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Abstract: Efficient and safe nonviral gene delivery systems are a prerequisite for the clinical
application of therapeutic genes. In this paper, polyethyleneimine-capped silver nanoclusters
(PEI-AgNCs) were prepared for the purpose of microRNA (miRNA) delivery. The resultant
PEI-AgNCs were characterized by a photoluminescence assay and transmission electron
microscopy. A cytotoxicity assay showed that PEI-AgNCs exhibit relatively low cytotoxicity.
Interestingly, PEI-AgNCs were confirmed to transfect miRNA mimics more effectively than PEI
in HepG2 and 293A cells. In this regard, hsa-miR-21 or hsa-miR-221 mimics (miR-21/221m)
were transported into HepG2 cells by using PEI-AgNCs. The miR-21/221 expression was deter-
mined post-transfection by quantitative real-time polymerase chain reaction. Compared with
the negative control, PEI-AgNCs/miR-21/221m groups exhibited higher miR-21/221 levels.
In addition, AgNCs endow PEI with stronger antibacterial activity, and this advantage provided
PEI-AgNCs the potential to prevent bacterial contamination during the transfection process.
Furthermore, we showed that PEI-AgNCs are viable nanomaterials for plain imaging of the cells
by laser scanning confocal microscopy, indicating great potential as an ideal fluorescent probe
to track the transfection behavior. These results demonstrated that PEI-AgNCs are promising
and novel nonviral vectors for gene delivery.

Keywords: gene delivery, silver nanoclusters, polyethylenimine, cell imaging, antibacterial
activity

Introduction
Metal nanoclusters have been recognized as a novel class of nanomaterials in recent
decades because of their promising applications in biological labeling, optical sensing,
imaging, catalysis, and other fields.!* Among the various metal clusters that have been
reported, silver nanoclusters (AgNCs) are of intense interest because they are a novel
class of fluorophores widely recognized for their photophysical properties, applica-
tion potential for detection of a variety of targets, and remarkable biocompatibility.**
Additionally, recent studies have demonstrated the usefulness of fluorescent AgNCs
in biodetection and biological imaging.”® Meanwhile, AgNCs have been shown to
effectively inactivate bacteria and inhibit microbial growth, but the mechanism has
yet to be sufficiently elucidated.” Therefore, fluorescent AgNCs hold great potential
as novel optical probes and may find wide application in biological research.
Nucleic acid-based therapeutics is a promising method for the treatment of dis-
eases that are currently considered incurable, particularly acquired and inherited
diseases.!” Among therapeutic genes, the role of microRNA (miRNA or miR) has
been emphasized in biological and fundamental cellular processes. For example,
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miR-21 and miR-221 are valid links between obesity and
obesity-associated diseases such as metabolic syndrome,
type 2 diabetes, and cancer.!'""* The success of gene therapy
primarily depends on delivering foreign genes into targeted
cells. However, it is a challenge to develop a novel vector that
can efficiently deliver DNA/RNA molecules into the target
cells with minimal toxicity and high bioavailability during
the delivery process. Currently, commonly used gene vectors
are divided into two major categories: viral vectors and
nonviral vectors. Viral vectors are used for gene delivery with
high transfection efficiency, but the potential immunogenic-
ity and infectivity of those viral vectors has been a primary
disadvantage for their effective utilization.'* Because of the
limitation of viral vectors, a variety of nonviral gene carri-
ers with clinical potential and ease of production have been
designed for miRNA delivery, such as micelles, liposomes
and nanoparticles formed with cationic polymers, polysac-
charides, and peptides.'>!” In particular, in the cationic
polymer-based gene carriers, branched polyethylenimine with
a weight-average molecular weight of 25 kDa (PEI25K) has
been considered the “gold standard” due to its superior trans-
fection efficiency both in vitro and in vivo.'®!° However, the
high cationic density of PEI25K would simultaneously cause
severe problems, especially high cytotoxicity and hemolysis
due to the membrane-disruptive properties.?” Thus, how to
decrease the cytotoxicity and/or improve the transfection
efficiency is a key issue to be resolved in the design of gene
delivery systems. To improve these disadvantages of PEI, the
polyethyleneimine-capped silver nanoclusters (PEI-AgNCs)
had been established and utilized as an efficient gene carrier to
transfect therapeutic miRNAs into human hepatoma cells.

In this work, a PEI-AgNCs copolymer was synthesized
based on the previous work.?! It was then employed as a
carrier to realize the delivery of miR-21 or miR-221 mimics
(miR-21/221m), using the human hepatoma cell line HepG2
and human embryonic kidney cell line 293A as models.
Furthermore, AgNCs enhanced the antibacterial activity of
PEI, which gave a chance to prevent bacterial contamination
in the transfection process. In addition, with the excellent
photoluminescent properties, PEI-AgNCs might be applied
in cell imaging. These results made it possible to apply the
copolymer in biological systems.

Materials and methods

Reagents

Silver nitrate (AgNO,), ascorbic acid (AA), acetic acid (HAc),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), PEI25K, PTEN, and GAPDH antibodies were

purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
Dulbecco’s Minimal Eagle’s Medium (DMEM)), fetal bovine
serum (FBS), Trizol reagent, and the DNA-staining reagent
(0.5% DAPI) were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). MiR-21/221 mimics, miR-21/221
inhibitors, and the negative miRNA controls were pur-
chased from RiboBio Co., Ltd. (Guangzhou, China). The
fluorescein amidite (FAM)-labeled miR-21/221m (F-miR-
21/221m) were purchased from GenePharma (Shanghai,
China). LipoFiter™ Liposomal Transfection Reagent
(LipoFiter) was purchased from Hanbio Biotechnology Co.,
Ltd (Shanghai, China).

Synthesis of PEI-AgNCs

The highly fluorescent and water-soluble PEI-AgNCs was
synthesized according to the previously reported method
with minor modifications.?' Briefly, 2.5 pmol of PEI25K
and 2.5 umol of AgNO, were dissolved in 10 mL of ultra-
pure water and stirred for 2 hours to facilitate complexation
between Ag* and the amine ligands. Subsequently, the pH
was adjusted to 4 with HAc, and 6 umol of AA was added
to the solution and stirred continuously for 5 minutes. Then,
the solution was subjected to an ultraviolet light source (8§ W,
wavelength 365 nm) for various time intervals. All reactions
were carried out at room temperature.

Characterization of PEI-AgNCs

The fluorescence of water-soluble PEI-AgNCs was analyzed
using RF-5301 fluorometer (Shimadzu, Kyoto, Japan). The
color of water-soluble PEI-AgNCs was measured under
visible and ultraviolet (UV) light. The shape and size of
the PEI-AgNCs were measured by transmission electron
microscopy (TEM, JEM-100SX microscope; JEOL, Tokyo,
Japan). The aqueous solution of PEI-AgNCs was dropped
into the copper net. TEM observation was carried out after
the samples were air-dried at room temperature.

Cell culture and transfection

HepG2, Huh7, and 293A cells (obtained from National
Infrastructure of Cell Line Resource, Peking Union Medical
College) were grown in DMEM supplemented with 10% FBS
and 100 pg/mL penicillin-streptomycin antibiotic solution.
The cells were kept at 37°C in a humidified atmosphere
containing 5% CO,. For transfection, cells were seeded into
24-well plates 24 hours before transfection in DMEM con-
taining 10% FBS. The enhanced green fluorescent protein
(EGFP)-C1 plasmid (800 ng) or miRNAs (100 nM) were
added to the PEI or PEI-AgNCs (2.3 ng/mL) solutions. The
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complex particle solutions were mixed and incubated for
15 minutes at room temperature. After replacing with fresh
serum-free DMEM, the complex particles were added to the
cells. The medium was replaced by fresh complete medium
24 hours later and maintained for another 24 hours at 37°C.
Then, the total cellular protein or RNA was extracted for
Western blot and real-time PCR (RT-PCR) analysis.

Agarose gel retardation assay

The agarose gel retardation assay was conducted to deter-
mine the ability of PEI-AgNCs to condense DNA and RNA
molecules. Briefly, DNA or RNA complexes containing
different polymers at various nitrogen:phosphate (N/P)
ratios were prepared. After 30 minutes of incubation at room
temperature, 20 UL of complexes was loaded onto a 1.5%
agarose gel and electrophoresed at 100 V for 15 minutes in
Tris-acetate-EDTA buffer. The bands were visualized with
a UV lamp and recorded with the gel imaging system.

Cytotoxicity assays

The cell viability was evaluated by an MTT reduction assay.
HepG2 or 293A cells were seeded into a 96-well plate
with ~10* cells per well and incubated for 24 hours to allow
for cell attachment. Then, the as-prepared PEI, PEI-AgNCs,
PEI/DNA, and PEI-AgNCs/DNA complexes at the designed
concentrations were added into basic medium with free serum
and incubated for 24 hours. After being reincubated in fresh
medium containing FBS for 24 hours, 20 uL of 5 mg/mL
MTT was added at 4 hours before measurement. Subse-
quently, 150 UL of dimethyl sulfoxide was added to dissolve
the formazan crystals formed by live cells. The absorbance of
formazan was measured at 570 nm using a microplate reader
(Bio-Rad Laboratories Inc., Hercules, CA, USA).

Fluorescence imaging

To assess the transfection efficiency of PEI-AgNCs for
miRNA, we carried out fluorescence microscopic imaging
with F-miR-21/221m. HepG2 cells were plated in 24-well
plates at ~5x10* cells and allowed to adhere for 24 hours.
Then, the medium was exchanged with 500 uL of fresh
basic medium with free serum. F-miR-21/221m (100 nM)
was added to the PEI or PEI-AgNCs (2.3 pug/mL) solutions.
The transfection was performed as described in the “Cell
culture and transfection” section. After 12 hours, the cells
were fixed with 4% paraformaldehyde for 30 minutes and
subsequently stained with the DNA-staining reagent (0.5%
DAPI) for another 10 minutes. The cells were washed three
times with PBS before every reagent change. 239A cells were

used to judge the transfection efficiency of PEI-AgNCs in
the same way as described earlier. Fluorescent FAM labeled-
miRNA mimics (F-miRm) within cells were imaged using
an Olympus [X-73 optical camera (Olympus Corporation,
Tokyo, Japan). LipoFiter was used as positive control and
applied according to the manufacturer’s procedures.

Quantification of miR-21 or miR-221

levels

HepG2 cells were transfected with 100 nM of miR-221
mimics (miR-221m) or miR-221 inhibitors (miR-221i) using
PEI or PEI-AgNCs (2.3 ng/mL) or the LipoFiter. The same
test condition was applied to miR-21. The total RNA was
obtained using Trizol reagent according to the manufacturer’s
instructions. Quantitative RT-PCR (qRT-PCR) was per-
formed using TagMan microRNA Assays (Thermo Fisher
Scientific) on a CFX Connect Bio-Rad system. Reactions
were typically run in triplicate.

Western blot analysis

HepG?2 cells were transfected with 100 nM of miR-221m or
miR-221i using PEI-AgNCs in serum-free DMEM. After
24 hours of transfection, cells were washed and reincubated
in 2 mL of fresh medium containing 10% FBS for 24 hours.
Whole cell lysates were prepared using RIPA lysis buffer
according to the manufacturer’s instructions (Beyotime Bio-
technology, Shanghai, China). Protein concentrations were
determined using a Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific). Aliquots containing 70 g of protein were
subjected to gel electrophoresis on 7.5% or 10% sodium
dodecyl sulfate (SDS) polyacrylamide gel-electrophoresis gels
and transferred to a polyvinylidene difluoride membrane. The
membrane was blocked with 5% nonfat milk in PBS for 2 hours
and then incubated overnight with primary antibody at 4°C.
After the membrane had been washed with 0.1% Tween 20
in PBS five times, it was further incubated with a horseradish
peroxidase-conjugated secondary antibody for 80 minutes. The
membrane was washed and developed with enhanced chemilu-
minescence using ECL Plus (Beyotime Biotechnology).

Cell imaging

HepG2, Huh7 or 293 A cells were seeded onto 18 mm sterile
coverslips in a six-well plate. After 24 hours, cells were incu-
bated with the PEI-AgNCs for 6 hours at the final concentra-
tion of 12 pg/mL. Then, cells were washed five times with
PBS to remove the unbound PEI-AgNCs. Later, cells binding
with PEI-AgNCs were fixed for 20 minutes in 1 mL of 4%
paraformaldehyde and then washed with PBS for five times.
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The images were captured using a confocal laser scanning
microscope (Carl Zeiss AG, Oberkochen, Germany). PEI-
AgNCs were excited at 405 nm. For atomic force microscope
imaging and fluorescence microscopic images of EGFP-C1
gene expression, please see supplementary materials.

Evaluation of antibacterial activity

Escherichia coli (E. coli) were obtained from China Center
of Industrial Culture Collection (CICC, Beijing, China).
As E. coli grow well in lysogeny broth (LB) medium and
are commonly used in antibacterial experiments, they were
cultivated in LB medium, consisting of 10 g/L tryptone, 5 g/L
bacto-yeast extract, and 10 g/L NaCl.?> After inoculation, the
growth medium was placed into a thermostatic incubator at
37°C with shaking at 200 rpm. After 9-10 hours, the bacterial
cells were brought into log phase until an optical density at
600 nm (0D,
liters of the log-phase bacterial cells (~1.0x10° colony forming
units/mL [CFU/mL]) was inoculated into 150 puL of fresh LB
medium containing 14.25 pug/mL of PEI and PEI-AgNCs in
the 96-well plate and cultured under shaking for 68 hours at

) 0of 0.5-0.6 was reached. One and a half micro-

37°C. During the culture process, the optical density of each
well at 600 nm was monitored at different time intervals.

The number of the viable bacterial cells in the wells was
analyzed using CFU counting. In brief, each culture in the
96-well plate with a dilution factor of 50,000 was plated
in triplicate on LB agar plates and incubated at 37°C for
16 hours, and the bacterial colonies formed were counted
and recorded.

Morphological characterization of

bacteria

The morphological changes in the bacteria were character-
ized by scanning electron microscopy (SEM) as previously
described.? Briefly, log-phase bacteria incubated with
14.25 pg/mL of PEI and PEI-AgNCs for 48 hours were
collected by centrifugation at 5,000 rpm for 5 minutes and
fixed with 2.5% glutaraldehyde overnight at 4°C. After
washing with PBS three times, the bacterial cells were
dehydrated through a sequential treatment of 30%, 50%,
70%, 80%, 90%, 95%, and 100% ethanol for 15 minutes and
imaged using an SEM (ULTRA Plus; Carl Zeiss AG).

Statistical analysis

All studies were repeated at least three times. Data are pre-
sented as the mean * standard deviation of the three indepen-
dent experiments. The statistical analysis was performed with

one-way analysis of variance, followed by the Student’s #-test.
A p-value <0.05 was considered statistically significant.

Results and discussion
Characterizations of PEI-AgNCs

The synthesizing conditions for the highly fluorescent and
water-soluble PEI-AgNCs were optimized (Figure S1).
Under the optimal conditions, PEI-AgNCs were directly
synthesized under UV light for 6 hours with stirring, making
the synthetic process more facile, as compared to previ-
ous studies which stirred for 2 days.?'** The formation of
PEI-AgNCs was characterized based on the fluorescence
emission spectra and TEM images. Upon excitation at
380 nm, PEI-AgNCs displayed an intense emission band
with a maximum at ~500 nm (Figure 1 A). Undera UV lamp,
the solution exhibited bright green emission (Figure 1B).
TEM images showed the cluster with an average diameter
of ~2 nm. No larger Ag particles or aggregations were
observed (Figure 1C). The corresponding size distribution
histogram revealed that the as-prepared AgNCs were well
dispersed with an average diameter of ~2 nm (Figure 1D).
As it is known, the most important parameter of a gene
carrier is the particle size, which has been demonstrated
to play key roles in determining cellular uptake efficiency
and toxic effects on cells.?>? The small size of PEI-AgNCs
has the potential for utilization in experimental gene deliv-
ery applications. Furthermore, these synthesized clusters
were stable for longer than 6 months (Figure S2), which
endowed these PEI-AgNCs with a promising application
in bioimaging.

Gel retardation assay and
characterization of PEI-AgNCs/DNA

nanoparticles

The nucleic acid loading efficiency was a key criterion
affecting the efficacy of gene transfection.?” An agarose gel
electrophoresis assay was used to investigate the ability of
PEI-AgNCs to condense DNA or oligonucleotide at dif-
ferent complex ratios. As shown in Figure 2, PEI-AgNCs
could totally complex with miR-21 mimics (miR-21m) and
miR-21 inhibitors (miR-211) to form particles when the N/P
ratios were greater than 11.2 and 20, respectively. In addition,
PEI-AgNCs could completely condense plasmid at the N/P
ratio of 2.4, which is lower than that of PEI (3.2), suggest-
ing that PEI-AgNCs showed greater ability to absorb DNA.
These results indicated that PEI-AgNCs have great capacity
to absorb DNA or oligonucleotide.
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Figure | Characterizations of PEI-AgNCs. (A) Excitation (left) and emission (right) spectra of PEI-AgNCs (Ex =380 nm/Em =500 nm). (B) Photographs of AgNCs under
visible light (left) and 365 nm UV light irradiation (right). (C) TEM image of PEI-AgNCs; scale bar, 50 nm. (D) Size distribution histogram of PEI-AgNCs.

Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; TEM, transmission electron microscopy; Ex, excitation; Em, emission; UV, ultraviolet; FL,
fluorescence.
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Figure 2 Images of agarose gel electrophoresis retardation assay. The complexes of (A) PEI/miR-21i, (B) PEI-AgNCs/miR-21i, (C) PEI/miR-21m, (D) PEI-AgNCs/miR-2Im,
(E) PEI/DNA, and (F) PEI-AgNCs/DNA.
Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; miR-21i, miR-21 inhibitors; miR-2Im, miR-21 mimics; N/P, nitrogen:phosphate.
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The particle size of complexes is also an important
property of gene delivery systems.?® The morphology and
average size of PEI-AgNCs/DNA complexes were further
explored by atomic force microscopy (AFM) (Figure S3).
AFM showed that the average size of PEI-AgNCs/DNA
complexes at the optimum transfection N/P ratio was smaller
than 150 nm. These results confirmed that PEI-AgNCs could
be qualified as a transfection carrier.

Cytotoxicity of PEI-AgNCs

Cytotoxicity is also a vital issue that needed to be solved
before the gene delivery vector was utilized for transfection
study. To estimate the cytotoxicity of PEI-AgNCs, the relative
viabilities of HepG2 and 293 A cells exposed to PEI-AgNCs or
PEI-AgNCs/DNA complexes were measured using the MTT
assay; PEI25K was used as a control. All the samples exhibited
a dose-dependent cytotoxicity. Compared to the PEI25K and
PEI25K/DNA controls, PEI-AgNCs and PEI-AgNCs/DNA
complexes exhibited less toxicity in HepG2 and 293A cells
at the same concentrations or complexing ratios, respectively.
As shown in Figure 3, almost 70% of HepG2 cells and 90%
of 293A cells were viable for PEI-AgNCs/DNA even at an
N/P ratio of 15, implying that PEI-AgNCs were compatible
for safe gene therapy applications. The reduced cytotoxicity
was presumably due to the biocompatibility of AgNC.”

MiR-21/221 expression in vitro
Motivated by the capacity to absorb nucleic acid, the appro-
priate size, as well as the low cytotoxicity, PEI-AgNCs was

>
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then assessed for the ability to act as an efficient carrier
in gene delivery. EGFP-C1 gene expression assay dem-
onstrated that PEI-AgNCs is an efficient carrier in gene
delivery (Figure S4). However, DNA transfection data can-
not readily be implemented for other genes, such as small
RNASs.3® Therefore, we further investigated whether PEI-
AgNCs was also capable of driving oligonucleotides into
targeted cells efficiently. MiR-21 and miR-221 have been
widely studied as the oncogenes in multiple tumors.**? In
this study, miR-21m or miR-21i was transfected into HepG2
cells using PEI-AgNCs carriers. In miR-21 gain-of-function
experiments, the qRT-PCR results (Figure 4A) showed a
significant increase in the miR-21 expression level when
cells were transfected with miR-2 1m using different transfec-
tion carriers compared to the control group. In miR-21 loss-
of-function experiments, the qRT-PCR results (Figure 4C)
showed a significant decrease in the miR-21 expression
level when cells were transfected with miR-21i using dif-
ferent transfection carriers compared to the control group.
Interestingly, compared to PEI, PEI-AgNCs exhibited higher
transfection efficiency to miR-2 lm, which enhanced miR-21
expression in HepG2 cells. The parallel result was also found
in miR-221 expression (Figure 4B and D). This fascinat-
ing result provided an attractive chance for tumor treatment
that depends on miRNA replacement.

Although the results indicated that the transfection
efficiency of PEI-AgNCs on miR-221i modestly increased
compared to the PEI, the difference was not statistically
significant (Figure 4D). The transfection efficiency of
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Figure 3 Cytotoxicity of the cells induced by PEI-AgNCs from an MTT assay. Cytotoxicity testing results of (A) PEI-AgNC and PEI25K against HepG2 or 293A cells.
(B) Vectors/DNA complexes with a constant DNA concentration of 2 mg/mL against HepG2 or 293A cells; *p<<0.05, **<<0.01, ***p<0.001.
Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; PEI25K, polyethylenimine with a weight average molecular weight of 25,000 Da.
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Abbreviations: qRT-PCR, quantitative real-time polymerase chain reaction; PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; miR-22Im, miR-221 mimics;

miR-221i, miR-221 inhibitors.

PEI-AgNCs was much higher than that of PEI when using
miR-221 mimics (Figure 4). One possible explanation
for this result is that the complex formed by miR-221
mimics (double-stranded RNA) and PEI-AgNCs is more
easily endocytosed by cells than that formed by miR-221
inhibitors (single-stranded RNA).

The biological function induced by PEI-AgNCs/miR-
221 complexes in HepG2 cells was confirmed by evaluat-
ing the protein expression levels of the downstream targets
of miR-221, such as PTEN.** As expected, an increase in
PTEN protein expression was observed with the treated
PEI-AgNCs/miR-221i (Figure 4E, left panel). In contrast, an
obvious decrease in PTEN protein expression was observed
with treated PEI-AgNCs/miR-221m (Figure 4E, right panel).
These results suggested that PEI-AgNCs carried miR-221i
or miR-221m into the cytoplasm efficiently and specifically
silenced or enhanced the miR-221 expression in HepG2
cells. These results further demonstrated that PEI-AgNCs
can transfect miRNA into HepG2 cells to function with a
practical application.

To further confirm the ability of PEI-AgNCs to carry
miRNA mimics into cells, the fluorescent F-miRm were
assayed by inverted fluorescence microscopy. PEI-AgNCs-
mediated transport in HepG2 and 293A cells are shown in

Figures 5 and 6, respectively. In the inverted fluorescence
microscopy images, green fluorescence for F-miRm marker
and blue fluorescence for DAPI staining of the nuclei were
visualized. The visible fluorescence intensity of PEI-AgNCs/
F-miR-21m was significantly higher than that of PEI/F-miR-
21m. Similar results were observed when transfected with
miR-221. These data were consistent with the results that
were obtained by qRT-PCR and further demonstrated that
PEI-AgNCs have great potential to transfect miRNAs.

Antibacterial activity

AgNC and its compounds have been known for their anti-
microbial activities, and PEI also has been explored as an
antiseptic.>** However, there have been few reports about
the antimicrobial activities of PEI-AgNCs. To investigate
the bactericidal effect, we compared the antibacterial
ability of PEI-AgNCs with PEI against E. coli. Approxi-
mately, 1.0x10° CFU of log-phase E. coli were inoculated
into 150 pL of fresh LB medium containing 14.25 pg/mL
of PEI and PEI-AgNCs in a 96-well plate. As shown in
Figure 7A, no significant differences in the growth of
E. coli were observed for the first 4 hours among the differ-
ent groups. However, after 6 hours, the OD,, of PEI- and
PEI-AgNCs-treated cells markedly decreased compared
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LipoFiter PEI PEI-AgNCs

Transfected with FAM-labeled miR-221
DAPI FAM

FAM

Transfected with FAM-labeled miR-21
DAPI

Figure 5 The inverted fluorescence microscopy images of HepG2 cells after exposure to different polyplexes for 12 hours. HepG2 cells were treated with LipoFiter/F-
miR-21/221m, PEI/F-miR-21/221m, or PEI-AgNCs/F-miR-21/22Im. The green fluorescence denotes the F-miRm and the blue fluorescence denotes the DAPI-stained cell
nucleus. Scale bar, 20 pm.

Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; F-miR-21/221m, FAM-labeled miR-21 or 22| mimics; F-miRm, FAM-labeled miRNA
mimics; FAM, fluorescein amidite.

with the control group. Meanwhile, the number of viable  (14.25 ug/mL). To further explore the antibacterial
bacterial cells was measured using the CFU counting mechanism of PEI-AgNCs, morphological changes of
method (Figure 7B and C). The number of viable cells in  E. coli were studied by SEM (Figure 7D). The cell walls
the PEI-AgNCs-treated group was significantly lower than  treated with PEI-AgNCs were wrinkled and damaged,
that in the PEI-treated group at the same concentration  which is in contrast to that observed in the untreated cells,
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LipoFiter PEI PEI-AgNCs

FAM DAPI FAM

Transfected with FAM-labeled miR-21 Transfected with FAM-labeled miR-221
DAPI

Figure 6 The inverted fluorescence microscopy images of 293A cells after exposure to different polyplexes for 12 hours. 293A cells were treated with LipoFiter/F-
miR-21/221m, PEI/F-miR-21/221m, and PEI-AgNCs/F-miR-21/221m. The green fluorescence denotes the F-miRm and the blue fluorescence denotes the DAPI-stained cell
nucleus. Scale bar, 50 um.
Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; F-miR-21/221m, FAM-labeled miR-21 or 22| mimics; F-miRm, FAM-labeled miRNA mimics;
FAM, fluorescein amidite.

which are smooth and intact. These data indicated that |n vitro bioimaging

after the conjugation of positively charged PEI to AgNC,  Because of the fascinating optical properties and the superior-
PEI-AgNCs exhibited higher antibacterial activity than PEI ity of easy synthesis by designing different ligands as stabiliz-
alone, which made it possible to prevent bacterial contami-  ing agents, AgNCs can be employed for biological imaging.

nation in the process of transfection. Figure 8 shows the photoluminescence images of different cells
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g . 0.8
3 E 0.6 =
TS
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Figure 7 (Continued)
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Figure 7 Antibacterial activity of PEI-AgNCs. (A) Optical density of E. coli suspensions measured at 600 nm after exposure to PEl and PEI-AgNC (14.25 pg/mL) for 68 hours.
(B) Bacteria colonies formed on LB-agar plates. The cells were seeded from the 12 and 48 hours incubation samples to obtain a final concentration of 14.25 ug/mL. (C) Number
of viable E. coli colonies in the 12 or 48 hours incubation samples from (B). (D) SEM images of control (normal bacterial cells) and PEI- or PEI-AgNC-treated cells.
Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; E. coli, Escherichia coli; LB, lysogeny broth; SEM, scanning electron microscope.

HepG2

Huh7

293A

Figure 8 Confocal laser scanning microscopy (40x) of different cells treated with PEI-AgNCs for 6 hours. (A) PEI-AgNCs fluorescence images (green); (B) bright-field
images; (C) overlap of the corresponding fluorescence image and bright-field image.
Abbreviation: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters.
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after incubation with PEI-AgNCs for 6 hours. Notably, the cells
revealed an extremely intense green fluorescence, potently sug-
gesting that PEI-AgNCs could act as a promising optical label
for cell imaging, which endows PEI with great potential to
be an ideal fluorescent probe to track transfection behavior.3¢

Conclusion

In this study, a cationic transfection polymer, PEI-AgNCs,
was synthesized and used for the purpose of miRNA delivery.
The obtained PEI-AgNCs polymer showed the capacity to
condense the plasmid and oligonucleotide and form stable
nanoparticles that had a size on the nanoscale. Compared
to its parental PEI, PEI-AgNCs exhibited relatively low
cytotoxicity and was able to mediate higher transfection
efficiency to miR-21/221m in HepG2 and 293 A cells in vitro.
In addition, PEI-AgNCs was demonstrated to transfect
miR-221i or miR-221m into HepG2 cells to regulate the
expression of PTEN, which provided a chance to tumor
treatment. Moreover, AgNCs endowed PEI with stronger
antibacterial activity, which conferred PEI-AgNCs with the
potential to prevent bacterial contamination in the process of
transfection. Furthermore, without the need for fluorophore
labeling, PEI-AgNCs possess superior photoluminescent
properties, allowing bioimaging and tracking the transfection
behavior inside cells. Therefore, PEI-AgNCs can be utilized
as efficient gene delivery agents.
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Supplementary materials

Methods

Atomic force microscope imaging
Polyethyleneimine-capped silver nanoclusters (PEI-AgNCs)/
DNA samples with different nitrogen:phosphate (N/P) ratios
were deposited onto freshly cleaved mica substrates. After
15 minutes of incubation, pour off remaining PEI-AgNCs/
DNA solution, then rinse off any excess buffer using a
syringe or micropipettor to squirt clean Millipore water on
the mica substrate, and then the sample was dried under
nitrogen. Atomic force imaging (AFM) topography images
of immobilized complexes were acquired in air using the
tapping mode on an AFM (Dimension EDGE, Bruker Cor-
poration, Billerica, MA, USA).

Fluorescence microscopic images of EGFP-CI gene
expression

In vitro transfection efficiency of PEI-AgNCs was compared
with PEI and the commercial reagents. The study was carried
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Figure S1 (Continued)

out under optimized conditions of N/P ratio in different cells.
HepG2 cells were plated in 24-well plates at ~5x10* cells
and allowed to adhere for 24 hours. Then the medium was
exchanged with 500 puL of fresh basic medium with free
serum. The PEI/DNA and PEI-AgNCs/DNA complexes
containing 800 ng of DNA at the N/P ratio of 10.8 were
incubated with cells for 24 hours. Cells were then washed
and reincubated in 2 mL of medium containing 10% fetal
bovine serum for 24 hours. 239A cells were used to judge
the transfection efficiency of PEI-AgNCs in the same way as
described earlier (N/P =4.8). Expression of EGFP-C1 within
cells was imaged using an Olympus 1X-73 optical camera
(Olympus Corporation, Tokyo, Japan). LipoFiter™ Lipo-
somal Transfection Reagent (Hanbio Biotechnology Co.,
Ltd., Shanghai, China) was used as positive control and
applied according to the manufacturer’s procedures. The
results of the experiments are presented in Figures S1-S4.
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Figure S1 Optimal synthetic conditions of PEI-AgNCs. Normalized FL intensity of PEI-AgNCs at different (A) [PEI]/[[AgNO,] ratios, (B) concentrations of AA,
(C) pH, (D) stirring time under UV light, and (E) UV-vis absorption spectrum of PEI-AgNCs with the extension of stirring time (a—e, respectively, represent 0, 2, 4, 6, and

8 hours).

Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; FL, fluorescence; AA, ascorbic acid; UV, ultraviolet.
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Figure S2 Photographs of color of PEl and PEI-AgNCs solutions under different light conditions. The color of PEl and PEI-AgNCs solutions under visible light (left) and UV
light (right) 6 months after PEI-AgNCs were prepared.
Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; UV, ultraviolet.
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Figure S3 AFM images of the PEI-AgNCs/DNA nanoparticles at different N/P ratios. (A) 1.2x1.2 um image of DNA structure form. (B) 1.2x|.2 um image of PEI-AgNCs/
DNA at N/P =1.6. (C) 1.2x1.2 um image of PEI-AgNCs/DNA at N/P =10.8.

Abbreviations: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters; AFM, atomic force microscope; N/P, nitrogen:phosphate.
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Figure S4 Fluorescence microscopic images of EGFP-CI| gene expression in different cells. Fluorescence microscopic images of HepG2 and 293A cells using different
transfection carriers are shown. Gray images were taken under a bright-field. Scale bar, 50 um.
Abbreviation: PEI-AgNCs, polyethyleneimine-capped silver nanoclusters.
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