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ABSTRACT: Widespread applications of conventional polymeric gene carriers  Serum-containing condition Serum-free condition
are greatly hampered by their inefficient transfection performance under serum- el collodal stapilty taree agg'eiamd partcles
containing environment. Aiming to overcome this limitation, we propose a ﬁg‘; @?&i— :ﬁ§
bioreducible polyethylenimine-gold nanocomplex system (SSPEI-Au NC), which ‘%,,ﬁ) o B ﬁ

NC contains sequentially deposited layers of bioreducible polyethylenimine %
(SSPEI) and poly(y-glutamic acid) (y-PGA) for efficient binding and delivery of ~ ** l
plasmid DNA (pDNA). SSPEI-Au NC was characterized for various
physicochemical properties, including: UV—vis spectra, TEM imaging, hydro- RGN S By L
dynamic size, and pDNA binding ability. The SSPEI-Au NC were efficiently i il ‘»;ﬂ R 1 eeas)
uptaken by mammalian cells as ob;gerved using dark-field microscopy. Comparing Mmmﬁmm IRLW mjmm'm
to nondegradable PEI2Sk, the bioreducible SSPEI-Au NC exhibited superior ﬁp‘ sspELANG FEY Serum proteins
transfection capability under serum-containing condition while causing lower

cytotoxicity on mammalian cell lines. The effect of serum on SSPEI-Au NC

dispersity was studied using UV—vis spectrometry and the results suggest that serum-assisted colloidal stability of SSPEI-Au NC
contributed to its serum-resistant transfection.
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B INTRODUCTION cationic group modifications,"' and surface recharge.'”
Recently, it is also shown that layer-by-layer (LBL) nano-
particles possess improved stability in serum'> and excellent in
vivo stability, resulting in long circulation and low accumulation
in liver."*

LBL assembly is a feasible approach to prepare polymer/

The concept of gene therapy is to treat diseases by delivering
exogenous genes into cells to modulate the cellular machinery.
Overexpression of designated exogenous genes may treat
diseases by supplement gene products in need. On the other
hand, delivery of antisense oligonucleotide or small interference L ) ) )
RNA (siRNA) could be used to knock down genes that are vital @etal nanoparticle ?omplexeslfor various theranost}c applica-
for disease prognosis."”> Nonviral-based gene delivery carriers, tions. For examp le, 1ncorp.orat10n of met.al fianop artlclesl C.OU‘Id
comparing to their viral-based counterparts, provide additional afford Cz_momc_ p glymerlc gene  carners with adfhtloflal
advantages, including free of mutagenesis risk, suitability of theranolsstlc applications, such aslémagnetlc resonance imaging
large scale production, and low immunogenicity. In recent (MRU), 17ph0tothermal. therapy, ” and magnetic hyperthermia
years, cationic bioreducible polymers containing disulfide- ther:apy. Among various metal nanoparticles, gold nano-
linked backbone have emerged as a promising class of nonviral parFlcles have emerged as an.e).(cellent platff)rm for drug or gene
gene carrier by their excellent biological compatibility and dellYery, because of ltfs llglomertness, bloFompatlblllty, and
comparable gene delivery efficiency to the nondegradable eﬂic1ef1t cellular uptake.”™ . Gold 1.1anopart1cles were usefl as
cationic gene carriers. Bioreducible polymers can be efficiently versatile scaffolds to deliver various low-molecular-weight

. . . . 1020
degraded by the intracellular glutathione (GSH), which (MW ) nucleic .ac1ds 5 1SlzlzCh as antisense ohgonucl.eotldes,
promotes drug or nucleic acid release into the cytoplasm.>~* microRNA, or siRNA.”"** Taking advantages of efficient Au—

Despite the great potential of cationic materials on gene S conjugation chemistry, low MW nucleic acids can be
therapy, one of the main obstacles for their widespread immobilized onto gold surface under mild condition. With
applications is the inefficient gene transfection in the presence appropriate external stimulus, these immobilized low MW
of serum.® The underlying mechanism might be attributed to nucleic acids can be released to achieve spatial/temporal-
the destabilization or aggregation of cationic polyplex or
lipoplex colloids by serum components such as albumin and Received: January 24, 2015
heparin sulfate.”™® To overcome this limitation, researchers Accepted: March 12, 2015
have attempted various approaches such as PEGylation,lO Published: March 12, 2015
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controlled delivery.”®> On the other hand, to deliver high MW
nucleic acid such as plasmid DNA (pDNA), surface
modifications of %old nanoparticles with cationic polymers are
often required.”* Meanwhile, significant cytotoxicity was
observed from the gold-based gene carriers using non-
degradable high MW PEL*®

In this study, our goal is to develop a nontoxic gene carrier
capable of efficient gene transfection under serum-containing
environment. To this end, we proposed a novel bioreducible
SSPEI-Au NC, which can be prepared by sequentially
assembling SSPEI, pDNA and poly(y-glutamic acid) (y-PGA)
to the surface of 11-mercaptoundecanoic acid (MUA)-AuNP
via a LBL assembly procedure. The material deposition
conditions (MUA or SSPEI concentration effect) were studied
to obtain SSPEI-Au NC with sufficient pDNA binding and
delivery capability. The physicochemical properties of SSPEI-
Au NC were characterized by dynamic light scattering (DLS),
UV—vis spectrometry, transmission electron microscopy
(TEM) and gel retardation assay, respectively. In vitro gene
transfection efficiency and cell viability of SSPEI-Au NC were
investigated on mammalian cell lines. The effects of serum on
the colloidal stability of SSPEI-Au NC were studied using UV—
Vvis spectroscopy.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. 3,3'-Dithiodipropanicacid (DTPA),
1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide-HCl (EDC), and
N-hydroxysuccinimide (NHS) were obtained from Alfa Aesar (USA).
Polyethylenimine, 800 Da (PEI800), and 11-mercaptoundecanoic acid
(MUA) were obtained from Sigma-Aldrich (USA). HAuCl,
tetrahydrate and trisodium citrate were obtained from Showa
(Japan). y-PGA (200—400 kDa) was obtained from Vedan Inc.
(Taiwan). Deionized water (DI H,0) (18.2 MQ) was used in all
experiments. pDNA encoding mOrange or firefly luciferase was
amplified in E. coli and purified by Macherey-Nagel MidiPrep
(Germany).

2.2. Synthesis of Gold Nanospheres (AuNP). Add 1 mL of
HAuCl, tetrahydrate (10 mg/mL) to 99 mL of ultrapure water in a
round bottle. Heat the solution under refluxing and stirring. After the
solution boiled, added 2.5 mL of trisodium citrate solution (10 mg/
mL) into the gold solution. The color of solution changed from light
yellow to wine red. The reaction solution was cooled in the ice-bath.
The as-synthesized AuNP solution was stored at 4 °C until further use.

2.3. Synthesis of Bioreducible Polymer: SSPEI. Bioreducible
polymer SSPEI was synthesized according to a previously established
method.* Briefly, DTPA:PEI800:EDC:NHS (1:1:2.5:2.5 molar ratio)
was dissolved in 10 mL of DMSO and transferred to a round bottle
with stirring at 30 °C for 72 h. The reaction mixture was dialyzed
against DI H,O using a dialysis membrane (MCWO 3500) for 3 days
for purification.

2.4. Synthesis of SSPEI-Au NC. Adjust the pH value of AuNP
solution to pH 11. Mix 0.3 mL of MUA solution (1 mg/ mL) with 1
mL of AuNP solution (O.D. = 0.8). The mixed solution was reacted
for 24 h at 25 °C. Unreacted MUA was removed from MUA-AuNP
solution by preforming centrifugation (15,000 g/15 min) twice. Next,
the MUA-AuNP pellets were resuspended in 0.9 mL of NaCl solution
(10 mM). Mix 0.1 mL of SSPEI solution (30 mg/mL) with the MUA-
AuNP solution and reacted at 25 °C for 48 h. Remove the free SSPEI
from by SSPEI/MUA-AuNP by performing centrifugation (15,000 g/
15 min) for three times. Mix SSPEI/MUA-AuNP solution with pDNA
solution at various ratios by vortexing then incubated at 25 °C for 20
min. y-PGA solution (0.01 mg/mL) was added into the solution and
incubated for another 20 min before use. The amount of SSPEI in
SSPEI-Au NC was determined by Thermogravimetric Analysis. The
weight ratio of SSPEI in SSPEI-Au NC was calculated to be 5.63%.

2.5. Particle Size and Surface Potential Measurement of
SSPEI-Au NC. SSPEI-Au NC was prepared and incubated in the
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following mediums, including: DMEM, DMEM+10%FBS, DMEM
+25%FBS, and DMEM+50%FBS. The particle size and surface
potential of SSPEI-Au NC were measured at 25 °C using the
Zetasizer Nano ZS (Malvern Instruments, UK). The UV—vis spectra
of the material was acquired on a UV—vis spectrophotometer
(NanoDrop 2000c, Thermo Scientific, USA).

2.6. Transmission Electron Microscopy. SSPEI-Au NC was
dispersed in DI H,O and deposited onto a 300-mesh carbon-coated
copper grid. Store the sample-containing copper grid at 25 °C for 4 h.
Filter paper was used to wick away excess moisture. The copper grid
was dried in a 65 °C oven overnight. The images were taken by TEM
(HT7700, Hitachi, Japan) at 30 kV accelerating voltage.

2.7. Agarose Gel Electrophoresis. The SSPEI-Au NC/pDNA
samples were freshly prepared by mixing SSPEI-Au NC with pDNA at
various nitrogen/phosphate (N/P) ratios: 17, 22, 26, 30, 34, 39, and
43, then incubated at 25 °C for 20 min. Two microliters of Novel Juice
(GeneDireX, USA) was added into each sample solution and mixed
well. The samples were then electrophoresed in a 1% (w/v) agarose
gel. Electrophoresis was carried out at a voltage of 100 V for 20 min in
1X TAE (Tris-acetate-EDTA). Finally, the results were recorded at
UV light wavelength of 306 nm by a UV illuminator (UV2020—2, Top
Bio Co., Taiwan).

2.8. Cellular Uptake of SSPEI-Au NC/pDNA. The intracellular
uptake of SSPEI-Au NC/pDNA was observed using a dark field
microscopy. MCEF-7 cells were seeded over glass coverslips in a 24 well
plate at the density of 5—7 X 10* cells/well at 37 °C overnight. The
cells were incubated with SSPEI-Au NC/pDNA for 4 h at 37 °C. The
cells were fixed with 4% paraformaldehyde at 25 °C for 30 min. The
cells on coverslip were mounted with slides using VectaMount
mounting medium (Vetor Laboratories, USA). The prepared samples
were observed using a dark field microscopy (IX71, Olympus, Japan).

2.9. Cytotoxicity of SSPEI-Au NC/pDNA. HEK293T cells were
seeded into a 24-well plate at the density of S—7 X 10* cells/well and
incubated at 37 °C for 24 h. The cells were washed by PBS once and
added with the following mediums: DMEM, DMEM+10% FBS,
DMEM+25% FBS, and DMEM+50% FBS. SSPEI AuNC/pDNA
prepared at various N/P ratios (43, 65 and 86) were added to cells and
incubated at 37 °C/5% CO, for 4 h. The cells were washed by PBS
then incubated in 10% FBS/DMEM for another 24 and 48 h. The cells
were washed with PBS then incubated with DMEM+10% FBS
containing 10% (v/v) alamarBlue dye for 4 h. The absorbance at
wavelength of 570 and 600 nm were detected using a microplate
reader (Infinite M200 PRO, TECAN, Austria). Cells without receiving
materials treatment were used as the control group, representing 100%
cell viability.

2.10. Transfection Efficiency of SSPEI-Au NC/pDNA.
HEK293T or MCEF-7 cells were seeded in 24-well plates at the
density of 5—7 X 10* cells/well and incubated at 37 °C/5% CO, for 24
h. The cells were washed by PBS once and added with the following
mediums: DMEM, DMEM+10% FBS, DMEM+25% FBS, and DMEM
+50% FBS. SSPEI AuNC/pDNA prepared at various N/P ratios (43,
65, and 86) were added to cells and incubated at 37 °C/5% CO, for 4
h. After transfection for 4 h, the cells were washed by PBS and
incubated for another 72 h. The transfection efficiency of pDNA
encoding mOrange (1 pug) was assessed on a fluorescence microscopy
(ZEISS, Germany). The transfection efficiency of pDNA encoding
firefly luciferase was quantitated using the Luciferase Assay Kit
(Promega, USA). In brief, the cells were lysed in 1X lysis buffer for 10
min at 25 °C then subjected to centrifugation (15000 g/S min) to
remove cell debris. Subsequently, the sample solutions were then
mixed with equal volume of luciferase assay reagent for luminance
determination on a microplate reader (Infinite M200 PRO, TECAN,
Austria). The total protein concentration of the cells was measured by
BCA protein assay kit (PIERCE, USA). The transfection efficiency was
represented as relative luminescence unit per milligram of total protein
(RLU/mg protein).

2.11. Statistics. Results of this study are presented as the mean
and standard deviation of at least three independent measurements. All
statistical evaluations were carried out with unpaired two-tailed
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Student’s ¢ test. p-value of less than 0.0S was considered significant (p
< 0.0S, *; p < 0.01, ** ; p < 0.001, ***),
B RESULTS AND DISCUSSION

Preparation and Characterizations of SSPEI-Au NC.
SSPEI was synthesized by EDC/NHS coupling reaction as

Scheme 1. Preparation of SSPEI-Au NC via Layer-by-Layer
Assembly
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Figure 1. Evolution of particle size and surface potential of SSPEI-Au
NC in the process of layer-by-layer assembly. Data represent the mean
+ SE; n=3.
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Figure 2. UV—vis spectra of SSPEI-Au NC in the process of layer-by-
layer assembly.

previously described.”® Before it was used to prepare SSPEI-Au
NC, gene delivery efficiency and cell cytotoxicity of the SSPEI
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Figure 3. Transmission electron microscope (TEM) images of SSPEI-
Au NC in the process of layer-by-layer assembly. (A) AuNP, (B)
MUA-AuNP, (C) SSPEI/MUA-AuNP, (D) SSPEI/MUA-AuNP/
pDNA, and (E) SSPEI/MUA-AuNP/pDNA/y-PGA. The arrow
indicates the SSPEI on the surface of gold nanoparticles.

were verified first. Efficient gene transfection by the SSPEI at
various nitrogen/phosphate (N/P) ratios was observed as
quantitated using FACS (Figure Sl in the Supporting
Information). Comparing to nondegradable PEI2Sk, SSPEI
displayed much lower cytotoxicity (Figure S2 in the Supporting
Information), which is consistent to our previous observa-
tions.””

LBL assembly procedure was utilized to prepare SSPEI-Au
NC (Scheme 1). First, AuNP were synthesized by reducing
tetrachloroauric acid with sodium citrate under reflux at 100 °C
for 10 min. The as-synthesized AuNP were furthered stabilized
with 11-mercaptopropanic acid (MUA) following by SSPEI
adsorption via electrostatic interactions. The surface-anchored
SSPEI was utilized as a cationic scaffold for pDNA loading. The
effects of MUA coating concentrations or SSPEI coating
concentrations on pDNA loading capability of the resultant
SSPEI-Au NC were studied. With the increased concentration
of MUA, surface potential of the resultant SSPEI-Au NC
elevated accordingly (Figure S3A in the Supporting Informa-
tion), which contributed to a stronger pDNA condensation as
shown by the gel retardation assay (Figure S4A in the
Supporting Information). Similarly, higher SSPEI coating
concentration was found to increase surface potential and
pDNA condensing ability of the SSPEI/MUA-AuNP (Figures
S3B and S4B in the Supporting Information). pDNA can be
fully condensed by SSPEI-Au NC at the N/P ratio of 22
(SSPEL-Au NC/pDNA).

The evolution of particle size, surface potential, and UV—vis
spectra of SSPEI-Au NC in LBL assembly process was
monitored. Particle size of the AuNP, MUA-AuNP, SSPEI/
MUA-AuNP, SSPEI/MUA-AuNP/pDNA, and SSPEI/MUA-
AuNP/pDNA/y-PGA (Figure 1) measured using dynamic light
scattering (DLS) technique were 23.5 + 0.1 nm, 32.1 + 2.1 nm,
673 + 1.6 nm, 1451 + 6.0 nm, and 200.5 + 5.3 nm,
respectively. The increased size of nanocomplexes after each
assembly step indicates successful materials deposition onto the
surface of SSPEI-Au NC. We hypothesized that the dramatical
size increase was due to the increased aggregation number of
AuNP in the SSPEI-Au NC. To verify the hypothesis, we used
UV—vis spectroscopy to assess the aggregation state of SSPEI-
Au NC. In the process of LBL assembly, aggregation of AuNP
was confirmed by observing the “Red-Shift” of gold surface

DOI: 10.1021/acsami.5b00732
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Figure 4. Cellular uptake of gold nanoparticles monitored using dark filed microscope: (A) MCF-7 cells, (B) AuNP-citrate, and (C) SSPEI-Au NC.
Scale represents 100 and S0 ym under the magnification of 10X and 20X, respectively.
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Figure S. Cytotoxicity of SSPEI-Au NC complexes. SSPEI-Au NC/
pDNA complexes prepared at various N/P ratios were added to cells
for 24 and 48 h before subjecting to alamar blue assay. Data represent
the mean + S.E; n = 3.
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Figure 6. Effect of y-PGA on the in vitro transfection of SSPEI-Au
NC. Scale bar represents 100 ym.

plasmon resonance (SPR) after each material deposition step
(Figure 2).*®* TEM imaging was used to study size and
morphology of the formed SSPEI-Au NC. The results (Figure
3) show that SSPEI-Au NC contained interparticulate bridged
SSPEI, pDNA, and y-PGA, which were in good agreement with
the DLS and UV—vis studies. Because the surface potential is
an important factor affecting the transfection ability of nonviral
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gene carriers, the surface potential of the AuNP, MUA-AuNP,
SSPEI/MUA-AuNP, SSPEI/MUA-AuNP/pDNA, and SSPEI/
MUA-AuNP/pDNA/y-PGA were measured to be —1.6 + 3.9
mV, —4.8 + 2.5 mV, +47.6 + 2.8 mV, +30.7 + 0.5 mV, and
—134 + 0.5 mV respectively (Figure 1). After each LBL
assembly step, the reversal zeta potential changes indicate
successful adsorption of opposite-charged polyelectrolytes onto
the surface of SSPEI-Au NC. Taken together, it was certain that
the SSPEI-Au NC were successfully prepared.

Cellular Uptake and Cytotoxicity of SSPEI-Au NC. Light
scattering generated from the local surface plasmon resonance
(LSPR) on nobel nanoparticles provides a sensitive signal for
AuNP detection using dark-field microscopic techniques. After
incubating the gold nanomaterials with the MCF-7 cells for 4 h,
the intracellular accumulation of gold materials was observed as
bright yellow and orange scattered spots using the dark field
microscopic technique. When MCEF-7 cancer cells were
incubated with nanoparticles for 4 h, the dark-field images
(Figure 4) showed that the SSPEI-Au NC (Figure 4C) had
more yellow scattering spots distributed in the cytoplasm of the
cells than AuNP-citrate (Figure 4B) or control cells (Figure
4A), which showed very weak scattering signal. The results
clearly show that LBL surface modifications significantly
enhance the cellular uptake of gold nanomaterials. Because
SSPEI-Au NC is composed of biocompatible AuNP and
bioreducible SSPE], it is anticipated that the SSPEI-Au NC
possess minimal cytotoxicity compared to the nondegradable
gene carriers. The viability of cells incubated with the SSPEI-Au
NC was studied on human HEK293T cells using alamar blue
cell viability assay. The results (Figure S) show that viability of
the cells received SSPEI-Au NC maintained nearly 100% at the
dose of SSPEI-Au NC/pDNA used in the transfection studies.
In contrast, poor viability was observed from the cells treated
with nondegradable PEI25k polymer because of its non-
degradability and membrane destabilization effect.

Effect of y-PGA on the Transfection Efficiency of
SSPEI-Au NC. One of the main mechanisms underlying the
efficient cellular uptake of cationic polymer-based gene carriers
is via their electrostatic interactions with cell membrane-bound
proteoglycans (i.e, heparin sulfate proteoglycan (HSPG)),
which efliciently triggers the endocytosis process. Meanwhile,
excess surface charge could hamper the gene delivery efficiency
instead. Cationic polyplex recharged with anionic polymers

DOI: 10.1021/acsami.5b00732
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Figure 7. Effect of serum on the in vitro transfection of SSPEI-Au NC/pDNA nanocomplexes. In the presence of various serum concentrations, the
designated formulations of SSPEI-Au NC/pDNA were added to transfect mammalian cells for 72 h. PEI 25 kDa was used a control. Transfection
efficiency was evaluated by observing the fluorescence-positive cells (transfected cells) using a fluorescence microscopy. (A) HEK293T and (B)

MCE-7 cells. Scale bar represents 100 ym.
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Figure 8. Quantitative measurement of the in vitro transfection of SSPEI-Au NC/pDNA nanocomplexes on HEK293T cells in the mediums with
different serum concentrations: (A) 25% FBS and (B) 50% FBS. 72 h after transfection, the luminance of expressed luciferase was measured as RLU/
mg protein using a plate reader. Cationic polymer PEI25k was used a control. Data represent the mean + S.E,; n = 3.

showed improved transfection efficiency in vitro and in vivo."?
In this study, y-PGA was used to decorate the surface of SSPEI-
Au NC to minimize the excess surface charge for better
biocompatibility and gene delivery performance. y-PGA is a
water-soluble, biocompatible anionic polymer, which can be
produced from fermentation techniques in large scale.”® Under
physiological conditions, the carboxylic groups (pK, 2.9) on y-
PGA’® are deprotonated to become negatively charged which
can be readily interact with the cationic SSPEI-Au NC via
electrostatic interactions. In this study, SSPEI-Au NC with or
without y-PGA coating were compared for their gene delivery
efficiency. The external coating of y-PGA coating consistently
enhance the transfection efficiency of SSPEI-Au NC at the N/P
ratios tested in our study (Figure 6). The uptake enhancement
mechanism might be related to the y-glutamyl transpeptidase
(GGT)-mediated endocytosis of nanoparticles.

Effect of Serum on SSPEI-Au NC-Mediated Trans-
fection. Inefficient gene delivery by cationic polymeric carriers
in serum-containing environment has largely limited their
further in vivo gene therapy applications.® In this study, the
effects of serum on SSPEI-Au NC-mediated transfection were
investigated. Transfection efficiency of the SSPEI-Au NC
formulated at various N/P ratios (N/P ratio of 43, 65, and 86)
was studied on human HEK293T and MCEF-7 cell lines in the
presence of different amount of serum (0%, 10%, and 25%
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FBS). PEI2Sk, a nondegradable cationic polymer, was used as a
control in this study. The transfection efliciency was studied by
observing fluorescent gene (pmOrange) expression in the
transfected cells using a fluorescence microscope. Under serum-
free conditions, the transfection efficiency of PEI25k/pDNA
complexes was higher than that of SSPEI-Au NC. However, the
transfection efficiency of the PEI2Sk/pDNA complexes was
significantly suppressed in the presence of serum (Figure 7A).
In contrast, SSPEI-Au NC prepared at N/P ratios of 43, 65, and
86 showed higher transfection efliciency in the serum-
containing mediums (10% and 25% FBS) than in serum-free
medium on HEK293T cells (Figure 7A). Similar transfection
performances of SSPEI-Au NC were also observed on the
human breast cancer cell line (MCF-7) (Figure 7B) in serum-
containing conditions. Furthermore, transfection efficiency of
SSPEI-Au NC was quantitated by measuring luciferase gene
expression in the transfected cells (Figure 8). On HEK293T
cells, the SSPEI-Au NC maintained their transfection efliciency
even under a high serum environment (25% or 50% FBS), in
contrast to the decreased transfection by PEI2Sk under the
same conditions. It has been previously suggested that binding
of negatively charged biomacromolecules such as serum
proteins or glycoaminoglycans (GAGs) to cationic polyplex
or lipoplex may result in particle decomplexation or
aggregation, which in turn contributes to inefficient gene

DOI: 10.1021/acsami.5b00732
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Figure 9. Colloidal stability of SSPEI-Au NC/pDNA nanocomplexes in the presence of various serum concentrations (0, 10, 25, and 50% FBS). The
aggregation state of SSPEI-Au NC/pDNA nanocomplexes were studied by (A) UV—vis spectroscopy and (B) Visual check.

Scheme 2. Effect of Serum on the in Vitro Transfection of
SSPEI-Au NC
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delivery. Interestingly, transfection efficiency of SSPEI-Au NC
prepared by LBL assembly seems to be less affected by the
presence of serum proteins. It was also noticed that the
aggregation tendency of SSPEI-Au NC was minimized under a
serum-containing environment compared to the serum-free
condition. Thus, we speculated that enhanced colloidal stability
may contribute to better cellular uptake and greater transgene
expression of SSPEI-Au NC.

Effect of Serum on the Colloidal Stability of SSPEI-Au
Nanocomplexes. The effect of serum proteins on the
colloidal stability of SSPEI-Au NC was examined using a
UV—vis spectroscopy. The SSPEI-Au NC formulated at various
N/P ratios (43, 65, and 86) were incubated in the designated
serum-containing mediums for 10 min or 8 h before acquiring
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the UV—vis spectra (Figure 9A). For 10 min incubation in
serum-free medium, SSPEI-Au NC showed a high tendency of
aggregation as evidenced by the SPR red shift of gold
nanoparticles. With an extended incubation time (8 h), the
UV—vis absorption of SSPEI-Au NC decreased to nearly
background level and the solution became colorless due to the
precipitation of aggregated SSPEI-Au NC (Figure 9B). In
contrast, SSPEI-Au NC in the serum-containing mediums
maintained good colloidal stability. The results suggest that
serum proteins could assist the colloidal stability of SSPEI-Au
NC. It is likely that serum proteins could adsorb onto the
surface of SSPEI-Au NC via electrostatic or hydrophobic
interactions to form a hydrophilic protein corona on SSPEI-Au
NC for improved stability and greater transfection performance
(Scheme 2).

B CONCLUSIONS

To summarize, SSPEI-Au NC were successfully fabricated by
LBL method and characterized for the physicochemical
properties. SSPEI-Au NC exhibited efficient cellular uptake
and low cytotoxicity. Interestedly, we observed that SSPEI-Au
NG, in contrast to conventional cationic polymer-based gene
delivery system, could maintain its transfection capability under
serum-containing environment. This phenomenon might be
attributed to the serum-assisted colloidal stability or enhanced
cellular uptake of the SSPEI-Au NC under serum-containing
condition. Current results suggest SSPEI-Au NC possesses
great potential and is worth further evaluation as a new gene
delivery tool.
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SSPEI coating concentration on the size/surface potential of
SSPEI-Au NC/pDNA nanocomplexes, and effect of MUA or
SSPEI coating concentration on the pDNA condensing ability
of SSPEI-Au NC. This material is available free of charge via the
Internet at http://pubs.acs.org.
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