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Refining nutraceutical conjugated metal nanoparticles (NPs) and understanding their interactions with the
cellular micro-environment is necessary for their application in nanomedicine. In the present experiment,
we studied the effect of quercetin functionalized gold nanoparticles (AuUS“"NP) on skin fibroblast and
keratinocyte cell migration. Spherical shaped AUCYNPs of 47 nm in size were formed due to the
interaction of hydroxyl and carbonyl groups of quercetin with Au atoms as revealed by incremental
algorithm-based analysis. AuUS“"NP containing up to 5 pg ™! of Au with quercetin (5.2 + 1.6 ng ml™) was
least toxic to fibroblasts. AUSYNP effectively reduced the generation of intracellular ROS (up to 63%)
through free-radical scavenging activity. AUS“"NP also enhanced the rate of migration of fibroblasts (24
h) and keratinocytes (20 h) in artificially created wounds. The rate of migration of the cells towards the
wound edge was in the order of AuUS“"NP > control > quercetin > AuNP. AUSY'NP also significantly
increased the expression of TGFB1 protein, thereby inducing the downstream SMAD complex (SMAD 2-
4). Downregulation of the inhibitory protein SMAD 7 by Au®“'NP helped in the nuclear translocation of
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DOI- 10.1039/d0ra06690g SMADs 3 and 4. Collectively, the present in vitro study demonstrates the action of AU“"NP on the SMAD
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Introduction

Nanotechnology, encompassing the utilization of physical,
chemical and biological systems at submicron levels, opens the
flood gate of information for new drug design and application.
Advances in nanomaterials and their application in biological
modules is considered as cutting-edge research and is
advancing rapidly in the field of nanotechnology.! Nano-
materials have a wide range of applications such as in drug
synthesis, environmental science, regenerative medicine, food
technology, and vaccine development, due to their unique
nanoscale size, increased surface area, and high mechanical
strength and potential electronic, magnetic and photonic
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family and the interconnected molecular mechanism leading to the cell migration process.

properties. Nanomaterial assisted drug delivery is becoming an
advanced tool in regenerative medicine as it over overcomes the
limitation of conventional drug delivery system. Sources of drug
synthesis are either synthetic chemistry based or from natural
sources.” Bio-inspired smart hybridization with natural
compounds is gaining considerable attention as a green route
to nanoparticle synthesis, and is emerging as an important and
sustainable eco-friendly approach for nano-formulations. Drug
designers are increasingly interested in developing multi-
targeted therapy strategies by conjugation reaction with
biocompatible metals. Over the last decade, research has
expanded on widely used metals like gold, silver, copper, iron,
and zinc as sources for nanomaterial synthesis.®> Among all
metals, gold and silver nanoparticles (NPs) have huge potentials
as drug carriers and anti-bacterial agents in regenerative
medicine.*

Quercetin, a bioflavonoid commonly found in fruits, vege-
tables, seeds, berries, and tea, has been studied extensively for
prevention of osteoporosis, cardiovascular disease, tumors,
allergy, inflammation, and cancer.>® Despite promising bio-
efficacy credits of quercetin, a major drawback limiting its
clinical efficacy is its poor bio-availability due to low solubility
in aqueous solution. Rapid hydrolysis due to extreme gastric pH
condition in gastrointestinal tract is another bottle neck that
decreases its bioactivity index. Recently various attempts, such
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as incorporating it into NPs,”™® apoferritin loaded system," and
hydrogel formulation>'® have been made to increase its
biopotencies.

In spite of vast knowledge on quercetin and its application in
management of various regenerative diseases, some inherent
short-comings still persists in dermal wound healing compli-
cations. Skin abnormalities suffers both from internal as well as
external stimuli. Common dermatologic ailments include skin
atopy, psoriasis, keratosis, skin cancer, autoimmune bullous
skin diseases, acne vulgaris, chronic non-healing wounds, skin
pigmentation disorder etc.'” Chronic non-healing wound is
a major source of concern for pathologists and dermatological
clinicians. Wound and its healing process is a dynamic process
involving inflammation, proliferation and remodeling phases,
each employing several cascades of biochemical pathways and
interconnected signal transduction cross talk.”*>' In recent
years, nanotechnology directed technologies are gaining
recognition as therapeutic agents in wound healing
scenario.”>** However, their clinical applications have several
limitations due to drug instability, drug precipitations, toxicity,
and skin permeation.

We had previously synthesized quercetin conjugated gold
nanoparticles (Au®'NP) and showed its beneficial effects on
skin fibroblasts.* The current investigation aims to validate the
effect of Au?*"NP on the process of migration of fibroblasts in
artificially created in vitro wound model and understand the
associated molecular mechanism. We demonstrate that
Au®“'NP enhances fibroblast migration through TGFB1 medi-
ated SMAD signaling cascade.

Materials and methods
Chemicals and reagents

Tetrachloroauric acid (AuCly), quercetin, potassium hydroxide
(KOH), Tween-20, DMSO, MTT [3-(4,5-dimethylthiazol-2-yl)-2-5-
diphenyltetrazolium bromide], N-acetyl cysteine (NAC), crystal
violet, Stemline Keratinocyte medium II (#S0196) were
purchased from Sigma-Aldrich (St., Louis, MO, USA). Mouse
skin fibroblast cell line m5S and human keratinocyte cell line
PHK16-0b were purchased from National Institute of Biomed-
ical Innovation, Health and Nutrition cell bank (NIBIHON,
Ibaraki, Japan). Cell culture medium (¢ MEM), antibacterial
cocktail (PSN), and FBS were procured from Nacalai Tesque
(Tokyo, Japan). Primary antibodies for TGFB1, SMAD 2-4, 7, and
B-actin, and respective secondary antibodies were purchased
from Cell Signaling technologies (MA, USA). Au?“'NP synthesis
and characterization was performed as per previously adopted
method.”

Molecular docking and bioinformatics analysis

Interaction of quercetin with Au atom was predicted by Flex X
systems to predict the interaction of specific protein ligands
with specific moiety on the basis of discrete model.”® The Au
docking results were validated with re-docking the ligands with
proteins sites of quercetin and comparing the Root Mean
Square Deviation (RMSD).
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Characterization of Au®""NP

We previously reported the synthesis, physico-chemical and
instrumental characterization of Au®“*NP.>* Suspensions of
colloidal samples were air dried and loaded on copper grids at
room temperature. The samples were then processed by trans-
mission electron microscopy (TEM) under high vacuum as per
standard methods (HT 7700, Hitachi-High technologies
Corporation, Tokyo, Japan). The working condition of instru-
ments included voltage of 800 kV and magnification at 125k
times. The standard scale bar according to magnification is
default programed by manufacturer (scale bar to 125k magni-
fication is 100 nm). Au®“'NPs were denatured by surface
bleaching method to get AuNPs.

Cytotoxicity and cell proliferation assay

4 x 10" cells per ml m5S fibroblasts (third passage) were
cultured in oo MEM conditioned with 10% FBS and 1% anti-
bacterial cocktail at 37 °C, 5% CO, and 95% humidity. Fibro-
blasts were treated with different doses of AUNP or Au?“"NP (0,
0.5, 1.0, 5.0 and 10.0 pg 17") for 16 h. Percentage of viable cells
were analyzed by MTT assay.>® Same procedure was employed
for time dependent cytotoxicity and cell viability studies, after
treatment with 5 pg 17' AuNP or Au®"NP at different time
interval (0, 2, 4, 8, 16 and 24 h). Intracellular purple formazan
was quantified with spectrophotometer at absorbance of
570 nm (Multiskan FC, Thermo Fisher Scientific Inc., Pittsburg,
PA, USA).

Intracellular ROS production assay

m5S cells treated with 5 pg 1~! AuNPs or Au®""NPs for 8 h, were
analyzed for intracellular ROS production. Untreated cells were
used as control group. Oxyselect ROS detection kit was used to
evaluate the ROS production as per manufacturer's instructions
(Cell Biolabs. Inc. San Diego, USA). Fluorescence intensity of
ROS production was obtained by using fluorescence microscope
(TCS SP8, Leica, Wetzler, Germany).

DPPH radical scavenging assay

Free-radical scavenging efficiency of the NPs were analyzed by
DPPH reduction method. Different doses of AuNP or Au?""NP
(0, 0.5, 1.0, 5.0 and 10.0 pg 1~") were mixed with DPPH solution
and absorbance was measured at 570 nm (Multiskan FC,
Thermo Fisher Scientific Inc., Pittsburg, PA, USA). Change in
color of DPPH from violet to yellow was used as an index of free-
radical scavenging efficacy of the NPs. Results are presented as
mean value of nine determinations. Percentage of radical
scavenging was calculated by using the following formula.

. . Acon rol — Asam e
Radical scavenging% = 100 Zeonrol — sample

Acomrol

Acontrol: the absorbance of control DPPH solution; Agampie:
absorbance of the sample Au?®""NPs mixed with DPPH solution.
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Cell morphometry assay

mb5S cells cultured on culture-suitable cover slips were treated
with 5 pg 17" AuNP or Au®"'NP for 8 h. After treatment, cells
were fixed with 4% PFA for 10 min at room temperature. Fixed
cells were treated with cell permeable crystal violet dye for
5 min, washed several times with MilliQ water to remove excess
dye, dried at room temperature, and photographed using bright
field microscope (BX-43, Olympus Co. Ltd., Tokyo, Japan).

Quercetin entrapment assay

Au?"'NP was suspended in MilliQ water and sonicated (500 Hz
s~ ') at 37 °C in water bath for 5 min (Power Sonic, Co., Ltd,
Hwashion technology, Seoul, Korea). Supernatant was collected
and the released quercetin was measured by spectrophotometer
(Shimadzu UV/Vis spectrophotometer, Tokyo, Japan) at wave-
length of 372 nm. All measurements were repeated in triplicates
and data expressed as mean =+ standard deviation. Quercetin
encapsulation efficiency was calculated according to standard
formula of regression analysis by using standard quercetin.

% encapsulation efficiency = [(total amount of quercetin added —
amount of free quercetin in supernatant/
total amount of quercetin added)] x 100.

RT-PCR analysis

m5S cells (4 x 10” cells per ml) were cultured in 6 well culture dish
and incubated with various doses of Au?*"NP (0, 0.5, 1.0, 5.0 and 10
ug 171 or pure quercetin (2 ng ml ™) for 4 h. Treated cells were
washed with cold PBS and total RNA was isolated using RNAiso
(Takara, Tokyo, Japan) as per manufacturer's protocol. One ug RNA
was used to synthesize first strand cDNA using ReverTra Ace
enzyme (Toyobo, Tokyo, Japan) and processed for PCR reaction
using GoTaq Green master mix (Promega, USA) for analysis of
TGFB1 (forward 5-CTGTCCAAACTAAGGCTCGC-3'; reverse 5'-
CGTCAAAAGACAGCCACTCA-3') gene expression. GAPDH (forward
5'-ACCACAGTCCATGCCATCAC-3' and reverse 5-CACCACCCTGT
TGCTGTAGCC-3") was used as housekeeping gene.

Immunoblot analysis

m5S cells (4 x 10* cells per ml) were cultured in 6 well culture
dish and incubated with various doses of Au?“"NP (0, 0.5, 1.0,
5.0 and 10 pg 17") or pure quercetin (15 ng ml~ ') for 4 h. Treated
cells were washed with cold PBS and lysed using RIPA buffer
(20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1 mM Na,EDTA 1 mM
EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium
pyrophosphate 1 mM B-glycerophosphate,1 mM NazVO,) with
0.5% protease cocktail (Nacalai, Tesque, Inc, Tokyo, Japan).
Protein samples were resolved over 10% SDS-PAGE gels and
electroblotted onto PVDF membrane using Trans-Blot SD semi
dry transfer cell (BioRad laboratories, CA, USA). Membranes
were blocked with 5% (w/v) fetal bovine serum albumin and
incubated overnight with specific primary antibodies; rabbit
monoclonal antibodies for SMAD 2-4 (Cell signaling Technol-
ogies, MO, USA); mouse monoclonal antibody for TGFB1

This journal is © The Royal Society of Chemistry 2020
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(Abcam Ltd, Cambridge, UK). Rabbit monoclonal antibody for
B actin (Cell signaling technology, MO, USA) was used as
loading control. After standard procedures of washing,
membranes were incubated with HRP-conjugated anti-rabbit
antibody for SMAD 2-4 (Cell signaling technology, MO, USA),
and HRP-conjugated anti-mouse antibody for TGFB1 for 1 h at
room temperature. Expression of proteins was detected by
chemiluminescence using ECL Plus western blotting detection
system (Amersham Life Science, Inc., Buckinghamshire, UK).
The intensities of the protein bands were quantified with the
digital imaging system (LAS 4000, Fujifilm, Tokyo, Japan) and
images were quantified using band intensities by using Image
Quant TL Software (GE Healthcare, Tokyo, Japan).

Immunofluorescence studies

m5S cells were cultured on culture compatible gelatin (0.1%)
coated cover slips and incubated with 5 pg 1-* AuUNP or Au?""NP
for 4 h. Cells were fixed in 4% PFA, permeabilized with 0.1%
Triton-X, and blocked with 5% BSA, using Image-IT Fix-Perm
Kit (Thermo-Fisher Scientific, MA, USA). The coverslips were
incubated with rabbit monoclonal antibodies for SMAD 2, 3 or
SMAD 4 (Cell signaling Technologies, MO. USA) at 4 °C over-
night. Cells were subsequently washed in washing buffer and
incubated with Alexa-Fluor-488 conjugated goat anti-rabbit IgG
secondary antibodies (Thermo-Fisher Scientific, MA, USA).
Nuclei were stained with 4’-)6-diaminido-2-phenylindole (DAPI),
and coverslips were mounted in Perma-Fluor mounting media
(Thermo-Fisher Scientific, MA, USA). Images were captured
under oil immersion (65x magnification) by using confocal
microscope (TCS SP8, Leica, Wetzler, Germany).

In vitro cell migration assay

In vitro wound healing assay was performed using m5S fibro-
blast and PHK 16-0b human keratinocytes grown in p-dish
culture inserts (Ibidi Suppliers, Lochhamer, Grafelfing, Ger-
many). Cells were cultured in culture vessel supported with p-
dish culture insert to confluency. During the confluent stage,
culture inserts were slowly removed without disturbing the
edge, to mimic the wound. Cells were treated with or without 5
ug 17" AuNP, Au®"NP and quercetin (15 ng ml~*) and photo-
graphed at various time laps periods (0, 4, 8, 16, 24 h). Rate of
cell migration (mm) in various groups was calculated by using
Image J software (NIH, Washington, USA). Live cell migration of
keratinocytes was recorded by time lapse video device (Cyto
smart-1I, Lonza, Inc., Morristown, NJ, USA). Untreated cells were
considered as control group.

Statistical analysis

All experiments were performed in triplicate with three inde-
pendent experiments. Data is expressed as mean + standard
deviation. Mean differences between the groups were analyzed
by two-way ANOVA with post hoc Dunnett's test with significant
values of p < 0.05%, p < 0.01%.

RSC Adv, 2020, 10, 37683-37694 | 37685
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Results and discussion

Major challenges in wound healing include drug efficiency,
inefficient delivery, and wound edge cell oxidation stress
phenomenon. Currently, there is a pressing need for nano-
formulation based conjugates with multi-modal actions.
Earlier, we reported the synthesis of Au?""NPs and its biosafety
aspects on skin fibroblasts.> Quercetin up to 527 uM is safe for
use in biomedical applications.”” Quercetin is a proven dietary
supplement with anti-oxidant property; its bioavailability and
therapeutic action is mainly focused on cancer prevention. In
the human body, it interacts with tissues such as small intes-
tine, pancreas, skeletal muscle and liver to control body glucose
haemostasis and other chronic diseases mostly by anti-oxidant
mechanism.” In this study, we elucidated it effect on fibroblasts
and keratinocyte cell migration in wound healing scenario.
Polyphenols like quercetin, curcumin, and catechins are
considered as sources of reducing cum stabilizing agents for
preparation of metal nanoparticles, especially Ag and Au.”® We
used Flex X based bioinformatics to predict the interaction and
bonding angle between Au metal and quercetin. The active site
was found to be comprised of Au atoms (Fig. 1A). The execution
of docking resulted in the interaction between hydroxyl and

au732AusZ
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40 40
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Fig.1 (A) Bioinformatic analysis of AUNP with quercetin moiety by Flex
X software. (B) Surface morphometry analysis by TEM to show the
shape and morphology of (i) AUNP and (i) AuU®“"NP. White arrow
indicates the size increased NP. (C) Particle size vs. intensity (%) analysis
determination by DLS method.
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Table 1 Mean size and standard deviation obtained by samples of
AUNP and Au®“'NP

Mean size (nm) Mean width (nm)

AuNP
Au®'NP

27.45 (43.6)
39.58 (+£716)

18 (£1.8)
22 (+4.9)

carbonyl groups of quercetin with Au atoms. Based on the
model obtained, we opine that quercetin effectively reduced
AuCly to Au, resulting in formation of Au?"*NP through energy
balance reaction. However, further chemo-biological studies
with more precise analyses are necessary to validate the energy
balance mechanism between Au and quercetin. The conjuga-
tion between Au and quercetin was further authenticated by
TEM analysis, which revealed uniform shape (mostly spherical)
and an increase in the size of Au?“"NPs in comparison to stand
alone AuNPs (Fig. 1B). The amount of free quercetin varied from
3.8 (£1.5) to 5.2 (+1.6) in Au®"NP material (ESI Table 1%) as
revealed by quercetin entrapment study. In order to check the
intensity size distribution of AuNP and Au®?“'NP colloidal

A
180 1 g AuNp
160 1 NAuNP *
140 1 '
x
120 A
Z 100 A #
5
S 80 A
= #
60 A
40 -
20 A
0 + + +
0 1 5 10
Dose (ug/L)
B
160 -
— AuNP
«es AUQUNP
120
I
) ¥
8
S 80
=®
40 4
0 .
0 2 4 8

Time (h)

Fig.2 MTT based cell viability and cell proliferation assay of fibroblast.
(A) Cells were treated with AUNP or AUSY"NP (0, 0.5, 1, 5 and 10 pg I™%)
and total viable cells were analyzed and represented as percentage of
viable cells. (B) Cell proliferation assay. AUNP (5 ug 1Y) and AuS“'NP (5
g I7) were used at various time period and represented as percentage
of viable cells. All experiments were conducted at least 3 times with
independent groups. p < 0.01% versus control. *p < 0.05% versus
control. #p < 0.01% versus control. **p < 0.05% between group.
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Fig. 3 ROS analysis by DCFH-DA fluorescence assay. (A) Untreated group. (B) AuNP (5 ug 173 treated group. (C) AuS“NP (5 ug ™% group.
Intensity of green fluorescence indicates the degree of ROS production. (D) In vitro radical scavenging activity of AUNP, AuS“"NP and positive
control NAC at various dose (0, 0.5, 1.0, 5.0, and 10.0 pg [ ™). *po < 0.05% versus control.
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Fig. 4 Cell morphology changes during NPs treatment. (A) Untreated control group. (B) AuNP (5 pg I™%) treated group. (C) AuS“NP (5 ug ()
stimulated group. Black thin arrow indicates the cell shrinkage during AuNP (5 pg [} treatment, black thick arrow indicates regenerated fibril
after treatment with AuUSY"NP. Photographs were taken at 40 x magnification in bright field microscope. Scale bar 300 pm.
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Fig. 5 In vitro wound healing assay. m5S fibroblasts were cultured in Ibidi culture insert. Confluent cells were treated with AuNP (5 pg () or
AUSU"NP (5 pg 1™ or pure quercetin (15 ng ml™) for different time period (0, 4, 8, 16, and 24 h). Non treated cells were used as control. Black line;
starting point of cell migration. Green line; end point of cell migration. Red line; migratory cell edge. Photographs were taken in bright field

microscope with magnification of 20 x.

system, we performed the regularisation algorithm pattern by
DLS method and presented the data in frequency curve mode
(Fig. 1C). A slight increase in mean size (39.58 nm) and width
(22 nm) of the Au?“"NP from that of AUNP (27.45 + 3.6 nm) and
width (18 + 1.8 nm) was noticed (Table 1). It is believed that
incorporation of quercetin into NPs may cause hydrophobic

37688 | RSC Adv, 2020, 10, 37683-37694

interactions between the particles, resulting in surface func-
tionalisation and increased size of NPs. Present study
confirmed the earlier report of surface interaction
phenomenon.™

We next proceeded to evaluate the bio-efficacy of AuNP and
Au?"NPs, using mouse skin fibroblast cells. Fig. 2 shows the

This journal is © The Royal Society of Chemistry 2020
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In vitro wound assay. Human keratinocyte cells were cultured in Ibidi culture insert up to confluent stage. Cells were treated with AuUNP (5

ng 17 or AUCYNP (5 pg 7Y or pure quercetin (15 ng ml™) for different time period (0, 4, 8, 16 h). Non treated cells were used as control. Black
line; starting point of cell migration. Green line; end point of cell migration. Red line; migratory cell edge. Photographs were taken in bright field

microscope with magnification of 10 x.

dose- and time-dependent effects of AUNP and Au?""NPs on cell
viability and proliferation. Cells were treated with different
doses of AuNP and Au®?“'NPs for 16 h and subjected to MTT
assay. Au?"NPs up to a concentration of 5 pg 1™ was not
cytotoxic (Fig. 2A). Rather, a dose- and time-dependent increase
(Fig. 2B) in the number of viable cells was observed, with
maximal effect obtained with 5 pg 17" at 8 h. Interestingly,
AuNPs at the same concentration caused a 20% reduction in
viable cells compared to control cells. There are reports on
cytotoxicity of NPs, mainly mediated by oxidative stress.** The
presence of quercetin erased out the cytotoxic effect of AuNPs.
These results indicate that Au?“"NPs served the twin purpose of
preventing cell death and simultaneously, enhancing prolifer-
ation of fibroblasts. External stimulation by nanomaterial leads
to disturbances in mammalian cell membrane and leads to ROS
generation.* In the present investigation, AuNP induced the
generation of ROS in fibroblasts but Au®**NP attenuated the Au-
induced intracellular ROS generation (Fig. 3). Quercetin is
a known anti-oxidant nutraceutical and is used as adjuvant
biomaterial in many regenerative research arena.*” Free radical
DPPH scavenging assay revealed that quercetin's anti-oxidant
property was preserved in the Au?“"'NPs. AuNP alone was not

This journal is © The Royal Society of Chemistry 2020

effective in scavenging the free radicals, but Au?"NPs exhibited
high anti-oxidant activity and degree of radical scavenging
activity was on par with N-acetyl cysteine (Fig. 3D). It is evident
from these accumulated results that free radical scavenging
mechanism of quercetin played a significant role in protecting
the cells from Au-induced oxidative stress (Fig. 3C). It is
universally accepted that stimulation of cells with NPs can
result in morphological changes due to nano-biointerface,
surface functionalization, shape, type and size of the NPs.*
We observed condensed nucleus and reduced spindle forma-
tions in AuNP treated cells (Fig. 4), indicating damage to fibrils.
In comparison, Au?“"NP treated cells (Fig. 4C) exhibited elon-
gated fibrils, depicting enhanced fibrilogenesis probably due to
more collagen synthesis. The protective effect of Au?“'NPs in
maintaining cell shape and structure provides evidence that
anti-oxidant functionalized NPs have a protective role in cell
physiology and function. It is quite evident that AuNP is causing
stress to the cell, characterized by nuclear condensation and
shortening of the fibrils (Fig. 4B). However, stress phenomenon
was abolished with Au?""NP treatment, confirming the benefi-
ciary action of quercetin. From the results of toxicity end point
assay (Fig. 2), ROS stress and radical scavenging assay (Fig. 3)

RSC Adv, 2020, 10, 37683-37694 | 37689
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from edge using Image-J software.

and cell morphometry analysis (Fig. 4), it is clear that AuNP and
Au®“'NP displayed opposite effects on the fibroblasts. This
phenomenon of stress prevention is explained by cellular
adaptive nature to gold NPs provided with suitable surface
coating, shape, size, and duration of the exposure. Similar
phenomenon was observed by another study which showed
that, surface chemistry of gold NPs plays a determining factor in
cell stress.** Therefore, we proceeded to identify the molecular
interaction of AuR“"NP with the cells. The process of fibrilo-
genesis controls the movement and migration of skin fibro-
blasts, a hallmark of many physiological events, including

37690 | RSC Adv, 2020, 10, 37683-37694

wound healing.>»* Studies show that free radical scavenging
agents can accelerate the rate of healing of wounds.***¢ To test if
Au®""NPs could be stimulating cell migration, we monitored the
movement of Au?“"NP treated cells by standard in vitro scratch
assay that simulates wound healing. Eight hours treatment with
Au?"NPs resulted in significant increase in the migration of
fibroblasts, as is evident in Fig. 5. Keratinocytes showed
complete migration in 16 h (Fig. 6). The migratory potential of
fibroblasts and keratinocytes is shown in Fig. 7. In 24 h dura-
tion, AuNP (5 pg 17") treated fibroblasts did not show any
significant migration, while, Au®"'NP (5 pg 17" with free

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Semi quantitative reverse transcription-polymerase chain
reaction and western blot analysis. (A) mMRNA expression of TGFp1 after
4 h treatment with AuUS“"NP (0, 0.5, 1, 5 and 10 ug (3. (B) Western blot
results of TGFP1 (total as well as active) upon AUS“"NP treatment (O,
0.5,1,5and 10 pg I™%) for 4 h. AuNP (5 ng 1) and quercetin (15 ng ml™)
were used as parallel controls. Readings are average of three inde-
pendent experiments. *o < 0.05% versus control. ¥p < 0.01% versus
control.

quercetin of 4.6 + 0.6) significantly (p < 0.5%) induced 1.03 mm
of migration than any other group (Fig. 7A). Keratinocytes dis-
played faster migration than the fibroblasts in terms of time
taken to migrate (Fig. 7B). The degree of migration of fibroblasts
and keratinocytes was in the order of Au®“'NP > control >
quercetin > AuNP. The promotive role of quercetin in wound
healing scenario is well documented®” and has been success-
fully used as a component of scaffolds and hydrogel based
wound dressings.***** The specific mechanisms by which
quercetin NPs enhance healing of wounds is not yet elucidated.
It is probable that Au®?“'NP functions through inducing
collagen synthesis** and elongated fibrilogenesis (Fig. 4C). We
also confirmed that Au?""NP treatment cumulatively helped in
the migration of keratinocytes which is quite evident from live
cell migration data (ESI Videot).

Wound healing is a complex phenomenon, involving timely
co-ordination between the phases of inflammation, cellular

This journal is © The Royal Society of Chemistry 2020
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independent experiments. *p < 0.05% versus control. ¥p < 0.01%
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proliferation cum migration, and tissue remodelling. The
growth factor TGFB1 plays a prominent role in all aspects of the
healing process, through regulating the expression of key
components necessary for healing, such as ECM proteins,
angiogenic factors, and proteins that facilitate proliferation and
migration of cells.*” In addition, TGFB1 is major signalling
junction of fibrosis and scar formation during the later phase of
wound healing through its direct target on several genes. The
direct link between TGFP1 dynamics and formation of
secondary DNA structures like guanine rich quadruplexes in
fibroblast cell during skin scar formation are well docu-
mented.* Effective wound scar management and suitable
alternate therapy by engineered scaffold encapsulated anti-
scaring agent like PXS64, a neutral analogue of mannose-6-
phosphate has been developed to inhibit the activation of
TGFB1.*> The mechanism of action of PXS64 is by selectively
targeting the mannose-6-receptor.® Since Au®“NP was
observed to spike an increase in both proliferation and migra-
tion of cells, we asked if TGFB1 was involved in the phenom-
enon. PCR analysis did not reveal any significant increase in
TGFB1 at the mRNA level (Fig. 8A). However, Au®""NPs treat-
ment induced a significant increase in the protein levels of
TGFp1 (Fig. 8B). It is clear that over activation of TGFB1 with
concomitant collagen production may lead to scar formation in
hyper activated fibroblast keloid cell. However, in the present
investigation we used normal fibroblasts. Intrinsic molecular

RSC Adv, 2020, 10, 37683-37694 | 37691


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06690g

Open Access Article. Published on 13 October 2020. Downloaded on 11/16/2025 5:22:00 PM.

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

(cc)

RSC Advances

SMAD 2

Control

AuQrNP

SMAD 3

-

View Article Online

Paper

SMAD 4

( )

Fig.10 SMAD nuclear translocation study. Immuno-cytochemistry experiments during AUCYUNP (5 ug I treatment of fibroblast cells. Untreated
cells served as control groups. Cells were probed with primary rabbit antibodies specific for SMAD 2, 3, or 4, followed by Alexa-488 conjugated
anti-rabbit IgG antibodies. DAPI was used as nuclear staining probe. Fluoroscence photomicrographs were taken at 65x magnification.

Au®NP

Cell migration
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due to negative regulation of SMAD 7. This cumulatively assist to cell
migration and probably helps in wound healing.
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events in other fibroblast cells like keloid needs to be further
investigated. TGFp1 largely elicits its cellular functions through
the canonical pathway involving activation of receptor SMADs
(SMAD 2 and 3) and co-activator SMAD 4.** Treatment of cells
with Au?“"NP caused an increase in the expressions of SMADs
2-4, and a decrease in SMAD 7 (Fig. 9). SMAD 7 is an inhibitory
SMAD that competes with the R-SMADs, preventing their acti-
vation and nuclear translocation.** Immunofluorescence
studies confirmed that Au?“'NPs induced the nuclear trans-
location of SMADs 3 and 4 (Fig. 10). Cells treated with quercetin
displayed opposite results with reduction in expression levels of
TGFf1, and SMADs 2-4. Quercetin was reported to suppress the
activation of SMADs in keloid fibroblasts.*® It is probable that
coupling of quercetin with Au helped the cells to escape from
the negative regulation of TGFB1 induced by quercetin. TGFB1
and SMAD-signalling cascade have intricate actions during
fibroblast migration in wound healing.'**® The opposite action
of native quercetin and Au®“'NP towards the cell can be
explained by absorption kinetics and bioavailability of trapped
quercetin material.*” Our data is consistent with earlier report of
accelerated wound healing by quercetin loaded chitosan NPs
through TGFB1-dependent mechanism,*® and we believe it can
be used as topical agent for dermal wound healing.

Conclusions

Fig. 11 depicts the whole mechanism in a nut shell. The current
study examined the effect of colloidal AuNP coupled with
quercetin on fibroblast cell migration assisted-wound healing
mechanism. Au?“'NPs showed beneficial effect on cell prolif-
eration and migration of fibroblasts. Cell migration action of
Au?“"NPs was routed through the TGFB1 dependent SMAD
signaling pathway. Although more in-depth studies elucidating
the molecular mechanisms involved need to be investigated,
this preliminary study brings forth molecular cell biology
evidence-based data to elevate the promising therapeutic
applications of nanocuetical engineered gold particles in future
nanomedicine for skin etiology.

This journal is © The Royal Society of Chemistry 2020
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NP Nanoparticle

AuNP Gold nanoparticle

Au?'NP Quercetin functionalized gold nanoparticle
DMSO Dimethyl sulfoxide

DPPH 2,2-Diphenyl-1-picrylhydrazyl

DLS Dynamic light scattering

NAC N-Acetyl cysteine

DLS Dynamic light scattering

ROS Reactive oxygen species
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