- .
Society For
Biomaterials

Layer-by-layer inorganic/polymeric nanoparticles for kinetically

controlled multigene delivery

Corey J. Bishop," Allen L. Liu," David S. Lee,” Richard J. Murdock,’ Jordan J. Green'?3

"Department of Biomedical Engineering, Johns Hopkins University School of Medicine,
Translational Tissue Engineering Center, Baltimore, Maryland 21231
’Departments of Ophthalmology, Oncology, and Neurosurgery, Johns Hopkins University

School of Medicine, Baltimore, Maryland 21231

3Department of Materials Science and Engineering, Johns Hopkins University, Baltimore,

Maryland 21231

Received 10 September 2015; revised 28 October 2015; accepted 30 October 2015
Published online 18 November 2015 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/jbm.a.35610

Abstract: Nonviral gene delivery methods represent a poten-
tial safe and effective approach for treating myriad diseases.
For many gene therapy applications, delivering multiple
exogenous genes and controlling the time profile that these
genes are expressed would be advantageous. Polymeric
nonviral gene carriers are versatile and can be readily tai-
lored for particular therapeutic applications, have the ability
to carry multiple large genes within each particle, and can
be more easily manufactured than viruses used for gene
delivery. A layer-by-layer (LbL) theranostic-enabling nano-

particle was developed to incorporate two plasmid types
which have differing expression time profiles. Temporally
controlling the expression of exogenous DNA enables
superior control over the microenvironment and could lead
to better control over differentiation pathways and cell fate.
© 2015 Wiley Periodicals, Inc. J Biomed Mater Res Part A: 104A:
707-713, 2016.
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INTRODUCTION
Gene therapy is capable of curing or treating many genetic
disorders and cancer.! Polymeric gene delivery techniques
have advantages over viral methods in that they are chemi-
cally customizable, are able to be manufactured on a large
scale, have low potential for insertional mutagenesis, and
are less immunogenic. However, the balance between safety
and efficacy remains elusive, as there are not any U.S. FDA
approved viral or nonviral gene therapies available.
Delivering DNA in conjunction with biocompatible gold
nanoparticles (AuNP)s enables a therapeutic function
(gene/thermotherapy) as well as a diagnostic function
(imaging). AuNPs are known to be effective clinical X-ray-
contrast agents with extended imaging times and sharper
contrast than traditional iodine-based agents.> AuNPs are
also able to be imaged via photoacoustics® and can be
viewed by transmission electron microscopy (TEM).* While
the imaging properties of AuNPs are well known, they are
not intrinsically able to deliver DNA. Our current research
focuses on polymer coatings of AuNPs to promote gene
delivery, making the polymer-coated AuNPs a theranostic-
enabling platform. There are additional advantages of AuNPs

as well. Photothermal therapy, in which AuNPs are excited
by incident electromagnetic radiation at their surface plas-
mon resonance wavelength, has been shown to effectively
thermally ablate tumors in mammalian in vivo models.”
AuNPs are also attractive due to their monodispersity,® their
ability to be highly charged and suitable for layer-by-layer
(LbL) polyelectrolyte coating processes, their ability to be
easily chemically modified via thiol groups,” and their opti-
cal properties.

LbL assembly involves the sequential addition of oppo-
sitely charged polyelectrolytes onto a given substrate.®'!
DNA loading can be modified by the number and the order
of the DNA layers.* If DNA layers were able to be tran-
scribed and translated at different time points, it would
improve temporal control over the cellular microenviron-
ment. Stem cell differentiation is one type of potential appli-
cation that could benefit from such control over expression
time profiles, as exposure to growth factors at different time
points can heavily influence differentiation pathways.'*** As
a proof of principle, this work demonstrates the ability to
control the expression time profiles of two proteins using a
single theranostic-enabling AuNP LbL platform.

Additional Supporting Information may be found in the online version of this article.
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MATERIALS AND MIETHODS

Gold nanoparticle synthesis and characterization

The AuNPs used in this study were synthesized via a modi-
fied Frens method® and previously reported.* Briefly, a
0.01% tetrachloroauric acid trihydrate, HAuCl, (Fisher Sci-
entific), in ultrapure distilled water was vigorously boiling
when a 1% sodium citrate tribasic dihydrate (Sigma
Aldrich) solution (in water) was injected to reduce the gold
ions.

11-MUA stabilization. To maintain monodispersity and cre-
ate a stably charged anionic coating on the AuNPs, 11-
mercaptoundecanoic acid (MUA) was conjugated to the
AuNPs via a thiol bond as previously reported and was pre-
viously shown to be superior for ionic complexation LbL
processes compared to citrate-stabilized AuNPs.* The 11-
MUA at 1 mM in ethanol was added to the citrate-stabilized
AuNPs and allowed to thiolate for 48 h. The solution was
then washed twice in ethanol and resolvated in a 0.45%
solution of sodium citrate. The resulting conjugated AuNPs
were then diluted to 0.31 nM in preparation for the layering
process.

Polymer synthesis and characterization
To synthesize the hydrolytically degradable cationic poly(B-
amino ester) (PBAE) polyelectrolyte layer, diacrylate (1,4-
butanediol diacrylate) and amine small molecules (4-amino-
1-butanol) were reacted neat in a 1.2:1 molar ratio'® and
were allowed to react for 24 h (>100 RPMs). Subsequently,
the linear polymers were end-capped for 1 h at 1000 RPM
via an excess of 1-(3-aminopropyl)-4-methylpiperazine in
anhydrous tetrahydrofuran (THF), resulting in 1-(3-amino-
propyl)-4-methylpiperazine end-modified poly(1,4-butane-
diol diacrylate-co-4-amino-1-butanol). This cationic PBAE
polymer is referred to as B4-S4-E7 or 447 (Supporting
Information, Fig. S1). Polymer 447 was then ether-purified
to remove any unreacted monomers and then solvated to
100 mg/mL in anhydrous dimethyl sulfoxide (DMSO) and
was stored at —20°C until use. We have previously reported
NMR spectra on 447 and verified its chemical structure [1].
The polymer molecular weight was quantified using gel
permeation chromatography (Waters®, Breeze 2 software).
The solvent constituted 94% THF, 5% DMSO, 1% piperidine,
and a trace amount of butylated hydroxytoluene at a flow
rate of 1 mL min~ %

Multilayer particle formation

The multilayer nanoparticles were designed to have three
polymer layers (polyethylenimine (PEI), poly(acrylic acid)
(PAA), and PBAE) between the two functional gene layers
(the dsRed and eGFP pDNA layers) so that the outer eGFP
layer would be transcribed and translated first, followed by
the expression of the more inner dsRed layer at a later
point in time. PEI was chosen because it is nondegradable
in water, which is important for the inner layers, is highly
cationic, and has been demonstrated to be effective for gene
delivery. Poly(acrylic acid) was chosen because it is highly
anionic and has been used for LbL processes in the past.'®
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SCHEME 1. LbL process of 7 layering steps of the LbL inorganic/poly-
meric nanoparticles beginning with the MUA-conjugated AuNPs.
While a single gold core is shown for clarity, typically 3-4 inorganic
gold nanoparticles are coencapsulated per larger LbL inorganic/poly-
meric nanoparticle.

AuNP

PBAE was chosen as a last layer due to its high efficacy as a
cationic gene delivery polymer and based on our earlier
research on PBAEs as coating materials to improve intracel-
lular delivery.*!” The LbL process is shown in Scheme 1.
Eighty microliters of 25 kDa branched PEI was added to
112 pL of 0.31 nM (1.9 X 10! particles mL™ ') aqueous
AuNPs which had been MUA-conjugated. The AuNP-PEI
solution was shaken at room temperature for 30 min at
500 RPM, and then washed twice at 4°C via centrifugation
for 10 min at 10 krcf. The supernatant was replaced with
150 mM sodium acetate (NaAc, pH=>5) up to 192 pL for
the first wash, and then up to 112 pL for the second wash.
Subsequent layers were deposited by adding 80 pL of polye-
lectrolyte suspended in 150 mM NaAc, followed by the
same washing procedure. PEI was added at 10 mg mL '
(Layers 1, 3, 5), dsRed-Max-N1 (dsRed; Addgene) plasmid
DNA (pDNA) at 0.5 mg mL~ " (Layer 2), PAA (M,, ~ 1800
Da; Sigma Aldrich) at 0.5 mg mL™' (Layer 4), enhanced
Green Fluorescent Protein (eGFP-N1, referred to as eGFP;
Clontech) pDNA at 0.5 mg mL™ ' (Layer 6), and PBAE 447
at 2.5 mg mL~" (Layer 7). To reduce acidity, 25 mM NaAc
was used instead of 150 mM NaAc for the final wash of the
eGFP pDNA layer. In addition, PBAE 447 was solvated in
25 mM NaAc and the final layer was not washed as we
have previously observed excess 447 is necessary for
transfection.*

Particle diameter

Nanoparticle tracking analysis (NTA) was performed with a
NanoSight NS500 at each of the 7 layering stages (n = 2).
Particles were diluted up to a total of 500 pL in 150 mM
NaAc and mixed thoroughly immediately prior to loading
into the NanoSight. Transmission electron microscopy
(TEM) was accomplished on the complete LbL formulation
to confirm the diameter ascertained via NTA (n = 3). Image]
(NIH) was also used to quantify diameters of the TEM
images based on the area of the particles.

Particle zeta potential

Dynamic light scattering (DLS) analysis was performed with
a Zetasizer (Malvern) following the completion of each of
the 7 layers to measure the zeta potential (n = 2 per layer).
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Particles were diluted up to a total of 700 pL in UltraPure™
distilled water (Invitrogen).

Nucleic acid loading

Based on our previously reported decomplexation process,*
the nucleic acid content was quantified via a calibration
curve using a fluorescence plate reader (Synergy2; 485/
528 nm excitation/emission); the stock nucleic acid decom-
plexation solution (fluorescence dye (YO-PRO®-1: 4.37 pL at
10 pM; phosphate-buffered saline (PBS): 395.89 pL at 10X
(1500 mM); heparin: 36.95 pL at 3.55 mg/mL) was added
to 112 pL of the LbL solution (150 mM NaAc) to a final vol-
ume of 192 uL (final concentrations: salt (PBS and NaAc):
653 mM; heparin: 300 pg/mL). Previously reported data
shows that the salt and heparin concentration used was suf-
ficient to measure the nucleic acid content present in the
layered formulation.* The nucleic acid content was assessed
after the dsRed layer and after both the dsRed and eGFP
layers were complexed. The eGFP content was quantified
via mass balance by subtracting the total nucleic acid con-
tent from the dsRed content. The uncomplexed nucleic acid
content was also assessed in the supernatants of the wash-
ing steps following the addition of the dsRed layer and fol-
lowing the addition of the eGFP layer as well (Supporting
Information, Fig. S2). The efficiency of layering was calcu-
lated by multiplying 100 by the fraction of nucleic acid
retained in the LbL formulation to the total nucleic acid
content used for layering.

Cell culture and transfection

Human glioblastoma cells*® (GB319) cultured in T-75 flasks
were cultured at 37°C and 5% CO, atmosphere using
DMEM:F12 (1:1), 1X antibiotic-antimycotic and 10% fetal
bovine serum (FBS). The cells were seeded at 10,000 cells/
well in 96-well tissue culture treated polystyrene plates the
day before transfection and were confluent at the time of
transfection. Transfection was performed by diluting 192 pL
of the final LbL formulation up to 256 pL using 25 mM
NaAc. From the diluted 256 pL, 20 pL was delivered per
well and allowed to incubate with the seeded cells in the
96-well plates for 2 h at 37°C before the media was
replaced with complete media. The full layered nanopar-
ticles were incubated using 10% and 50% serum by volume
for the 2 h time period to assess any differences, as the
50% serum concentration more closely resembles in vivo
conditions. The glioblastoma cells in the plates were cul-
tured in the same conditions as in the flasks (37°C and 5%
CO, atmosphere using DMEM:F12 (1:1), 1X antibiotic-anti-
mycotic and 10% FBS) throughout the 21-day period.

As a positive control, Lipofectamine® 2000 (Lipo2k) was
also incubated with the cells in like manner. Lipo2k was
mixed with dsRed and eGFP pDNA using ratios of 0.5:1,
1.5:1, 2.5:1, and 3.5:1 (Lipo2k pL: pDNA pg) at the same
dsRed:eGFP pDNA ratio and dosages as the LbL formulation.
Total dosages of dsRed:eGFP pDNA of 100 and 200 ng were
also assessed at the same Lipo2k:ipDNA (pL:pg; n=4)
ratios.
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Protein expression and relative metabolic activity

Fluorescence microscopy images were obtained with a Carl
Zeiss fluorescence microscope on days 2, 5, 9, 14, and 21
post-transfection (5X magnification). The eGFP and dsRed
channel exposure times were 300 and 600 ms, respectively.

Flow cytometry was performed with a BD Accuri™ C6
flow cytometer on days 2, 5, 9, 14, and 21 post-transfection
as well; a HyperCyt sampler was used to automate data col-
lection. Cells were detached via incubation at 37°C with
trypsin-ethylenediaminetetraacetic acid (0.05%) for 5 min,
followed by immediate quenching with 2% FBS in PBS. FSC-
H vs SSC-H was used to isolate the singlet population;
expression of eGFP and dsRed was analyzed using FL1-H vs
FL3-H (FloJo). Because cellular uptake is required for suc-
cessful transcription and translation of both the eGFP DNA
and the dsRed DNA, the presence of the expressed fluores-
cent proteins by fluorescence microscopy and flow cytome-
try confirms cellular uptake.

An MTS-based Promega assay CellTiter 96® was used to
determine the relative metabolic activity of transfected cells
as compared to untreated controls at 24 h for 10% and
50% serum conditions which is an indicator of viability.

Statistics

Figure 1: 10% serum: n = 12; 50% serum: n = 4. Supporting
Information, Figs. S2, S4, and S5 were n >4, >4, =4, respec-
tively. When comparing the positive control (Fig. 1 vs Sup-
porting Information, Fig. S5) to the LbL formulation at 2
days post-transfection, a two-tailed Student’s t test was
used. All error bars in figures and the text are reported as
standard errors of the mean (SEM) unless otherwise
indicated.

RESULTS

Gold nanoparticle characterization and 11-MUA
stabilization

TEM analysis confirmed that the stabilized AuNPs were
monodisperse as well as uniform in size at 17 =2 nm
(mean + StDev) as we have previously found.* SPR results
showed a red-shift of the wavelength from 520 nm for
solely citrate stabilized AuNPs to 526 nm for 11-MUA conju-
gated nanoparticles.”*

Polymer characterization

The number-average (M,) and weight-average (M,,) molecu-
lar weights of PBAE 447 were 11.9 and 35.5 kDa, respec-
tively, with a polydispersity index of 2.98.

Particle diameter and zeta potential

The TEM of the complete LbL inorganic/polymeric nanopar-
ticle formulations with all 7 layers is shown in Figure 2.
The arithmetic and geometric means of cores per LbL inor-
ganic/polymeric nanoparticle were 4.3 and 2.7, respectively,
demonstrating 3-4 inorganic gold nanoparticles per larger
LbL inorganic/polymeric nanoparticle. According to the area
of the particles assessed by Image], the dry inorganic nano-
particle core diameters were 104 *=0.8 nm (StDev) in
diameter and the larger dry LbL inorganic/polymeric
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FIGURE 1. Transfection efficacies (top) and normalized transfection efficacies (bottom) in time for the outer (eGFP) and inner (dsRed) pDNA
layers using 10% (left) and 50% (right) serum containing media. Transfection is of human glioblastoma GB319 cells (10% serum: n=12; 50%

serum: n=4).

nanoparticle diameters were 210 = 10 nm (StDev) between
the 3 images. The dry nanoparticle diameters according to
TEM were similar in size but slightly smaller than the
hydrodynamic nanoparticle diameters as measured in aque-
ous buffer by NTA. The hydrodynamic diameters of the LbL
inorganic/polymeric  nanoparticle =~ were approximately
300 nm for all 7 layers (Fig. 3; left).

According to NTA, the hydrodynamic radius increased
with each subsequent layer for the first 5 layers. There was
no statistical difference in diameter between layers 5 and 7.
The largest increase in diameter occurred at the first DNA
layer, similar to what was observed previously and is
believed to be due to the plasmid DNA molecules being rel-
atively large (~3 MDa) and multivalent with negative
charge.* The zeta potential of the LbL inorganic/polymeric
nanoparticles reversed at each of the 7 stages of layering,
validating that coatings of each polyelectrolyte layer were
achieved as designed (Fig. 3; right).

Nucleic acid loading

The inner (dsRed) and outer (eGFP) pDNA layers contained
DNA in an approximate 2:1 mass ratio. When the LbL inor-
ganic/polymeric nanoparticles were used for cellular experi-
ments, 208 =9 ng/well dsRed pDNA and 120 = 10 ng/well
eGFP pDNA, respectively, were contained in the LbL inor-
ganic/polymeric nanoparticle formulations, for a total of
328 =9 ng of pDNA used per cellular well in a 96-well
plate. The layering efficiency of the inner and outer layers
were 6.6+ 0.6% and 4 = 1% (Supporting Information, Fig.
S2). The dsRed pDNA nucleic acid content in the superna-
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tant of the first and second washings following dsRed pDNA
layering accounted for 79 2% and 4 * 1%, respectively
(Supporting Information, Fig. S2). The eGFP pDNA nucleic
acid content in the supernatant of the first and second
washings following eGFP pDNA layering accounted for
77 = 3% and 4 = 2%, respectively (Supporting Information,
Fig. S2). The mass ratio of polymer 447 to total pDNA was
48:1.

Expression and relative metabolic activity

In the 10% serum condition (Fig. 1; left), the transfection
levels of the outer (eGFP) pDNA layer of the LbL inorganic/
polymeric nanoparticles was 22 = 2% positively transfected
human cells (Fig. 1; top) and remained similar out to day 9
and then decreased to approximately 7% thereafter. In

FIGURE 2. TEM of LbL inorganic/polymeric nanoparticles. Scale bars
are 500 nm.

NANOPARTICLES FOR MULTIGENE DELIVERY
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contrast, the inner (dsRed) pDNA layer (Fig. 1; top) had low
expression initially and steadily increased to a maximum at
16 = 6% positively transfected human cells on day 9. The
expression thereafter was similar to the outer eGFP levels
near 7%. Supporting Information, Fig. S3 shows the dot
plots of the dsRed and eGFP fluorescence channels (FloJo)
for the 10% serum condition on days 2, 5, 9, 14, and 21.
Qualitatively, it can be seen that the eGFP and dsRed expres-
sion maxima are on days 2 and 9, respectively. The fluores-
cence microscope images (shown in Fig. 4) also qualitatively
match these findings.

In the 50% high serum condition during transfection
(Fig. 1; right), the outer (eGFP) layer was higher at 12 + 1%
initially and steadily decreased to near 0% on day 14 (Fig.
1; top). The inner (dsRed) layer had similar kinetics to the
10% serum condition, except the peak expression happened
sooner, on day 5, and the transfection efficacy was lower,
with a maximum at 6.5 = 0.8% (Fig. 1; top).

Figure 1 (bottom) shows the normalized transfection
levels for the LbL inorganic/polymeric nanoparticles in the
10% serum condition (bottom left) and the 50% serum con-
dition (bottom right), which more clearly shows the kinetics
of exogenous protein expression over time as well as the
maximum expression levels. The outer layers for the 10 and
50% serum conditions were highest on day 2, whereas the
inner layers for the 10% and 50% serum conditions peaked
on days 9 and 5, respectively. The relative metabolic activ-
ities (untreated = 100%) of the LbL inorganic/polymeric
nanoparticles incubated in 10% and 50% serum at 24 h
post-transfection were 93 = 4% and 88 * 2%, respectively,
as shown in Supporting Information, Fig. S4. This demon-
strates good cellular viability and minimal cytotoxicity of
the LbL inorganic/polymeric nanoparticles.

Generally speaking, as the dosage increased for the
Lipo2k formulations, the transfection efficacies of both eGFP
and dsRed increased and the relative metabolic activities
decreased (Supporting Information, Fig. S5). At comparable
dosages to the LbL inorganic/polymeric nanoparticles
(eGFP: 120 £10 ng; dsRed: 208 £9 ng; see Nucleic acid
loading section), the 3.5:1, 2.5:1, 1.5:1, and 0.5:1 (Lipo2k
pL: pug pDNA) had relative metabolic activities of 30 = 2%,
53+ 1%, 79 = 1%, and 96 = 1%, respectively. The transfec-
tion levels for the same Lipo2k:pDNA ratios for eGFP and
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dsRed were 21 *£5%, 22 *4%, 27 £4%, 22*1% and
28 2%, 25*2%, 32x3%, 13 *£1%, respectively. The
highest transfection level achieved with the Lipo2k positive
control at the same dosage as the LbL inorganic/polymeric
nanoparticles was the 1.5:1 formulation which was statisti-
cally similar to the LbL inorganic/polymeric nanoparticles
in 10% serum for both eGFP (p values = 0.53) and dsRed (p
values = 0.14) transfection (Supporting Information, Fig.
S5), but had lower cellular metabolic activity, indicating
cytotoxicity (79 = 1%).

While holding the eGFP and dsRed mass ratio for the
Lipo2k similar to the LbL inorganic/polymeric nanoparticles
(0.34 ng: 0.66 ng), the highest transfection level was found
to be using a pDNA dosage of 200 ng and a Lipo2k pL: pg
pDNA ratio of 2.5:1. The eGFP and dsRed transfection levels
were 28 = 1% and 32 = 3%, which were statistically similar

eGFP dsRed All

Unt
Day 2
Day 5
Day 9

Day 14

Day 21
£l
400 ym

FIGURE 4. Fluorescence microscopy images of the GB319 cells in 10%
serum transfected with the LbL inorganic/polymeric nanoparticles on
days 2, 5, 9, 14, and 21 post-transfection. The fluorescence channels
on the left, middle, and right correspond to eGFP, dsRed, and all
channels (brightfield, eGFP, and dsRed), respectively. The scale bar is
400 um.
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to the LbL inorganic/polymeric nanoparticles in 10% serum
as well for both eGFP (p values = 0.38) and dsRed (p val-
ues = 0.13). However, the optimized Lipo2k formulation
(200 ng; 2.5:1) also had a much lower relative metabolic
activity of 65 * 1% (Supporting Information, Fig. S5).

DISCUSSION

In these experiments, we have determined that we can fab-
ricate LbL inorganic/polymeric nanoparticles composed of
both theranostic inorganic nanoparticle cores and polyelec-
troyte coatings that are useful for intracellular gene delivery.
The layer of plasmid DNA in the multilayered nanoparticle
is able to tune the kinetics of expression with the outer
layer being expressed quickly and inner DNA layer experi-
encing delayed expression over a time span of several days.
As expected, subsequent layering of polyelectrolytes
increased the diameter of the nanoparticles compared to
uncoated gold nanoparticles and there was reversal of the
zeta potential following each successive layering and wash-
ing step. This biophysical characterization demonstrates
that successful ionic complexation® of each layer was
achieved for these hybrid nanoparticles. In this method, 3-4
AuNP cores were encapsulated within each LbL inorganic/
polymeric nanoparticle. While this may be able to provide
stronger X-ray/CT contrast or higher per particle drug load-
ing, it may also reduce cellular uptake compared to coating
of a single AuNP core. Alternative fabrication methods, such
as those that utilize microfluidics and/or a reduced concen-
tration of AuNPs cores, may enable LbL inorganic/polymeric
nanoparticle construction with only single AuNP cores.
Nonetheless, the LbL inorganic/polymeric nanoparticles
described here were able to be successfully internalized by
human cells leading to successful gene delivery of multiple
genes.

Because the backbones of the two plasmids used in this
study are very similar, including the same plasmid size and
promoter, differences observed in the exogenous gene
expression profiles over time are attributable to the physical
placement of these different plasmids within the LbL inor-
ganic/polymeric nanoparticles. The inner plasmid is likely
secluded from transcription and translation for a longer
time period within the nondegradable inner polymer layers
of PEI and PAA, whereas the eGFP plasmid is closer to the
outside of the particle and most strongly associated with
the poly(beta-amino ester), the polymer that coats it and
that is degradable in water. Based on the particle sizing
data (Fig. 3), the dsRed pDNA layer is thicker than the eGFP
pDNA layer, leading to there being approximately twice as
much dsRed pDNA as eGFP pDNA. The dsRed pDNA was
secluded sufficiently that the kinetics of expression of these
two plasmids were independent and separate in time.

When investigating both types of serum media condi-
tions, the outer layer transfected the cells quickly, reaching
its maximum expression at the earliest time point measured
(day 2) and then decreasing over time. The inner layer had
a delay in peak gene expression depending on the local
environment, with lower serum leading to a longer delay
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(peak expression at day 9) and increased serum leading to
a shorter delay (peak expression at day 5). In all cases, little
toxicity was observed with the LbL inorganic/polymeric
nanoparticles. In the high-serum condition, it is possible
that the nanoparticle decomplexation process may be
enhanced by the presence of additional serum proteins,
resulting in quick nanoparticle disassembly and inner plas-
mid release to the cytoplasm. We have also recently found
that for poly(beta-amino ester)-based nanoparticles, not all
uptake mechanisms (that is, clathrin, caveolae, and macropi-
nocytosis) are equally effective for the eventual transcrip-
tion and translation of exogenous plasmids.? It is possible
that the LbL nanoparticles in the presence of a higher con-
centration of serum proteins may experience more serum
adsorption to the outer nanoparticle surface in a manner
that may change the cellular uptake properties of the nano-
particle.?’ Future mechanistic studies may be able to test
these hypotheses and elucidate design criteria to make
related LbL inorganic/polymeric nanoparticles even more
effective at nonviral gene delivery. Because the design of
these hybrid nanoparticles is flexible, additional nucleic
acids may be included and by varying the number of layers,
temporal release may be able to be further tuned.

There are several potential advantages of delivering,
with temporal control, two plasmids types within the same
nanoparticle as compared to multiple doses of single nano-
particles. Within a tissue engineered construct or in vivo
setting, multiple doses at a desired spatial and temporal
location may not be possible. Moreover, it has been demon-
strated that when polymeric gene delivery nanoparticles,
each encoding different plasmids, are added in combination
to cells, mosaic expression is observed.?? Yet, when the dif-
ferent plasmids are coencapsulated in the same nanopar-
ticles, coexpression of these plasmids in the same cells is
observed instead.’?> Thus, coencapsulation helps to ensure
coexpression, and in the case of LbL inorganic/polymeric
nanoparticles, kinetically controlled coexpression. An alter-
native approach for kinetic control of gene expression that
has been recently demonstrated is the utilization of engi-
neered genetic circuits and synthetic biology for con-
trol.2372° In contrast, the method that we present here is
orthogonal as the kinetic control is mediated by biomaterial
properties and physical sequestration. These two
approaches could potentially be used in combination to ena-
ble further enhanced control of the kinetics of exogenous
gene expression, including temporal release following an
environmental trigger as well as control independent of the
state of a cell.

Using an LbL approach, we were able to successfully
develop a theranostic-enabling platform technology, which is
capable of loading two different types of plasmids within
the same nanoparticle, safely and effectively nonvirally
delivering them to human cells, and then temporally con-
trolling the exogenous gene expression between the two
plasmids. The outer layer of the nanoparticle is composed
of a biodegradable polymer that mediates quick and effi-
cient transfection of the outermost plasmid later. Over time
as the LbL inorganic/polymeric nanoparticle disassembles,

NANOPARTICLES FOR MULTIGENE DELIVERY



the inner most plasmid layer becomes active to be transcribed
and translated with its own kinetics. This coating approach
could also be extended to other types of charged nanopar-
ticles, including those with additional imaging modalities. Such
control over the timing of nonviral exogenous gene expression,
mediated by theranostic nanoparticles, may be of significant
interest as a research tool for controlling the cellular micro-
environment and as a potential therapeutic.

ABBREVIATIONS

AuNP gold nanoparticle

DMSO  dimethyl sulfoxide

DLS dynamic light scattering
dsRed  dsRed-Max-N1

eGFP eGFP-N1

FBS fetal bovine serum

GB319  primary human glioblastoma
LbL layer-by-layer

Lipo2k  Lipofectamine™ 2000

NaAc sodium acetate

M, number-average molecular weight
My weight-average molecular weight
MUA 11-mercaptoundecanoic acid

NTA nanoparticle tracking analysis

PAA polyacrylic acid
PBAE poly(B-amino ester)

PBS phosphate-buffered saline

pDNA  plasmid DNA

PEI polyethylenimine

SEM standard error of the mean

StDev  standard deviation

SN1 the 1°' supernatant washing after a nucleic acid
layer

SN2 the 2™ supernatant washing after a nucleic acid
layer

TEM transmission electron microscopy

THF tetrahydrofuran.
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