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Introduction

Synthesis, characterization, and application
of a biocompatible gene delivery nanocarrier
constructed from gold nanostars and a
chitosan—cyclodextrin—poly(ethylene imine)
graft polymert

Farbod Tabesh,?® Golnaz Haghverdi,?° Kireeti Phani Devarakonda,
Tarik F Massoud (22° and Ramasamy Paulmurugan (2 *2°

Gene therapy can be an efficient method to treat genetic diseases, including cancer. However, the lack
of biocompatible gene delivery systems with minimal toxicity limits the clinical success of this approach.
We report the synthesis of an effective gene carrier using gold nanostars (AuNSs) in combination with
chitosan (CS), B-cyclodextrin (CD), and branched-poly(ethylene imine) (bPEI) as a bionanocomposite
(BNC) with minimal toxicity for gene delivery applications. We synthesized and characterized the
AUNS@CS-CD-bPElI (AuNS@CCP) BNC using various analytical methods. Ultraviolet-visible spectro-
scopy confirmed the successful synthesis of AuNSs from Au nanoseeds. Nuclear magnetic resonance
proved the conjugation of CS and CD upon its multistep synthesis. Transmission electron microscopy
images confirmed the median size of AuNSs as 53 nm, which increased to 70 nm for the AuNS@CCP
BNC. Energy dispersive X-ray (EDX) analysis further confirmed the presence of a polymeric layer of
CS—-CD-bPEI on AuNSs. We also measured the zeta potential of AUNS@CCP using dynamic light scat-
tering to check its ability to bind to nucleic acids, which was +28.2 mV. The applicability of the BNC in
nucleic acid transfection was evaluated in various mammalian cell lines (HEK293T, LN308, MDA-MB-231,
and CT-26) using firefly luciferase-zetagreen (FLuc-ZsGreen) reporter genes by optical imaging, and
synthetic mRNA coding for SARS-CoV-2 spike protein by immunoblot analysis to prove the ability of the
BNC to transfect both DNA and RNA. We also characterized the N/P ratio of the BNC with the nucleic
acids to optimize cell transfection efficiency. The cytotoxicity study (MTT assay) of the BNC showed no
significant toxicity when used at the optimal N/P ratio. Overall, we show that the synthesized BNC has a
high potential for use as a gene delivery agent for in vivo applications, potentially using various delivery
routes such as intranasal, intramuscular, intrathecal, and intraperitoneal in treating genetic diseases and
for vaccines in infectious diseases.

transduction is highly efficient; however, safety issues, includ-
ing toxicity, viral-induced immune responses, and the limited

Gene delivery is defined as the transfer of genes into cells to
achieve gene expression to accomplish a cure against genetic
disorders." Viral-mediated gene transduction and nonviral gene
transfection using various carriers are well-established delivery
methods in gene therapy applications.” Viral-mediated gene
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cargo capacity, are all downsides of this method." On the
other hand, the nonviral gene delivery methods have some
advantages, including lower immunogenicity and tumorgeni-
city, simplicity, biocompatibility, high loading efficacy, and
repeated deliveries to achieve sustained gene expression
in vivo.”™

In many nonviral gene delivery methods, the nucleic acid
could simply be complexed with the carrier for transfection.
Carriers such as nanostructures, liposomes, cationic lipids, and
polymers, to name a few, have been reported for nonviral gene
delivery methods.® "> Gold nanoparticles (AuNPs) are one of the
widely used nanostructures for nonviral gene delivery in
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biomedical research.'® Gold (Au) nanostructures are nontoxic
and highly biocompatible compared to other nanomaterials;"*
they also benefit from their ease of synthesis, optical proper-
ties, and surface plasmon resonance properties, which allows
for tracking nanostructure delivery and biodistribution in vivo
using optical and CT imaging."® Accordingly, Kim et al.'® pre-
pared Au nanoparticles (NPs) conjugated with a DNA aptamer
to detect matrix metalloproteinase-9 (MMP-9) activity in the
tumor microenvironment. They also showed that the as-
prepared AuNPs did not show cytotoxicity but a strong binding
affinity to MMP-9 in vitro and in vivo. Paul et al.'” used AuNPs to
enhance the DNA adsorption rate onto graphene oxide. They
found that adding AuNPs increases the DNA adsorption rate on
graphene oxide by 100-fold. Xu et al.'® produced AuNPs and
conjugated them with a peptide sequence to improve DNA
binding capacity for gene delivery. Functionalized AuNPs were
synthesized in situ by reducing AuHCl, with NaBH, in the
presence of the peptide. Their DNA release results showed that
the complex had low toxicity and high delivery efficiency.
However, the functionalized AuNPs had a strong binding
affinity to plasmid DNA, thus affecting the DNA release capacity
for gene expression. Therefore, despite the advantages of
AuNPs, their transfection efficiency is poor. It is also reported
that nanocomposites containing AuNPs can show higher trans-
fection efficiency than AuNPs."®*°

Therapeutic genes can be delivered to target tissues using
various routes, such as intravascular, intravenous, intraarterial,
intraperitoneal, intramuscular, intrathecal, and intranasal.>' ™’
While each technique has merits and demerits, e.g., intranasal
delivery is more efficient for respiratory diseases, including
vaccine delivery in infectious diseases and suicide gene therapy
in lung cancer, since it targets both upper and lower respiratory
tissues.”®*° However, AUNPs are effective in DNA delivery, and
it is essential to use polymers or polymeric nanocomposites
with mucoadhesive properties to achieve high transfection
efficiency upon intranasal delivery. In addition, mucoadhesive
polymers induce mucosal immunity when transfection is used
for vaccine applications in respiratory diseases.’® An optimal
method would be to use natural polymers such as polysac-
charides owing to their biocompatibility, nontoxicity, cost-
effectiveness, availability, high nucleic acid-carrying capacity,
and mucoadhesivity.>'?

Since nucleic acids are negatively charged, the chosen
carrier must have a positive surface charge to bind to nucleic
acids."*** Therefore, cationic polymers are more suitable for
nucleic acid delivery applications. Chitosan (CS) is one of the
widely used cationic polymers to make gene carriers.>>>¢ CS is
a hydrolysis product of chitin (Ch) that contains p-glucosamine
and N-acetyl-p-glucosamine; therefore, hydrolysis of chitin
results in deacetylated p-glucosamine.?” The higher the degree
of deacetylation, the more the -NH, groups are present, result-
ing in a more positive surface charge. The positive surface
charge of the polymer (from -NH;") can bind to negatively
charged DNA.*® In addition to the cationic properties of the
natural polymers, chitosan has the benefit of biocompatibility
and favorable mucoadhesivity resulting from the hydration of
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39742 which facilitates the use of

chitosan chains with mucus,
chitosan for lung-specific gene delivery applications. Despite
these advantages, CS has poor transfection efficiency, specifi-
cally for primary cells. To overcome this problem, we have
established a method to conjugate CS with a highly efficient
cationic poly(ethylene imine) (PEI). Branched-PEI (bPEI) is an
amorphous cationic polymer with an amine backbone synthe-
sized by a ring-opening reaction of aziridine and has had a wide
range of applications in gene delivery.*® PEI has become a gold-
standard transfection agent in recent years.** However, excess
PEI can cause cell toxicity by inducing apoptotic or necrotic cell
death.*>*® We hypothesize that the conjugation of CS and bPEI
may improve the transfection efficiency of CS while avoiding
the toxicity associated with free bPEI and achieving desirable
mucoadhesivity and biocompatibility for intranasal delivery
applications.

We aimed to prepare a biocompatible gene delivery system
with high transfection efficiency for DNA and RNA, which could
be used with different delivery methods. We also conjugated CS
with B-cyclodextrin (B-CD) to facilitate the addition of targeting
peptides/proteins/aptamers for targeted delivery applications
in vivo. Since B-CD is a cyclic heptasaccharide, it provides a ring
suitable for interacting with small cyclic compounds such as
adamantane (host-guest chemistry). Thus, we included $-CD in
the formulation to create more options for making the biona-
nocomposite (BNC) selective for targeted deliveries.*” We pre-
pared the AUNS@CS-CD-bPEI (CCP) BNC using a multistep
synthesis process (Scheme 1A-C). Using various characteriza-
tion methods, we confirmed the successful synthesis of BNCs
with solid binding properties to DNA and RNA (Scheme 1D).
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Scheme 1 The schematic workflow showing the preparation of
AuNS@CCP and the mechanism by which nucleic acid transfection occurs
in cancer cells. (A) Preparation of AuNSs, (B) synthesis of CS-CD,
(C) preparation of AUNS@CCP, and (D) transfection of mRNA and pDNA
into cells. The highlighted region in part (C) shows the nucleophilic
addition of amino and hydroxyl groups to the carbonyl groups of glutar-
aldehyde (CD: B-cyclodextrin, CD-en: B-cyclodextrin—ethylenediamine,
Ch: chitin, CS—-CD: chitosan—cyclodextrin, AuNS: gold nanostar, bPEI:
branched polyethyleneimine).
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By transfection in various cells, we also confirmed the ability of
AUNS@CCP to deliver the loaded nucleic acids inside cells for
functional expression of delivered genes with no nonspecific
toxicity. The novelties of this study are that the developed BNC
can be used in various gene delivery applications selectively to
the target cells by reacting the CD portion of the BNC with
adamantane-functionalized target ligands (host-guest chemis-
try) with high efficiency. In addition, this BNC is biocompatible
with no apparent toxicity. It is worth mentioning that it can be
used to deliver nucleic acids through various delivery methods
such as intranasal, intravenous, intramuscular, subcutaneous,
etc. Moreover, because of the greater surface-enhanced Raman
scattering properties of Au nanostars (AuNSs) over AuNPs, one
can use this feature to image AuNSs upon delivery in vivo to the
target tissues using various imaging modalities such as CT,
photoacoustic, and near-infrared imaging.*®*°

Results and discussion
Synthesis and characterization of AuNSs

We used Au nanoseed-assisted synthesis of AuNSs (Scheme 1A).
We acquired the ultraviolet-visible (UV-vis) spectra of Au nano-
seeds and AuNSs to confirm the synthesis. The Au nanoseed
spectrum showed a descending trend beyond approximately
500 nm, while the AuNS peak at approximately 630 nm indi-
cated the star structure (Fig. 1A).°°” This absorbance is also
derived from the localized surface plasmon resonance of the
AuNSs.>® We then conducted the elemental analysis of AuNSs
using energy dispersive X-ray (EDX) spectroscopy (Fig. 1B) to
find the presence of substantial elements. We observed repre-
sentative peaks of Au and Ag from AuNSs and C and O from the
surfactant. The morphology and size of AuNSs were determined
using transmission electron microscopy (TEM), as depicted in
Fig. 1C. As expected, a star structure was observed for AuNSs
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with a uniform shape and distribution. Based on the size
histogram (Fig. 1D) obtained from the TEM image, AuNSs
had a mean size of 53 nm, while their hydrodynamic diameter
measured with the DLS device was ~ 155 nm. This could be due
to the interaction between water and the surfactant layer
around AuNSs (which can be seen as a pale layer around the
spikes in Fig. S1, ESIt) that absorbs water. Therefore, it causes
aggregation owing to hydrogen bonding and attraction forces
between hydrophilic functional groups in the surfactant and
water. The hydrodynamic size distribution is provided in Fig. S2

(ESTH).

Synthesis and characterization of CS-CD

We synthesized CS-CD using a multistep process, as shown in
Scheme 1B, which we adopted from a previous study.>*
We confirmed each step of the CS-CD synthesis process by
proton nuclear magnetic resonance (1H NMR) spectroscopy
(Fig. 2). We started the synthesis by adding ethylenediamine
(en) to B-CD, which showed the appearance of new peaks at
around ¢ = 1.3, 2.3, and 3.2 ppm (-CH,, -NH,, and -NH,
respectively) confirming the addition of en to f-CD. Meanwhile,
the tosylation of Ch was confirmed by the existence of the peaks
of aromatic hydrogens of the tosyl group at § = 7.4-7.7 ppm.
The disappearance of the tosyl (0 = 7.4-7.7 ppm) confirmed
the attachment of $-CD to Ch. We then hydrolyzed Ch-CD to
CS-CD, which was subsequently confirmed by vanishing of the
Ch amide peak (0 = 8 ppm) and the appearance of deacylated
nitrogen of CS (6 = 1.8 ppm). We also recorded the 'H NMR
spectra of bPEI and AuNS@CCP (Fig. S3, ESIf). Hydrogens
of methylene and various amino groups of bPEI appeared at
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Fig. 1 UV-vis spectra of Au nanoseeds and AuNSs (A), EDX spectrum of
AuNSs (B), TEM image of AuNSs (C), and physical size histogram of AuNSs
obtained from the TEM image (D).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 2 H NMR spectra of CD, CD-en, Ch—OTs (tosylated chitin), and CS—-
CD. 5-8 mg of each sample was dissolved in 2% v/v DClin D,O to acquire
TEM spectra.
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0 ~ 2.5 and 5-6.5 ppm. Due to the presence of numerous
amino groups, interactions among them make their spectrum
complicated (Fig. S3A, ESIY). On the other hand, for AuNS®
CCP, the important peaks of CS and bPEI overlapped, and bPEIL
peaks appeared predominantly owing to their higher ratio in
the polymeric structure (Fig. S3B, ESIt). The resemblance of
these two spectra confirmed the presence of bPEI in the
polymeric matrix.

Synthesis and characterization of AUNS@CCP

After incorporating AuNSs into CS-CD-bPEI graft polymer
(AUNS@CCP) (Scheme 1C), we performed EDX spectroscopy
to confirm the coexistence of AuNSs and the graft polymer
(Fig. 3A). The AUNS@CCP spectrum showed peaks of Au, Ag, C,
N, and O with different energy levels. Also, the intensities of C
and N peaks were significantly increased in the EDX spectrum
of AUNS@CCP (Fig. 3A), confirming the co-existence of AuNSs
and the polymeric matrix. We acquired the TEM image of
AuNS@CCP (Fig. 3B) and its size histogram (Fig. 3C). The
TEM image showed AuNSs with a median size of 70 nm in
the polymeric matrix with a reasonable and uniform dispersion
and distribution. The size of AuNSs increased from 53 to 70 nm
in the polymeric matrix (AuNS@CCP), indicating the functional
coverage and interaction of AuNSs with the graft polymer. A
very pale layer around the AuNSs can be seen in higher
magnification TEM images in Fig. S4 (ESIf). Since the poly-
meric matrix is hydrophilic, the hydrophilic functional groups
tend to absorb water. Therefore, the hydrodynamic diameter of
AuNS@CCP should be larger than its particle diameter. Its
hydrodynamic diameter was 668 nm, measured with the DLS
device. The hydrodynamic size distribution is provided in Fig.
S5 (ESIT). Based on the TEM images, we concluded that the
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Fig. 3 EDX spectrum of AUNS@CCP (A), TEM image (B), and physical size
histogram (C) obtained from the TEM image of AUNS@CCP, showing the
morphology and size distribution of AUNSs in the polymeric matrix.
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chemical and physical conditions of the synthesized particles
were intact while also confirming that the high pressure of 30k
psi in the microfluidic system helped to achieve uniformly
distributed particles without affecting the morphologies of
the AuNSs and AuNS@CCP.

Gel retardation assay (GRA) for AUNS@CS-CD, AuNS@DbPEI,
AuNS@CCP, and CCP

A component can bind with nucleic acid with a positive surface
charge. Thus, we studied the surface charge of different com-
ponents to investigate their potential DNA binding. Zeta poten-
tials for CD, CS-CD, and AuNS@CCP were 6.74 + 0.67, 19.0 +
7.26, and 28.2 + 2.35 mV, respectively. Next, we used a GRA to
confirm the DNA binding ability of AuUNS@CS-CD, AuNS@
bPEI, AUNS@CCP, and CCP. As shown in Fig. 4A, we observed
minimal binding for all the conditions used for AuNS@CS-CD,
while AuNS@bPEI showed a significant level of DNA binding
under all the conditions used for the study. We observed
similar results for AUNS@CCP and CCP, indicating that adding
AuNSs to the system did not affect the DNA binding efficiency
of CCP. We measured the zeta potential of the AuNS@CCP/
pcDNA-FLuc-ZsGreen plasmid at different polymer/plasmid
DNA (N/P) ratios (Fig. 4B) and found that at an N/P ratio of
28:1, the zeta potential was 28.8 &+ 4.0 mV, and at 14:1, it was
7.6 £ 4.3 mV.

AuNS@CS-CD I AvNSs@bPEI

AuNS@CCP
B 28.8 Zeta Potential
30 -
E
E 20 4
E 7.6 -
< 10 - ‘
~ I—]—| 22
~
T 0 o !
N 14 7 35 175
pg of AuNS@CCP with 0.5 pg plasmid
DNA

Fig. 4 GRA results for AuUNS@CS—-CD, AuNS@bPEI, AuNS@CCP, and CCP
(A) and zeta potential outcomes of the AUNS@CCP/plasmid DNA polyplex
at different N/P ratios (B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Transfection and cytotoxicity evaluation of different BNCs in
mammalian cells

After characterizing BNCs for their physicochemical properties,
we assessed the transfection efficiency of different BNCs in
mammalian cells using the pcDNA-FLuc-ZsGreen reporter plas-
mid. We first tested the transfection efficiency of CS, CS-CD,
and AuNS@CCP in HEK293T cells to observe the influence of
each component on the other one, and the results are shown in
Fig. S6 (ESIT). We did not observe acceptable transfection from
CS, as expected. In addition, CS-CD did not show a much
stronger transfection profile than CS. On the other hand, as
expected, AUNS@CCP showed higher transfection efficiency
than CS and CS-CD, which could be due to the availability of
abundant -NH, groups of bPEI for binding with DNA. We also
investigated the transfection efficiency of AuNS@CS-CD,
AuNS@DPEI, and AuNS@CCP. We observed a very low level of
transfection when we used AUNS@CS-CD, which agreed with
the DNA binding ability results (Fig. 5A and B). In contrast,
AuNS@DPEI and AuNS@CCP showed strong luciferase signals
as measured using an IVIS optical imaging system. Notably,
both AuNS@DbPEI and AuNS@CCP had their highest transfec-
tion efficiencies at an N/P ratio of 11:1. The transfection
efficiency of AUNS@CCP is ~2500-fold higher than that of
AuNS@DbPEI (Fig. 5B).

A
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Fig. 5 Bioluminescence image (A) and the quantitative graph showing
the outcome of pcDNA-FLuc-ZsGreen plasmid DNA transfection in
HEK293T cells at different N/P ratios of AUNS@CS-CD, AuNS@bPEI, and
AuNS@CCP (B).

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper
4.E+07 91 l pcDNA-FLuc-ZsGreen Q

—_ B pVAXI1-FLuc-ZsGreen
<
& 3E+07
o
g4
$:
z 9 2.E+07 -

]
= =
.E g
ER:
E E_ 1.E+07 4
=
=
M 0.E+00

0.00

048 088 175 350 7.00 14.00 28.00
pg of AuNS@CCP with 0.25 pg plasmid DNA

m pcDNA-FLuc-ZsGreen ®pVAX1-FLuc-ZsGreen B

-
=3
=]

=
=]
"

N
=}
M

S
=]
"

[
=]
"

Cell viability (%) compared to
control

000 048 088 175 350 7.00 14.00 28.00
png of AuNS@CCP with 0.25 pg plasmid DNA

Fig. 6 Transfection of 0.25 pg pcDNA-FLuc-ZsGreen and pVAX1-
FLuc-ZsGreen by different quantities of AUNS@QCCP (A) and MTT assay
results for studying the cytotoxicity of AUNS@CCP (B).

We also studied the transfection efficiency of the FLuc-
ZsGreen plasmid in two vector backbones (pcDNA and pVAX1)
in HEK293T cells using AUNS@CCP. As depicted in Fig. 6A, the
transfection efficiency increased after an increase in the
amount of AuNS@CCP, but after reaching its maximum levels,
the transfection efficiency began to decrease. The maximum
level of transfection was observed with 3.5 ng AuUNS@CCP for
the pcDNA-FLuc-ZsGreen plasmid (14 : 1 N/P). In comparison, it
was 7.0 pg AuNS@CCP for pVAX1-FLuc-ZsGreen (28:1 N/P).
We also measured the cytotoxicity of AuNS@CCP using an MTT
assay in HEK293T cells by transfecting pcDNA-FLuc-ZsGreen
and pVAX1-FLuc-ZsGreen plasmids. According to ISO 10993-5,
a viability lower than 70% is considered cytotoxic, and based on
the cytotoxicity results (Fig. 6B), no toxicity was observed for
both samples, confirming AuNS@CCP as a biocompatible gene
carrier. These results indicated that AuNS@CCP is not toxic to
cells at its highest transfection efficiency dose.

We further studied the cytotoxicity of AuNSs and
AuNS@CCP without complexing with plasmid DNA to observe
their natural toxicity in CT-26 and HEK293T cells (Fig. S7, ESIT).
As expected, AuNSs showed no toxicity to normal and cancer
cells. In comparison, AuNS@CCP showed slight toxicity in
higher amounts (above 10 pg for CT-26 and 40 pg for HEK293T
cells). The mild toxicity of AuNS@CCP at higher amounts could
be due to an increase in the amount of bPEI, which might
increase the positive charge and toxicity to the cells. Therefore,
we concluded that a combination of CS, bPEI, and AuNSs could
increase the biocompatibility of the hybrid system.

Mater. Adv., 2024, 5, 8007-8016 | 8011
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Fig. 7 Transfection of 0.25 pg of pcDNA-FLuc-ZsGreen to HEK293T,
LN-308, MDA-MB-231, and CT-26 cell lines by different amounts of
AUNS@CCP (A) and its results (B).

We also studied the transfection efficiency of pcDNA-FLuc-
ZsGreen in different cell lines (HEK293T, LN-308, MDA-MB-231,
and CT-26) using AuNS@CCP (Fig. 7A and B). The results, as
expected, showed the highest transfection efficiency with
HEK293T cells, followed by LN-308 and MDA-MB-231 cells. In
addition, the transfection efficiency was also reduced by
decreasing the amount of AuUNS@CCP. However, it increased
in the case of CT-26 cells, for which the lower amount of
AuNS@CCP had a better transfection efficiency; this could
be because of the growth rate, phagocytic properties, and
transcriptional activity of the CT-26 cells.*

Evaluation of AUNS@CCP for its potential in RNA transfection
using mRNA coding for SARS-CoV-2 spike as a protein model

After validating the transfection efficiency of AuNS@CCP using
plasmid DNA coding FLuc-ZsGreen in different cell lines, we
also tested its potential application for RNA transfection using
mRNA coding for SARS-CoV-2 spike protein. We used plasmid
DNA (pcDNA-Spike) coding for spike protein for comparison.
We found an increasing trend in the spike protein expression
by increasing the amount of nucleic acid (Fig. 8A). Of note, the
quantities of expressed spike protein were almost the same for
both RNA and DNA (Fig. 8B). Since a DNA cargo must cross the
cell wall (first barrier) and then penetrate the nucleus (second
barrier) to release the DNA for the transcription and translation
processes, and the mRNA cargo faces only one barrier (cell wall)
to release the mRNA to be translated into proteins, we expected
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Fig. 8 Transfection efficiency of mRNA and plasmid DNA coding for
SARS-CoV-2 spike protein in HEK-293T cells by AUNS@CCP. Immunoblot
analysis was used to assess the expression of spike protein 24 h
after transfection using mRNA and DNA at a nucleic acid/polymer ratio
of 1:10. Chemiluminescence image of spike and GAPDH proteins
detected using an IVIS optical imaging system (A). A quantitative graph
showing the photon signal measured under different conditions normal-
ized to the baseline signal from the control (B).

less spike protein after DNA transfection compared with mRNA
transfection. Surprisingly, AUNS@CCP showed strong carrier
properties because it penetrated two barriers to deliver the
nucleic acid content, which could be why we observed almost
similar amounts of spike protein. Indeed, this could be a
considerable advantage for a gene carrier carrying either RNA
or DNA for various applications, including DNA- and RNA-
based vaccines. Additionally, 250 ng of DNA showed the same
protein expression level as 1000 ng mRNA. We assumed that
increasing the DNA amount makes the total surface charge
unsuitable to penetrate the nucleus membrane, which is less
permeable.

Experimental

Materials

We purchased HAuCl,-3H,0O, NaBH,, ascorbic acid, Triton™
X-100, chitin (Art No. C7170), B-CD, p-toluenesulfonyl chloride
(p-TsCl), triethylamine (Et;N), lithium chloride (LiCl), ammonium
chloride (NH,Cl), ethylenediamine (en), boric acid, dimethyl sulf-
oxide (DMSO) and glutaraldehyde (GA, 50% w/v) from Sigma-
Aldrich, USA. Similarly, we used Dulbecco’s modified eagle’s
medium (DMEM, cell growth medium), phosphate-buffered sal-
ine, 0.5 M ethylenediaminetetraacetic acid (EDTA), trypsin-EDTA
(0.05%), fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), AgNOj3, acetonitrile, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NaOH purchased from Thermo Fisher Scientific, USA. We pro-
cured anhydrous N,N-dimethylacetamide (DMAc), bPEI (MW:
2000 g mol ), and glacial acetic acid (AcOH) from Chem-Impex
Int’l. Inc., Polysciences, Inc., and Merck Co., respectively. Ethanol
(EtOH, 100%) was purchased from Gold Shield Dist., Inc. Agarose
was purchased from IBI Scientific, USA. Tris base was purchased
from Bio-Rad Laboratories, Inc., USA. We constructed eukaryotic
plasmid vectors expressing the Luciferase-ZsGreen reporter
gene and spike protein under the CMV promoter using the gene
constructs provided by BEI-NIAID, USA.

Devices

We used a Milli-Q® (IQ 7000, France) water purifier as a pure
water source for our various synthesis processes and for pre-
paring different reagents. We used a Branson CPX2800H bath
sonicator (40 kHz) and a Branson SLPe probe sonicator (40 kHz,
150 W) as homogenizing devices and a Sorvall™ WX+ Ultra-
centrifuge Series (Thermo Scientific™) to centrifuge the sam-
ples. We used the in vivo Imaging System (IVIS) (IVIS® Lumina
II, Caliper Lifesciences, USA) to optically image the luciferase
plasmid transfected in cells using different transfection agents
developed in this study.

Methods

AuNS preparation. We prepared AuNSs according to a pre-
vious study with a slight modification.’® We added 5 mL of
0.001 M HAuCl,-3H,0 to 5 mL of 0.1 M Triton™ X-100 and
stirred the mixture for 15 min at 1000 rpm and room tempera-
ture (RT). We added 0.6 mL of 0.01 M NaBH, to the solution
and stirred the mixture further for 10 min. For the AuNS
preparation, we added 0.25 mL of 0.004 M AgNO; to 5 mL of
0.15 M Triton™ X-100 and stirred the mixture for 5 min at 1000
rpm and RT. Further, we added 5 mL of 0.002 M HAuCl,-3H,0
to the above solution and stirred the solution at 1000 rpm for
30 min at 60-70 °C. After cooling the solution to RT, we added
0.32 mL of 0.1 M ascorbic acid and 0.012 mL of the Au
nanoseed suspension (used 10 min after its preparation) to
the solution and stirred the solution at 1000 rpm for an hour at
RT. We then centrifuged the AuNSs at 28k rpm for two hours
and washed them twice with Milli-Q® water. Finally, we sus-
pended the pellet in 0.5 mL Milli-Q® water and dispersed it
using probe sonication for 1 min at 60% power output.

AuNS@CS-CD-bPEI (AuNS@CCP) preparation. We adopted
the method described elsewhere to prepare CS-CD.>*
AuNS@CCP was prepared by diluting 3 g of bPEI in 5 mL of
0.25% w/v CS-CD dissolved in 1% v/v AcOH by stirring at
1000 rpm for 15 min at RT. Then, we added 1 mL AuNS
suspension to the solution and stirred at 1000 rpm for one
hour at RT. Subsequently, we added 0.02 mL of glutaraldehyde
50% w/v and stirred further the mixture at 1000 rpm for 15 h at
RT. Then, AUNS@CCP (10 mL) was mixed with 27 mL Milli-Q®
water and centrifuged at 28k rpm for two hours. We suspended
the pellet in 2 mL Milli-Q™ water and dispersed it using probe
sonication for 1 min at 60% amplitude. We then passed
the AUNS@CCP through a microfluidic device (at 30k psi),
which was then diluted in 4 mL Milli-Q® water (the extra
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Scheme 2 Schematic workflow showing the preparation of AUNS@CCP.
The highlighted region in part (C) shows the nucleophilic addition of amino
and hydroxyl groups to the carbonyl groups of glutaraldehyde.

2 mL Milli-Q™ water for washing the microfluidic system) to
achieve a homogenous suspension without aggregates. Scheme 2
depicts the workflow used for the preparation of AuNS@CCP.
We also prepared AuUNS@CS-CD and AuNS@DbPEI to compare
their transfection efficiency with AUNS@CCP and find the influ-
ence of various components on the transfection -efficiency.
To obtain AUNS@CS-CD, we added 3 mL of 1% v/v AcOH to
5 mL of 0.25% w/v CS-CD and stirred the mixture for 5 min. We
added 1 mL of AuNS suspension and stirred the mixture further at
1000 rpm for one hour at RT. Then, we added 0.02 mL of 50% w/v
GA diluted in 1 mL of Milli-Q™ water to the mixture and stirred it
at 1000 rpm for 15 h at RT. We centrifuged the mixture at 28k rpm
and 4 °C for an hour and suspended the pellet in 1 mL Milli-Q®
water using a probe sonicator at 60% amplitude. Then, we passed
AuNS@CS-CD through the microfluidic system at a pressure of
30k psi to achieve a uniform and well-dispersed suspension.
We then prepared AuNS@DbPEI using the same procedure except
for the first step, in which we added 5 mL of Milli-Q® water to 3 g
of bPEI and stirred the mixture for 15 min at 1000 rpm and RT.
The rest of the protocol was the same as that for AuNS@CS-CD.

Characterization of AuNSs and AuNS@CCP

We used transmission electron microscopy (TEM) and energy
dispersive X-ray spectroscopy (FEI Tecnai G2 F20 X-TWIN
transmission electron microscope 200 kV, USA) to study the
morphology and size of the AuNS@CCP samples and to ele-
mentally characterize them. We diluted 5 pL of the sample with
5 uL water, then dropped it on a copper 400 mesh (Electron
Microscopy Sciences, LC400-Cu-100) and allowed it to dry for

Mater. Adv,, 2024, 5, 8007-8016 | 8013


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00433g

Open Access Article. Published on 10 July 2024. Downloaded on 2/4/2026 6:27:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

24 h before using it for TEM imaging. We used dynamic light
scattering (DLS, Zetasizer Nano ZS90, UK) to measure the
surface charge of the samples. We diluted 10 pL of each sample
with 1 mL of Milli-Q® water and then transferred it to a cuvette
for the measurement. To record the ultraviolet-visible (UV-vis)
spectra of the samples, we added 20 uL of each sample to a
96-well plate and analyzed it using an Infinite® M1000 micro-
plate reader (USA) and then recorded the spectra in the wave-
length range of 400-800 nm. We applied nuclear magnetic
resonance (NMR) (Agilent 400-MR NMR spectrometer, USA) to
study the chemical bonding between the functional groups.
We dissolved 10 mg of each sample in 2 mL of the NMR solvent
(1.96 mL D,O and 0.04 mL DCI) to acquire "H NMR spectra of
the samples.

Gel retardation assay (GRA)

We used GRA to study the DNA binding efficiency of
AuNS@CCP. We prepared agarose gel (0.7% w/v) in 0.5x TBE
buffer (Tris base, boric acid, EDTA 0.5 M). We prepared the
DNA with polymer complex in various ratios by adding different
amounts of AUNS@CCP and plasmid DNA. We incubated the
samples at room temperature for 15 min before resolving them
in agarose gel by running at 50 V for 45-60 min.

Cell culture

We cultured HEK293T (human embryonic kidney cells), LN-308
(p53-deficient glioblastoma cells), MDA-MB-231 (triple-negative
breast cancer), and CT-26 (colon cancer) cell lines in DMEM
supplemented with 10% FBS, 100 units per mL penicillin and
100 pg per mL streptomycin and incubating them at 37 °C,
5% CO,, and 95% air. We passaged the cells when their
confluency reached about 80% by trypsinizing them. For trans-
fection, we counted the cells and plated them either in 48-well
(50k cells per well) or 24-well (75k cells per well) plates and
incubated them for 24 h before use for transfection.

Transfection efficiency by bioluminescence imaging

We first studied the transfection efficiency of CS, CS-CD, bPEI,
and AuNS@CCP for delivering plasmid DNA in HEK293T cells.
We then tested the transfection efficiency of AuUNS@CCP under
various conditions, such as different AuNS@CCP/plasmid
ratios (N/P ratios), different plasmid amounts, and various cell
lines. Typically, we diluted the samples in 10% w/v dextrose and
diluted the plasmid in serum-free Opti-MEM before mixing
them. We incubated the component/plasmid complex at RT for
about 25-30 min before transferring them to cell culture plates.
We incubated the cells for 24-48 h at 37 °C, 5% CO,, and 95%
air, then imaged them for bioluminescence signals using
the IVIS optical imaging system by adding p-luciferin (Dluc,
150 pg mL™"). We acquired the signals using the biolumines-
cence imaging mode and quantified them by drawing regions
of interest (ROI) over the wells.

Cytotoxicity evaluation

We conducted the MTT assays to study the cytotoxicity of AuNSs
and AuNS@CCP with and without complexing with plasmid
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DNA. We seeded 10 000 cells per well in 96-well plates, and after
24 h, we added AuNS@CCP complexed with 0.25 pg plasmid
equivalent per well. We aspirated the medium 24 h after
transfection and added 12.5 pM of MTT solution to each well,
and incubated it for 2 h at 37 °C, 5% CO,, and 95% air.
We carefully aspirated the liquid, added 0.1 mL of DMSO to
each well, and incubated it for 30 min at 37 °C. We spectro-
scopically measured the samples at 570 nm and plotted the
graph by normalizing the results using the control samples as a
reference (relative growth rate by control as 100%). The same
procedure was carried out for AuNSs and AuNS@CCP without
complexing with plasmid DNA.

AuNS@CCP mediated transfection of mRNA and plasmid DNA
coding for SARS-CoV-2 spike protein

We evaluated the transfection efficiency of AuUNS@CCP for both
RNA and DNA to show its capability of delivering nucleic acids
as a vaccine. We used mRNA and plasmid DNA coding for
SARS-CoV-2 spike protein in different nucleic concentrations at
a constant nucleic acid/polymer ratio of 1: 10 for transfection in
HEK293T cells. We collected the cells 24 h after transfection,
lysed the cells, and used the total for western blotting analysis
using an anti-spike protein antibody as a detection antibody.
After resolving the proteins in an acrylamide gel and transfer-
ring them onto a cellulose membrane, we detected the
expressed spike protein by adding the anti-spike antibody
(rabbit polyclonal antibody from BEI-NIAID, USA) followed by
an HRP-conjugated anti-rabbit secondary antibody. We imaged
the membrane by adding a chemiluminescent HRP-substrate
using an IVIS optical CCD camera. We quantified the amounts
of expressed spike protein by ROI measurement, and the results
were normalized to control wells. We used GAPDH as a house-
keeping protein to normalize the protein loading.

Conclusions

We prepared a simple gene nanocarrier based on AuNSs, CS,
B-CD, and bPEI for gene delivery applications. We demon-
strated the efficiency of the as-prepared BNC by delivering the
pcDNA-FLuc-ZsGreen reporter plasmid, pcDNA-Spike plasmid,
and synthetic mRNA coding for SARS-CoV-2 spike protein in
various cell lines. We used different methods, such as NMR,
UV-vis, TEM, EDX, and DLS, to characterize and study the
properties of the prepared nanocomposites. The TEM images
and UV-vis spectra of Au nanoseeds and AuNSs confirmed the
formation of gold star-like structures with a size of approxi-
mately 53 nm for AuNSs and 70 nm for AUNS@CCP. We also
prepared AUNS@CS-CD and AuNS@DPEI to compare with and
study the effect of each component on the transfection eftfi-
ciency of AUNS@CCP. The zeta potential for AUNS@CCP was
+28.8 £ 4.0 mV. We studied the DNA binding ability of the
nanocomposite using a gel retardation assay, in which we
observed an excellent binding profile for AuNS@bPEI and
AuNS@CCP while finding a very low binding for AuNS@
CS-CD. The transfection study revealed that AuNS@CCP had

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00433g

Open Access Article. Published on 10 July 2024. Downloaded on 2/4/2026 6:27:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

the highest transfection efficiency and the best polymer/
plasmid ratio of 11:1. Further, the MTT assay results showed
no cytotoxicity for AUNS@CCP at this particular ratio. Western
blotting results indicated the same amount of spike protein
expression by transfecting both mRNA and plasmid DNA,
demonstrating the high capability of AuUNS@CCP as a nanocar-
rier for both DNA and RNA in potential vaccine applications.
Further validation in vivo is necessary to demonstrate its future
use in various gene therapy applications. In conclusion, this
biocompatible gene carrier BNC can be used as an efficient and
potent gene carrier, with potential for various applications such
as targeted cancer therapy and vaccines.
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