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ABSTRACT

Silver nanoparticles (AgNPs) were successfullylsgsized by a chemical reduction method,
physico-chemically characterized and their effectivmund-healing activity in zebrafish was
investigated. The prepared AgNPs were circular-stiggater soluble with average diameter
and zeta potential of 72.66 nm and —0.45 mv, raspyg. Following the creation of a laser skin
wound on zebrafish, the effect of AQNPs on woundhhg activity was tested by two methods,
direct skin application (2 pg/wound) and immersio@ solution of AQNPs and water (50 pg/L).
The zebrafish were followed for 20 days post-wongddpw) by visual observation of wound
size, calculating wound healing percentage (WHRYJ, lastological examination. Visually, both
direct skin application and immersion AgNPs treattaelisplayed clear and faster wound
closure at 5, 10 and 20 dpw compared to the cantndlich was confirmed by 5 dpw histology
data. At 5 dpw, WHP was highest in the AgNPs immargroup (36.6%) > AgNPs direct
application group (23.7%) > controls (18.2%), shayihat WHP was most effective in fish
immersed in AgNPs solution. In general, exposurgghPs induced gene expression of
selected wound-healing-related genes, namely,foaneg growth factor (TGH), matrix
metalloproteinase (MMP) -9 and -13, pro-inflammgtoytokines (IL-B and TNFe) and
antioxidant enzymes (superoxide dismutase andasalwhich observed differentiation at 12
and 24 h against the control; but the results weteconsistently significant, and many either
reached basal levels or were down regulated atbiniphe wounded muscle. These results
suggest that AgNPs are effective in accelerationafnd healing and altered the expression of
some wound-healing-related genes. However, thelegtaechanism of enhanced wound
healing remains to be investigated in fish.

Keywords: Silver nanoparticles, Inflammation, Gene expressfebrafish, Wound healing
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1. Introduction

Aquatic organisms are impacted by a wide rangadbfs including environmental
conditions (ocean acidification), mechanical angsptal injuries (aggressive interaction,
stocking density, abrasion from nets and cagds sfisting, transportation), pollutants (metal
ions, pesticides, industrial discharges) and dese#sat can cause tissue damage, increased
apoptosis, necrosis and even death [1-8]. MangtivEeagents affect fish skin and muscle
structure, and consequently the quality and suhaf/ish [9-11]. When skin and tissue damage
occur, a rapid wound healing process is essentidvent entry of pathogens and secondary
infections.

Wound healing and tissue repair is an essentiatangplex process that ensures the
health and survival of organisms, and impaired vaoliealing can lead to difficulties in treating
deep tissue infections [12—15]. Wound healing csinsif three overlapping phases:
hemostasis/inflammation, proliferation and remaute[il4]. Each of these phases involves the
co-ordination of different cell types, complex sijng networks, activity of various growth
factors and inflammatory mediators, extracellulatnm (ECM) synthesis and degradation
[16,17]. Although various wound healing agentswaigely used, it has recently been shown that
topical drug delivery systems based on certain partizcles (NPs) are effective for transporting
antibiotics into deep tissues [18,19]. Nanotechgyplis already being used in the aquaculture
industry in a variety of processes [20] and opputies exist for a nanotechnology-based
biomedical approach to improve the health of aguatimals. For example NP-based agents
could be developed to act as immunostimulantsiraecriobial agents for drug delivery and for
wound healing. Thus, there is a continuous demantesearch into utilizing metallic NPs and

biodegradable polymers [20, 21] as therapeutic tagen efficient controlling of infectious
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diseases in agquaculture. Among the different NRerads, silver-based materials (AgNPs) have
long been used as bactericidal agents and at pribsgnare being used in household appliances
and consumer goods, including wound dressings E#jough the antimicrobial [23—-25] and
anti-inflammatory [26] properties of AgQNPs are weltognized, safety issues are raised about
the use of AgNPs in human and aquatic systemsalueihtentional health and environmental
impacts [27-29]. To our knowledge an AgNPs-basednsidhealing approach in aquaculture has
not been extensively reported. However, in a repbAgNPs and the freshwater figimabas
testudineus, it was shown that the application of AgQNPs to aaropround induced significant
wound contraction and accelerated wound closurenaating time [30].

In the present study, the zebrafish was used amdiael to investigate the effect of
AgNPs on wound healing. AgNPs were synthesizedandnethods of AQNPs administration
were tested in zebrafish wounded by a laser beanund/healing efficacy was evaluated by
comparing wound contraction changes (wound closuseplly, calculating wound healing
percentage (WHP) and by histological examinatiothefwounded and recovering tissue. Since
knowledge of the cellular and molecular mechaniswslved in the healing processes related to
AgNPs-treated wounds in fish is still limited, tlssidy was extended to investigate gene
expression involved in different phases of wounaling at12 and 24 h and 5 days post-

wounding (dpw).

2. Materialsand methods
2.1. Synthesis of AgQNPs
The AgNPs were prepared using a chemical reduatiethod [31]. In brief, 0.36 g of

AgNO; (Sigma, Aldrich) was dissolved in 5 mL of deiordasater in a beaker. Separately,
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flocculate was prepared by mixing 2.5 mL of 1.08dvtous sulfate heptahydrate (FeSOH0)
and 3.5 mL of 1.37 M trisodium citrate dehydratgH§NasOs) (Sigma, Aldrich). Then, 6 mL of
flocculate was added to the Agh&blution dropwise while it was mixed vigorously imagnetic
stirrer for 8 min. The resultant opaque brown-blAghPs suspension was centrifuged at 3500
rpm for 10 min, the supernatant discarded and ldekiblue pellet re-suspended in 10 mL of
0.68 M GHsNagOs. This step was repeated minimum of five timesrtmwpce a pure AQNPs
pellet which was dissolved in water and used ferghysiochemical characterization and

wound-healing experiments in zebrafish.

2.2. Characterization of AgNPs

The synthesized AgNPs were thoroughly charactefigeseveral physiochemical
techniques. The UV-vis absorbance spectrum wasrdigied using a spectrophotometer
(Mecasys, Republic of Korea), operating in the abaoce mode, scanned in the wavelength
range 250-600 nm with water as the reference. Tdrpmology of the AgNPs was observed
using a field emission scanning electron microsdéjie SEM) (Model S-4800, Hitachi, Japan)
after coating with platinum by ion sputter (E-108achi, Japan). One drop of the AgNPs
solution was allowed to evaporate at room tempegain a 200-mesh copper grid, covered by a
carbon support film (CF200-Cu, Electron microscepience, UK) prior to examination under a
field emission transmission electron microscope-TEHM) (Technai G2 F30 S-Twin, FEI, USA).
The average patrticle size distribution and zetamqal of the AQNPs were measured using

Zetasizer S-90 Malvern instruments (Malvern, UK).

2.3. Zebrafish culture
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Wild-type zebrafish were obtained from a commeragarium in Seoul, Republic of
Korea. Fish were maintained in standard laboratonditions at 28 +1 °C with 12 h light/12 h
dark cycles in an automated water circulation sygte0O fish/3.5 L tank). Fish were fed with
brine shrimp (artemia) thrice daily at 4% of bodgight. Healthy uniform-size fish (4 months
old) were chosen for the experiments. All experiteealated to zebrafish were conducted
accordance with the institutional animal care glinds and supervision of committees of

Chungnam National University (CNU-00927).

2.4. Determination of AgNPs toxicity to zebrafish

To determine the toxicity of the AgNPs, zebrafistravimmersed in different AQNPs
concentrations (0, 25, 50, 100, 200 and 400 pg/ls)x tanks (10 fish/tank). Fish mortality was
noted at 6, 12, 24, 48, 72 and 96 h post-immer@ipi). Fish deaths (%) were plotted against the
AgNP concentrations and toxicity expressed as @8 Ethal dose of toxicity (L), the

concentration at which 50% of fish death occureddtive to non-exposed control fish.

2.5. Laser-based wounding and AgNPs treatment

To determine the wound healing percentage, theafishrwere divided into three groups
of 12 (n = 36). All fish were anaesthetized by imsien in 0.2% Tricaine (ethyl 3-
aminobenzoate methane-sulfonate) (Sigma, Aldriebljowing anesthesia, a single wound was
created with a laser beam (150 mA for 5 sec), post® the gill area, close to the lateral line of
the zebrafish (Fig. 1). To test the AgNPs effectsvound-healing activity in zebrafish, to the
first group (under anesthesia), 2 ug of AgNPs vadinectly applied to the wound site on the day

of wounding (0 dpw) and on 2, 5 and 7 dpw. The Wige kept for 4 min outside of the tank
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following on each application day and then transi@to temporary recovery tank containing
water for 5 min to get rid of excess AgNPs on tleeiad, before being returned to the
experimental tank of direct application. The secgralip of wounded fish were immersed into
an AgNPs-water (50 pg/L) solution, also kept owgsmr 4 min on 0, 2, 5 and 7 dpw, and the
AgNPs tank water changed on 2, 5 and 7 dpw to sitagroup 1 reapplication conditions.
Similarly, the third group, the control (woundediwated) fish, was also kept outside for 4 min,
and the plain water changed on 2, 5 and 7 dpwnalaie group 1 and 2 conditions. For
histological analysis a separate experiment waduded with the same experimental design as
above. Muscle tissues at the wounded site wereatelll from three fish per group (wounded

untreated, direct application and immersed) at @six time points (n = 54 fish).

2.6. Effect of AgNPs on wound healing
2.6.1. Visual observation and wound healing pesga{WHP)

On 2, 5, 10 and 20 dpw, when zebrafish were unadestaesia, the wounds of 12 fish per
group were photographed, using a digital cameraected to a stereo-microscope (Nikon-SMZ
100, Japan). Then the wound area was measureddgeltsoftware (ver 1.48, USA) [32]. Fish
were identified individually by matching the pigntation pattern of the caudal fin after taking a
picture of the caudal fin. The wound area of indial fish was measured at the different time
points. Each wounded area was identified baseti@ditference in skin color between wounded
and unwounded areas. When the originally wounded wa@as no longer distinguishable (i.e.,
was completely regenerated and pigmented), eachdwvas considered as healed. The wound-
healing effect of AQNPs was also quantified (as VWbBifPexamining the difference in wound

size between 2 dpw and the other days (5, 7, 1@ drdpw) and expressing this as a percentage
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relative to the 2 dpw wound size. A wound couldydre visualized clearly by 2 dpw, therefore,

the first measurement was taken on that day.

2.6.2.Histological analysis during wound healing

To examine the effect of AQNPs on wound-healingvégtin zebrafish, three fish at each
of 2,5, 7, 10, 14, and 20 dpw were used from th®logical experiment described in section
2.5. Fish were euthanized with an overdose of Trrecé200 mg/L) by prolonged immersion and
fixed in 10% neutral buffered formalin for 24 h.&fish were then washed with running tap
water for 12 h. For decalcification, zebrafish weensferred to 0.5% EDTA (50 mL/fish) for 3
days and washed with running tap water for 12 gsUes were passed through a series of
increasing concentrations of ethanol (0—100%) entibsue block of a Semi-enclosed Benchtop
Tissue Processor (Leica® TP1020, Germany) for dettiygoh in a slow and stepwise manner.
After dehydration, the tissue samples were embeddpdraffin (Leica® EG1150 Tissue
Embedding Center, Germany) and serial transvergmsas (4um thick) (Leica® RM2125
microtome, Germany) were taken through the mussdai¢s (control wound and AgNPs treated
wounds) and then stained with hematoxylin and e@$&E) (Sigma, Aldrich). The stained
tissue sections were observed under a light miopes¢Leica® 3000 LED, Germany) and
images were captured by a digital camera (LEICA B&EFC, Germany) connected to the

microscope.

2.7.Quantitative real time polymerase chain reaction (QRT-PCR) analysis of inflammatory and

wound-healing genes
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For the gene expression analysis, zebrafish werdadl into four groups of nine fish (n =
36). To the fish in the first group (under anesitie® 1 g of AQNPs were directly applied to the
wound site on the day of wounding (0O dpw). Theh fisere kept for 4 min outside, transferred to
temporary recovery tank containing water for 5 moirget rid of excess AgNPs on the wound,
and returned to the experimental tanks. The segomgp of wounded fish were immersed in an
AgNPs-water (50 pg/L) solution, also kept outside4 min on 0 dpw with the AgNP-water
solution changed on 0 dpw to simulate group 1 derd. Similarly, for the third group, the
wounded control fish were also kept outside forid,rand water changed to simulate group 1
and 2 conditions. An additional group was includsd control (no-wound group — negative
control), and were also kept outside for 4 min, esadler changed to simulate group 1, 2 and 3
conditions. From each of the four groups (negatatrol, wounded control, and two AgNPs-
treated groups), muscle tissues from three zebrafése collected at 12 hpw, 24 hpw and 5 dpw.
Tissues were immediately snap frozen in liquidagén and kept at —80 °C until RNA isolation
using TRIzoP regent (Invitrogen, USA). From each experimentalig, at each time point,
muscle tissues from three fish were pooled (a wtaD0 mg) for RNA isolation. Pooled RNA
(2.5 pg) was used for cDNA synthesis using a ProripBlst strand cDNA Synthesis Kit
(TaKaR&, Japan) according to the manufacturer’s protddsing nuclease-free water,
synthesized cDNA samples were diluted 30 timessamiced at —20 °C until further use. For
gene expression analysis, representatives of wheating-related genes, namely, transforming
growth factorp (TGF), matrix metalloproteinase (MMP) -9 and -13, pnflammatory
cytokines (IL-B and TNFe) and antioxidant enzymes [superoxide dismutasé)S(Dd
catalase] were analyzed by qRT-PCR using a TaKdfRanTal Cycler Dice TP 800 real-time

system. The gene-specific primers are listed indabThe gRT-PCR cycling protocol was

10
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performed with a SYBR Premix Ex-Taq (Perfect Reaid) master mix (TaKaRa, Japan) in a
total reaction volume of 10 pL containing 4 uL @A, 5 pL of 2 x TaKaRa Ex-Tag™ SYBR
premix and 0.5 pL of each forward and reverse prifh@ uM). The standard three-step thermal
cycling profile of the machine with 55 °C annealifglowed by a single dissociation reading
step at the end, was performed to identify theifipgg of the primers. The relative expression
“fold” was determined by the”?“" method described by Livak and Schmittgen [33].raéibh

B-actin was used as an internal reference genertoatiae the gene expression.

2.8. Satistical analysis

Statistical analysis of WHP data was performedvayivay analysis of variance
(ANOVA) to find the overall significances betweeifferent experimental groups and time
points, using GraphPad program ver. 6 (GraphPaP8oftware, Inc. USA). The means were
then compared with both the Bonferroni post-test @m unpaired, two-tailetest. Significant
differences were defined Bt< 0.05. All data are represented as mean + SDrifdicate

reactions.

3. Results
3.1. Synthesis and physiochemical characterization of AQNPs

Appearance of an ash yellow color in the AgNPs agaesolution (Fig. 2A) indicated the
formation of AQNPs by chemical reduction of Aghlhis was confirmed by the presence of a
maximum absorption peak around 390—-400 nm, measwyrétl/ visible spectroscopy [34]. The
absorption at 400 nm (Fig. 2B) is a typical absorpband of spherical-shaped AgNPs due to

their surface plasmon band [35]. Both FE-SEM andlBE# results indicated the circular shape

11
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of the synthesized AgNPs (Fig. 2C, D). The avedigmeter of AQNPs was72.66 nm
confirmed by particle size analysis (Fig. 2E), whal smaller particle size-0 nm) was

estimated by FE-TEM. The zeta-potential of AQNPs w@.45 mv (Fig. 2F).

3.2. Effect of AgNPs toxicity in zebrafish

After zebrafish were exposed to different conceiuns of AgNPs, the LEytoxicity of
AgNPs in zebrafish was determined as 140 pg/LhAtitighest concentration (400 pg/L),
AgNPs were highly toxic to exposed zebrafish ardlwas 100% mortality by 12 hpi (Fig. S1).
In contrast, at 50 pg/L concentration, exposur&ghlPs resulted in no mortality and there was

no toxicity behavior of fish up to 96 hpi.

3.3. Effect of AgNPs on wound healing

The wound-healing effect of AQNPs was determinedirbg-series visual observation of
wound size (on 2, 5, 10 and 20 dpw) and WHP caledlan 5, 7, 10 and 14 dpw. Immediately
after wounding (O hpw), the laser-exposed area@tebrafish showed as darker skin with or
without mild hemorrhage, but the wound margins weewell enough defined to measure their
areas. A wound with clear margins was first obsgéiate? dpw and hence the first visual
inspection of wound size was made on that day, suttssequent examinations on 5, 10 and 20
dpw (Fig. 3A). Both direct application and immersioeatments of AgNPs displayed obvious
and faster wound closure at 5, 10 and 20 dpw coealg@arthe control (Fig. 3A). At 20 dpw, no
visible wound was observed in the AgNP-treated gsou

The wound-healing effect of AQNPs was quantifiexpfessed as WHP) at 5, 7, 10 and

14 dpw, relative to the wound size of day 2 (Fig).3Nound size gradually decreased in all the

12
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groups during 14-day healing period, showing aneiase in WHP with time. The WHP was
significantly higher P < 0.05) in both AgNPs-treated groups (direct aggtion and immersion)

at all observations (Fig. 3B). Interestingly, imgien application of AQNPs was more efficient
with a higher WHP than in the group subjected t&NRg direct application. On day 5, WHP was
18.2%, 23.7% and 36.6% in the control, AQNPs diagglication and AgNPs immersed groups,
respectively. The comparable WHP values on 14 dpvwew88.3%, 74.8% and 78.8%,

respectively.

3.4. Histology analysis during wound healing in zebrafish upon AgNPs treatment

Histological images, at two magnifications, of angverse section through the laser-
wounded tissues (skin and muscle) of untreated@argbrafish (Fig. 4A, D) were compared
with images of the AgNPs direct application gro&m(4B, E) and AgNPs immersed group (Fig.
4C, F) at 5 dpw. H&E stained sectioning showed meoevered epidermis and dermis in the
AgNPs-treated groups compared to the controldhdruntreated wounded tissues, the wound
edge distance was longer (Fig. 4A, D) with a tlaiyer of epithelium (neo-epithelium). In
AgNPs-treated fish the wound cavity was completiésd, whereas the wound cavity was
deeper in the untreated fish (control group). Is\@pparent that epidermal cells had re-surfaced
the wound in the AgNPs-treated fish, and a thidkhefium with densely packed dermal layer
and well-forming granulation of tissues were evigdenmpared to the control. In the AQNPs
immersion group in particular, epidermal cells ki#terentiated into well-formed skin and
immune cells had aggregated near the wound mdrgaddition, muscle cells in the AgNPs
immersion group were already forming compared éodtier groups, which had decomposed

muscle cells in the wounded area.
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3.5. Transcriptional analysis of selected genes during wound healing upon AgNPs treatment
Differential gene expression patterns in the figksates of the wounded control and two
AgNPs-treated groups were calculated comparatitte ggne expression in the negative (non-
wounded) control (Fig. 5).
3.5.1. TGFB
Muscle TGFB mRNA expression at 12 hpw was down regulatedenAyNPs-direct-
application group (0.5-fold) and the AgNPs immensgooup (0.2-fold), more than in the
wounded control group, and all three expressione Wesver than in the unwounded control
group (Fig. 5A). At 24 hpw, TGB-was down regulated in the wounded control (0.8)fahd
AgNPs direct applied group (0.7-fold), comparedh® unwounded control whereas in the
AgNPs immersion group it was up regulated (1.6)fdBY 5 dpw, TGFB expression in all

wounded groups had dropped below that of the neggatintrol group.

3.5.2. IL-IB

IL-1p expression was highly up regulated in the wouraedrol group at 12 hpw (14.0-
fold) and 24 hpw (3.4-fold) (Fig. 5B). ILBlexpression in the AgNPs direct (10.5-fold) and
immersion (5.9-fold) treatment groups was highek2ahpw, but lower than in the wounded
group. At 24 hpw, IL-f expression was higher in the wounded group (3d)-tnd AgNPs
immersion group (3.2-fold) than in the negativetoolngroup, but it was close to base level in
the direct application group. At 5 dpw, gene expi@s levels were close to basal levels in all
groups although still slightly higher in both AgNBeated groups than in the control groups

(wounded and unwounded).

14
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3.5.3. TNFe

TNF-o expressiornn the muscle at 12 hpw showed down regulation-@.3-fold) in all
the wounded groups (Fig. 5C). At 24 hpw, howevdrigaer up regulation of TNk-was
observed in the wounded (1.8-fold), direct AgNPgligption (2.5-fold) and AgNPs immersion
(2.0-fold) groups compared to the unwounded con&bb dpw, down regulation of TNE-
expression (0.04-fold) was observed in all threend®d groups compared to the negative

control.

3.5.4. MMP-9

The expression pattern of MMP-9 in the zebrafistscreiwas similar to that of 13land
MMP-13. However, the magnitude of the expression different at different time points (Fig.
5D). MMP-9 was markedly up regulated at 12 hpwhiewounded control (182.6-fold), AQNPs
direct application (97.5-fold) and AgNPs immers{@B8.7-fold) groups. At 24 hpw, there was a
sharp drop in MMP-9 gene expression. Though it lwgls (3.7-fold) in the wounded control
group, only slight induction (1.5-1.0-fold) was ebged in the AgNPS-treated groups compared
to the negative control. At 5 dpw, the gene expoasgattern was similar to that observed at 12
hpw but the magnitude of expression was highem@en 3.0- and 4.8-fold) in the wounded

groups compared to the negative control.

3.5.5. MMP-13
MMP-13 expression was up regulated in the wounaedrcl (3.4-fold), AQNPs direct

application (3.9-fold) and AgNP immersion (2.9-fpstoups compared to the negative control at

15



347 12 hpw (Fig. 5E). At 24 hpw, MMP-13 expressionhe tvounded control group was still up

348  regulated (2.1-fold) although lower than at 12 hang then the expression was down regulated
349  (0.3-fold) at 5 dpw. At the same time (24 hpw), ANtreated groups showed decreased (almost
350 basal) mMRNA expression compared to the woundedaamioup.

351

352 3.5.6.S0OD

353 To investigate the potential involvement of reaetbxygen species (ROS) scavenging
354  enzymes in the wound repair process, SOD and sataiRNA expressions were analyzed (Fig.
355 5F, G). At 12 hpw, mRNA encoding SOD expressiothemwounded control tissue was slightly
356  lower (0.8-fold) than in the tissues of the negatentrol. However, it was up regulated (2.1-
357 fold) at 24 hpw. Subsequently, at 5 dpw expresdexiined (0.2-fold) compared with the non-
358  wounded control. In contrast, up regulation of S@RNA levels was observed at 12 hpw in
359  both the AgNPs direct application (1.2-fold) andNRps immersion (2.0-fold) groups. SOD

360 expression at 24 hpw in the AgNPs direct applicagmup was higher (1.65-fold) than in the
361 negative control and down regulated (0.3-fold) dp&%. In the AQNPs immersion group, the
362  SOD expression levels were similar to the negatorgrol at 24 hpw and 5 dpw.

363

364 3.5.7. Catalase

365 At 12 hpw, the catalase mMRNA expression patternmastly similar to the SOD

366  expression pattern with slight variation in theedirAgNPs application group (Fig. 5G). At 24
367 hpw, both in the wounded control (2.0-fold) and ARg\direct application (6.3-fold) groups, up

368  regulation was observed. However, expression irAtii¢Ps immersion group was basal level at

16



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

24 dpw. At 5 dpw, the expression patterns of cawaRNA were similar to the SOD mRNA

expression at the same time point.

4. Discussion

Knowing the particle size, surface area and zetanpial is essential to gain mechanistic
information of NPs uptake, persistence and biollgiaxicity within cells [36]. Hence,
designing a simple AgNPs synthesis method thaisgreasistent size, morphology, stability and
properties is essential to obtain consistent resutien AQNPs were applied to biological
systems at relatively non-toxic concentrations [37]

In this study, zebrafish were used to investigageAgNPs effect on wound-healing
activity in zebrafish after laser-induced woundimyj Firstly, we determined the toxic effect of
the synthesized AgNPs in a zebrafish model. Thglbbthe synthesized AgNPs was found to
be 140 pg/L and zebrafish exposed to 50 pg/L didshow any toxicity signs. Bilberg et al. [38]
reported that the L&gof AgQNPs (average size 81 nm) in zebrafish is 84 jag48 hpi, and that
at >72 pg/L AgNPs, signs of toxicity stress emerdgatondly, two treatment methods were
applied in our study and both AgNPs direct applozatind AgNPs immersion displayed clear
and faster wound healing at 5, 10 and 20 dpw coeajiar the wounded controls. Interestingly,
AgNPs application by immersion had a higher WHmMtAgNPs applied directly, showing that
AgNPs immersion induced a faster healing rate. Mattan et al. [30] reported that a 20%
AgNPs solution has an impact on wound healing énftesh water fisinaba testudineus.

AgNPs release a cluster of uncharged Ag atom§)(@ag Ad. Those uncharged Agacts
slowly with chloride in the wound exudate whichreases the efficacy of the wound healing

action [39, 40]. Similarly, we suggest our AgNPshahg atoms may slower the reaction with
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392 chloride at the wound site and thereby enhancevthend healing process. Our data indicate that
393 immersion in AgNPs solution could be useful foatreg ornamental fish because it is much

394  more convenient than treating individual fish byMRg direct treatment. Moreover, from our

395 visual and quantified wound healing data, we comfinat the AgNPs synthesized in this study
396 and their physiochemical properties were ideak&rtewound-healing activity without showing
397 toxicity to the zebrafish.

398 Most of the steps and principles of wound healirgganserved in adult mammals and
399  zebrafish [41]. The major difference between manmmadnd zebrafish wound repair is that in
400 fish, remodeling of wound tissue occurs with minimscarring. Even when deeper wound

401 damage was present, including of muscles, skimegéed almost completely and more quickly;
402  however, the damaged muscle did not [41]. Baseduoistology data, it was difficult to

403  observe in detail all the wound-healing processssmbed by others [41]. However, recovering
404  epidermis, dermis and muscle were observed atdiftanagnitudes in the wounds of AQNPs-
405 treated groups compared with the control grougsdiw (Fig. 4) and 7 dpw (data not shown).
406 At the last stage of the healing process (20 dive)skin of zebrafish of both AgNPs treatment
407  groups appeared completely normal, with minimalrgeg compared to wounded untreated fish.
408 The tissue-regenerating capacity of organismswdif@d the time course of each individual

409  wound-healing process varies by fish species [3048]. Moreover, it is dependent on the age
410 and physiological condition of the fish, the extehtlamage, cause of wounding, the depth of
411  tissue and nutritional status of the individual ). Detailed immunofluorescence or immune-
412  histochemistry studies are required to study edc¢heohealing processes in a systematic manner,

413  in addition to histopathology.
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Immune inflammatory cells (lymphocytes, monocyted aeutrophils) are the main
cellular immune components that control inflammgt@actions and the subsequent repair
process [43, 45]. These cells play a major rolaitnating inflammation, and also in the
progression and regulation of the repair processakleeper understanding of the AgNPs’
effect on wound healing in zebrafish, the transwimal responses of genes representative of
early phases of wound healing were studied, edpetoausing on the inflammatory response
genes. Among the earliest signal initiation molesuthe growth factor TGE-which is released
during hemostasis, is important in wound healinglpg 46]. It has been described that the
various growth factors released during homostasisdulate the stimulation and recruitment of
monocytes, neutrophils and macrophages to the wsigdthereby initiating the inflammatory
phase [46]. However, the magnitude and duratianfEmmatory responses are factors that play
a major role in the wound-healing process andirhortant to limit the inflammatory process to
avoid chronic scarring [2].

Matrix metalloproteinases (MMPSs) are involved ihgdases of wound healing by
modulating the influx of immune cells, enhancingrdiblasts and keratinocytes migration and
scar tissue remodeling. During the inflammatorygehanacrophages secrete MMPs to remove
debris from the wound site to enhance the healinggss [46]. Generally the pro-inflammatory
cytokines, IL-1 and TNFe, at inflammatory sites result in the stimulatidrMiMP gene
expression [47]. There is credible evidence foraased MMPs expression, including of MMP-9
(gelatinases) and MMP-13 (collagenases), duringngaepair at different phases of wound
healing, including epithelial migration, angiogeisegranulation, tissue formation and wound

contraction [41, 48-51].
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In Japanese flounder, Murakami et al. [52] suggkttat MMP-9 may be essential
during wound healing for re-epithelization and phecess of inflammatory cell migration, as
many inflammatory cells were detected in the de@hid4 hpw. In vertebrates, MMP-13 is
known to catalyze the degradation of type | collegat neutral pH. In zebrafish, MMP-13
expression has been shown in normal embryonic dprednt [53]. Previous studies showed
marked up regulation of ILfl MMP-9, MMP-13 and TGH-in the muscles of experimentally
wounded rainbow trout at early post-wounding timeis (1-14 dpw) and a sharp reduction
thereafter. However, the transcription remainedhé@ighan in the external controls [43].
Additionally, in the muscle of wounded carp, IB;1L-6 and IL-8 at 1 dpw were all up regulated
but declined later [54]. In the current study, wdtrealing genes differentially responded based
on the treatment and time of measurement. Mostlyrafish treated by direct application of
AgNPs showed a higher expression than the AgNP<seirsed animals, but mostly lower than in
the wounded controls. It has been reported théteifactivities of the MMPs are not properly
controlled, wound healing could be impaired anahezhronic stage [55-57]. The MMP-9 and
MMP-13 expression patterns at 12 hpw and 5 dpwimstudy suggest that no adverse effects on
wound healing were caused by the AgNPs treatmehthaat the normal wound-healing process
had taken place.

The importance of ROS generation in wound heakngell documented for
inflammation, cell migration, proliferation and aongenesis [58-61]. To investigate the potential
involvement of ROS scavenging enzymes in the wdualing process, SOD and catalase
MRNA expression were analyzed, because these lodg®e far been reported in detail in
zebrafish. Since Dis the major ROS generated during the respiratargttof inflammatory

cells [62, 63], we first analyzed SOD expressiothmunwounded negative control, wounded
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459  control and AgNPs-treated groups. Though the SOB®shightly down regulated at 12 hpw in
460 the wounded fish, it was up regulated at 24 hpver&twas slight up regulation of SOD mRNA
461  expression following AgNPs direct application, dhdn it was further increased at 24 hpw.

462  Marked 2-fold up regulation was observed in the RgNimmersed group at 12 hpw, but it

463  returned to basal levels at 24 hpw and 5 dpw. épWw, a down regulated SOD expression

464  pattern was observed in wounded and AgNPs-dirgaliegtion zebrafish. At this level, it is

465  difficult to discuss logically the exact reason floe differential expression pattern (down

466  regulation at wounded tissue), whether the downleggn occurred due to the physiological
467  condition of the animal or another factor (e.gess$ror due to alteration of regulatory

468  mechanisms).

469 It has been reported that the cytosolic Cu/Zn-ddpenSOD (SOD1) and mitochondrial
470  Mn-dependent SOD (SOD2) mRNA levels were up regdlat the healing wounds of mice skin
471 and that the highest expression was observed ieahyg inflammatory phase. Similarly, in

472  SOD1-knockout-wounded mice the wound-healing tisnéalayed [64]. Similar patterns of both
473  catalase and SOD mRNA expressions were obsenhisistudy. The biological mechanism of
474  the co-expression pattern of SOD and catalaseuntemact ROS species is very important [65].
475  Taken together, these results demonstrate thab®¢A expression of both SOD and catalase is
476  elevated at certain times during the wound repaicgss. The increased expression of these
477  molecules after injury suggests that SODs and peases/catalase play an important role in the
478  detoxification of ROS in wounded environments. Qata indicate that a higher level of ROS
479  might have been generated during the inflammatrongss in the AgNPs immersion group

480 compared to the other groups and thereafter, thexrbalance is established at the correct time,

481  thus promoting efficient wound healing. This is sstent with our visual observations, and
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further confirms rapid wound healing in zebrafistp@sed to AgNPs especially in the ones
immersed in AgNPs.

In summary, chemically synthesized AgNPs had abeftfect on wound-healing activity
compared to the normal wound-healing process irzebrafish model. Fish immersion in an
AgNPs-water solution (50 pg/L) resulted in a speebealing time compared with direct
application of AgNPs to the wounded area. AgNRbgeiapplied directly to wounded skin or
wounded animals immersed in AgQNPs solution, shogvidrential gene expression patterns in
the inflammatory, proteases, growth factor andoxidant genes studied, indicating varying
transcription effects for efficient wound healiti@pllectively, from the gene expression data, and
evidence from previously published wound healirfgnmation [30, 41, 46], we could postulate
that AgNPs as a wound treatment did not affectterdinated migration of the different cell
types and signaling events, and maintained thegutalefunctions and redox balance to avoid
sustained inflammation, to promote efficient woureiling processes without causing scarring.
A clear understanding of the different moleculesidtions and mechanisms in the process of
wound healing and their temporal expression pattaraxposure to AgGNPs in zebrafish and/or
other vertebrates is needed. Further studies wildnducted to elucidate the role of AgNPs as a
wound-healing agent in fish since it appears ta peomising candidate for use in wound care

therapy.
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Tablel

Primer information of the zebrafish genes selefedhis study.

Gene name Accession Primer name Primer sequence (5-3)

number

Transforming growth factop-(TGF8) XM_687246 TGRB-F CCCAAGGAACCAGAAGTAGAAG
TGF$-R GGATCTTCTATGGTGTGCTGAA

Interleukin B (IL-1p) AY340959.1 IL-B-F TCAAACCCCAATCCACAGAG
IL-1B-R TCACTTCACGCTCTTGGATG

Tumor necrosis factou-(TNF-o) AY427649 TNFe-F AGAAGGAGAGTTGCCTTTACCGCT
TNF-0-R AACACCCTCCATACACCCGACTTT

Matrix metalloproteinase (MMP) -9 AY151254 MMP-9-F TTTGCCCTGATCGTGGATAC
MMP-9-R GGGAAACCCTCCACGTATTT

Matrix metalloproteinase (MMP) -13 AF506756 MMP-E3- GAGAAGGTTTGGGCTCTCTATG
MMP-13-R  TGAGTTGCTGTCTTCCTTGTAG

Superoxide dismutase (SOD) NM_131294.1 SOD-F AGGTGAGTGAAATTACTGG
SOD-R GTCTCACACTATCGGTTGGC

Catalase NM_130912.2 Catalase-F CCAAGGTCTGGTCCCAARGA
Catalase-R GCTCAACCTCCGCGAAATA

B-actin AF025305 B-actin-F AATCTTGCGGTATCCACGAGACCA
B-actin-R TCTCCTTCTGCATCCTGTCAGCAA

29



671

672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705

Figurelegends

Fig. 1. Position of the laser wound created on the zelirdiisred circle). On the anesthetized
fish, a laser wound was created with a laser bd&® A for 5 s), posterior to the gill area,
close to the lateral line of the zebrafish.

Fig. 2. Physiochemical characterization of AQNPs. (A) Nesynthesized water-soluble AgNPs,
(B) UV-vis spectrum, (C) FE-SEM image, (D) FE-TEMage, (E) particle size distribution
(72.66 nm) and (F) zeta-potential (-0.45 mV) of AN

Fig. 3. Wound-healing effects of ANPs on adult zebraf{#).Representative pictures of
wound-healing process of zebrafish at 2, 5, 102hdpw. Images exhibit significantly reduced
wound size on zebrafish in AgNPs-treated groupspawative to the control groups at 5 and 10
dpw. (B) WHP at 5, 7, 10 and 14 dpw on the zebnaf@3n each day WHP was calculated based
on the wound size at 2 dpw. Bars represent the meézD (n = 12).

Fig. 4. H&E stained histology images showing transverstiaes through the laser-damaged
wounded tissue (including skin and muscle) of ziedhiaat 5 dpw: (A and D) Control-untreated,
(B and E) AgNPs direct application and (C and FNRg water immersion treated. A, B and C:
200x%; D, E and F: 400x. Wounded area marked iredatjuare. EP: epithelium, SC: scales, SP:
scale pockets, WE: wounded edge, WC: wound caSity, skeletal muscle. Thin black arrow:
thin epithelium with immune cell infiltration; thikdblack arrow: formation of epithelium layer;
red arrows: disintegrated muscle cells in dermaiawhite arrows: densely packed muscle
cells.

Fig. 5. Relative mRNA expression of wound-healing-relagedes of adult zebrafish muscle at
12 hpw, 24 hpw and 5 dpw after AgNPs direct appibca(grey) and AgNPs immersion
treatments (blue) compared with the wounded con{miange) and non-wounded negative
controls (green). (A) TGB; (B) IL-1B, (C) TNF«, (D) MMP-9, (E) MMP-13, (F) SOD and (G)
Catalase. Relative expression folds of each geme gadculated according to the Livak method
(22°CT) [33]. ZebrafishB-actin was used as a house-keeping gene. Foldweitscalculated
dividing the normalized expression values of tleatiment by that of the respective control at
each time point. Data represent the mean of tme@ependent gPCR reactions for technical
reproducibility using the cDNA, which correspondghe pooled RNA of three fish, and bars
represent the mean + SD of three independent geagions.
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733 Fig. S1. Determination of toxicity levels of AgQNPs to adaébrafish. Fish were exposed to 0, 25,
734 50, 100, 200 and 400 pg/L of AgNPs (n = 10), asld Gumulative survival rate (%) was

735  calculated up to 96 hpi. The kpof AgNPs for the adult zebrafish was 140 pg/L.
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Highlights

» Synthesized AgNPs at 50 pg/L were not toxic to aiin at 96 h post-immersion.

* AgNPs exhibited clear and faster closure of lasauvds on zebrafish.

* AgNPs immersion was more efficient than direct agpion for healing the wounds.

* AgNPs altered gene expression of inflammatory phdseing wound healing.



