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Abstract: Fulvic acid (FA) is a natural bioactive compound with antibacterial, anti-inflammatory, and antioxidant prop-
erties, making it a promising material for treating tissue damage accompanied by infection and inflammation. In this study,
an electrospun nanofiber patch containing FA was developed for the treatment of oral mucosal diseases such as oral ulcers.
To enhance tissue adhesion, a gelatin—dopamine (Gel-DA) complex was used as the matrix. Antibacterial evaluation
demonstrated effective inhibition of both Gram-positive and Gram-negative bacteria. The fabricated nanofibers exhibited
excellent cytocompatibility, along with sustained drug release over 24 hours and appropriate biodegradability. These
results suggest that FA-loaded nanofibers have strong potential as a localized therapeutic platform for providing both anti-
bacterial and anti-inflammatory effects at oral mucosal injury sites.
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Scheme 1. Schematic illustration of multifunctional fulvic acid-
embedded nanofibers.
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ME. FA= Aol HAE a8 F=E A
) 2}€l (gelatin, type A from porcine skin)Z} =371 Ak
(dopamine hydrochloride, >98%)2 Sigma-Aldrich(USA)®l
Al el 3t Th Gel-DA 3+ S 91k 1-ethyl-3-(3-
dimethylamino propyl)carbodiimide hydrochloride(EDC, >98%)
2 N-hydroxysuccinimide(NHS, >98%)< Sigma-Aldrich(USA)
A Fulste] ARE-sISATE.

A7VEALE 918 ALZEA; & Az AHEE M=
hexafluoroisopropanol(HFIP, >99%)E TCI(Japanilx] -mli5l>]
AR Sk FA 83515 213l dimethyl sulfoxide (DMSO,
>99%)Z Sigma-Aldrich(USA)IA Fufiate] ALg-3HAT).

M2 A¥S 23] Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum(FBS), penicillin-streptomycin(P/
S)Y2 Thermo Fisher Scientific((USAPIA Tulisle] ALEsISTT Al
F AEE BAS 93 CCK-8 assay kite} Al E FAS 913
Alexa Fluor 488 phalloidin, Alexa Fluor 594 phalloidin %
4' 6-diamidino-2-phenylindole(DAPI)-> Thermo Fisher Scientific
(USA)IA Tl kit

et Aol ARS-E - Staphylococcus aureus(S.
aureus)®} 12’34 Escherichia coli(E. coli)= American
Type Culture Collection(ATCC, USA)ZF-E] F-Frito}l AL
sttt & &4 7S $18 Mueller-Hinton agar(MHA)
plates= MBcell(Korea)oll A ol sted ARE-51S T

ofE WE 9 AEAAY 248 93 phosphate-buffered
saline(PBS, pH 74y AM-3}31t}. Dialysis membrane(molecular
weight cut-off, MWCO 80 kDa)<> Thermo Fisher Scientific
(USAPFllA afjste] ARS-SIGITE. Begh a42 2ol d3S
13l collagenaseZ Sigma-Aldrich(USA)A] -ufjsle] ARE-
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SHTh e Aok o] A g flo] ARE-siTh

7171 8 24 gy 72 B4E 98l UV-visible
spectrophotometer(UV—vis, Optizen 2120UV model)<} 'H
nuclear magnetic resonance('H NMR, Bruker Avance 500 MHz
spectrometer)S AFESISITE AI2E o]n]] F298- 98l confocal
laser scanning microscopy(CLSM, ZEISS LSM 900 model)E
ARESFRI e, NFe] Fejsts] 54 £43 913l scanning
electron microscopy(SEM, SUPRA 25 model)E A8-314T}

FAS] a &4 A7t 5 Staphylococcus aureusSt
523 Escherichia colis OV3o2 33100 Al &
gol-S FA 100 mgat £33 & Mueller-Hinton agar(MHA)
plated] Z=3le] 37°Col|A 24A17F 59 wiF3IAT) o] F
colony ¥4 A=E dFelo] It 835 Hrieldlen, 2
2 A] colony forming unit(CFU) £41-2- S3) o7 H|
w3t

Gel-DA 3 Gel-DA 5= At ] 7H-d7)9} =9}
Rle] oprl7] 7ke] carbodiimide RH-&-S S3l FHISHATE WA
A} 1g2 71 mLe] MES buffer(pH 4.5, 50 mM)ol] &3l
A7) % g0°colA wnkale] FAT S-S Az

o] Agtgle] 734715 BAssr] $18) 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride(EDC) 500 mg
7} N-hydroxysuccinimide(NHS) 427.1 mg2 #7}3lal, A2
o|A 30 &Rt RESAIFTE ©]eJA dopamine hydrochloride
150 mgs A8t 71§, 8 W) 85 4biel] o3 =
pRle] AkskE WAEE] flel A4 7RAE A s o] %
PIA 12717 FF Rk 98-S F8 it

s T8 5, A4 E Gel-DA £ dialysis membrane
(MWCO 80 kDayll ol 575l disll 39 & F492 %
gt mkg- =23 FAES A AT ofn FA AL
6r7F 2P o= A ol 5 Al &S sA xS
Gel-DA w23 A2A0m, ARg Z7B4] -20 °ColM Basigirt.

33 E Gel-DAE UV-visible spectroscopy 2 'H NMR
24020 9 AHE)E Bl mobele] 4B B &
21519
FA NF9] 37 Gel-DA 719+ Z7]AF 892 hexafluoro-
isopropanol(HFIP)YS- &vll = AM&-3le] #2319t} WA Gel-
DA(15 wt%)& HFIPol| H7Fst &, 2d2ollA] 6A17F B o
Hhato] ALk AiEAl &S Al

S, FAS HFIPO tdh &3)=7} Aldta]o|mz, AR
dimethyl sulfoxide(DMSO)l 23l151e stock solutionS 5H]
Stk ©]F FA &4-5 Gel-DA/HFIP &4 theket &
H]-&(Gel-DA:FA =20:1, 40:1, 80:1)2 718}, 9A3] o
3 wj7pA] 3A7E st F7F anks RyEich =3t 8
712 AAE #18] BA deiellr &7] S AR F, &
ZelA Basiint.
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o} A7|WAE 22-gauge 2HIQIE| 2 2" YEo] ARk
A E ARESt] FE Ao, Gl AR HEE Fa
FTEEAC. A7HAF 242 A7F HSE 15kV, U SHH
ZFAY 15 em, §% 1 mLh=E A3

Y23 NF= A2l Y ¥ Fol(silicone-coated paper)”}
T2 FHE ol AP, o] IE FujE A Ast
7] f18l o st s 3 54 Ayl ARSI

FA NF9| 52484 A2 Gel-DA/FA NFe| g4 &
/& SEME o] g8to] HASITh Alge= A A 1 A=A
< gHa7] 98l 5nm 79 We ZHS T & A
12t} SEM ©|u|X| & 7|Hke 2 A 7S Image] &3
EolE o]&3ted FHA 2007 ol’de] ARE S5k 3
a3 BXE AESISTh

Gel-DA E3HA9] 4 %= UV-vis 'H NMRE ]85}
Ittt UV-vis 4 B3l =avle] 54 & 92
Hels #asl o, 'H NMR 45 &3l kel =3
vlo] 3oz AgdEAS Il

NF U FAS] W& 752 dialysis membraneS ©]-&-5}¢]
Hrkslant. 4 Ze] NFE PBSel ©@7F 94 A7k 7H40 7
WE S AFEIHeH, TY Fue] 2143k PBSE WA
SRt WEE FAQ FEE UV-vis 42 53l gl
3, o] vl 2w WEEg Akkes

NFe] Al 7= PBS 220014 F34sisict. o478 &
2] NFE PBSOl| AAIGH 5, Y4 A7F 02 AIRE 3]
Fote] Az F 2= dRS ST ol& 3l ATkl
e A asS Atet] Eall AsS A

A 2 g sk 542 CLSMS ©]§-38te] 438}
At} L1929 MEZE NF ¥ vjeFst 3 Alexa Fluor 488
phalloidin == Alexa Fluor 594 phalloidin® 2 F-actinS &
Sl DAPIZ Al S AA3EISITE o] CLSME T3l Al
3 72} spreading R Al FE|E A
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FAS] =t 84S Hrtsl] S8l 23394 E. coli€t 1
DX S awreusES WYL E Al AEE BALS 313}
ATHFigure 1). & Aox AR FAI-FAS= Ada
A MZE TE 0|28 27E o] 8l FEH FYA A8
th! B ARofAE 7} FA A8 & 27 A K= A
E3H4 &4 Aol & sk v 28-S FAUTh

BFA T4 A Figure 1(a)), HE(Control)oll M & -+
B 9F 100%2] AEES UERH 9HH, FA Agliollie A
WO 2 M|t AEgo] hadhe 43S B 53] FA2E
E. colil W&l 7 473 St A4S e AEES
A ZAAIZASL, FA3 2 FAIME Fol3h 259] 3t &
7t 1= AT
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Figure 1. (a) Viability of E. coli and S. aureus after treatment with different FA samples (FA1-FAS5), determined by colony counting; (b) rep-
resentative images of bacterial colonies on agar plates after FA treatment.
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S, aureus®] 73 FA4olA 7P 748
OE“] AR O 2 E colidth U] &2 7+
H FASOAME AjFo g vre kg gayt FEE
213t A= 5U3 FAR) slolaks AlE 7F
weh gt Bo] Gebd - S AARITY.
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CCK-8 assay Z FH(Figure 2(a)), 0.00125% FEHE BE
FA H2]ollA] A AEE-L tiz tiv] f-2]3 744 glo]
AN, HAuk oz 80% o] AEES Ueho] ¢
3 A AP S FlT & AT 53] ¥ ZA(FAL
2 FA2) M= AIEZ AEE0] 100% ooz Yehbe 4
o] %%H‘” on, o= FA7F 54 F& Helolx Ax &4
TE A AAFetE), o] st Azi= FA] &
Lhsh & *@ﬂ%@ Edo] AlE Y *Pﬁ} *Eﬂﬂ*é ks}star
A2 3ol 3AAA FFS T

| s 2A0ME
AH o7 ME B
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£ o]F NF AZE s Ao o1 5212 A8

TS FA2E 1929 A|EoA] 958 A2 AL Hel, &
A AR S TR o2 IS o edfolH A
Zo 71 e FH2 Adsisinh Az Je 2 2t
573 CLSM< o]&-3fe 24313l th(Figure 2(b)). L929 4
Q1 57H)
{8l A=At olu A Al

]O]'Mu =
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Figure 2. (a) Cell viability of L929 fibroblasts after treatment with different FA samples, evaluated by CCK-8 assay; (b) CLSM images of
L929 cells stained with Alexa Fluor 488 (F-actin, green) and DAPI (nuclei, blue).

Polym. Korea, Vol. 50, No. 4, 2026



626 avut

RN

w5 2508
(a) (b) (d) i -
gel-dopa Dopamine :
«
dopamine e "
gelatin ~°’(2A, <08
g g
E ‘ I "
' s
| | e
\ | s
o [ PR Y R I I =
+ AR A ) MM A |\ bt
HO T i |VV W/ UL A, \/ "v\)w\ N "
"200 300 400 500 ‘ . v M WLt
Gelatin Dopamine wavelength(nm) e
P
f(ppm)
2600
EDC/NHS (c) (e) oo
— gel-dopa 200
OH . E08
HO, 4 f —— dopamine 1€406
HO/D\‘\ /_Q"" 0.4 gelatin e
[} .
Ne— @ { sg405
NH~C C—NH 2 “A Dopamine o
/ a0
0.2 / . o oy ' ‘14 | ‘ [fees
SN =
Gel-DA . on ” A [ « Mk ‘ o
k e W) A s
0.0 r T T ) 3 VS VY
250 300 350 450 500 S S _J SN VL .
wavelength(nm) 2 1605

f1(ppm)

Figure 3. (a) Synthesis of Gel-DA; (b), (c) UV-vis absorption spectra of gelatin, dopamine, and Gel-DA; (d), (¢) '"H NMR spectra of dopa-

mine and Gel-DA in D,0, confirming successful conjugation.
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'H NMR #2415 43 3}59 tHFigure 3(a)).

UV-vis 4] J/]—(Figure 3(b), (¢)), 7 ER1 2F 280 nm
F2ollA 5AAR S 925 vERd vk, Agele SH”
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'H NMR ¥4 A3KFigure 3(d), (e)), At Yehh=
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23] HojEnt”

o|g st Aib= muplo] Aeele] X
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AR5 AAE

SEM 4] Z3K(Figure 4(b)), NF= T2 943] (randomly
oriented) H-F TZ2E YERALSH, bead’} $l= HLS
] (bead-free morphology)E H.T} o= & Ax 2 A
71HAF 27 0] A A= o] F4A2] Taylor cone®| &
RS on|sit). TSk A8 7F AAA o] 9535}

4 MEAA 727} Eﬂﬂﬂ‘ﬂ = H]Iﬂ"‘ix—i = K=
Uieidf EE 27 TS 9 T AT

A A7 B 4 A3(Figure 4(c)), NF“ °F 80-650 nm
Hee] A73E 7EIH, Het 2732 oF 305 nmE UFEISITE
27 e vaA F2 9] WellA AL FEE e
o] olFolHeS BTt olHgh
oF=o] KA ©R] B WE 5440 T
s mE e 7

u}ZbA], Gel-DAFA NF= #9438 7324 S 52
B4 PAS YERHN O, o] o]F ofE HE H X
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Figure 4. (a) Photograph of electrospun nanofiber mat; (b) SEM image showing uniform and bead-free nanofiber morphology; (c) diameter

distribution histogram of nanofibers.
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Figure 5. (a) UV-vis absorption spectra of FA at different concentrations; (b) calibration curve of FA showing linear relationship between
absorbance and concentration; (c) short-term; (d) long-term cumulative release profiles of FA from nanofibers with different composition

ratios (20:1, 40:1, 80:1, w/w).
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3 A3K(Figure 5(a)), °F 270-280 nm F-Zol| A 5

3} 2™ (Figure 5(b)), FA 5=}
(R*=0.9997)S UERHo] HoF £

Gel-DA/FA NFe] W& AE A= th& 5] (20:1, 40:1,
80:1)ell thall H7 18l th(Figure 5(c), (d)). ZE TolM 271 5
A7 Ulel] gt o2 w2 ¥ (initial burst release)e] ¥z
HRor, o]F HRHQ F7HE Ho|= sustained release
profiles YEPATE o]t 7] W& NF W EAllsh=
FAQ] W2 §Zo 7|0s Zlo= A Hc),

A WHEE (%) 7S Z Vsl o, 7t 7 i A
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Figure 6. Degradation of nanofibers in PBS containing collagenase
(2 U/mL), evaluated by percentage weight loss.
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Figure 7. Cell morphology of L929 cells cultured on Gel-DA/FA.
CLSM images of L929 cells cultured on nanofibers with different
compositions for 7 days. Cells were stained with Alexa Fluor 594
(F-actin, red) and DAPI (nuclei, blue), showing cell attachment and
spreading. Scale bar: 200 mm.
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