinical practice
[67-69], with a wide range of devices to facilitate access to
remote tissues and provide precise light exposure (e.g.,
Veritas Medical; LiteCure).

The structure of the mPEG-b-P(APNBMA) BCPs
incorporated biocompatible, photocleavable 0-NB moieties
[70, 71], which linked pendant ammonium cations to the
polymer backbone and enabled light-induced hydrolysis
and charge reversal in the polymer chain. These BCPs
complexed with nucleic acids to form highly stable poly-
plexes that did not disassemble or lose activity, even after a
week-long incubation at 37 °C in serum/salt solutions [27,
33]. Moreover, in the absence of light, no siRNA activity
was noted even after a multiday exposure to cells, demon-
strating the fully responsive nature of the polyplexes.
However, upon exposure to light, o-NB cleaved to intro-
duce negatively charged carboxylate ions in the polymer
side chains [28, 72, 73], and this charge reversal led to the
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release of siRNA cargoes from polyplexes, with the mani-
festation of gene silencing activity that was directly corre-
lated with light dose [33, 74]. The light exposure was
shown to induce rapid and tunable intracellular release of
siRNA, as demonstrated by fluorescence correlation spec-
troscopy (FCS) and FRET analyses of polyplex disassembly
and siRNA release. FCS and FRET analyses also demon-
strated the fully intact nature of the polyplexes in the
absence of light [29]. Furthermore, the ability to rapidly
transition from the complexed to the free siRNA states was
manifested in the precise (cellular length scale) on/off
spatial control over exogenous green fluorescent protein
(GFP) activity (Fig. 4) [33]. NIH/3T3 cells that were irra-
diated with a biocompatible dosage of light [75] displayed
tunable reductions in GFP expression up to the point when
GFP expression was no longer detectable [33]. Conversely,
NIH/3T3 cells that were protected from UV irradiation by a
photomask exhibited robust GFP expression, with a sharp
interface at the edge of the photomask [33].

In addition to the control of exogenous genes, the effi-
ciency and tunability of gene silencing also were shown
using GAPDH [33]. Regulating the light exposure time in
NIH/3T3 cells transfected with mPEG-b-P(APNBMA)/
GAPDH-targeting siRNA polyplexes allowed control of
GAPDH silencing over a range of 0-86% when adjusting
the duration of UV irradiation between 0 and 20 min [33].
Transitioning from the exogenous (GFP) to endogenous
(GAPDH) targets proceeded through simple substitution of
siRNA sequences and required no adjustments in the
composition or assembly protocols for the polyplexes. The
above results demonstrated that silencing of a range of gene
products can be controlled with ease and high accuracy
using the versatile photo-responsive mPEG-b-P(APNBMA)
polyplexes. These advantages are especially important
given the increasing relevance of multi-gene silencing
designs and personalized therapeutic approaches, as our
optimized polymer assemblies can be directly formulated to
contain a wide range of target molecules [44, 76, 77].

Dosing regimen design using kinetic
modeling

The design of accurate siRNA dosing regimens is an
important challenge underlying the clinical translation of
RNAI therapies. Control over the extent and duration of
gene silencing is essential for efficacy in cancer ther-
apeutics, regenerative medicine, and other RNAi applica-
tions, and often, such control cannot be realized with a
single bolus dose of siRNA. For example, in diseases that
are characterized by rapid cell division such as cancer,
frequent dosing typically is necessary to counteract the
rapid dilution of siRNA that occurs during cell division
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Fig. 4 On/off spatiotemporal control over nanocarrier disassembly to
modulate the expression of an exogenous gene. Zoomed-in view of
line-patterning of GFP expression with cell-to-cell resolution. NIH/
3T3 cells were cotransfected with GFP DNA (in Lipofectamine
polyplexes) and GFP-targeted siRNA (in mPEG-b-P(APNBMA)
polyplexes), and half of the plate was covered with a photomask prior
to light irradiation. The dashed red line represents the edge of the
photomask, and the scale bars represent 250 um. Adapted with per-
mission [33]. Copyright © 2016 American Chemical Society

[43]. Meanwhile, the treatment of chronic diseases can
require administration of multiple siRNA doses to provide
sustained alleviation of disease-causing discomfort and pain
[35, 78, 79]. The ability to connect the quantity of delivered
siRNA to its silencing outcome also is necessary to predict/
minimize off-target effects and minimize cost. However, a
majority of reported dosing schedules are chosen through
trial and error, requiring expensive and time-consuming
analyses that provide limited design insight into alternative
dosing schedules [30, 80]. Moreover, even when quantita-
tive data exist on siRNA biodistribution, total siRNA in
tissues typically does not correlate well with silencing
efficacy [81, 82]. These observations highlight the need for
improved approaches to control and predict siRNA out-
comes within cells.

The kinetics of gene silencing depends upon a series of
biologically defined rates, such as cell doubling time, as
well as protein and mRNA half-lives. Additionally, gene
silencing depends upon the efficiency with which siRNA
enters cells, escapes into the cytoplasm, and unbinds from
its nanocarrier [43, 83]. Mathematical modeling has been
employed in a few instances to provide more holistic and
quantitative insights into the kinetics of the RNAI process,
with promising benefits for dosing design [43, 80, 83, 84].
However, while prior modeling approaches accurately
captured the effects of biological processes such as cell
dilution, modeling was most often applied to commercial
gene delivery systems lacking the ability to precisely con-
trol the amount of free intracellular siRNA [43, 52, 85].
Delivery vehicles with efficient intracellular trafficking and
well-defined siRNA release would thereby enable more
accurate prediction of dose-response behavior.

The mPEG-b-P(APNBMA)/siRNA polyplex design
capitalized upon stimuli-responsive and tunable siRNA
release to provide precise control over the amount of

intracellular siRNA, and thereby facilitated the development
of a noncompartmentalized cellular reaction kinetics
model [30, 74]. The model was implemented as a simplified
system of ordinary differential equations (Egs. 1-3), which
were designed to capture changes in protein and mRNA
levels due to siRNA-mediated silencing or proteolytic/
nucleolytic turnover, as well as dilution through cell divi-
sion. The model considered only the most important, rate-
determining processes, using target-specific protein and
mRNA half-lives reported in the literature [43—45], and free
siRNA concentrations that were determined experimentally
[30, 74].

Model predictions of GAPDH gene silencing efficiency
in NIH/3T3 cells corresponded well with experimental
measurements, confirming that the key cellular factors
limiting the efficiency of the knockdown response were the
long relative half-lives governing the degradation of
GAPDH protein and mRNA, and the short cell doubling
time (Fig. 5a, b) [30]. Additionally, the ability to predict
dynamic changes in mRNA and protein following siRNA
treatment enabled the design of a two-dose model that
sustained silencing over several days (Fig. Sc, d) [30], with
protein expression reduced two-fold below the minimum
level achievable with a single dose. These results showcase
the versatility and power of combining simple kinetic
models with stimuli-responsive nanocarriers, an approach
that offered new mechanistic insights and accurate a priori
predictions of gene silencing relevant to dosing design in a
wide range of applications.

Gene silencing in human primary cells:
reducing maladaptive responses in aortic
adventitial fibroblasts (AoAFs)

Recent work on mPEG-b-P(APNBMA) has showcased the
versatility of the photo-responsive platform to address dis-
ease targets in human primary cells, which are more
refractory to gene modulation than immortalized cell lines
[86]. This ability to effectively transfect human primary
cells is a critical requirement for gene delivery methods in
tissue engineering and regenerative medicine [87]. More
specifically, a gene silencing approach was investigated for
the treatment of maladaptive adventitial remodeling that
occurs at anastomostic sites following cardiovascular
bypass graft surgery. These maladaptive responses are lar-
gely driven by injury-induced adventitial fibroblast (AF)
proliferation and differentiation, which control the gradual
progression of intimal hyperplasia and fibrosis [88, 89];
thus, methods to provide sustained suppression of key
proliferative effectors and phenotypic modulators in AFs
would provide a potential route to improve healing out-
comes [90, 91].

SPRINGER NATURE
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To facilitate the transfection of human primary AoAFs
with the BCP-based polyplexes, a hybrid nanocomplex
design was necessary. Nanocomplexes were formulated
using a combination of Lipofectamine RNAIMAX and the
BCPs, enabling photo-controlled, spatiotemporal release of
siRNA and efficient gene silencing (Fig. 6a) [34]. These
hybrid nanocomplexes were generated in a sequential
fashion in which siRNA was complexed with Lipofecta-
mine, PAA was added to change the surface charge, and
finally, the photo-responsive BCP was added to complete
the multicomponent nanocarrier. This lipid/polymer com-
bination successfully married the on/off responsiveness of
the BCP system with the efficient silencing of the lipid-only
system (Fig. 6b) [34].

The above-mentioned hybrid system was used for the co-
delivery of interleukin 1 beta (IL1p)-targeting and cadherin
11 (CDHI11)-targeting siRNAs to investigate their coop-
erative roles in mitigating maladaptive responses in AoAFs,
a key hallmark of which is the suppression of fibroblast
proliferation and fibroblast-to-myofibroblast differentiation
[91]. Cellular proliferation was reduced through the down
regulation of IL1f expression [34]. Furthermore, significant
attenuation of differentiation was achieved upon knock-
down of IL1B-only (Fig. 6¢), as well as with knockdown of
both IL1p and CDHI11 [34]. These aggregate results have
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time (h)

major implications in the development of spatially targeted
clinical approaches to reduce and/or eliminate fibrosis at the
junction (e.g., anastomosic) sites, i.e., the typical failure
locations of many vascular bypass grafts.

Dosing regimens for the silencing of IL13 and CDH11
were determined via kinetic modeling of gene silencing
dynamics, using the framework mentioned in the previous
section. It is noteworthy that, after obtaining the appropriate
mRNA and protein half-lives, the same set of ordinary
differential equations that were used for the murine cell
analyses could be employed for the human primary cell
modeling with quantitative results (Fig. 6d) [34]. For
example, the model predicted that an initial transfection at 0
h, followed by a second transfection at 72 h, would enable
the knockdown of both genes to the desired threshold of
20% relative to untreated controls, with sustained suppres-
sion over a one-week duration (Fig. 6e) [34]. This timescale
was chosen because it matches the duration of gene sup-
pression necessary to control adventitial remodeling and
fibroblast differentiation following surgically induced injury
[92]. Most importantly, the model prediction was in
excellent agreement with experimental gene silencing
results over the same one week timescale (Fig. 6¢e) [34, 93].
In vivo studies of these hybrid polyplexes are on-going, and
the current data regarding the extent and duration of
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Fig. 6 a Schematic depicting the formulation of the hybrid nano-
complexes. b Photo-controlled IL1p protein silencing with mPEG-b-P
(APNBMA) polyplexes, Lipofectamine RNAIMAX lipoplexes, and
hybrid nanocomplexes. ¢ Representative immunocytochemistry
micrographs of AoAFs 4 days post-transfection following a single
dose of siRNA. AoAFs were stained for F-actin (magenta, [indicative

silencing foreshadow potential promising outcomes for
vascular bypass surgeries, along with other regenerative
medicine applications.

Conclusions

The cationic and photo-responsive BCP platform, based on
mPEG-b-P(APNBMA), has demonstrated enormous utility
and potential in the development of robust approaches to

40 60 80 100 120 140 160
Time post-transfection (h)

of fibroblasts]) and aSMA (green, (indicative of myofibroblasts)).
Scale bars =50 um. d, e Dynamics of IL1f and CDHI1 protein
silencing following a single dose (d) or double dose (e) of siRNA as
predicted by kinetics modeling (dashed lines) and measured experi-
mentally (solid symbols). Adapted with permission [34]. Copyright ©
2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gene therapy and regenerative medicine. Epps, Sullivan,
and coworkers have leveraged combined expertize in
macromolecular synthesis, nanoscale soft materials assem-
bly, nanocarrier trafficking in cellular environments, and
nucleic acid delivery to create a modular system that can
overcome numerous barriers to clinical translation in
nucleic acid nanocarriers. In particular, the mPEG-b-P
(APNBMA) framework is an innovative platform that
facilitated the precise spatiotemporal control over gene
expression in a tunable, versatile, and cell-compatible
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package. Key aspects of the photo-responsive polyplexes
include: (1) a unique macromolecular architecture in
which the cationic moieties were attached to the polymer
backbone via photocleavage groups that also underwent
charge reversal to accelerate nucleic acid release; (2) a
modular self-assembly approach that incorporated various
nucleic acids and polymer MWs into a single polyplex to
tune siRNA release; (3) a precise on/off release nature
that enabled the development of a quantitative, and possibly
universal, gene silencing model that could be adapted across
numerous genes and cell types; (4) a multicomponent
design that benefitted from the inclusion of anionic
excipients to increase the potency of siRNA by over 200%
on a per mass basis relative to non-excipient-containing
systems; (5) a stable and robust framework that was
augmented with QDs and other imaging agents to unlock
theranostic applications without negatively impacting
therapeutic efficacy; and (6) a hybrid formulation, con-
taining a mixture of polymer and lipids, that optimized
photo-responsive triggering and transfection in human
primary cells for attenuating maladaptive responses
following surgical injury. In short, the efforts highlighted
herein demonstrate the enormous opportunities provided by
this photo-responsive system to effect gene silencing in
multiple cell types, with the potential to positively impact
the treatment of various diseases. Furthermore, the inherent
adaptability of the framework also can accommodate the
incorporation of other additives moving forward, such as
upconverting nanoparticles, to unlock deep tissue-based
applications [94]. Overall, the described photo-responsive
BCP design is a significant advance in the quest for
safer, more efficient, more reliable, and lower-cost gene
therapeutics.

Equations 1-3

Ordinary differential equations to model time-dependent
changes in mRNA, protein, and siRNA concentration.
kmrNA» ksirna, and Ky are the rate constants for the pro-
duction of mRNA, siRNA, and protein, respectively. kpy gegs
ks deg> and k, e, are the rate constants for the degradation of
mRNA, siRNA, and protein, respectively. Adapted with
permission [33]. Copyright © 2016, American Chemical
Society.

d[mRNA ’

[dit] = kaNA [DNA] — km$deg [InRNA] — ksiRNA [SIRNA],
(1)

d|protein

% = kprot[MRNA] — k; geg [prot], (2)
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d[siRNA]

o = heaeelSIRNA]. (3)
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