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Abstract: To explore a spatiotemporally controllable gene delivery system with high efficiency
and safety, polyelectrolyte multilayer (PEM) films were constructed on titanium or quartz
substrates via layer-by-layer self-assembly technique by using plasmid deoxyribonucleic acid-
loaded lipopolysaccharide—amine nanopolymersomes (pNPs) as polycations and hyaluronic
acid (HA) as polyanions. pNPs were chosen because they have high transfection efficiency
(>95%) in mesenchymal stem cells (MSCs) and induce significant angiogenesis in zebrafish in
conventional bolus transfection. The assembly process of PEM films was confirmed by analyses
of quartz crystal microbalance with dissipation, X-ray photoelectron spectroscopy, infrared,
contact angle, and zeta potential along with atomic force microscopy observation. Quartz
crystal microbalance with dissipation analysis reveals that this film grows in an exponential
mode, pNPs are the main contributor to the film mass, and the film mass can be modulated in a
relatively wide range (1.0-29 pg/cm?) by adjusting the deposition layer number. Atomic force
microscopy observation shows that the assembly leads to the formation of a patterned film with
three-dimensional tree-like nanostructure, where the branches are composed of beaded chains
(pNP beads are strung on HA molecular chains), and the incorporated pNPs keep structure intact.
In vitro release experiment shows that plasmid deoxyribonucleic acid can be gradually released
from films over 14 days, and the released plasmid deoxyribonucleic acid exists in a complex
form. In vitro cell experiments demonstrate that PEM films can enhance the adhesion and pro-
liferation of MSCs and efficiently transfect MSCs in situ in vitro for at least 4 days. Our results
suggest that a (pNPs/HA)_system can mediate efficient transfection in stem cells in a spatially
and temporally controllable pattern, highlighting its huge potential in local gene therapy.
Keywords: localized gene delivery, layer-by-layer self-assembly, gene-loaded nanopolymer-
somes, hyaluronic acid, polyelectrolyte multilayer films, mesenchymal stem cells

Introduction

Substrate-mediated gene delivery can provide spatiotemporal control for localized gene
transfection. In this therapeutic strategy, plasmid deoxyribonucleic acid (pDNA) is first
immobilized onto a biomaterial surface and then released in a controlled and sustained
manner to transfect cells surrounding materials."” As compared with the conventional
bolus nonviral gene delivery, where cells are transfected by the suspended pDNA/vector
complexes in liquid, substrate-mediated gene delivery has many advantages. The first
one is its controllability, where gene transfection can be designed to meet clinical needs
through controlling the amount of immobilized pDNA and its subsequent release from
the substrate surfaces. The second one is its high bioavailability of pPDNA due to the
high localized concentration of pDNA available to cells around substrates. It has been
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demonstrated that only ~20% of the added pDNA is utilized by
cells in bolus delivery,® and to reach a comparable transfection
efficiency, the quantity of pPDNA needed in substrate-mediated
gene delivery is 4.5% of that in bolus delivery.’ The third
advantage is it can avoid the unwanted effects from systematic
administration, which means higher safety.

Polyelectrolyte multilayer (PEM) films, which can be
obtained from alternate deposition of polyanions and polyca-
tions in aqueous solutions, are usually used as a reservoir for
pDNA in substrate-mediated gene delivery.>'° The release
of pPDNA can be controlled by adjusting the degradation or
disassembly of PEM films under physiological environment.
As compared with other modes, DNA-containing PEM films
afford numerous potential advantages for pPDNA immobi-
lization, such as 1) substrate-independent coating under a
mild condition without organic solvents, and 2) easy control
over properties of PEM films, including surface chemistry,
roughness, stability, degradability, thickness, and mass via
changing polyelectrolytes and preparation parameters, and
thus realize the protection to pDNA, spatial, and temporal
control over pDNA release, promotion in gene transfection,
and control over cell responses on substrate surfaces.>>!%!!

In PEM films, pDNA mostly acts as a polyanion
layer>¢!1213 and partially as an adsorbed drug in a complex
form (polyplex or lipoplex).>>!! Both systems can success-
fully transfect cells in vitro and in vivo, but most of them have
relatively low transfection efficiency (<40%) due to their
own defects.>>® When pDNA acts as anionic layers, there
are two main drawbacks. The first one is that some released
pDNA exists in a naked form.? It is well known that naked
pDNA is insufficient in gene transfection due to its poor cel-
lular uptake and rapid degradation by nuclease.' The second
drawback is that although the gross mass of polyelectrolytes
can be controlled to some extent by adjusting layer numbers
in such PEM films,>!*!" how to precisely regulate the mass
ratio of polycations to pDNA is unknown. Accordingly,
the N/P ratios (nitrogen in vectors/phosphate in pDNA) of
complexes formed from released pDNA and polycations
cannot be controlled. That is, the N/P ratios of complexes
are random. It is well known that the optimal transfection is
obtained at optimal N/P ratio in bolus transfection. Therefore,
random N/P may lead to low transfection efficiency. Using
pDNA as adsorbed drug in the complex form with optimal
N/P ratios in PEM films can solve the problem of optimal
transfection, but its limit in adsorption mass of pDNA will
affect its long-time release and transfection.

Using nanocomplexes (polyplexes or lipoplexes) as
polycations to construct PEM films may be an alternative

strategy to address the aforementioned issues. In this case, the
N/P ratio, loading mass, and subsequent release behavior of
complexes can be easily controlled by changing preparation
parameters. To our knowledge, limited studies have been per-
formed in this field to date. Yamauchi et al' have constructed
a PEM film self-assembled from cationic lipoplex (complex
of lipofectamine 2000 and pDNA) and anionic naked pDNA
on gold substrates. The functionalized gold substrates have
been proved to continuously transfect cells seeded on them
in vitro, suggesting the potential of this gene delivery system
in implantology. Authors deduced from the high transfection
efficiency that transfection might be mediated by released
lipoplexes but not naked pDNA. Therefore, it is more
economic and controllable to choose the other degradable
polyanions as anionic layer components. Additionally, the
lipoplex may be another limitation due to the low transfection
efficiency of cationic lipid in vivo.!

Based on the aforementioned developments and limi-
tations in substrate-mediated gene delivery, in this study
we used pDNA-loaded lipopolysaccharide—amine (LPSA)
nanopolymersomes (pNPs) as polycations, and hyaluronic
acid (HA) as a polyanion to build up PEM films. It is worth
noting that lipopolysaccharide—amine nanopolymersomes
(NPs) are a novel cytosolic delivery vector developed by our
group.'® LPSA is a degradable, amphiphilic, and amphoteric
brush graft copolymer containing anionic oxidized alginate
(backbone) and cationic polyethylenimine grafted by hydro-
phobic cholesterol (side chains), and it can quickly self-
assemble into pNPs (diameter of 110 nm) in distilled water.
As a gene vector, it obtains >95% transfection efficiency in
mesenchymal stem cells (MSCs) when delivering plasmid
encoding enhanced green fluorescence protein DNA (pEGFP)
in vitro,'¢ and induces significant dose-dependent angiogen-
esis in zebrafish when delivering plasmid encoding vascular
endothelial growth factor DNA (pVEGF)."” HA is a natural
anionic polysaccharide, which can be degraded by hyaluroni-
dase in vivo, and has been widely used in substrate-mediated
gene delivery as a polyanion to construct PEM films.>%!°
Therefore, we expect such a film will offer controllable,
local, and continuous target proteins produced by cells that
are transfected by controllably released complexes of pPDNA
and NPs. In this paper, we monitor the buildup of PEM films
of (pNPs/HA) , explore their growth mechanism, characterize
their surface properties, then study the release of pPDNA, and,
finally, perform a preliminary study on transfection in MSCs
in vitro. Considering the homing ability of MSCs to injury and
their excellent performance in cell therapy, such PEM films
may find wide applications in regenerative medicine.
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Material and methods

Materials

pNPs with hydrodynamic diameter of ~112 nm at N/P of 60
(optimal for in vitro transfection) were prepared according
to our previously published method.'® Briefly, LPSA (mass
ratio of three blocks, polyethyleneimine:cholesterol:oxidized
alginate =48.5:11.2:40.3) was first synthesized by graft
copolymerization, then LPSA was directly dissolved in water
under stirring to obtain a 2 mg/mL solution, and pNPs were
prepared by vortex mixing of equal volume of LPSA solu-
tion and pDNA solution. The plasmid expressing EGFP was
purchased from FulenGene (Guangzhou, People’s Republic
of China), and its amplification and purification followed an
established method.'® Titanium (Ti) discs with diameter of
10 mm were purchased from Goodfellow Cambridge Ltd.
(USA). The quartz was purchased from Zhongke Optic
(Jiangshu, People’s Republic of China). HA (M, 65 kDa)
was obtained from Dali Hyaluronic Ccid Co., Ltd., of
Liuzhou Chemical Group (Guangxi, People’s Republic of
China). Sprague Dawley rats were purchased from the Labo-
ratory Animal Center of Sun Yat-sen University (Guangzhou,
People’s Republic of China). All animal experiments were
approved by the Animal Ethics Committee of Sun Yat-sen
University and conducted according to Institutional Animal
Care and Use Committee Guidelines. The other reagents were
purchased from local suppliers. All reagents were used as
received without further purification.

Pretreatment of substrates
Ti (titanium) and quartz substrates were used in this study.
Ti was chosen because it has been applied widely in the
implantology field but its surface is bioinert, and a gene-
functionalized surface can significantly improve bioactivity
for more efficient therapy. Ti discs were polished using
silicon carbide sand papers and ultrasonically washed for
15 minutes with acetone, ethanol, and double distilled water,
in turn. Then, for subsequent assembly, a thin sodium—
titanate—hydrogel layer with negative charges was introduced
into their surfaces via alkaline heat treatment according to
the reported method." Ti substrates were mainly used in
assays of X-ray photoelectron spectroscopy (XPS), infrared,
surface contact angle, pDNA release, and cell experiments.
Quartz substrates were used for those assays requir-
ing transparent or relatively smooth interfaces. The quartz
glass was soaked in a piranha solution (H,SO,:H,0, =7:3 by
volume) at ~50°C for 10 minutes, ultrasonically washed in
Milli-Q water for 10 minutes, and blown dry with a stream
of N, in turn. Such treatment not only cleans the surface

but also introduces large anions for subsequent deposition
of cationic layer.

Self-assembly of PEM films from cationic
PNPs and anionic HA on pretreated

substrates

Amounts of 1 mg/mL pNPs (N/P =60) and 1 mg/mL HA in
0.15 mol/L NaCl aqueous solution were used in PEM film
buildup in this study unless otherwise specified. At room
temperature, pretreated substrates were alternately immersed
in polyelectrolyte solutions (pNPs or HA) for 10 minutes and
rinsed with NaCl solution for 5 minutes three times after each
deposition of polyelectrolytes. It should be noted that 1 mg/mL
of HA for 10 minutes of incubation is safe for film construction
because by gel electrophoresis experiment we demonstrated
that HA could not dissociate pNPs during 10-minute coincuba-
tion even at high concentration of 200 pg/mL. A successive
deposition of pNPs and HA on substrate surfaces is defined
as one cycle of assembly ([pNPs/HA] , C)). In this study, two
types of PEM films, (pNPs/HA), ; (C, ;) and (pNPs/HA), (C)),
were prepared, which provides two outermost surfaces — the
former pNPs and the latter HA.

Analysis of film self-assembly by quartz

crystal microbalance with dissipation

The construction of films was monitored in real time by a
quartz crystal microbalance with dissipation (QCM-D) (D300,
Q-Sense AB, Vistra Frolunda, Sweden). During self-assembly,
the changes in frequency (f) and dissipation (D) with time were
recorded. The measurement method has been reported in detail
elsewhere.'*?? Briefly, the gold-coated resonator (Q-Sense AB)
was cleaned with a piranha solution, rinsed with water, blown
dry with nitrogen gas, and placed in a QCM holder. Then,
at 25°C+0.02°C, NaCl and polyelectrolyte solutions (pNPs
or HA) were allowed to alternately flow through the QCM
chamber at 50 uL/min until frequency was unchanged. The
measurements were taken continuously at the fundamental,
third, fifth, and seventh overtones (5, 15, 25, and 35 MHz). It is
known that Af is proportional to the mass, and AD reflects the
thickness and viscoelasticity of deposited layer on the resona-
tor. Herein, the thickness and mass of the layer during assembly
were fitted based on a Voigt model with the Q-Tools software
from Q-Sense AB, following the reported method.!*2

Surface characterization on
PEM-deposited substrates

All samples were air dried before measurements, and all anal-
yses were performed at 25°C. The surface chemical structure
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of modified Ti substrates was analyzed by Fourier transform
infrared (FTIR) spectrometer (EQUINOX 55; Bruker Optik
GmbH, Ettlingen, Germany), and their surface elemental
compositions were determined by XPS (ESCALab250,
Thermo Fisher Scientific Inc., Waltham, MA, USA) under
a pressure of ~2x10~ mbar with a monochromatic Al Kot
radiation X-ray source (1486.6 eV, 15 kV, 150 W). Charge
referencing for XPS was performed by setting the main Cls
(C—C/C-H) component at 284.8 eV. Their contact angles
with a pure water droplet were measured using a contact
angle meter (PHOENIX 150; Surface Electro Optics, Suwon
City, Gyunggido, Korea), and 15 measurements per group
(five different sites/sample X three samples) were averaged.
The following characterization was performed on modified
quartz—glass substrates. Their zeta potentials were deter-
mined by a zeta potential and nanoparticle size analyzer
(Delsa™ Nano C, Beckman Coulter, Brea, CA, USA).
Their surface topography and roughness were observed in
air using atomic force microscopy (AFM) (Nanoscope V,
Santa Barbara, CA, USA) with a standard silicon cantilever
in a tapping mode.

Release of pPDNA from PEM films

PEM film-functionalized Ti was immersed in 2 mL of
phosphate-buffered saline (PBS, pH 7.4) at 37°C. At designed
time points, 1 mL of the supernatant was collected, and 1
mL of fresh PBS was supplemented. The amount of released
pDNA in the supernatants was measured by ultraviolet-visi-
ble spectrophotometer (Nanodrop 2000, Thermo Scientific)
after concentration treatment by centrifugal ultrafiltration
method. It should be noted that the existence form of pDNA
(naked or loaded in NPs) nearly has no effects on its ultravio-
let absorbance (data not shown). The gross mass of pDNA
incorporated in PEM films was determined by measuring the
concentration of pDNA in pNP solutions before and after
deposition along with in rinsing solutions using the same
method. Additionally, the existence form of released pDNA
in supernatants was investigated as follows. Briefly, the con-
centrated supernatant was first incubated with heparin (final
concentration, 20 mg/mL) for 2 hours at room temperature
to completely dissociate pDNA from pNPs.!” Then, super-
natants with or without heparin-dissociation treatment were
analyzed by gel electrophoresis.

Adhesion and proliferation of bone
marrow MSCs on PEM-deposited Ti

substrates
MSCs were obtained from neonatal Sprague Dawley rats at
1-3 days of age, and their isolation, purification, culture, and

passage were performed according to the standard method.?
The adhesion of MSCs on PEM-deposited Ti discs was
assessed according to the reported method using AlamarBlue
assay.” Briefly, MSCs (passages 3—7) were seeded in 24-well
plates with Ti at a density of 2.5x10%cm? and cultured for
15 minutes in 1 mL complete media (Hyclone DMEM/F12
1:1 supplemented with 10% fetal bovine serum, 100 pg/mL
streptomycin, and 100 U/mL penicillin). Then, the plate was
slightly agitated for 3 minutes, and the supernatants were
transferred to new empty 24-well plates. Fresh complete
medium was added into the original plates, and all plates
were routinely cultured for additional 2 hours. Thereafter,
10% AlamarBlue (Invitrogen) was added into the culture
medium, and all cells were continuously cultured for 3 hours.
After 3 hours, the absorbance of supernatants in all wells
at 570 nm and 600 nm was measured on an enzyme-linked
immunosorbent assay plate reader (Model 550, BioRad),
and cells in original plates were fixed and stained by 4,6-
diamidino-2-phenylindole for visual observation using fluo-
rescent microscopy. The cell adhesion ability was expressed
as the percentage of the absorbance from the cells attached
in 15 minutes relative to the absorbance from the seeded
cells (cells attached + cells in supernatant). The bare Ti and
alkaline heat-treated Ti were used as controls.

For proliferation assessment, MSCs were seeded at a
density of 1.0x10*cm? and cultured routinely for designed
time intervals. At each time point, the absorbance of each
well was determined using AlamarBlue assay as mentioned.
Simultaneously, cells were stained with rhodamine phal-
loidin (Biotium Inc., USA) to fluorescently label F-actin of
the cytoskeleton following the manufacturer’s protocol. The
stained cells were imaged using fluorescence microscopy
(IX 71, Olympus, Japan).

Transfection in MSCs in vitro

In vitro transfection activity of PEM films was evaluated by
using MSCs as target cells and pEGFP as a target gene. MSCs
were plated on functionalized Ti in 24-well plates (five wells
per group) and cultured as described. At designed time points,
some cells were observed under a fluorescence microscope,
and the others were lysed and fixed for determination of
transfection efficiency (percentage of MSCs expressing green
fluorescence protein [GFP]) using a Coulter flow cytometer
(Becton Dickinson).' Ti and Ti-(epNPs/HA), , were used
as controls, where epNPs are empty plasmid-loaded LPSA
pNPs, and the preparation of Ti-(epNPs/HA), , is the same
as Ti-(pNPs/HA), ; except using empty plasmid. It should
be noted that this experiment was stopped at day 4 because
thereafter cells overpopulated and apoptosis began.
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Statistical analysis

Each experiment was performed at least three times. Data
were expressed as mean * standard deviation. A two-tailed
Student’s 7-test was used for statistical analysis. P<<0.05 is
considered statistically significant.

Results and discussion

To develop a spatiotemporally controllable gene delivery
system with high efficiency and safety, we constructed a
PEM film functionalized substrate surface via layer-by-layer
self-assembly technique. In this PEM film, gene-loaded
pNPs were chosen as a cationic polyelectrolyte, and HA was
chosen as an anionic polyelectrolyte. For convenient charac-
terization, pEGFP was chosen as a model gene. To initiate
self-assembly of PEM films on substrates, large anions were
first introduced to substrates via pretreatment, and then pNPs
with optimal N/P ratio and HA were sequentially deposited
onto surfaces by electrostatic interactions. Thereafter, the
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properties of PEM films were characterized. Here, because
pNPs, developed by our group recently, are a novel degrad-
able gene delivery system with high efficiency and safety in
conventional bolus transfection'®!” and HA is biodegradable,
they are expected to endow PEM film systems with degrad-
ability for controlled pDNA release and sustained efficient
transfection ability in situ.

Real-time monitoring on buildup
of PEM films

In order to follow construction of PEM films on substrates,
we used QCM to monitor the change in frequency and
dissipation in real time during self-assembly procedure.
Figure 1 A shows that within five cycles, the negative of fre-
quency (—f) and the dissipation (D) grow gradually after each
deposition, indicating the increase in the mass, thickness, and
viscoelasticity of deposited films. The flush of NaCl slightly
reduces —f and D because the loosely adhered pNPs leave
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Figure | Analysis on buildup of polyelectrolyte multilayer films by quartz crystal microbalance with dissipation.

Notes: Changes in frequency (-Af) and dissipation (AD) over time (A), time-dependent AD/Af data plots (B), hydrodynamic thickness (C), and mass (D) of deposited
polyelectrolyte layers as a function of layer/cycle number fitted by the Voigt model. All data were measured with quartz crystal microbalance with dissipation at 15 MHz
resonance frequency after successive injection of plasmid deoxyribonucleic acid-loaded lipopolysaccharide—amine nanopolymersomes (pNPs) and hyaluronic acid (HA).

International Journal of Nanomedicine 2014:9

submit your manuscript

5017

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Teng et al

Dove

the layer, suggesting the stability of formed films. It should
be noted that within five cycles the film built up regularly,
but after that it became unstable and irregular, characterized
by the up and down change in frequency, like a seesaw, and
the sharp increase in dissipation until overflow. This may
imply the change in structure of pNPs: eg, the rupture, rear-
rangement, and fusion of pNPs after five cycles. Therefore,
we only studied the films within five cycles.

Figure 1B shows the time-dependent plot of AD/Af within
five cycles. Each cycle exhibits a similar growth pattern.
That is, AD first increases with —Af as pNPs deposit (posi-
tive slope), then decreases with —Afas HA deposits (negative
slope). Such a change pattern may denote that the film has
the same structure,? and HA may diffuse into the interior of
the film and crosslink it through electrostatic and hydrogen
bonding, thus leading to the decrease in its viscoelasticity.

Normally, there are two growth types for PEM films. One
is linear and the other is exponential. To explore the growth
type of PEM films formed from pNPs and HA, we fitted their
thickness and mass using the Voigt model because they are
viscoelastic polymer films.!??> As shown in Figure 1C, the
hydrodynamic thickness of films increases exponentially
with pNP layer/cycle number, suggesting their exponential
growth mode (R?>0.99). This confirms that there exists
polyelectrolyte diffusion between layers.!” Such diffusion
crosslinks films through hydrogen-bonding and electro-
static interactions, and accordingly enhances the stability
of films. The exponential growth allows a large increase
in mass within limited assembly cycles, avoiding tedious
and time-consuming labor, to obtain enough drug amount
compared with linear growth, and exhibits huge potential in
drug delivery. The relationship between fitted mass and pNP
layer/cycle number is presented in Figure 1D. Similarly, the

mass of PEM films grows in an exponential mode and it can
be controlled by adjusting the layer number. The mass of
pNPs is estimated as 1.01 and 29.30 pg/cm? for layer 1 and 5,
respectively, proving the successful control over loaded
pDNA in arelatively wide range in PEM films. Additionally,
pNP layer makes a main contribution to film mass (mass ratio,

m_.m_ =10.67:1 in the film with five-cycle deposition),

NPs*
wl;lich may be due to their different existence form during
assembly (pNPs are an aggregate and HA is a single macro-
molecule). In this film, HA may act as a threadlike adhesive to
pNPs. We believe such composing of PEM film is beneficial
for implant materials because unwanted side effects can be

avoided by introducing minimum excipients.

Characterization of PEM films

The formation of PEM films on substrate surfaces and their
properties were characterized by XPS, FTIR, water contact
angle, zeta potential, and AFM. Their chemical composition
was first assayed by XPS. Figure 2A shows the XPS survey
spectra and their surface elemental percentage of Ti after
different treatments. In the alkaline heat-treated Ti (Ti-OH),
the coexistence of Ti, O, and Na signals means the formation
of sodium titanate hydrogel layer, and C signal is due to the
hydrocarbon contamination. In pNP-deposited Ti (Ti-pNPs),
the decrease in Na and Ti signals and the increase in C signal
combined with the appearance of N and trace P signals sug-
gest the presence of NPs and pDNA. The trace P is because 1)
the amount of pDNA in pNPs (N/P =60) is small, and 2)
the analysis depth of XPS is about 0.5-8 nm, but pDNA
exists at the membrane of pNPs whose dry diameter is
~70£19 nm, and the membrane is covered by the corona
of polyethyleneimine (PEI) chain.'® As HA has a similar
chemical elemental composition to pNPs (both abundant in
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Figure 2 Characterization of polyelectrolyte multilayer films self assembled on titanium.
Notes: X-ray photoelectron spectroscopy survey spectra and their surface elemental percentage (A), Fourier transform infrared spectra (B) of titanium (Ti) treated by
alkaline heat, plasmid deoxyribonucleic acid-loaded lipopolysaccharide—amine nanopolymersome (pNP) deposition, and successive deposition of pNPs/hyaluronic acid (HA),

respectively.
Abbreviation: P 2p, 2p electron of P element.
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C, N, and O elements), no significant changes in element
signals are observed after HA deposition (Ti-[pNPs/HA] ).
It is worth noting that Ti signal exists in all samples, indi-
cating the PEM film is not so dense and cannot completely
cover the substrate. This is reasonable because 1) pNPs are
cationic spherical nanovesicles'® and the electrostatic repul-
sion between particles leads to their separation from each
other on Ti surface, and 2) as an anionic semiflexible mol-
ecule, HA is adsorbed onto cationic pNPs by ion attraction.
Therefore, HA layer cannot completely cover the substrate.
Such structure is confirmed in AFM images, which will be
discussed in detail later.

Figure 2B shows the FTIR spectra (neat, cm ') of treated
Ti. After alkaline heat treatment (Ti-OH), the strong charac-
L ~3,400 cm™) is detected, indi-
cating the formation of Ti-OH and the successful introduction

teristic peak from ~OH (v,

of large anions.'®? After pNP treatment (Ti-pNPs), we
detected the peaks from pNPs such as amine and amine salts
in PEIblock: ~3,350 cm™" (v ,,in-NH,and-NH-, v, .*, v |
in hydroxyls of alginate and Ti-OH), 2,720 cm™ (8, ;,", Vi, s
1,650 cm™ (4, ,,in—NH, and -NH-, a little contribution from
V., inamide), 1,544 cm™ (9", a little from J_,, in second-
ary amide), and 1,162 cm™ (v,  in—NH,); alkyls in PET and
cholesterol blocks: 2,964 cm™and 2,873 cm™ (v, ,, in CH,),
2,919 cm™and 2,837 cm™ (v, ,,in CH,), 1,458 cm™ (8, ,, in
>CH,and -CH,), 1,375 cm™' (6. ,, in CH,); and phosphate
in pDNA: 997 ecm™ (v, ,
phosphate-coupled vibration).'>*” All of these suggest the

in phosphate), 970 cm™! (sugar

successful introduction of pNPs on Ti. After HA treatment
(Ti-[pNPs/HA])), the spectrum of Ti-(pNPs/HA), is similar
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5]

Zeta potential (mV)

T
™
O

C0.5
c1
C1.51
c2
C2.51
C3.5
c4
c4.5
Cc5

Quartz- =

Surface

Figure 3 Surface characterization of polyelectrolyte-multilayer-film-treated substrates.
Notes: Zeta potential (A) and water contact angle (B) of treated substrate surfaces. C

to that of Ti-pNPs, which is ascribed to the similar chemical
structure (such as alkyls, amide, carboxyls, hydroxyls) of
HA to NPs and noncompact film formation. Despite these,
some changes can still be observed, such as the disappear-
_on from HA at
1,027 cm™, and the dropping in amine, amine salt, and alkyl

ance of pDNA signals, the appearance of v,

signals. Taken together, all of these results suggest that pNP
layer and HA layer can be introduced to Ti surface one-by-
one via electrostatic interactions.

The changes in surface zeta potential and contact angle of
substrates during self-assembly are interesting (Figure 3A).
With self-assembly, the surface zeta potential increases in a
zigzag pattern. For quartz surface, it is —4.83 mV, suggest-
ing the introduction of large anions. After pNP treatment
(C,5), itincreases to 4.62 mV, suggesting the introduction of
cationic pNPs. Within five cycles, for films whose outmost
layer is pNPs (C__ .,
potential rises from 4.62 mV to 18 mV and then stabilizes

n refers to the cycle number), the zeta

there. For films whose outmost layer is HA (C ), it rises from
—1.51 mV to 8.94 mV. It is worth noting that when n<2, the
zeta potential of pNP layer (C_ ;) is much lower than that
of free pNPs in solution (~20 mV), but when n=2, it gets
close. Theoretically, anionic HA deposition should lead to
the negative zeta potential, but when n>2, it is positive. We
believe all of these are caused by the nondense film forma-
tion in an exponential growth pattern and the increased
contribution of pNPs to the film mass compared with HA
(Figure 1D). The nondense film signifies the concomitance
of negative and positive charges on each surface. When
n>2, the exponential growth leads to a large deposition of
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o5 and C_refer to films whose outmost layer are plasmid deoxyribonucleic

acid-loaded lipopolysaccharide—amine nanopolymersomes and hyaluronic acid respectively, where n is cycle number. (A) The dotted lines below and upper refer to the zeta

potential of 0 and 18 mV, respectively.
Abbreviation: Ti, titanium.
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pNPs, namely large cations on substrates, which brings about
sharp elevation of zeta potential until reaching the maximum
(=20 mV). Meanwhile, large pNP depositions weaken the
negative effects from the small quantity of deposited HA and
renders the zeta potential of HA layer positive. The positive
charges on surfaces are beneficial for cell attachment because
cell membrane possesses negative charges.

Figure 3B presents the contact angles of different sur-
faces. For prime Ti, it is 62.6°+4.9°. After alkaline heat treat-
ment (Ti-OH), it decreases to 8.1°%+2.2° due to the formation
of highly hydrophilic titanate hydrogel layer. With alternately
introducing pNPs and HA layer, the contact angle rises in a
sawtooth mode at a gradually decreased rate until it reaches
49° at the fifth cycle. The changes in contact angel indicate
that the introduction of polyelectrolyte decreases the surface
hydrophilicity, which is attributed to the relative hydropho-
bicity of pNPs and their interpolyelectrolyte complexes
with HA on interfaces. Because of noncompactability of
films, with polyelectrolyte deposition, the area of uncovered
substrate becomes less and less, and the surface contact
angle becomes bigger and bigger until it is basically stable
at about 49°. Taken together, the results of XPS, FTIR, zeta
potential, and contact angle further confirm the successful
self-assembly of films and their exponential growth mode.

AFM observation
As shown in Figure 4, AFM images reveal that for the first
pNP layer (Ti-pNPs), spherical pNPs with positive charges

A Qu B Qu-pNPs

nm_ pm _
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360
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Dnm Qu-(pNPs/HA), ,

400 ' "M
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300

200 500

100 400

40 ym 5um

adhere to the substrate with negative charges due to the
electrostatic attraction, and they distribute in a separate and
uniform pattern because of the electrostatic repulsion among
cationic pNPs. After HA deposition (Ti-[pNPs/HA] ), due to
the semiflexible chain nature of HA and complicated elec-
trostatic interactions among HA and pNPs (including repul-
sion between same kind of charges and attraction between
opposite charges), pNPs rearrange and a uniform tree-like
structure is formed, whose branches are composed of beaded
chains. That is, pNP beads are strung on HA molecular
chains. It seems that Ti-(pNPs/HA), acts as a template for
subsequent film growth. With self-assembly, the branches
become denser and stronger, and finally a three-dimensional
nanostructure with jagged, interlocking pNPs is constructed.
When cycle number >2, Ti-(pNPs/HA) . has a similar
structure to Ti-(pNPs/HA), (data not shown), which may
be caused by the small deposited mass of HA, where HA
may act as thread-like adhesives for pNPs. In PEM films,
no distinct interface between layers is observed, proving the
diffusion of polyelectrolytes throughout the films. Visually,
the polyelectrolyte films are uniform but not compact, which
is consistent with aforementioned XPS data, where the signal
of Ti element exists in all modified surfaces.

With polyelectrolyte deposition, the root mean square
roughness of films gradually increases from 46 nm for Ti-pNPs
to 119 nm for Ti-(pNPs/HA), .. Similarly, Ti-(pNPs/HA), has
almost the same roughness (122 nm) as Ti-(pNPs/HA), ,, indi-
cating that HA deposition contributes little to film roughness.

E Qu-(pNPs/HA), ,
m
pm 7 -2 Vet 3 EIJ.O*
1.00 >
0.8
0.75
0.50 0.6
0.25 0.4

40 ym

Figure 4 Topography of polyelectrolyte multilayer film functionalized quartz surfaces observed by atomic force microscopy.
Notes: (A) Qu. (B) Qu-pNPs. (C) Qu-(pNPs/HA) . (D) Qu-(pNPs/HA), .. (E) Qu-(pNPs/HA), .
Abbreviations: Qu, quartz; pNPs, plasmid deoxyribonucleic acid-loaded lipopolysaccharide—amine nanopolymersomes; HA, hyaluronic acid.
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It is reported that rough surface is beneficial to cell adhe-
sion and growth,!%?2?° which will accordingly improve the
substrate-mediated gene transfection because the gene has
more chances to contact with cells. Additionally, it is worth
noting that in PEM films, pNPs still keep an intact structure
(without rupture), suggesting the robustness of pNPs. The
structural integrity of pNPs is very important for pDNA
protection and efficient gene transfection.

Release of pPDNA from PEM films

For substrate-mediated gene delivery strategy, to transfect
cells surrounding implants, pPDNA should be released con-
tinuously from the films. We examined the pDNA release
from Ti-(pNPs/HA), , incubated in PBS at 37°C for 14 days
(Figure 5A). The release profile reveals that pDNA can be
released gradually over 14 days. During the first 8 hours,
a burst release is observed, which may be from the quick
release of loosely adsorbed or inlaid pNPs in films. Then,
pDNA releases at a relatively slow and stable rate, and ~74%
of pDNA was released in 14 days. We believe such release
pattern is beneficial for therapy because the initial burst
release makes the local concentration of pPDNA quickly reach
a relatively high value. Thus, cells can be efficiently trans-
fected as soon as possible to produce target protein around
implants, and then pDNA was released slowly to maintain
a long-term drug effect.

The existence form of released pDNA plays a pivotal role
in subsequent gene transfection. It is believed that complex
form is beneficial to transfection. To explore the existence
form of released pPDNA, we used gel electrophoresis to ana-
lyze the supernatants with or without heparin-dissociation

A

I (T —
60

404

0 3 6 9 12 15
Incubation time (days)

Accumulative release of
pDNA from PEM films (%)

treatment. As shown in Figure 5B, no DNA band appears
in gel electrophoresis when using the supernatant itself col-
lected on day 14 or day 7 postrelease (lane 1 and lane 2),
suggesting no free naked pDNA exists. But after being
incubated with 20 mg/mL of heparin for 2 hours (a condi-
tion that definitely dissociates pDNA from pNPs),!” strong
pDNA bands are observed (lane 3 and lane 4), denoting the
existence of free naked pDNA. Therefore, gel electrophoresis
results indicate pDNA can be released from PEM films, and
the released pDNA in supernatants exists in a complex form.
We have demonstrated that pNPs with optimal N/P ratio are
able to overcome a series of barriers during gene delivery
and finally obtain >95% transfection efficiency in bolus
transfection.!® Thus, the continuously released pDNA in a
complex form (pNPs) provides the possibility for persistent
efficient transfection.

Adhesion and proliferation of bone
marrow MSCs on PEM-deposited Ti

substrates

The cell response to functionalized implants is very important
for later tissue integration and gene transfection, which deter-
mines the probability of future clinic application. We used
AlamarBlue method and optical microscopy observation to
evaluate cell responses. Figure 6A shows that in 15 minutes,
the number of MSCs adhered to Ti-C,, (Ti-[pNPs/HA], /)
is the maximum, which is 1.6-fold higher than the Ti group.
The fluorescent images further confirm the optimal adhesion
on Ti-C, , among all groups (Figure 6B). Figure 6C presents
the proliferation of MSCs on different Ti surfaces in 5 days.
Ti-C, ; and Ti-C, have similar optical density (corresponding

B
Supernatant Naked
Without heparin With heparin pDNA
Lane 1 2 3 4 5

Figure 5 Time-dependent release behavior of pDNA from self assembled films on Ti and their existence form.

Notes: (A) The accumulative release profile of pDNA from Ti-(pNPs/HA)

4

s incubated in phosphate-buffered saline at 37°C for 14 days (measured by ultraviolet-visible

spectrophotometer). (B) Gel electrophoresis of naked pDNA (lane 5) and concentrated supernatants without (lane I, 2) or with (lane 3, 4) heparin-dissociation treatment.
Supernatants were collected on the seventh (lane 2, 4) and |4th day (lane |, 3) of release experiment, respectively.
Abbreviations: pDNA, plasmid deoxyribonucleic acid; pNPs, plasmid deoxyribonucleic acid-loaded lipopolysaccharide—amine nanopolymersomes; HA, hyaluronic acid;

PEM, polyelectrolyte multilayer; Ti, titanium.
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Figure 6 Adhesion and proliferation of MSCs on functionalized Ti surface.

Notes: (A) Adhesion number of MSCs in |5 minutes normalized by Ti group. (B) Fluorescent images of adhered MSCs in 6 hours, whose nuclei are stained by 4’,6-diamidino-
2-phenylindole. (C) Proliferation profile of MSCs for 5 days. (D) Fluorescent images of MSCs cultured for 2 days, whose F-actin is stained by rhodamine phalloidin. Ti-C,_

and Ti-C; refer to Ti-(pNPs/HA), ;and Ti-(pNPs/HA),. *P<<0.05 vs Ti.

Abbreviations: MSCs, mesenchymal stem cells; Ti, titanium; pNPs, plasmid deoxyribonucleic acid-loaded lipopolysaccharide-amine nanopolymersomes; HA, hyaluronic acid;

Vs, versus.

to cell number), which is much higher than the Ti-OH and
Ti groups. Fluorescent images (Figure 6D) show that MSCs
spread and grow well on all surfaces at 48 hours. All of these
results demonstrate PEM films are noncytotoxic, and their
introduction to Ti surface enhances the adhesion and prolif-
eration of MSCs. The positive charges, increased roughness,
and suitable hydrophilicity on PEM-modified surfaces may
contribute to such enhancement.'®?*?° The improvement in
adhesion and proliferation of cells on PEM films provide the
basis for efficient gene transfection due to more accessible
chances for genes to attach to cells.

Transfection in MSCs in vitro

Even though pNPs can be released gradually from PEM
films, the released pDNA may not have the ability to effi-
ciently transfect cells seeded on PEM films. Herein, we
evaluated the transfection capability of Ti-C,, in MSCs by
using pEGFP as a model gene. Figure 7 shows that at 48 and
96 hours after seeding cells on films, large green fluorescence

with uniform distribution is observed on Ti-(pNPs/HA),
surface, while no green appears on Ti and Ti-(epNPs/HA),
surfaces, suggesting successful transfection in MSCs medi-
ated by Ti-(pNPs/HA), ; and no detectable autofluorescence
caused by transfection. The results of transfection efficiency
(percentage of green fluorescence protein-positive cells)
determined by flow cytometer further proved this. When
using Ti group as a blank reference, for the Ti-(epNPs/HA),
group, the transfection efficiency is ~0, while for the Ti-
(pPNPs/HA), , group, it reaches 60.98%114.09% at 48 hours.
At 96 hours, the transfection efficiency slightly decreases to
53.30%2%10.32%. Such decrease may be caused by the cell
proliferation, which is demonstrated by the proliferation
experiment (Figure 6). Our system has higher transfection
efficiency than those reported substrate-mediated gene deliv-
ery systems in MSCs, whose transfection efficiency ranges
from ~5% to ~40%.3>1215 But because of the different experi-
mental conditions, including the quality of plasmid DNA,
cell types, cell seeding density, and characterization methods,
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Figure 7 In vitro transfection of MSCs mediated by PEM film-coated Ti for different time periods.

Notes: (A) Ti, 2 days, (B) Ti-(epNPs/HA), , 2 days, (C) Ti-(PNPs/HA), ,, 2 days, and (D) Ti-(pNPs/HA)

it is unscientific to compare these results. Considering that
primary body cells (especially stem cells) are more difficult
to be transfected compared with cancerous cells, our results
may be more meaningful for future clinical applications
than those systems performing transfection in cancerous
cells, especially in regenerative medicine. These preliminary
results about efficient and persistent transfection of our
substrate-mediated gene delivery system motivate us to
perform detailed and further in vitro and in vivo study using
a therapeutic gene in the future.

Conclusion

We have successfully constructed a PEM film with a three-
dimensional tree-like nanoarchitecture on substrates by layer-
by-layer self-assembly technique, where pDNA-loaded pNPs
with optimal N/P ratio are used as a polycation and HA as
a polyanion. This PEM film grows in an exponential mode,
and the incorporated pNPs still keep their nanopolymersome
structure. The mass of pNPs in PEM films can be controlled in
arelatively wide range via adjusting the self-assembly layers,
and therein incorporated pDNA can be gradually released in
the complex form over 14 days. Such PEM film-functionalized
Ti shows improvement in adhesion and proliferation of MSCs
compared with bare Ti and can efficiently and persistently
transfect MSCs. Our results suggest that such a system can
provide spatial and temporal control over gene transfection
through changing PEM film construction parameters, and is
promising in localized gene therapy for implantology and
cancer therapy. Future work will focus on the controllability of
(pPNPs/HA) over pDNA release and their in vitro and in vivo
transfection behavior through changing construction param-
eters such as concentration of polyelectrolyte solutions, layer
number, N/P ratio in pNPs, and chemical crosslinking.
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