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Background: Polyphenols possess antioxidant, anti-inflammatory and antimicrobial proper-
ties and have been used in the treatment of skin wounds and burns. We previously showed
that tannic acid-modified AgNPs sized >26 nm promote wound healing, while tannic acid-
modified AgNPs sized 13 nm can elicit strong local inflammatory response. In this study, we
tested bimetallic Au@AgNPs sized 30 nm modified with selected flavonoid and non-
flavonoid compounds for wound healing applications.

Methods: Bimetallic Au@AgNPs were obtained by growing an Ag layer on AuNPs and
further modified with selected polyphenols. After toxicity tests and in vitro scratch assay in
HaCaT cells, modified lymph node assay as well as the mouse splint wound model were
further used to access the wound healing potential of selected non-toxic modifications.
Results: Tannic acid, gallic acid, polydatin, resveratrol, catechin, epicatechin, epigallocate-
chin, epicatechin gallate, epigallocatechin gallate and procyanidin B2 used to modify
Au@AgNPs exhibited good toxicological profiles in HaCaT cells. Au@AgNPs modified
with 15 puM tannic acid, 200 pM resveratrol, 200 uM epicatechin gallate, 1000 uM gallic
acid and 200 uM procyanidin B2 induced wound healing in vivo and did not lead to the local
irritation or inflammation. Tannic acid-modified Au@AgNPs induced epithelial-to-
mesenchymal transition (EMT) — like re-epithelialization, while other polyphenol modifica-
tions of Au@AgNPs acted through proliferation and wound closure.

Conclusion: Bimetallic Au@AgNPs can be used as a basis for modification with selected
polyphenols for topical uses. In addition, we have demonstrated that particular polyphenols
used to modify bimetallic nanoparticles may show different effects upon different stages of
wound healing.
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Introduction

Polyphenols are a class of naturally occurring compounds having multiple numbers of
hydroxyl groups attached to aromatic rings."™ They are synthesized as secondary
metabolites and are divided into flavonoid and non-flavonoid compounds. Flavonoids
consist of flavonols, flavones, flavanones, flavan-3-ols, isoflavones and anthocyanidins.
The non-flavonoid metabolites include phenolic acids, lignans, stilbenes, tannins and
lignins." ™ Polyphenols exhibit a large and diverse array of biological properties, with
a great potential for the treatment of lifestyle-related diseases, such as type 2 diabetes,
obesity, and metabolic syndrome.>® They have been also reported to prevent from aging,
Alzheimer’s disease, cardiovascular diseases, and cancer.”” The most common proper-
ties of polyphenols—antioxidant, anti-inflammatory and antimicrobial indicate that they

may be used in the treatment of various skin damages, such as wounds and burns.'*'!
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Wound healing is a process which aims to restore the
integrity of the skin as rapidly as possible. It is divided
into four stages that overlap in time and space: hemos-
tasis, inflammation, new tissue formation (granulation
and angiogenesis) and tissue remodeling. Various cell
types such as leukocytes, fibroblasts and keratinocytes,
which are controlled by several factors, including cyto-
kines, chemokines, growth factors and enzymes interact
with each other at each stage of wound healing.'*"?
Prolonged inflammation delays wound closure. Chronic
wounds represent a major health burden and remain
a challenging clinical problem.'*"'* Many studies have
been focused on wound healing improvement and devel-
opment of new drugs and/or dressings that promote
wound healing.

In our previous papers, we demonstrated that tannic
acid-modified AgNPs sized above 30 nm showed a good
toxicological profile in human HaCaT and VK2-E6/E7
keratinocyte cell lines and possessed immunomodulatory
and antimicrobial properties useful for potential dermal
applications.'” Tannic acid-modified AgNPs sized >30
nm also promoted wound healing in the mouse model."®

AuNPs and AgNPs are the most widely used nanoma-
terials in biomedical applications. AuNPs exhibit chemical
stability and biocompatibility, while AgNPs show good
antimicrobial effects.'” However, AgNPs are less stable
under identical biological and chemical conditions than
AuNPs, and may show toxic effects in biological systems.
Therefore, a combination of gold and silver in one bime-
tallic nanostructure helps to obtain a new set of properties
resulting from both metals.

Bimetallic gold-silver nanostructures exhibit unique

1,'" and biological properties.?

electronic,'® optica
Bimetallic core—shell NPs are nanostructures where
one metal element forms an inner core and is sur-
rounded by a shell from another metal. Core-shell struc-
tures containing both gold and silver material (for
example, Au@AgNPs — a gold core and a silver shell)
have already been investigated.'”** Au@AgNPs were
first synthesized by Morriss and Collins'® for plasmonic
applications. Core-shell Au@AgNPs show antibacterial
properties and excellent photothermal activity.?
Antibacterial activity of bimetallic gold and silver NPs
was detected against both Gram-negative (Escherichia
coli and Pseudomonas aeruginosa) and Gram-positive
(Enterococcus faecalis and Pediococcus acidilactici)

bacteria with more efficacy against Gram-negative

bacteria.’® Au@AgNPs were also used as optical bio-
sensors to detect staphylococcal enterotoxin.>

The potential wound healing of bimetallic core—shell
NPs still remains unexplored. Taking into account poly-
phenol usefulness in wound healing, the combined use of
bimetallic NPs and polyphenols may create new possible
drugs or dressings which can prove new or better
properties.

In this paper, Au@AgNPs, sized 30 nm, were mod-
ified with different polyphenolic compounds: gallic
acid (a building unit of tannic acid), gallic acid deri-
vatives (epicatechin gallate, epigallocatechin gallate),
and compared with other compounds containing the
epicatechin core: epicatechin and epigallocatechin.
The polyphenols were selected based on the analysis
of the composition of the green tea extract, which has
been known for its bioactive and wound healing
properties.”> As the structural references two more
tannins: i) resveratrol and ii) procyanidin B2 were
selected. Resveratrol is the smallest polyphenol mole-
cule with a well-known bioactivity?® in the pure form
and as a complex with glucose — polydatin (naturally
present in grapes). Both compounds are commercially
available both in the pure form and in many extracts.
Procyanidin B2 is the most basic example of non-
hydrolysable tannins, commercially available in the
pure form. This tannin contains two condensed epica-
techin derivative substructures similar to those present
in the green tea extract.

This paper uses in vitro and in vivo model to test
wound healing properties of bimetallic Au@AgNPs mod-
ified with different polyphenols.

Materials and Methods

Synthesis of Nanoparticles

Chemicals

All chemical reagents used for the synthesis and functio-
nalization of nanoparticles were purchased from commer-
cial suppliers: gold (III) chloride hydrate (HAuCl, -xH,O,
Au >49, Sigma-Aldrich, Saint Louis, MO, USA), silver
nitrate (AgNO3, purity 99.999%, Sigma-Aldrich), sodium
citrate dihydrate (CgHsNa30;2H,0, >99.0%, Sigma-
Cedex,
France). For all preparations, deionized water was used

Aldrich), polyphenols (Extrasynthese, Genay,

(Deionizer Millipore Simplicity UV system, specific resis-
tivity of water was equal to 18.2 MQ-cm).
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Nanoparticle Synthesis and Functionalization
Au@AgNPs were prepared by the seeded growth-
mediated method. AuNPs with the size of about 13 nm
were synthesized in water according to chemical reduction
method and used as crystallization seeds for the growth of
AgNPs by reduction of Ag" ions with sodium citrate. The
AuNPs were synthesized by the standard citrate method
with HAuCl, reported in our previous work.”” Briefly,
chloroauric acid aqueous solution (954 g, 1.81:10-2%
wt.) was heated under reflux with vigorous stirring to the
boiling point. Next, a solution of sodium citrate (4.6 g, 1%
wt.) was added into the flask and the mixture was heated
for additional 15 min and next cooled down to room
temperature. The molar ratio of HAuCl, to sodium citrate
was 1:3.5 and the concentration of gold in colloid was
100 ppm.

The synthesis of silver shell on AuNPs seeds
(Au@AgNPs) was as follow: 10.3 g of AuNPs seed solu-
tion, 37.6 g of deionized water and 6 g sodium citrate
solution (1%) were heated to the boiling point under
reflux. Next, 6 g of silver nitrate aqueous solution
(0.13%) was added to
a capillary tube with syringe pump (the flow rate equal

the reaction flask through

6 mL h—1; syringe diameter 10 mm). After the addition of
all reagents, the mixture was heated for additional 15 min,
and next was cooled down to room temperature in the
water bath.

Au@AgNPs were functionalized with polyphenols by
incubation of aqueous modifier solution at appropriate
concentration (15-1000 pm/1). The diagram showing the
work-flow is presented in Supplementary Figure 1.

Nanoparticle Characterization Techniques
stability of
Au@AgNPs before and after polyphenol functionalization

The hydrodynamic size and colloidal
were investigated by dynamic light scattering (DLS) mea-
surements (Anton Paar; laser wavelength 658 nm; scatter-
ing angle 173°; measurement temperature 25°C; medium
viscosity 0.8903 mPa s—1; medium refractive index 1.330;
silver refractive index 0.280). All measurements were
performed in a quartz microcuvette.

The size of Au@AgNPs was measured with High
Resolution-Scanning Transmission Electron Microscopy
(HR-STEM, Nova NanoSEM 450, FEI) using the trans-
mission mode (STEM 1) at accelerating voltage of 30 kV.
Samples for measurements were prepared by placing
a drop of colloid onto carbon-coated copper grid and left
for 2h for solvent evaporation.

Cell Culture and Toxicity Tests

Human HaCaT keratinocytes were obtained from CLS
Cell Lines Service GmbH (Eppelheim, Germany) and
propagated in Dulbecco’s modified MEM (DMEM) sup-
plemented with 10% fetal calf serum, 10 U/mL penicillin
and 100 pg/mL streptomycin (Gibco by Thermo Fisher
Scientific, Carlsbad, CA, USA). The cells were seeded
into 24 well plates at the density of 5x10*/mL cells and
cultured for 24 h before exposure to nanoparticles at the
concentration range of 0.5-10 ug/mL. After another 24
h cells were used for further analyses.

Toxicity of polyphenol-modified Au@AgNPs was
accessed using a cationic dye, 5,5,6,6"-tetrachlorol,1’,3,3'-
tetraethyl-benzimidazolylcarbocyanine  iodide  (JC-1)
(Sigma-Aldrich, Saint Louis, Missouri, USA), as described
previously.'>'® The stained cells were analysed in FACS

Calibur using CellQuest program (BD Biosciences, USA).

ROS Production

The ROS generation was determined by a fluorometric
assay with 2’,7'-dichlorofluorescein diacetate (DCFH-DA)
(Sigma-Aldrich), as described previously.'>'® The dye-
loaded cells were harvested and the fluorescence was
measured at 520 nm emission wavelengths in FACS
Calibur flow cytometer.

Wound Assay in vitro

HacCat cells were plated in 24-well dishes and cultured to
100% confluence. Scratches were produced using a 200
uL pipette tip, as described by Liang et al*® and Orlowski

et al.'®

Visualization of Au@AgNPs

For microscopy detection of nanoparticles, cells were
grown on coverslips at a density of 1 x 10°/mL for 18
h before exposure to nanoparticles. After 24h of exposure
to 10 pg/mL of Au@AgNPs, the medium was discarded
and cells were fixed with 4% paraformaldehyde (PFA) in
PBS, washed twice with PBS and covered with PBS con-
33342 (Sigma-Aldrich).
Confocal images were acquired using a Fluoview FV10i

taining 2 pg/mL Hoechst

laser scanning confocal microscope (Olympus Polska Sp.
z 0.0.) with a 10x air lens and a 60x water immersion lens,
using ultraviolet/visible light LD lasers with excitation at
638 nm. Nanoparticles were visualized in the reflection

mode.
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Western Blotting

Cells were collected from 6-well dishes and lysed on ice
in RIPA buffer (1x PBS, 10 mL/L Igepal CA-630, 5 g/L
sodium deoxycholate, 1 g/L SDS, 0.4 mM PMSF, 10 pg/
mL of aprotinin and 10 pg/mL of sodium orthovanadate,
Sigma Aldrich) for 30 min. After centrifugation (10,000
g, 5 min) whole-cell protein levels were quantified with
Bradford assay using solution of commercial Bradford
reagent (Bio-Rad) (1:4 v/v) in water. Samples containing
equal amounts of protein (20 pg) were separated by
SDS-PAGE and transferred to PVDF membranes. After
blocking in 5% skimmed milk in TBST (NaCl 137 mM,
KCl 2.7 mM, Tris base 19 mM, 0.1% Tween), mem-
branes were probed overnight at 4°C with primary anti-
bodies against: e-cadherin (1:200, mouse, sc-8426, Santa
Cruz Biotechnology), PCNA (1:200, mouse, sc-56,
Santa Cruz Biotechnology), MMP-9 (1:500, rabbit,
ab38898, Abcam), involucrin (1:500, rabbit, ab53112,
Abcam) and actin (1:500, goat, scl516, Santa Cruz
Biotechnology). Membranes were then incubated with
an HRP conjugated secondary antibody: goat anti-
rabbit (Cell Signaling Technology, 7074S) or donkey
(Sigma Aldrich) or
(Sigma Aldrich) for 1 h at room temperature (RT).

anti-mouse donkey anti-goat
Chemiluminescence detection of proteins was obtained
using ECL (Thermo Fisher Scientific, 32209) and stan-
dard x-ray film developing. Subsequent quantification of
band images was performed using analysis software —
Studio  Lite 52.5 (LI-COR

Biotechnology — GmbH, Hamburg, Germany).

Image Version

Ethical Statement

The study was performed in accordance with the recom-
mendations of the Polish Act of 21 January 2005 on
animal experiments (OJ no 33, item 289) and Directive
2010/63/EU of the European Parliament and the Council
of 22 September 2010 on the protection of animals used
for scientific purposes. The protocol was approved by the
4th Local Committee on the Ethics of Animal Experiments
in Warsaw, Poland (permit Number: 76/2015 and WAW2/
059/2018).

Wound Model in vivo

Female C57BL6 mice (Medical University of Bialystok,
Bialystok, Poland), 8 weeks of age, were assigned to
groups (5 animals per group). Mice were anesthetized by
intraperitoneal injection of 85 mg/kg ketamine (Biowet,

Pulawy, Poland) and 10 mg/kg xylazine (Xylopan,
Polypharm S.A., Warsaw, Poland). Hair removal and skin
wounding were performed as described previously.'®
Modified Au@AgNPs nanoparticles or corresponding
polyphenol solutions were applied at 5 pg/mL in saline
in the volume of 100 puL to one wound, and a vehicle
control to the other. The wound was covered with
a transparent occlusive dressing (3M Health Care, Neuss,
Germany). 5 mg/kg of meloxicam (Loxicom, ScanVet,
Gniezno, Poland) was administered once daily via subcu-
taneous injection for the post-operative pain relief during
first 3 days. At 3, 6 and 14 days, mice were given eutha-
nasia, wounds were excised and used for further tests.

Morphological Analysis of Wound
Re-Epithelialization and Inflammatory Infiltration
Skin specimens were fixed in 4% paraformaldehyde
buffered with PBS (pH 7.4) and embedded in paraffin.
Tissue sections were stained with hematoxylin/eosin and
Gomori’s Trichome Special Stain Kit according to the
(Leica
Kawaska, Zalesie, Poland). The images were captured
with the GmbH,
Oberkochen, Germany). Wounds were assessed as
described previously,'® ie the wound closure was calcu-

manufacturer’s  instructions Biosystems,

Zeiss Axio ImagerM2 (Zeiss

lated as the percentage of wound area at the time point
in comparison to the initial wound area. The epithelial
sheet area (re-epithelialization) was measured in the
cross-sections stained with hematoxylin/eosin using
ZEN software. Neutrophils were counted in five ran-
domly selected microscope fields per section in the
wound cavity at 400-fold magnification (0.234 mm?).

Local Lymph Node Assay (LLNA)

Female BALB/c mice (Medical University of Bialystok,
Bialystok, Poland), 8 weeks of age, were assigned to
groups (3 animals per group) using a stratified random
grouping method based on individual body weights.
Ears were stripped 10 times with an ordinary adhesive
tape (Polopor, Viscoplast, Polfa Warszawa, Poland), as
described before.'® After tape stripping, a vehicle nega-
tive control (acetone: olive oil, 3:1), a positive control —
25% w/v citral in vehicle (Sigma-Aldrich) and 25% w/v
of polyphenol-modified Au@AgNPs in vehicle or corre-
sponding tannin solution in vehicle were applied to the
dorsum of each ear (25 pL/ear) once daily for three
consecutive days. To access lymphocyte proliferation
in auricular lymph nodes, Cell Proliferation ELISA,
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BrdU
Shortly, cells were seeded in 96-well round bottom

colorimetric kit (Sigma-Aldrich) was used.
plates at 10* cells per well in RPMI medium without
phenol red supplemented with 10% FBS, 10 U/mL
penicillin, 100 pg/mL streptomycin (Gibco), 2 pg/mL
concanavalin A (Sigma-Aldrich) and at 72h, BrdU was
added and the cells were incubated for another 24h.
BrdU incorporation was further detected according to
the manufacturer’s protocol. The absorbance was mea-
sured using FLUOstar Omega counter (BMG Labtech,

Ortenberg, Germany).

Quantitative Reverse
Transcriptase-Polymerase Chain Reaction
(RT2-PCR)

Total RNA was isolated from the wound tissues preserved
in RNAlater (Sigma Aldrich) using Universal RNA
Purification Kit (EURx, Gdansk, Poland). Transcripts of
TNF-a, VEGF-a, PDGF-, IL-1a and TGF-B1 were quan-
tified using Tagman Gene Expression Assays (Thermo
Fisher Scientific). All PCR reactions were carried out
with QuantiFast Probe RT-PCR Kit (Qiagen, Hilden,
Germany) using a real-time PCR instrument Stratagene
MX4000 qPCR (Agilent
Technologies) according to the manufacturer’s protocol.

Real-Time System
The 2-AACt method was used in calculating the relative
ratio to control uninfected tissue.

Statistical Methods

Data are shown as the mean =+ standard error of the mean
(SEM) from at least three independent experiments. Data
were analysed using a two-tailed paired Student’s #-test
(normal distribution) or with non-parametric Kruskal—
Wallis and Wilcoxon's tests were applied using Biostat
software (AnalystSoft Inc., CA, USA). In every analysis
values of p < 0.05 were considered significant.

Results
Characterisation of Au@AgNPs Modified
with Polyphenols

Figure 1A represents the schematic illustration of the
Au@AgNPs core-shell structure used for further func-
The
Au@AgNPs were designed as spherical silver nanopar-

tionalization and  biological  experiments.
ticles with the size equal to 30 nm containing gold core
with the size equal to 13 nm. To confirm the core-shell

structure of nanoparticles, Au@AgNPs were tested with

the high-resolution scanning transmission electron
microscopy (HR-STEM). The bright-field (BF), dark-
field (DF) and high angle annular dark-field (HAADF)
detectors were used. The BF detector in HR-STEM is
located within the cone of illumination of the trans-
mitted beam and it allows to obtain high-quality mor-
phological images (Figure 1B) while the DF detects the
scattered electrons which lie outside of the path of the
directly transmitted beam (Figure 1C). The most infor-
mative for the core-shell structures is the HAADF detec-
tor, detecting incoherently scattered -electrons and
allowing to obtain a Z-contrast image. The Z-image is
directly related to the atomic number, hence, it is useful
for determination of not only the size and shape of the
core-shell structure but it also helps to distinguish two
types of materials with different atomic numbers. The
high resolution of HAADF gives an advantage over the
detection of back scattered electrons (BSE), which can
also be used to detect materials with different atomic

number, but with a lower resolution for core-shell nano-

particles. The HR-STEM images of synthesized
Au@AgNPs core-shell structures are presented in
Figure 1B-D.

The HR-STEM revealed that Au@AgNPs are uni-
form with spherical shape and the mean size is 30 nm.
Furthermore, HR-STEM images confirmed the core-
shell structure of Au@AgNPs. Based on the image
contrast, a silver shell around the gold core can be
observed. AuNPs used as seeds for the growth of
AgNPs are clearly visible inside the nanoparticles struc-
ture as darker areas while the silver shell is visible as
a lighter coating. A silver shell of the thickness approx.
8 nm is apparent in the STEM images (Figure 1B-D). In
HAADF image of Au@AgNPs (Figure 1D) the AuNPs
seeds are seen as white structures. It is known that
HAADF images are formed by collection of only very
high angle, incoherently scattered electrons. As a result,
HAADF detector is highly sensitive to atomic number
of atoms present in the material (Z-contrast). For ele-
ments with a larger atomic number, the electrostatic
interactions between the nucleus and the electron beam
are higher, hence more electrons are scattered at higher
angles. As a result, the HAADF detects more signals
from atoms with higher atomic number and these ele-
ments can be seen as brighter areas in the resulting
image — AuNPs seeds with ZAu = 79, while the Ag
shell (ZAg = 47) on the same image is seen as darker
areas (Figure 1D).
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Figure | Schematic representation of the Au@AgNPs synthesis strategy (A) and HR-STEM images of synthesized Au@AgNPs (B-D) bright field (B); dark field (C); and

high angle annular dark field (D).

The hydrodynamic size and the colloidal stability of
Au@AgNPs were investigated with DLS measurements.
The DLS size distribution histogram is presented in
Figure 2A. The mean hydrodynamic size of citrate
Au@AgNPs is equal to 33 nm. Colloid was stable and
any aggregates were not observed. Au@AgNPs were
functionalized with different polyphenols and character-
ized by DLS technique. The DLS size distribution his-
tograms of Au@AgNPs after functionalization with
gallic acid (GAL), resveratrol (RES), epigallocatechin
gallate (EGC), procyanidin B2 (PRO) and tannic acid
(TAN) are presented in Figure 2B—F.

All Au@AgNPs colloids were stable after functionali-
zation. The mean size of hydrodynamic diameter increased
after the Au@AgNPs modification and was: 36 nm, 45
nm, 61 nm, 63 nm and 38 nm for GAL-Au@AgNPs, RES-
Au@AgNPs, EGC-Au@AgNPs, PRO-Au@AgNPs and
TAN-Au@AgNPs, respectively. The increase of the hydro-
dynamic size of particles results from the size of the
modifier molecule, ie, the larger the modifier molecule,

the larger is the hydrodynamic diameter of the nanoparti-
cle. Such a relationship was not observed for TAN-Au
@AgNPs because the amount of TAN used to modify
was much smaller compared to other polyphenols (15
umol/l for tannic acid, 1000 umol/l for gallic acid; 200
umol/l for resveratrol, epigallocatechin gallate, procyani-
din B2).

Toxicity of Au@AgNPs Modified with

Polyphenols in vitro

At 24h of incubation with Au@AgNPs, the mitochon-
drial potential (A¥Ym) was measured using the JC-1
assay. As shown in Table 1, the cytotoxic effect of
Au@AgNPs modified with polyphenols upon the mito-
chondrial potential was minimal, except for modifica-
tion with (15-340 uM) tannic acid and 200 uM
epigallocatechin gallate (p < 0.05) (Table 1). All cor-
responding polyphenol solutions did not induce any
toxicity, except for 340 pM tannic acid causing mito-
chondrial toxicity already at 5 pg/mL (p < 0.05)

submit your manuscript

4974

Dove!

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Orlowski et al

[ NN
T

33nm

ENE© )

w

Intensity [%]

36 nm

[0}
o
[}
s =

Intensity [%]
w »
=
(@]
(o]
- -

N

45 nm

Intensity (%]
N w »
T T T
x
o
o
1_2 ;>
P
X,
S %
o
: ¢
o o
g 2

[N
T

0
8
E Tf
63 nm
6 |
OH
&5 | oo I
s [ oo
& O
Q OH O o
£3 0 O i OH
OH
2 OH
1 b
0
7

)
T
3
3
3

38 nm

N
3
-

w

Intensity [%]
3

1 10 100 1000
Particle hydrodynamicdiameter (dH) [nm]

Figure 2 The DLS size distribution histograms with the mean hydrodynamic size of
nanoparticles: citrate Au@AgNPs (A), GAL-Au@AgNPs (B); RES-Au@AgNPs (C);
EGC-Au@AgNPs (D); PRO-Au@AgNPs (E); TAN-Au@AgNPs (F) with the
respective chemical structure of compounds used for the functionalization.
Abbreviations: ECG, epicatechin gallate modified; GAL, gallic acid modified; PRO,
procyanidin B2 modified; RES, resveratrol modified; TAN, tannic acid modified.

(Table 1). Au@AgNPs modified with 200 uM epigal-
locatechin gallate significantly decreased mitochondrial
potential at 10 pg/mL, in comparison to 200 pM epi-
gallocatechin gallate reference solution (p < 0.05)
(Table 1), while 100 uM epigallocatechin gallate had
no significant toxic effects (Table 1).

We previously showed that tannic acid-modified
AgNPs sized 13 and 33 nm induced production of reactive
oxygen species in HaCaT cells.'” The concentration of the
tannic acid used in this work was 340 uM. Here, we used
lower concentrations for modifications, such as 15 and 170
UM to found that the latter actually significantly decreased
ROS production by HaCaT cells, when used at 5 pg/mL (p
< 0.05) (Table 2). Also, polydatin, resveratrol and epica-
techin reduced production of ROS in a concentration-
dependent manner (p < 0.05) (Table 2). On the other
hand, 340 uM of tannic acid and 100 uM epigallocatechin
significantly increased ROS production (p < 0.05)
(Table 2).

Wound Healing Potential Depends on the
Type and Concentration of a Polyphenol
Used for Modification of Au@AgNPs

Next, we decided to find if modification of bimetallic
nanoparticles with polyphenols leads to an additive effect
on the migration of keratinocytes in cell culture. The
scratch assay using human HaCaT cell line is a well-
characterized method to measure keratinocyte migration
in vitro.”® The scratch area of HaCaT cells treated with
modified bimetallic nanoparticles at 5 pg/mL or with
a corresponding concentration of a polyphenol used for
modification appeared to have a greater number of kerati-
nocytes present within the scratch region when compared
to control cells (Figure 3) but also to cells treated with
unmodified Au@AgNPs (p < 0.05) (Figure 3). For tannic
acid (TAN), the migration of keratinocytes was inversely
proportional to its concentration used for modification,
with the Au@AgNPs-15 uM TAN conjugate showing sig-
nificantly higher migration of keratinocytes in comparison
to the polyphenol solution (p < 0.01) (Figure 3A).
only TAN-modified Au@AgNPs
a significant increase of cell migration (p < 0.05)
(Figure 2A).

Gallic acid (GAL), a structural unit of gallotannins
such as tannic acid, significantly better induced cell

However, showed

migration when used for Au@AgNPs modification in
comparison to its solution (p < 0.01) (Figure 3A). This
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Table | Cytotoxicity of Polyphenol-Conjugated Au@AgNPs in Human HaCaT Keratinocytes. HaCaT Cell Line Was Exposed to
Polyphenol-Conjugated Au@AgNPs at 2.5-10 pg/MI for 24 h and Subjected to Measurement of Mitochondrial Potential with JC-1.

TheResults are Expressed as the Percentage of Cells with Decreased Mitochondrial Potential from 3 Separate Experiments + SEM

Type and Concentration of Polyphenol [ Concentration of Polyphenol-Au@AgNP Concentration of Polyphenol Solutions

Colloids

2.5 pg/mL 5 pg/mL 10 pg/mL 2.5 pg/mL | 5 pg/mL 10 pg/mL
Au@AgNPs without a polyphenol 6.14+£22 9.94 £ 2.6 9.01 = 1.1 - - -
Tannic acid 15 uM 11.83 £33 16.79 + 2.1 2629 £ | 5% 545+ 14 (809 +37 672+ 1.3
Tannic acid 170 uM 9.18+32 16.57 + 2.2 2891 £ 3.3%* 73%12 789+ 14 1213+ 1.5
Tannic acid 340 uM 1532+ 52 22.09 £ 3.4%* 44.39 £ 2.3 1489 £ 0.9 | 23.07 + 2.8% [ 37.75 + 4.8 **
Gallic acid 500 uM 6.55 2.1 839+ 18 841 £ 1.5 702+09 | 631%16 822 +23
Gallic acid 1000 uM 9.03 + |7 13.3+29 149 + 3.0 701214 | 604£20 5.96 £ 0.9
Polydatin 200 uM 10.09 + .7 931 = .15 154+ 1.6 855+09 | 95313 10.61 +0.8
Resveratrol 200 ypM 7.6 £ 031 7.78 £ 0.13 1294 + 1.2 623+ 14 | 625+ 14 538 £ 0.6
Catechin 200 pM 1126 £ I.5 7.1 £0.9 19.14 |5 6.12+£08 | 845+09 10.5 + .52
Epicatechin 100 pM 1001 + 1.8 1217 + 1.4 13.18 + 2.1 8.09 £25 12.65 + |I.5 1245 + 1.3
Epicatechin 200 pM 1121 = 1.8 11.86 = |.5 15.88 + 0.8 822+ 15 |[982+18 10.83 + 2.9
Epicatechin gallate 100 pM 528 £ 0.6 501 £0.7 599+ 1.6 485+ 0.5 5.13+0.3 52 %06
Epicatechin gallate 200 pM 575+ 06 1271 £ 3.2 847 + 1.3 519 +03 7.02 £ 05 5.36 £ 0.9
Epigallocatechin 100 pM 11.86 £ 5.1 1332 £ 3.6 1535+ 1.5 6.1 +09 6.03 + 1.25 797 £ 1.0
Epigallocatechin 200 uM 10.55 £ 2.0 10.84 + |.6 11.78 £ 0.8 6.0l 1.2 741 = 1.1 8.66 + 0.8
Epigallocatechin gallate 100 yM 55+22 6.13 1.6 9.86 + I.1 594+ 12 |584+ 1.1 726 £ 1.6
Epigallocatechin gallate 200 yM 58+04 527 £07 18.81 + 0.7* 45410 (9212 6.19 13
Procyanidin 100 uM 1032 +23 .17 +1.9 1261 + 1.9 1239 + 1.1 | 1036 +2.5 9.15% 1.5
Procyanidin 200 uM 11.3+1.9 1031 £ 24 11.87 £23 6.93 £ 2.1 671 £ 1.7 642 % 1.7

Notes: *Represents significant differences with p < 0.05, while **p < 0.01.
Abbreviation: SEM, standard error mean.

effect was concentration-dependent, with Au@AgNPs-
1000 uM GAL conjugate inducing the highest cell
migration (Figure 3A).

Modification of Au@AgNPs with resveratrol or its
glucoside form — polydatin showed that modifications
with those two stilbenoids induced significantly higher
migration of keratinocytes in comparison to unmodified
Au@AgNPs (p < 0.05) (Figure 3B). However, only
modification with resveratrol (RES) at 200 pM led to
a significant additive effect in comparison to resveratrol
solution at the 0.01)

(Figure 3B).

same concentration (p =

Next, we tested modification of Au@AgNPs with flavan-
3-ols for stimulation of keratinocyte migration. We found
that while epicatechin at 50 and 100 pM significantly
increased cell migration (p < 0.05) (Figure 3C), only mod-
ification of Au@AgNPs with 100 uM epicatechin (EPI) led
to a significantly increased keratinocyte migration in com-
parison to unmodified Au@AgNPs (p = 0.03) (Figure 3C).
On the other hand, modification of Au@AgNPs with its
optical isomer, catechin (CAT) at 200 pM induced scratch
healing in contrast to the catechin solution itself, although
insignificant (p > 0.05) (Figure 3C). Epigallocatechin (EGC)
as well as its gallate ester, epigallocatechin gallate (EGCG)
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Table 2 ROS Production by HaCaT Cell Exposed to Polyphenol-Modified Au@AgNPs. HaCaT Cell Line Was Exposed
to Polyphenol-Conjugated Au@AgNPs at 5 and 10 pg/MI for 24 h and Subjected to ROS Measurement (Materials and
Methods). The Results are Expressed as the Mean Green Fluorescence from 3 Experiments + SEM

Type and Concentration of Polyphenol Concentration of Polyphenol-Modified Au@AgNPs Colloids
5 pg/mL 10 pg/mL
Control cells 274.18 + 28
Au@AgNPs without a polyphenol 265.27 + 23 278.08 + 16
Tannic acid 15 pM 199.95 + 21** 286.13 + 18
Tannic acid 170 yM 246.12+ 23 277.09 + 3.3
Tannic acid 340 pM 245.56+ 36* 408.76 + 7%*
Gallic acid 500 yM 34292 + 64 371.98 + 57
Gallic acid 1000 uM 335.88 + 53 349.95 + 81
Polydatin 200 uM 197.70 £ [9** 207.67 + 9%
Resveratrol 200 uM 274.95 + 20%* 199,67 + 9*
Catechin 200 uM 327.88 + 41 261.18 £ 12
Epicatechin 100 pM 299.19 £ 51 245.24 + 28%*
Epicatechin 200 uM 245.57 + 56* 189.31 + 44*
Epicatechin galate 100 uM 320.99 + 63 344.46 + 57
Epicatechin galate 200 uM 3576 £ 74 37322 + 84
Epigallocatechin 100 uM 445.79 + 40* 298.2 + 86
Epigallocatechin 200 uM 32641 + 35 2532 + 25
Epigallocatechin galate 200 uM 346.41 + 36 377.29 + 61
Procyjanidin 200 uM 327.29 + 54 3712 £ 84

Note: *Represents significant differences with p < 0.05, while **means p < 0.01.
Abbreviations: ROS, reactive oxygen species, S.E.M,, standard error of mean.

induced significant cell migration leading to a scratch closing
(p < 0.05) (Figure 3C), but when used to modify
Au@AgNPs, they did not produce any additive effect upon
healing in comparison to Au@AgNPs (p > 0.05) (Figure 3C).
However, the gallate ester of epicatechin (ECG) used to
modify Au@AgNPs at 200 uM induced a significant additive
effect upon cell migration (p = 0.001) (Figure 3C).
Procyanidin B2 (PRO), a natural oligomer of epicatechin
showed a significant additive effect upon cell migration
within the scratch when used to modify Au@AgNPs at 200
UM in comparison to unmodified Au@AgNPs and procya-
nidin B2 itself (p < 0.05) (Figure 3C). Therefore, we decided
to use Au@AgNPs modified with 1000 uM gallic acid
(GAL), 15 puM tannic acid (TAN), 200 uM resveratrol
(RES), 200 uM procyanidin B2 (PRO) and 200 uM

epicatechin gallate (ECG) for further tests. Figure 4 shows
representative images of HaCaT keratinocytes with interna-
lised nanoparticles (turquoise). We observed no differences
in the levels of internalised modified nanoparticles and in
general, HaCaT cells showed very low uptake of nanoparti-
cles (Figure 4). Supplementary Figure 1 shows the work-flow

for polyphenol modification choice and further tests.

Polyphenol-Modified Au@AgNPs
Differently Influence Proliferation and
Re-Epithelization by Keratinocytes

in vitro

To test the direct effects of polyphenol-modified
Au@AgNPs upon keratinocyte biology we first tested the
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Figure 3 Keratinocyte migration in response to polyphenol-modified Au@AgNPs. Quantitative analysis of scratch assay in HaCaT cell line exposed to citrate-Au@AgNPs,
and Au@AgNPs modified with different concentrations of (A) tannic acid and gallic acid; (B) resveratrol and its precursor, polydatin and (C) hydrolysable and
nonhydrolyzable flavanols at 5 pg/mL for 24 h. Migration of cells is expressed as % increase in relation to control, unexposed culture with scratch. Each bar represents
the mean from 5 experiments (N = 5) * S.E.M,, *represents significant differences with p < 0.05, while **p < 0.01.

Abbreviations: S.E.M,, standard error of mean.

expression of the proliferation marker, PCNA in HaCaT
cells. We found that all tested polyphenols, either alone or
in conjugation with Au@AgNPs induced significantly higher
proliferation of HaCaT cells (p < 0.05) (Figure 5, Table 3),
except for unmodified Au@AgNPs, tannic acid or TAN-Au
@AgNPs-treated cultures (p > 0.05) (Figure 5, Table 3).

In comparison to untreated control and cells treated
with unmodified Au@AgNPs, TAN-Au@AgNPs as well
as with tannic acid itself, all other modified nanoparti-
cles and corresponding polyphenol solutions signifi-
cantly up-regulated expressions of E-cadherin (120
kDa) (p < 0.05) (Figure 5, Table 3), while down-
regulated production of soluble E-cadherin form (80

kDa) (p < 0.05) (Figure 5, Table 3). Interestingly, poly-
phenol-Au@AgNPs up-
regulation of E-cadherin expression in comparison to

conjugates showed lower
corresponding polyphenol solutions (Figure 5, Table 3).
Although high expression of E-cadherin is related to
keratinocyte differentiation, the process characteristic
for the end stage of wound healing, only epicatechin
gallate, but not ECG-Au@AgNPs, caused significant up-
regulation of involucrin, another marker of keratinocyte
differentiation (p = 0.01, Figure 5). Matrix metallopro-
teinase-9 (MMP-9) is a type IV collagenase that is
transiently expressed in the process of normal wound

healing. Here, we found that Au@AgNPs modified with
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Figure 4 Keratinocytes do not significantly internalize polyphenol-modified
Au@AgNPs. Confocal microscopy images showing polyphenol modified and unmo-
dified Au@AgNPs inside the cells (dark blue). (A) control, untreated cells, cells
treated at 5 pg/mL with (B) citrate Au@AgNPs, (C) GAL-Au@AgNPs, (D) TAN-
Au@AgNPs, (E) ECG-Au@AgNPs, (F) RES-Au@AgNPs and (G) PRO-Au
@AgNPs, Nuclei were stained with Hoechst 33342 (turquoise). Images were
captured using 63 x objective lens and 1.5 x digital zoom.

Abbreviations: TAN, tannic acid modified; GAL, gallic acid modified; ECG, epica-
techin gallate modified; RES, resveratrol modified; PRO, procyanidin B2 modified.

gallic acid (GAL), procyanidin B2 (PRO), epicatechin
gallate (ECG) and resveratrol (RES) or corresponding
polyphenol solutions (except for resveratrol) signifi-
cantly up-regulated expression of MMP-9 (p < 0.05)
(Figure 5). Unmodified Au@AgNPs down-regulated

expression of MMP-9 (p = 0.01, Figure 5), while TAN-
Au@AgNPs and tannic acid had no significant influence
upon MMP-9 expression (p > 0.05) (Figure 5).

Tannin-Ag/AuNP Conjugates Improve

Wound Healing in vivo

Wound closure was observed in all treatment groups within
14 days, albeit with different characteristics (Figure 6). All
tested animals formed scabs at the wound site, which lasted
for several days and left residual lesions on the skin tissue
after they fell off. All tested polyphenol conjugates with
Au@AgNPs showed significantly better wound closure
at day 6 in comparison to untreated control and unmodified
Au@AgNPs (p < 0.05) (Figures 6A and 7). However, the
highest increase in thickness was observed at day 6 for ECG-
Au@AgNPs (p < 0.05) (Figures 6B and 7). The correspond-
ing polyphenol solutions did not significantly influence
epithelial thickness at day 6 (Figures 6B and 7). The
Au@AgNPs, tannic acid, resveratrol and epigallocatechin
gallate-treated wounds showed significantly lower epithelial
sheet thickness at day 14 (p <0.05) (Figures 6B and 7), while
all conjugates showed similar thickness as control wounds,
or higher (Figures 6B and 7). For ECG-Au@AgNPs-treated
wounds, significantly higher epithelial sheet thickness was
observed already at day 3 and 6, in comparison to wounds
treated with unmodified Au@AgNPs (p < 0.05) (Figure 6B).
Similarly, wounds treated with TAN-Au@AgNPs showed
earlier increase in re-epithelialization at day 6 in comparison
to control and Au@AgNPs treatment (p < 0.05) (Figure 6B).
Epithelial sheet thickness observed at day 6 and 14 for GAL-,
RES- and PRO-Au@AgNPs were significantly higher than
that measured in wounds treated with unmodified
Au@AgNPs (p < 0.05) (Figure 6B). However, these mea-
surements did not differ from those performed for control,
untreated wounds (Figure 6B).

Figure 7 shows the wound healing histology for each
treatment group at day 6, and 14 after wounding, stained
with Masson’s trichrome procedure. This staining shows
stained collagen fibers in pale blue, the cytoplasm in pale
purple, the nuclei in blue, and the red blood cells in cherry
red. At the early stage of the healing processes (day 6),
wounds in all groups displayed evident inflammatory cell
infiltration, granulation tissue formation, and epidermal
proliferation. However, wounds treated with polyphenol
Au@AgNPs conjugates showed stronger and early collagen
deposition and wound closure in comparison to control and
Au@AgNPs-treated group (Figure 7).
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Figure 5 Representative immunoblotting results of involucrin, E-cadherin (80 and 120 kDa), PCNA and MMP-9 in HaCaT cells treated with unmodified and polyphenol-
modified Au@AgNPs. Cells were treated at 5 pg/mL with citrate, unmodified Au@AgNPs, GAL-Au@AgNPs, TAN-Au@AgNPs, ECG-Au@AgNPs, RES-Au@AgNPs and
PRO-Au@AgNPs for 24h and subjected to Western blotting assay.

Abbreviations: ECG, epicatechin gallate modified; GAL, gallic acid modified; PRO, procyanidin B2 modified; RES, resveratrol modified; TAN, tannic acid modified; PCNA,
proliferating cell nuclear antigen; MMP-9, matrix metalloproteinase 9.

To evaluate inflammation in wounds, we calculated the  differences in neutrophil infiltration in comparison to control
numbers of neutrophils per field (Figure 6C, Supplementary  group. Interestingly, starting at day 6 neutrophil infiltration
Figure 2). At day 3, we did not find any significant increased significantly for TAN-Au@AgNPs-treated wounds

Table 3 Quantitative Inmunoblotting Results of Involucrin, E-Cadherin (80 and 120 kDa), PCNA and MMP-9 in HaCaT Cells Treated
with Unmodified and Polyphenol-Modified Au@AgNPs. Cells Were Treated at 5 ug/Ml with Citrate, Unmodified Au@AgNPs, GAL-
Au@AgNPs, TAN-Au@AgNPs, ECG-Au@AgNPs, RES-Au@AgNPs and PRO-Au@AgNPs for 24h and Subjected to Western Blotting
Assay. The Results are Expressed as Density Measurements from 3 Experiments + SEM

PCNA E-Cadherin 120 E-Cadherin 80 kDa Involucrin MMP-9

Control 0.38 £ 065 0.31 £ 0.051 0.23 £ 0.038 0.52 £ 0.1 0.29 £ 0.05
Ag@AuNPs 0.41 £ 0.046 0.35 + 0.064 0.31 £ 0.09 0.68 £ 0.1 0.05 £ 00.1**
GAL-Ag@AuNPs 1.49 £ 0.15% 0.77 + 0.02* 0.032 £ 0.001** 0.74 £ 0.1 0.74 £ 0.04**
GAL 1.67 £ 0.3% 1.23 + 0.43%* 0.057 £ 0.004* 0.55 £ 0.21 0.55 £ 0.03*
TAN-Ag@AuNPs 0.43 + 0.088 0.35 + 0.092 0.32 + 0.09 0.66 = 0.11 0.39 + 0.0l
TAN 0.49 + 0.08 0.29 + 0.035 0.3 + 0.06 0.57 + 0.09 0.45 + 0.012
ECG-Ag@AuNPs I.5 £ 0.3*% 0.79 £ 0.029* 0.017 £ 0.001** 0.85 + 0.06 097 £ 0.11*
EGG 1.7 + 0.45% 0.88 + 0.124* 0.018 + 0.001** 1.05 + 0.13%* 1.05 + 0.1 1*
PRO-Ag@AuNPs 1.27 + 0.3* 0.75 £ 0.1* 0.14 + 0.09* 0.75 £ 0.07 0.75 + 0.089*
PRO 1.62 + 0.4+ 0.7 + 0.02* 0.09 + 0.00** 0.62 £ 0.15 0.62 + 0.1*
RES-Ag@AuNPs I.1 £0.1* 0.9 + 0.092* 0.1l + 0.09* 0.52 £ 0.095 0.52 £ 0.1*
RES 1.3 £ 0.093* | £0.126%* 0.13 + 0.02* 0.36 £ 0.1 0.36 £+ 0.08

Note: *Represents significant differences with p < 0.05, while **means p < 0.01.
Abbreviations: TAN, tannic acid modified; GAL, gallic acid modified; ECG, epicatechin gallate modified; RES, resveratrol modified and PRO, procyanidin modified; PCNA,
proliferating cell nuclear antigen; MMP-9, matrix metalloproteinase 9; S.E.M., standard error of mean.
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Figure 6 Au@AgNPs modified with selected polyphenols (tannic acid, gallic acid, resveratrol, epicatechin gallate and procyanidin B2) improve healing in a mouse wound
model. Modified and unmodified Au@AgNPs as well as solutions of polyphenols used for modification were applied at 5 pg/mL in saline and the wounds were subjected to
further tests at 3, 6 and 14 days from injury. Each bar represents the mean from 5 animals + S.E.M (N=5). (A) Percentage of the original wound size at day 6 from wounding.
(B) Re-epithelialization, expressed as the epithelial sheet thickness in pm measured in hematoxylin-eosin stained tissue sections at respective days after injury. (C) Numbers
of neutrophils per field in the skin sections subjected to hematoxylin-eosin staining at respective days after injury (magnification 400 x). *p < 0.05 versus untreated control.
Abbreviations: NPs, Au@AgNPs; ECG, epicatechin gallate modified; GAL, gallic acid modified; PRO, procyanidin B2 modified; RES, resveratrol modified; TAN, tannic acid

modified; S.E.M., standard error of mean.
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in comparison to control group, and it continued at day 14,
also for and PRO-Au@AgNPs (p < 0.05) (Figure 6C,
Supplementary Figure 2).

Polyphenol-Modified Ag/AuNPs Do Not

Induce Toxic Dermal Reaction

The basic principle underlying the murine local lymph node
assay (LLNA) is that sensitizers induce proliferation of lym-
phocytes in the lymph nodes draining the site of substance
application (auricle). This proliferation is proportional to the
dose applied, and provides means of obtaining an objective,
quantitative measurement of sensitization. Here, we used
a nonradiolabelled 5-bromo-2-deoxyuridine (BrdU) with
detection by an enzyme-linked immunosorbent assay
(ELISA) to assess lymphocyte proliferation. In lymph
nodes isolated from ears treated with a sensitizer — citral,
we found a significant proliferative response (p = 0.009),
while lymphocyte proliferation in Au@AgNPs, RES- and
ECG-Au@AgNPs-treated animals was at the level similar to
control mice (Figure 8). Interestingly, corresponding poly-
phenol — resveratrol (RES) and epicatechin gallate (ECG)
caused significant down-regulation of lymphocyte prolifera-
tion (p < 0.01) (Figure 8). Similarly, other polyphenol con-
jugates as well as corresponding polyphenol solutions, such
as GAL-, TAN- and PRO-Au@AgNPs caused a significant
decrease of lymphocyte proliferation (p < 0.05) (Figure 8).

Polyphenol-Modified Ag/AuNPs
Differently Modulate Expression of

Cytokines in Wounds

The mRNA levels of tumour necrosis factor-o. (TNF-a),
transforming growth factor f1 (TGF-B1), interleukin 1B
(IL-1B), vascular endothelial growth factor-a. (VEGF-a) and
platelet-derived growth factor-p (PDGF-f3) were measured by
gRT-PCR (Figure 9). In general, mRNA expressions of
detected cytokines were increased in all treated groups
at day 3 of wound repair in comparison to control wounds
(Figure 9). However, the levels of mRNAs upregulation
differed between the treatment groups. At day 3, wounds
treated with ECG- or RES-Au@AgNPs and the correspond-
ing polyphenol solutions showed the highest up-regulation of
mRNA for TNF-a (Figure 9), while only Au@AgNPs and
their modifications with RES and ECG caused significant up-
regulation of TGF-f1 mRNA (p < 0.05) (Figure 9). Similarly,
polyphenol modifications of Au@AgNPs showed higher up-
regulation of PDGF- mRNA levels in comparison to corre-
sponding polyphenol solutions (p < 0.05) (Figure 9), except

for procyanidin B2 modification. For IL-1f mRNA, the high-
est levels were detected at day 3 for ECG- or RES-Au
@AgNPs. The levels of mRNA for TNF-a, IL-1B, TGF-$1
and PDGF-f decreased until day 6, except for unmodified
Au@AgNPs, showing high levels of TNF-a mRNA at day
14 (Figure 9). The levels of mRNA for VEGF-a were sig-
nificantly up-regulated at day 14 for the wounds treated with
unmodified Au@AgNPs and modified with resveratrol and
epicatechin gallate (p < 0.05) (Figure 9).

Discussion

Polyphenols have been widely used in traditional medicine
to treat several chronic skin diseases, such as psoriasis and
vitiligo, and they are also known to be therapeutically
beneficial in wound healing and show anti-inflammatory
effects when applied topically.?**° Each bioactive agent
may have specific function on wound healing properties,
influencing different stages of this process. Wound dres-
sings containing AgNPs can effectively protect an injury
from bacterial infection and promote tissue regeneration
during the healing process.®'~** Previously, we showed that
AgNPs sized >26 nm modified with 340 uM tannic acid
(TA-AgNPs) promoted wound healing both in vivo and
in vitro by accelerating re-epithelialization.'® We reported
that TA-AgNPs sized >26 nm induced little cytotoxicity in
both mouse and human keratinocytes as well as fibroblasts
in vitro. However, an increased toxicity was found in
mouse monocytes, showing intensive internalization of
TA-AgNPs.'>3? The internalisation-related toxicity was
size-dependent, with 13 nm TA-AgNPs being the strongest
inducers of ROS production.'**

In this study, we used bimetallic Au@AgNPs, sized 30
nm, to reduce previously observed cytotoxicity and to test
if we can combine wound healing properties of nanoparti-
cles with particular properties of different polyphenols
(Supplementary Figure 1). First, we chose polyphenols

from the green tea extracts, known to influence skin heal-
ing on the basis of the literature review. Next, we prepared
with 30 nm
Au@AgNPs and used for toxicity screening. Out of

conjugates of selected polyphenols
approx. 100 polyphenols used to modify Au@AgNPs,
only several showed little, or no toxicity, depending on
the concentration used for modification. These polyphe-
nols included: tannic acid, gallic acid, polydatin, resvera-
trol, catechin, epicatechin, epigallocatechin, epicatechin
gallate, epigallocatechin gallate and procyanidin B2 at
different concentrations (Table 1). The toxicity of both
Au@AgNPs and polyphenol-modified Au@AgNPs was
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Figure 7 General morphology of wounds after treatment with unmodified and polyphenol-modified Au@AgNPs. Representative microphotographs of the Tri-chrome
Masson stained wound sections at 6 and |14 day post-injury. Modified and unmodified Au@AgNPs as well as solutions of polyphenols used for modification were applied at 5
pg/mL in saline. Magnification x 400.

Abbreviations: NPs, Au@AgNPs; ECG, epicatechin gallate modified; GAL, gallic acid modified; PRO, procyanidin B2 modified; RES, resveratrol modified; TAN, tannic acid
modified.
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Figure 8 Polyphenol-modified Au@AgNPs do not induce toxic dermal reaction. The murine local lymph node assay (LLNA) was used to test inflammatory ear reaction
upon Ag/AuNPs exposure. Mice were subjected to ear stripping followed by three applications of unmodified and tannin-modified Au@AgNPs (25 pg per each ear, every 24
h). Citral was used as a positive control. Proliferative response of lymphocytes isolated from auricle lymph nodes was measured by BrdU test at 72 h after stimulation with
concanavalin A. Each bar represents the mean from 3 animals + S.E.M (N=3), *means significant differences with p < 0.05, while **means p < 0.001 in comparison to negative

control (vehicle).

Abbreviations: NPs, Au@AgNPs; ECG, epicatechin gallate modified; GAL, gallic acid modified; PRO, procyanidin B2 modified; RES, resveratrol modified; TAN, tannic acid

modified; S.E.M., standard error of mean.

very low, except for the highest concentrations of modifi-
cation with tannic acid (340 uM) and epigallocatechin
gallate (200 uM) (Table 1). This toxicity was related to
ROS production (Table 2). Furthermore, polyphenol-
conjugated Au@AgNPs showed little internalization by
HaCaT cells, toxicity
(Figure 4). Low toxicity of bimetallic Au@AgNPs was
also shown by other authors for HaCat cells, red blood
cells* and HEK293 cells.”

In order to select the most promising conjugates for

which was related to low

further studies, we used in vitro scratch assay to screen for
the ability to stimulate keratinocyte migration (Figure 3).
We found that migration of keratinocytes into the wounded
area was dependent on the type of the polyphenol used to
modify Au@AgNPs, but also on its concentration. Our
goal was to select modifications of Au@AgNPs, showing
the highest additive effect for wound healing in compar-
ison to polyphenol solution itself. Only five combinations
fulfilled this requirement: 15 pM tannic acid, 200 uM
resveratrol, 200 uM epicatechin gallate, 1000 uM gallic
acid and 200 uM procyanidin B2 (Figure 3) and were used
for further in vitro and in vivo studies.
Epithelial-to-mesenchymal  transition (EMT) is
a tightly regulated physiological process in which epithe-
lial cells undergo multiple morphologic, biochemical and
genetic changes enabling them to acquire a mesenchymal

phenotype.>**” The process of re-epithelialization is

sometimes termed as “partial EMT”.*® A hallmark of
EMT is cell-cell dissociation and acquisition of motility.
During re-epithelialization keratinocytes at the wound
edge lose their intercellular adhesions and migrate across
the wound.®® EMT is also characterised by the loss of
epithelial cell markers, such as E-cadherin.**>” The cell
then progresses towards a mesenchymal phenotype,
accompanied by a temporally regulated expression of pro-
teins including neural cadherin (N-cadherin), vimentin,
integrin, fibronectin, and matrix metalloproteinases
(MMPs).**3? Pathological EMT is present in many
inflammatory diseases and leads to tissue fibrosis, loss of
organ function, cancer progression and metastasis.*®*’
Gliga et al, used a model of non-tumorigenic, SV40 trans-
formed human lung BEAS-2B cells to show that repeated
low-dose, long-term exposure of these cells to AgNPs
sized 10 and 75 nm is pro-fibrotic, induces EMT and cell
transformation.”” On the other hand, many polyphenols
have been shown to regulate excessive EMT, such as
tannic acid, gallic acid, epicatechin gallate, procyanidin
B2 and resveratrol.*!

Here, we found that polyphenols and polyphenol-
modified Au@AgNPs induced proliferation of HaCaT
except for unmodified Au@AgNPs and TA-
AuAgNPs (Figure 5). Interestingly, while other conjugates

cells,

up-regulated expression of E-cadherin (Figure 5, Table 3),

they also down-regulated production of a soluble
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Figure 9 Cytokine expression changes in wounds subjected to treatment with unmodified and polyphenol-modified Au@AgNPs at 3, 6 and Comment: Dear author, please
advise should 7 day be changed to 14 day instead as per figure images. 14 day from injury. mRNA levels of TNF-a (A), PDGF-$ (B), IL-I1p (C), TGF-BI (D) and VEGF (E)
were expressed as expression relative to control on the basis of the 2ACt method. mRNA levels were counted from three PCR reactions for each sample. N=3. *Means
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Abbreviations: NPs, Au@AgNPs; TAN, tannic acid modified; GAL, gallic acid modified; ECG, epicatechin gallate modified; RES, resveratrol modified; PRO, procyanidin B2
modified.
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E-cadherin form (80 kDa). Up-regulation of E-cadherin by
certain polyphenols has been shown before.*' Epicatechin
gallate and resveratrol can reverse TGF-fB1-induced epithe-

lial-to-mesenchymal transition by

42,43

up-regulation of

E-cadherin and involucrin. Metalloproteinases
(MMPs) are zinc-dependent endopeptidases and key mole-
cules in the healing process and tissue remodelling. They
are capable of degrading all kinds of extracellular matrix
proteins, thus helping in cell migration and wound closure.
However, increased levels of MMPs are also found in
chronic wounds, such as diabetic ulcers, characterised
with excessive inflammation.** AgNPs have been shown
influence upon MMP-2 and MMP-9
secretion and we also found that unmodified
Au@AgNPs as well as TAN-Au@AgNPs did not influ-

ence MMP-9 expression (Figure 5). Other tested polyphe-

to have no
45,46

nol conjugates induced expression of MMP-9 (Figure 5).

Taken together, we can conclude that wound healing by
TAN-Au@AgNPs is mediated through a presumably differ-
ent process than this induced by other tested polyphenols
(RES-, GAL-, ECG- and PRO-Au@AgNPs). TAN-Au
@AgNPs induce more EMT-like re-epithelialization than
other polyphenol modifications of Au@AgNPs, acting
through proliferation and wound closure rather than migration
of keratinocytes. Previous studies showed that TAN might
directly interact with TGF-B1, thereby repressing TGF-f
signalling and subsequent EMT process in epithelial cells.*’
However, it is also possible that upon conjugation with NPs,
especially in low doses, this activity of TAN is diminished.

Previously, we showed that treatment of the same
in vivo model with 33 and 46 nm TAN-AgNPs led to
a faster wound closure and increased re-epithelialization
compared with control mice.'® Similarly as here, we did
not observe better wound healing with uncoated AgNPs.
However, other authors showed that uncoated AgNPs
sized 5-15 nm but also those with a diameter of ~20 nm
accelerated re-epithelialization, enhanced migration of
fibroblasts and reduced neutrophil and macrophage infil-
tration at the wound site in rodent models.*®* In this
study, we found that modification of bimetallic nanoparti-
cles with selected polyphenols leads to the improvement of
wound healing, although particular polyphenols may show
different effects upon its subsequent stages. Additionally,
application of polyphenol-modified Au@AgNPs onto the
stratified ear skin in LLNA test did not lead to the local
irritation or inflammation. Furthermore, some modifica-
tions also showed anti-inflammatory potentials, such as
GAL-, TAN- and PRO-Au@AgNPs (Figure 8).

Tannic acid (TAN) is a plant polyphenol found abun-
dantly in the galls of Quercus species, and it is categorized
as an antioxidant, antimicrobial, antiviral, and anti-
inflammatory agent.’®>' Structurally, TAN has a glucose
moiety as a core, and the hydroxyl groups of glucose are
esterified with five digallic acids.’®>' Chen et al, demon-
strated that TAN can accelerate wound healing through
modulation of inflammatory cytokines and growth factors
as well as through activation of ERK1/2 pathway.”* We
also found that TAN-modified but not unmodified AgNPs
down-regulated inflammatory response in HaCaT kerati-
nocytes subjected to TNF-a and LPS, as well as induced
ERK 1/2 pathway.'> We previously used AgNPs modified
with 340 uM TAN, while here we managed to obtain
a similar healing effect with a decreased concentration of
tannic acid, and without toxicity. Previously, we also
showed that expression of VEGF-a, TGF-1p and PDGF
was induced by both tannic acid modified and unmodified
AgNPs early during wound healing. However, this effect
could be contributed to the AgNPs rather than tannic acid
modification.'® Au@AuNPs modified with 15 pM tannic
acid showed up-regulation of only PDGF-a only early
during proliferative phase and again, this should be con-
tributed to the activity of nanoparticles (Figure 9).

As mentioned, TAN is a polymer of gallic acid
(GA).>**! Gallic acid is a 3,4,5-trihydoxybenzoic acid,
a phenolic acid found in almost all plants including fruits,
leaves, and wild flowers.>® It has been reported to possess
antioxidant, anti-inflammatory, analgesic, and anticancer
properties.>>>> Kapoor et al, showed that GA induced
cell cycle arrest at G1 phase and promoted apoptosis in
fibroblasts derived from keloids.’® GA inhibited AKT and
ERK1/2 activity in fibroblasts in a dose-dependent
manner.’® Here we found that GA did not show any
inhibitory effects upon keratinocyte proliferation, which
is consistent with other studies by Yang et al demonstrat-
ing that GA is beneficial to wound healing by promoting
the migration of keratinocytes and fibroblasts under nor-
mal and hyperglucidic conditions.’” However, GAL-Au
@AgNPs showed no significant up-regulation of cytokines
related to wound healing, except for PDGF-a (Figure 9).

Catechins are naturally occurring polyphenolic com-
pounds with putative anti-inflammatory, antioxidant and
free radical scavenging effects in vitro.”®° By using
a full-thickness incisional model of wound healing in rats
Kapoor et al showed a significant improvement in the
quality of scar formation and an increase in the number
of new blood vessels in the ECG-treated group, correlating
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with high levels of VEGF.’® In our study, ECG-modified
Au@AgNPs showed the highest wound healing potential.
ECG-Au@AgNPs also induced expression of TNF-a, IL-
1B and PDGF early during wound healing (inflammation
phase) and this effect could be contributed to ECG itself
rather than NPs. TGF-1 and VEGF levels were increased
by ECG-Au@AgNPs during inflammation and prolifera-
tive phases of healing, respectively (Figure 9). TGF-B1
plays an important role in almost all stages of wound
healing and scar formation and AgNPs can upregulate
TGF-B1 early during wound healing process.”’
Gurunathan et al have demonstrated that AgNPs inhibited
VEGF-induced cell proliferation, migration, and capillary-
like tube formation of bovine retinal endothelial cells as
well as effectively inhibited the formation of new blood
microvessels induced by VEGF.®”> Both here and
previously,'® we observed an opposite effect, with ECG-
Au@AgNPs inducing VEGF upregulation during wound
healing. However, this effect seems to be specifically
related to the silver nanoparticle core/shell rather than
a specific polyphenol modification.

Resveratrol (RES) consists 3,5,40-trihydroxytrans-
stilbene, and it is one of the best-studied phytophenols
63,64 inhibits

VEGF-induced angiogenesis in endothelial cells®® and

with pleiotropic properties. Resveratrol
inhibits TNF-o-induced keratinocyte proliferation and
matrix metalloproteinase (MMP-9) expression by inhibit-
ing nuclear factor (NF)-kappa B and activator protein-1
(AP-1).%° RES also suppresses type I collagen deposition
and keloid fibroblast proliferation.®® In this study, RES did
not influence keratinocyte proliferation but it inhibited
MMP-9 and TNF-a expression (Figure 5, Table 3). RES
can inhibit EMT in colorectal cancer through the TGF-1/
Smads signaling pathway®’ as well as PDGF-B-induced
migration of retinal pigment epithelial cells.°® Here, RES-
Au@AgNPs induced expression of TGF-B1 and PDGF-p
expression during inflammatory phase of wound healing
(Figure 9). Furthermore, RES-Au@AgNPs also induced
expression of VEGF in the remodelling phase (Figure 9).
This implies that the presence of silver in this particular
conjugate modifies polyphenol properties related to EMT
and angiogenesis. Still, RES-Au@AgNPs showed anti-
inflammatory properties, as found in LLNA test.
Proanthocyanidins are a species of phenolic com-
pounds that take the form of polymers or oligomers built
of flavan-3-ol units, such as catechin, epicatechin, gallo-
catechin, epigallocatechin, afzelechin, and epiafzelechin.®”

The most ubiquitous proanthocyanidin present in natural
source is the procyanidin B2, where the flavan-3-ols are
linked via an interflavan bond between the benzylic C-4
carbon of the heterocyclic ring of the upper unit and the
C-8 carbon of the flavan-3-ol A-ring of the lower unit
(4—8).”° Procyanidin B2 possesses anti-microbial and
antioxidant properties and it induces anti-inflammatory
M2 polarization of macrophages.”' Takahashi et al found
that procyanidin oligomers promote the proliferation of
mouse hair epithelial cells.”” Here, procyanidin B2 pro-
moted wound healing both in vitro and in vivo, and
3, 6-8).
Surprisingly, PRO-Au@AgNPs up-regulated neutrophil

showed anti-inflammatory activity (Figures

accumulation late during wound healing (14 d) despite
no up-regulation of pro-inflammatory cytokines.

Conclusion

The results of this study have demonstrated, for the first
time, that treatment with bimetallic Au@AgNPs modified
with selected polyphenols results in a significant improve-
ment of wound healing both in vitro and in vivo. In
addition, we have demonstrated that particular polyphe-
nols used to modify bimetallic nanoparticles may show
different effects upon different stages of wound healing.
Taking into account the ability of bimetallic nanoparticles
to penetrate injured skin and interact with the skin immune
system, we can assume that combining Au@AgNPs with
selected polyphenols allows to prepare a new type of
nanomaterials, precisely tailored for the requirements of
different types of injuries, such as chronic, infected or
hyperproliferative wounds.
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