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Abstract: As a novel, recyclable nanocatalyst, {89-GOrony based Ag nanoparticles doped
Starch/PEG-poly (acrylic acid) nanocompogfes0,@ GOrion/Ag/St-PEG-AcA)was applied for
one-pot synthesis of 2,4,6-triarylpyridine deriva8 under water solvent conditions. The prepared
nanocomposite was also evaluated in terms of bipedivlity for wound healing.
Fe;04@ GOron/Ag/St-PEG-ACA could be easily removed from the g of the reaction by an
external magnet and recycled without a considerdbl@ease of activity even after 10 runs. The
new nanocatalyst offered better efficiencies thaheilo commercially available sulfonic acid
catalysts. In terms of the bioactivity of nanocgdsl good antimicrobial efficiency was confirmed
onE. coli bacteria. Besides, histology of repaired woundsey®,@ GOrion/Ag/St-PEG-ACA for a
healed group of mice showed better fibroblast ithstion and more compact collagen fiber

organization compared to wounds in the control grou
Keywords. Magnetic nanocatalyst; Hydrogels; Wound healing;&triarylpyridines.
Introduction

On account of the most important and obvious acged of heterogeneous catalysts such as easily
separation and reusability for the production okefichemicals[1] and increasing environmental
concerns about liquid mineral acids[2], applicatadrsolid acids and development of efficient and
recoverable heterogeneous catalysts has long bgeal & catalysis research[3].

It is renowned that graphene as a two-dimensiomélane-atom-thick sheet of sponded carbon

atoms that are densely packed in a honeycomb tigsiae and graphene oxide has been widely
used in many different fields such as sensorsgthlgsis[5], adsorption[6], and energy storage[7].
Nano sheets of graphene oxide with high surfacasase covered by hydroxyl, epoxy, and



carboxylic groups which offer high water solubilifpr many applications. Graphene oxides
contain a range of reactive oxygen functional geywyhich offers it a good candidate for use in the
mentioned applications through chemical functiazalon [8]. Recently, GO-based poly(lactic
acid) (PLA) stereo complex crystals (SCs) were giesil by Xu et al. [9] to show elucidation of
acceptable thermal and barrier properties, whick miuence further extension of other material
combinations. In the other study, Xu et al. [10}je@&ed that decrease the planar size of graphene
oxide quantum dots (GOQDs), and the intercalatibrfuactional groups containing oxygen,
diminished the filler aggregation and improved ithterfacial contacts with the host polymer. Their
findings afforded intangible understandings of #ignificance of the dimensionality and surface

chemistry of GO in the promising field of bionanaguosites.

Nanocomposite (NC) gels are considered due to tinggroved properties, for instance, the
extraordinary mechanical property of organic-inmigahybrid networks of nanocomposite
gels[11]. Nano dispersions of metal nanoparticlesused to prepare nanocomposites due to their
special properties, such as the large surface tarealume ratio and multiple applications[12].
Incorporation of silver nanoparticles (AgNPs) irthe hydrogels has developed both mechanical
properties and chemical stability of hydrogelswadl as increasing the adsorption capacity[13].
Besides, due to the antimicrobial properties of RgNbiocompatible polymers containing AgNPs
have proven to be promising candidates for the baiocal area due to their superior antibacterial
properties[14].

From a medical point of view, using NC for woundalireg offers the possibility to absorb the
exudate and reducing water evaporation to keepdtatign away. Preparing these conditions is
considered an ideal environment for the wound hgatirocess[15]. AgNPs and hydrogel-based
biomaterials are non-cytotoxic and safe for paiantwound care management[16]. The unique
intrinsic features of these materials promote wotedling and effectively control the growth
of microorganisms at the wound site. This straelgys an important role in the treatment of both
acute and chronic wounds[17]. Recently, the dgraknt of AQNPs impregnated chitosan-poly
ethylene glycol (PEG) hydrogel to accelerate wolne@dling in diabetic patients. The results
illustrated a good porosity, high degree of swelliand water vapor transition rate (WVTR) for
AgNPs impregnated hydrogel as well as advancednambbial and antioxidant properties
vitro and enhanced wound healing capabiligyivo in diabetic rabbits[18]. Besides, stimuli-
responsive chitosan (CS) and poly (N-vinyl-2-pyidohe) (PVP) have attained hydrogel properties
in the presence of 74% neutralized polyacrylic a@@dA). The biocompatibility of prepared

hydrogel made them pertinent to drug delivery, atheir release profile is examined



spectrophotometrically using silver sulfadiazinewhd 91.2% of drug release in a consistent and

controlled manner[19].

Over the past few years, the N-heterocyclic comgsusuch as pyridines, are very helpful material
for the development of molecules of pharmaceutmalbiological interest[20]. Furthermore,
conjugated molecules that have a pyridine cordnakey unit, such as 2,4,6-triarylpyridines have
also attracted much attention in previous yearstdygoviding the impetus for further studies in
utilizing this scaffold in new therapeutic drugsdas([21, 22].

In our continuing efforts toward effective syntleetnethodologies [23, 24], new environmental
catalysts improvement, we aimed to formulate a tyg& of magnetically separable nanocomposite
(F&304)-GOrioy  based AgNPs doped Starch/PEG-poly (acrylic acidanooomposite
(Fe&s0,@GOron/Ag/St-PEG-ACA) and its application for the syntisesf pyridine derivatives as
well as a biocompatible nanocomposite as medicaionwound healing. To the best of our
knowledge, there has no such reported on the syistlted a novel magnetic graphene-based
bionanocomposite consist of starch, polyethyleyeal) acrylic acid, and AgNPs for simultaneous
investigation of antimicrobial activities, promagimvound healing, and organic synthesis.

Experimental
Material

Acrylic acid (AcA; MW =72.06 g mat, d= 1.06 g/crf) and ammonium persulfate (APS) were
purchased from Fluka and used after vacuum disbilaN, N-methylene bis acrylamide (MBA)
were purchased from Merck and used as receivedodilaar liquid (20 nm, 99 %) was purchased
from Mehregan Chemistry company. Soluble starch (M842.30), polyethylene glycol (PEG
4000, average mol wt 1,450 and d=1.0919 g/mL &t@®0and all other chemicals were purchased
from Sigma-Aldrich. Escherichia coli (ATCC-25922) strain was kindly donated by the

microbiology laboratory of Islamic Azad Universifiehran, Iran.
Preparation of Fe;0,@GOion

The GO dispersion was prepared using the Hummetisaaf25]. Then, the resulted GO is filtered
and washed several times with ionized water. Byedpitation and dispersion of 300 mg ferrous
(FE) and 800mg ferric (P& ions (50 ml) in the suspension of 40 mg GO andmM®,0 under
ultrasonication, F,@GO is achieved. Then, 2g trifluoromethanesulfanad was added to a

suspension of RE®,@GO (1g) in 5ml CHCH,, while mechanically stirred at 40°C. The mixture



was filtered after 1 h, and the residue was wastitdCH,CH, and heated at 5 for 24 h under

vacuum to obtained triflic acid-functionalized magn GO Figure 1).

Graphite

FeCly + FeCl CF;SOH S AS A S0 B ¢

s - R
E‘—L\MA\L!» -
Ry

Q- Fe,0,@GO uf}-h Fe;0,@GO110n

® o :

‘ =F;04 nano particles

Q =S

o =F

Figure 1. Synthesis of (F£,)-GO-TfOH

Synthesis of Fe30,@GOrton/Ag/St-PEG-ACA

Briefly, starch (0.5 g) was solved in warm water8ét °C. After 15 min, MBA (0.05 g) was

dissolved in water (5 mL) and added to the aquanligtion with continuous mechanical stirring

(300 rpm) until a homogeneous viscous mixture whtined. The reaction temperature was

controlled at 50 °C under an argon atmosphere, ahegrtain amount of 70 % neutralized AcA (6

mL), PEG (0.24 g) was added to the reaction mixtAtethe next step, a definite amount of APS

solution (0.08 g) was added into the mixture and wtrred for 10 min until the hydrogel was
produced. After adding APS, the as-prepared AgN®&#oidal solutions (100-400ppm) and
Fe;0,@GO0Crron (0.5 g) were mixed with the above homogeneoudisoland allowed to stir for 10

min. When the reaction was completed, the prodast washed thoroughly with ethanol (100 mL)



to remove the unreacted materialaglre 2). After filtering and drying of the samples, the
viscosity of synthesized BE@s@GOron/Ag/St-PEG-ACA was determined using HVU

481viscometer (Herzog Contracting Corp-Germany Njodbout 2.45 cP at 20 °C in order to
investigate the size distribution of AQNPs.
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Figure 2: Synthesis of F£,@ GOrion/Ag/St-PEG-ACA

General procedurefor the synthesis of 2,4,6-triarylpyridines:

A mixture of an aryl aldehyde (1 mmol), acetophen¢d mmol), ammonium acetate (1.3 mmol),
Fe;0,@GOrion/Ag/St-PEG-ACA and water (2 mL) was stirred at rodeamperature for the
indicated times $cheme 1). After completion of the reaction, the precipst solid after
magnetically-separation of the catalyst was cadledty filtration under suction, washed with cold
water, and then recrystallized from n-hexane tordfpure products 1-13 (Table 2) in high yields.



Ar" H Fe;0,@GOTfOH/Ag/St-PEG-AcA | XN
’ > ~
5 ©)J\CH3 NH4tOAC- Water, r.t. O N O

Scheme 1: Synthesis of 2,4,6-triarylpyridines

Characterizations

Melting points were recorded on a Buchi B-540 appes. IR spectra were recorded on an ABB
Bomem Model FTLA200-100 instrumentd and *CNMR spectra were measured on a Bruker
DRX-300 spectrometer, at 300 and 75MHz, using TMaminternal standard. Chemical shifis (
were reported relative to TMS, and coupling contstgd) were reported in hertz (Hz). X-ray
powder diffraction (XRD) was carried out on a RpsliX’'Pertdiffractometer with Col radiation.
The morphology characteristics of synthesized sasplere evaluated using field emission
scanning electron microscopy (SEM, Hitachi S-480Me thermogravimetric analysis (TGA) was
measured under a nitrogen atmosphere with a TG/BUATrom room temperature to 700°C with
a heating rate of 10°C/min. The crystal phaseshaf samples were analyzed using X-ray
diffractometer (XRD, M21X, MAC Science Ltd., Japanijth Cu-Ka radiation. UV-vis diffuse
reflectance spectra (DRS) were recorded on a U\spestrophotometer (Cary 300, USA) with an
integrating sphere. The chemistry of the surfaceasfocatalyst was also determined using X-ray

photoelectron spectroscopy (XPS, K-Alpha 1063, fitteFisher Scientific, England).
Swelling measur ements

A 100 mesh nylon screen, i.e., tea bag containe@®# GOron/Ag/St-PEG-ACA (0.2 = 0.01 g)
with average particle sizes between 40-60 mesh-ZEDmm) was immersed in distilled water or
0.1 M of NaCl solution (100 mL) and allowed to sdak5 h at room temperature. The teabag was
suspended for 10 min to the excess fluid to drie equilibrated swelling (ES) was determined in
duplicate using the followingq. 1[26]:

Weight of swollen gel —Weight of dried gel
Weight of dried gel

ES(g/g) = Eq. 1

The accuracy of the measurements was +3%.



Swelling kinetics

In order to measure the absorbency rate of theapedpmaterial, different particle sizes of samples
(0.2 = 0.01 g) were prepared, immersing in 100 mstilted water using teabags. At pre-
determined time intervals, the equilibrium swellicgpacity of the materials was evaluated using

the above procedure[27].
Antibacterial measur ements

The potential of prepared nanocomposite in thel fodlantibacterial properties was examined using
the agar diffusion method against a gram-negd&iv®li. as a model bacterium. In this method, the
bacteria cultures were grown onto nutrient agateplafter sterilized by autoclaving for 1.5 hours
at 100 °C. Then, nanocomposite hydrogel (0.1 g) suepended in distilled water after sonication
and loaded onto the above nutrient agar plateslbateon of the inoculated plates was done at 38
°C for 38 h, then, the diameters (mm) of the irtfobi zones were determined in three directions,

and the average was calculated.
In vivo study

Fe;0,@GOrion/Ag/St-PEG-ACA was tested in vivo for its abilitg promote the wound healing
process. Ten young C57BL/6NHsd (Charles River) maiee, aged 20-22 months, were selected
and separated into two treatment groups of coiffrohice) and F£,@ GOron/Ag/St-PEG-ACA
healed (5 mice). They were kept under standard#abiy conditions in terms of food and water ad
libitum. These procedures were approved by thel [Bt@ics Committee for Animal Welfare[28].
The backs of the mice were firmly shaved and sulesetty pinched (with the diameter of 12 mm)
between two ceramic disc magnets with a thicknéssnom, a weight of 2 g, and strength of 3,740
G. Three ischemia-reperfusion (IR) injury cyclesrev@erformed. A single cycle consisted of
dorsal skin magnet pinch for 12 h followed by & pegiod of 12 h. Ulcer formation was diagnosed
by an appearance of a disrupted epidermis. The maeee then anesthetized using an
intraperitoneal injection of Avertine (tribromoeti@, 250 mg/kg, Sigma, Germany). On the
control group, ulcers were wetted with sterilersaland then bandaged with cotton gauze while in
Fe;0,@GOron/Ag/St-PEG-ACA healed group, ulcers were treateth wcaffolds secured in place
using 5-0 nylon suture. After 1, 5, 15, and 20 ddkie wound size was measured by using a
Vernier caliper and a subsequent calculation of no@rea (mr) using length and width
measurements. On day 21 of the experiment wherwthend had completely healed, the skin

samples were taken for histological study.



Results and Discussion

Figure 3 showed the FTIR spectra of prepared@@& GOrion/Ag/St-PEG-AcCA compared with
FeO,@GO-TfOH and starch. The FT-IR band of resulteclgat in the region of 1168 and 680
cm? is attributed to the stretching vibrations of {8eO) and (F-O), respectively. The strong-broad
peak appeared at about 3340cim due to the stretching of (O-H) groups in thigliacportion of
CRSOsH. The broadband of @@ GOron/Ag/St-PEG-ACA at 3000-3600 chwas related to the
stretching vibration of OH groups on both starcd &G polymers. The skeletal mode vibration
of the glycoside linkage is illustrated at 900-356". The peak around 2962 &nand 1472 cm
lare related to the CH stretching and bending mddeanwhile, in this graph, two other
characteristics peaks of carboxylate ion were 16§#9]. The first peak is at about 1403 ¢m
assigned to the symmetric stretching mode of tineocglate ion, while the second peak is at 1580
cm* due to the asymmetric stretching mode of C@ups[30]. These results suggested that the
grafted acrylic acid monomers were a presence ;nfoesms of non-ionized (COOH) and ionized
(COOQO) onto the polymer backbone[31].
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Figure 3: The FT-IR spectra of E®,@ GOron/Ag/St-PEG-ACA compared to starch and
Fes0,@GO-TfOH



Figure 4 shows the UV-vis spectroscopy spectra of(z@ GOron/Ag/St-PEG-ACA compared
with FeO,@GO-TfOH and AgNPs. As can be seens@:@ GO-TfOH absorbed below 400 nm in
the UV-vis spectrum. However, Ag nanoparticles appé a single significant peak with a
maximum wavelength at about 400 nm, which assigodtie typical surface Plasmon resonance
(SPR) of spherical silver nanoparticles. Howeuvethe spectrum of the Ag nanoparticles stabilized
by nanocomposite revealed a sharp absorption pé&akawnslightly shifting in SPR peak value in
the range of 400-415 nm with the appearance otamnskary absorbance peak below 400 nm[32].
Based on the above results and the absence of gagigre of Ag nanoparticles in the
nanocomposite hydrogel matrix, it is concluded therty stable nanoparticles of Ag were formed

and dispersed.
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Figure 4: The UV spectra of E®,@ GOrion/Ag/St-PEG-AcCA compared to AgNPs and
Fes0,@GO-TfOH

SEM, TEM, EDX, and AFM techniques have been usedvauate the incorporation of AgNPs
into the nanocomposite matrix, the morphology, &nel topography of prepared material. In
Figure 5a andb, it was clearly indicated that the embedded narimbes of FgO,@GO-TfOH
were presented in the range of 83-99 nm with umifoough morphology. At the same time,
FesO,@GOron/Ag/St-PEG-ACA  had porosity  structure.  Investiggtin the interphase
characterization, the Ag/St-PEG-AcA hydrogel netwplaced primarily alongside the surface of
Fe0,@GO-TfOH, FeO4@GOron/Ag/St-PEG-ACA showed a mixed type of growth bebavi
This is due to the changing interaction of the lget layer with catalyst surface caused by the
difference in surface morphology, texture, composijtand surface area to volume ratio of GO
sheets and hydrogel networks [33]. Close inspedfd®EM images (Figure 5a and b) exhibits that
agglomeration of F©,@GO-TfOH and Ag/St-PEG-AcA with the fine state adpkrsion.



In Figure 5¢c andd, the presence of elements was illustrated §OK® GOrion/Ag/St-PEG-ACA.
Figure 5e showed the elemental composition of nanocatalysts,was calculated that
Fe;04@ GOrion/Ag/St-PEG-ACA contained about 65.69 % of carbah 86 % of oxygen, 9.68 %
of nitrogen, 4.00 % of sulfur, 2.02 % of sodiumQQ% iron and 0.42 % of silver. The results

confirmed the deposition of Ag nanopatrticles intla@ocomposite hydrogel matrix.

The morphology, shape, and distribution of AgNP= sivere determined by analyzing the TEM
images of the nanocomposite hydrogel. The imagd€M were shown irFigure 6. It confirmed
a highly uniform distribution of the spherical AgBlRvith the average of size particles ranges

between 20-30 nm inside the nanocomposite hydrogel.
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Figure6: TEM images of F€,@GOrion/Ag/St-PEG-ACA

In Figure 7, AFM images were depicted the surface morpholdgyh® nanocatalysts. Comparing
the 2D and 3D images fgure 7 a-d, the surface morphology for #&@GO-TfOH was shown

to be a smooth while for E@,@ GOron/Ag/St-PEG-ACA nanocomposite was a rough surfadh wi
clustered features. The histogram kigure 7e plotted the longitudinal section diagram of
nanocomposite hydrogel indicated the homogeneagsdstribution of Ag nanoparticles with an

average size of 45-50 nm.
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Analyzing the structure of E@,@GO-TfOH and F¢,@ GOron/Ag/St-PEG-ACA using X-ray
diffraction was illustrated ifrigure 8. As shown in the XRD patterns, &@GO-TfOH showed a
sharp diffraction peak at 34.20°, which originatexin the diffraction GO on its (002) layer planes.
In general, synthetic nanocatalyst showed diffoacppeaks indexed to planes of cubig®gunits
including (220), (311), (400), (422) and (511), eppng at 30.11°, 34.20°, 43.80°, 56.03° and
60.99, respectively. In contrast, §&,@ GOrion/Ag/St-PEG-ACA exhibited relative sharp peaks at
20 = 57.1°, 67.2° and 102.34° which were assigneglémes of the silver structure and 2
31.01°, 33.19°, 46.20° and 55.90° which were rélateplanes of GO and @, nanoparticles. In
addition, the slight difference between XRD pattenf the nanocomposite and AgNPs can be

concluded that the AgNPs into nanocomposite matere well crystallized. Furthermore, no peaks



related to the impurities were observed in XRD qratt. The average particle size of the trapped
AgNPs into the F,@GOron/Ag/St-PEG-ACA Based on the Debye-Scherrer equatias found
about 45 nm with the good agreement with the resflAFM and TEM analysis [34].
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Figure 8: XRD patterns of Ag, F©,@GO-TfOH and F€,@ GOrion/Ag/St-PEG-ACA

Figure 9 represented the TGA/DTG analysis of;Gg@GO-TfOH and F¢0,@ GOrron/Ag/St-
PEG-ACA. Two steps of decomposition were seen BOK@DGO-TfOH. The first weight loss at
150-250 °C was due to the evaporation of adsorbe@rwand the second rapid weight loss was
due to the thermal degradation of the organic cané FeO,@GO-TfOH structure in the range
400-500 °C Figure 9a). Similar decomposition steps were also seen 80K GOron/Ag/St-
PEG-AcCA (Figure 9b). Also, the total weight loss of E@4@GOron/Ag/St-PEG-ACA and
FeO,@GO-TfOH was about 66 % and 81% at 800 °C, respaygtiAccording to these results and
values of nanocomposite compared ta@z@GO-TfOH, such as 195.91 °C, which was higher
compared to that of the hydrogel, the higher théstability of FeO,@ GOron/Ag/St-PEG-ACA
was concluded. The presence of silver nanopartitiggt be the reason for this high thermal

stability in the nanocomposite matrix[35].
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Swelling characteristics of prepared®¢@ GOron/Ag/St-PEG-ACA nanocomposite hydrogel are
shown inFigure 10a-e with 0.1, 0.3, 0.5 and 0.6 mol*LAPS concentration, 0.002, 0.004 and
0.006 mol ! MBA concentration, 0.5 and 1.2 mof'lAcA concentration, 0.75 and 1.5 wt% PEG
concentration, 100, 200, 400, 600 and 800 ppm AgMRsof these swelling experiments were
carried out at a pH of 7 in water. Swelling ratafssamples synthesized with optimized reaction
parameters are also shownRigure 10f at pH 6.5, 7, and 8.5. IRigure 10a, it is observed that
increasing the concentration of APS from 0.1 tord@ L™ leads to higher swelling ratios, which
may be attributed to the decrease of hydrogel mitdecweight due to more chain ends and

imperfection of gel network. In the present worgtimum APS concentration was found to be 0.3



mol L. Similar trends for the swelling ratio of the hgdels are also observed for increasing
MBA, AcA, and PEG concentration&igure 10b-d). This may be ascribed to lower crosslinking,
higher reactivity, and increased hydrophilicitytioé hydrogels, respectively. Frdingure 10e, it is
obvious that increasing the concentration of AgitBs 100 to 400 ppm, leads to higher swelling
ratios which may be related to the capability ofN&s embedded in the hydrogel to increase the
pores and free spaces within the structure of thsvark of the prepared hydrogel and as a
consequence adsorbs more water. Thus, the waterpalbs properties of the hydrogel improve.
However, further increase of silver concentratieads to decreased swelling properties due to
filling up the void spaces of the network chaingl @helation with some -OH and -C=0 groups of
Fe;0,@GOrion/Ag/St-PEG-ACA while neutralizing the repulsionstime networks. Based on the
swelling kinetics curves, E@,@GOron/Ag/St-PEG-ACA present higher and faster swelliatjos
compared to the corresponding pure hydrogel. Thay be attributed to the presence of AgNPs
within the surface charges of the gel network drelgresence of different sizes of AgQNPs in an

efflux of water to balance the build-up of ion osro@ressure.

From Figure 10f, it is observed that at higher pH swelling ratiareases, which may be due to
ionization of hydrophilic -COOH groups of the hydeds. The swelling data of the hydrogels
including ESR, the initial rate of swelling)(rrate constant (§ and statistical parameters such as
R? ¥*, F of the kinetic fittings confirmed close fittinaf the swelling data to second-order rate
equation due to regression coefficierit(B.97-0.99) of these fittings are close to uniythe same
time, chi-squarg? (0.007-0.2) of these fittings are very low anddfues are very high (900-4400)
and also calculated ES ratio of pure hydrogel (Lartd FeO,@ GOrion/Ag/St-PEG-ACA (13.1)

was also very close to their experimental ES ragshown irFigur e 10f.
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Figure 10: Swelling characteristics of prepares®g@ G Orion/Ag/St-PEG-ACA nanocomposite
hydrogel under the effect of a) crosslinker (MBB),initiator concentration (APS), c) AcA
monomer concentration, d) PEG monomer concentra@oAgNPs solution concentration and f)

pH on swelling ration data

The antimicrobial effectif vitro) of prepared materials was investigated by compgathe

diameter of the growth inhibition zones & coli. As can be seen fronkigure 11, both



Fe;0,@GOron/Ag/St-PEG-AcA and FO,@GO-TfOH showed the antibacterial effect on the
bacteria,E. coli, after 24 h of incubation at 37 °C. So that, papecsisoaked for EF®,@GO-
TfOH with two different concentrations exhibitedihition zone values of 3.83 mm (for 1.5 mg L
% and 570 mm (for 3 mg B against E. coli. Similarly, according to Fig. 14,
Fe;04@GOron/Ag/St-PEG-AcA exhibited inhibition zone values 18.56 mm (for 1.5 mg b),
and 13.32 mm (for 3 mg'}) againstE. coli with the same concentrations this study, the results
obtained that the E@®,@GOron/Ag/St-PEG-ACA showed further potential antibaakemctivity
than the FgO,@GO-TfOH under similar test conditions. This coblkl related to the presence of
AgNPs and the presence of a more porous structunaremcomposite hydrogel, which during the
swelling process, released the silver nanopartiefgiently into the media and led to its
interaction with the lipid layer of the bacteriallcmembrane[36]. Since gram-negatizecoli has

a thin lipid layer of the cell wall may lead toacilitate penetration of released silver nanopiagic
into the bacterial cell membrane[37]. The releaggliPs can then destroy with the lipid layer of

the cell membrane.

X

Fe;0,@GO-TfOH Fe,0,@GO0;on/Ag/St-PEG-AcA

Figure 11: Antimicrobial effect (n vitro) of F&O4@ GOrion/Ag/St-PEG-ACA and FO,@GO-
TfOH

The in vivo model of ulceration was performed asadiged in the experimental section. Ulceration
was induced by magnet pressure. In treated anintiads,epidermis showed visible signs of
ulceration at least 3 days after the last cyclmagnet treatment. A significant reduction of theaar
of lesion was observed following treatment of arlgneith F&O,@ GOron/Ag/St-PEG-ACA H at



5 and 15 days when compared with the control g(&ugure 12a). It is interesting to observe that
the FeO,@GOron/Ag/St-PEG-ACA treatment significantly increasece ttvound closure at 15
days compared with the treatment at 5 days. Furtbes, the results also showed the signs that the
wounds treated and covered with the samples eDf@GOron/Ag/St-PEG-ACA healed very
faster than wounds treated with the control grdtigure 12b). The expressively expedited wound

healing can also be perceived in the@& GOrion/Ag/St-PEG-AcA-treated wounds at day 15.

Day 1 Day 5 Day 15 Day 20
Wound skin of mice treated with Fe;O0,& GO1on/Ag/St-PEG-AcA

»

Day 5 Day 15 Day 20

‘Wound skin of control group

b) 100 -
90 -
80 -
70 -
60 -
50 -
40

30 -
20 -
10

Control
= FeJO4@GOTHOH/Ag/St-PEG-AcA

Wound area (%)

1 5 15 20
Healing time (day)

Figure 12: The in vivo model of ulceration

Figure 13 shows the skin histology on day 21. The®#2 GOron/Ag/St-PEG-ACA healed group

showed complete healing, as indicated by the umifprpacked parallel collagen fibers. These
suggest that the beginning of the macromoleculgar@zation of the granulation tissue. For control
wounds, the tissue contained large numbers of bibsts, which were irregularly arranged, and



there was a less compact arrangement of collapensficompared to E@,@GOrion/Ag/St-PEG-
AcA healed wounds. The dermis of mice treated Wi&O,@ GOrion/Ag/St-PEG-ACA showed
similar fibroblast and fibrillar arrangement of tbentrol wounds.

Control group

Figure 13: The skin histology on day 21

With the increasing demand in modern organic sysishi®r more pure compounds, we decided to
deliberate the efficiency of E@,@GOron/Ag/St-PEG-ACA as a novel magnetic catalyst in the
synthesis of 2,4,6-triarylpyridines in water. Theeaction between acetophenone, 4-
chlorobenzaldehyde, and ammonium acetate in wateerst system was selected as a model
(Scheme 2). Increasing the reaction temperature and amduthieocatalyst up to room temperature
and 0.03 g, respectively, increased the yield aidpcts, whereas the further increase in both
temperature and amount of catalyst was met nofféxtathe formation of the products. On the
other hand, very low catalytic activity is observin varied organic solvents such as EtOH,
MeOH, MeCN, and CHG| under reflux condition and in the presence of30.0 of
Fe;0,@GOrron/Ag/St-PEG-ACA ([Table 1).



Cl

oun ®
(o)
Fe;0,@GOTfOH/Ag/St-PEG-AcA AN
2 CH; + + NH4'OAC > | _
Water, r.t. O N O

Cl

1 2a 3 4a

Scheme 2: The model reaction between acetophenone, 4-cldazaddehyde, and ammonium
acetate in water in the presence of& GOrion/Ag/St-PEG-ACA

Table 1. Optimizing the condition of the model reaction

Entry Catalyst (g) Solvent Temperature (°C) Time (min) Yield® (%)
1 - - 120 300 Trace
2 0.01 - r.t. 60 50
3 0.01 HO r.t. 10 88
4 0.03 H,0 r.t. 6 94
5 0.05 HO r.t. 6 94
6 0.03 HO 80 6 94
7 0.03 EtOH reflux 60 60
8 0.03 MeOH reflux 60 66
9 0.03 MeCN reflux 60 68

10 0.03 CHJ reflux 60 70

“solated yields

All the reaction with substituted benzaldehydesceded very cleanly at optimized reaction
conditions, and no undesirable side-reaction weeekved, although the yields were dependent on
the substituent. To check the versatility of thisthod, we had also studied the various hetero

arylaldehydes summarized Trable 2.

For demonstrating the matchless catalytic behawbrFe0,@ GOron/Ag/St-PEG-ACA and
considering the differences between its activityhwather catalysts, the comparison of the model
reaction system was performed Trable 3 between F£,@ GOron/Ag/St-PEG-ACA and other
reported catalysts[38-44]. It was determined thedOR@ GOrion/Ag/St-PEG-ACA is the most
effective catalyst for this purpose due to the hsginface area and very strong acidity of 380
groups.



Table 2: The reaction time (min) and the yield (%) of BA&rjarylpyridines

Entry Product  Ar z-r:mle) 2;)9;0'*
1 4a 4-Cl-Ph 6 97
2 4b Ph 9 98
3 4c 4-Br-Ph 6 87
4 4d 4-F-Ph 6 83
> de 4-Me-Ph 11 78
6 af 4-OMe-Ph 12 77
[ 4g 4-CN-Ph 10 87
8 4h 4-NQ-Ph 5 90
9 4i 3-NQ-Ph 7 03
10 4 3,4-diCI-Ph 5 86
11 4k 4-OH-Ph 10 02
12 4l naphthalen-1-yl 5 97
13 4m thiophen-2-y 5 94

Table 3: Comparison of model reaction system betwee®@kK@ GOron/Ag/St-PEG-ACA and

other reported catalysts

Time(min)  Temperature (°C)  Yield*
Entry Catalyst (%)
1 PEG-DAILE, 10% mol 45 110 95 [38]
2 Activated Fuller's earth 920 110 90 [39]
3 Fe0,@TiO,@O,PO,(CH,),NHSO;H 20 120 80 [40]
4 - 480 150 97 [41]
5 HNTf2°, 1% mol 50 80 93 [42]
6 LPSE, 0.01 g 60 60 94 [43]
7 ChVO, 5 mg 60 130 80 [44]
8 Fe;04@GO0r1on/Ag/St-PEG-ACA 6 r.t. Thiswork

& poly(ethylene glycol)-linked dicationic acidic ieriquids

® triflimide

° Fe0,\SiO,\propyltriethoxysilane\L-proline
chitosan supported vanadium-oxo



The conceivable mechanism is shown Rigure 14. On the high surface area of magnetic
nanocatalyst, the reactants are easily absorberhuBe of intrinsic Bronsted acidity of -§®Dand
Lewis acidity of the F&, the carbonyl moiety of acetophenone is activated.

(o

OH*

=
Ph Ar (C

Figure 14: Proposed mechanism for the synthesis of 2,4a@ytgyridines in the presence of
Fe30,@ GOrion/Ag/St-PEG-ACA

Anyway, this catalyst can be removed in the pres@fi@n external magnet and be recovered in
subsequent runs with the low observation of a ant decrease in activity after 10 rufisdure
15).



100 T —
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Figure 15: Recovery of catalyst in ten runs

Conclusions

In summary, our new idea that has been done in prigect is leading to prepare
Fes0,@GOron/Ag/St-PEG-ACA as a magnetically recoverable natadgst for one-pot synthesis
of 2,4,6-triarylpyridine derivatives under waterhamt by functionalizing (Ff£,)-GO with
Trifluoromethanesulfonic acid and combining withdhggel network of Ag/St-PEG-AcA. This
catalyst with better activities to other commelgiavailable sulfonic acid catalysts has made the
reaction condition distinctly superior over to madifferent protocols reported earlier. The
prepared nanocatalyst exhibits excellent antimiedoéfficiency towardk. coli bacteria. Besides,
histology of repaired wounds in $#&@ GOron/Ag/St-PEG-ACA healed a group of mice showed
better fibroblast distribution and more compactag#n fiber organization compared to wounds in

the control group.
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Highlights:

1) Synthesis of nanocomposite hydrogel network (Fe;O,4)-GOron based Ag nanoparticles doped
Starch/PEG-poly (acrylic acid) nanocomposite

2) one-pot synthesis of 2,4,6-triarylpyridine derivatives in water

3) Excellent biocompatibility of the prepared nanocomposite for wound healing

4) Good antimicrobial efficiency of the nanocomposite toward E. coli bacteria

5) Fine fibroblast distribution and good compact collagen fiber for wounds headed with the

nanocomposite
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