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Figure 1. Schematic illustration of pH—responsive and
modulating ZIF—8—loaded nonwoven for CCM and Zn?* delivery as

the smart therapy for wound dressing.
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Table 1. Various types of commercial wound dressing [26,27].

Variety Appearance Performances Limitations
Gauzes Woven tissue —High exudate —Causing loss
absorption of granulation
tissue
—Dehydration
—Vulnerable to
microbial
infection
Hydrogel Three— —Hydrating dry —Relatively
dimensional wounds weak
network —Removal of mechanical
consist of necrotic tissues stability
crosslinked —Non-—irritation —Needs for
hydrophilic secondary
polymer dressing
Hydrocolloid Hydrogel —High exudate —Only for
combined with absorption exudative
sticky layer wound
—Can be
irritant
Alginate Woven or —High exudate —Restrained
fibrous absorption for dry wounds
membrane —Hemostasis
consists of
polysaccharide
S
Foam Soft pad —Semi— —Needs for
consists of permeability secondary
polyurethane —Antibacterial dressing
or silicone— activity —Unsuitable
base —Comfortable for infected
and non—irritant  wounds
10 2 1_i| 5]
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Figure 3. The characteristics of MOFs as drug delivery system.
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2.3.2 SFEAG ul/AZEA S ZIF-8
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o] & (Zn*") ¥} M ATE FAd ZIF-8 FZAE Ak (Figure 4).
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22 At ZIF-89 AdE #1284 JuH[10,42]. A4
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ol vk [43].
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O—N" -
\—/
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Figure 4. The structure of ZIF—8[44].
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2N ‘ 7
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Figure 5. The mechanism of pH—responsive drug release of ZIF—

8[37].
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A223d4 ¥

A1E ANE R AY

AFe] FHE ZIF-8(CCMZIF) & AZxs7] $3l curcumin
(F%; = 656%, H+ TAF 368 g-mol ") (Shanghai Aladdin
Biochemical Technology, China), +%°]2<2 zinc nitrate
hexahydrate (Zn(NO3) 5 - 6Hs0) (Daejung Chemicals, Korea),
F7187r =9l 2—methylimidazole (2—mIm) (Daejung  Chemicals,
Korea) & AF&3tt. CCMZIFE A elg 7]1-A =M viscose rayon 80%,
polyester 20%& ©o]Fojzl H= 100 g/m?Y needle—punching
A (NamYang Nonwoven Fabric Co.Ltd, Korea)& AF&3t}
gole  FAHEY  Zn-%%g  FYLd dojo] ™ A,

BAHUYEF (sodium  carbonate, NayCOs) (Dawon Science, Korea),

7Zn(NO3) 5 - 6H:0, E 3% (dopamine) (ThermoFisher Scientific,
US.A) %Y 2—-mImE ARt olu] 2—mIm A& A, &= (ethyl
alcohol anhydrous, EtOH) (Daejung Chemicals, Korea)< £wj=
AbEEETE Ad "lolo AR Al ol EAb(acetic acid,
CH3;COOH) (Daejung Chemicals, Korea) 7}
Z v d ¥ =2 = (polyvinylpyrrolidone, PVP) (F+ #x}= 1,300,000
g - mol™!) (Sigma—Aldrich, U.S.A)E A3t $F4 71 Ao+
phosphate—buffered saline(PBS, pH 7.4) (Daejung Chemicals,
Korea) ¢t  Tween 20(polyoxyethylene sorbitan monolaurate,
hydrophile—lipophile balance of 16.7) (Showa Chemical Industry,
Japan) = &% WA =E ARESFIH
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Al 2 2 cCMZIF Y€ CCMZIF/Acid =31 A2
2.1 CCMZIF A&

CCMe] e ZIF-8(CCMZIF)+= one—pot &4 WHES 3l
Alzsklth[12]. o= MOF &4 #gelA aFolad FaAdd 1ol

stebd A F4e =Sl TxA de fades dEHo=

mol/L 5%°] Zn(NO3), - 6H0 &3} 0.76 mol/L &5=° 2-mlm
ENe FFTE ARESE] Az Zn(NO3), €< 7.5 mLell CCM
mLE WA H7he & AZold wwketith. ©]F 2—-mlm

€9 63.75 mLE A7 7, EFES G20l 2447 FF aRksto]
=& ol Y= o wiel AdE FLsilnh old HF AL
Zn®":2—mlm  ER]E2 1:9¢] &%
A 2o A 7798 g £ Y4 E Y (Sorvall Biofuge Primo Centrifuge,
ThermoFisher Scientific) 3t ¥, s & AAs L P CCMZIFE
50% ollets S8 33 o FAEt folxl &EEE
23 TCAA HA¥ HAEAZ F 40 T
HFAoZ el FEHE CCMZIFE Ity &F8 ZIF-8&
L ZREZ wet FAHNCr, 30 mL CCM 595 15 mL
100% ez oA k3t et.

CCMZIFY CCM =249 &% (loading capacity, LC) of&]9]
2A(DES F&l A=A CCMZIFZHE ZIF-89 #4dd FaE
sty Sl 28 CCMZIFE #4H(70%) 100 pLel girzl 5

p
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FEE 425 nmoll A
2 =250

100% o2 2 mLZ 343t =59 CCMY

UV/Vis &3 % (Synergy H1 multimode reader, BioTek)
(1)

x 100 (%)

o

&

ol

4
Weighkt of loaded CCM in CCMZIF

Weight of ZIF-8 in CCMZIF

LC (%) =

18



2.2 CCMZIF-Zn@R A&+

Al AFe] ARgE ol FAXERE HAAA ol 80%,
Zg o AE 20%% °]F91% needle—punching® &, o]= WHEFOZ
AREE = W] =l dAe T AR A SAS 7EA diA
714 E Atk (Table 2).

&= A8 flske], CCMZIF 9
of CCMZIFE HEA7]= WS

3Rl #ololE A el st
CCMZIF7} A Asre 4 Y+ seeding siteE FA 6+ tH(Figure 6).

Zn—5% EEan dolo] g4s 98 ¢4 SF 100 mLel
MG EE 0.0390 g& £3lAA pH @S 852 XHsSH 11
pH 8.5 ol%e] &Zzeld A A Aprtsddsto] Zeleadls ddst
ae 2 ArH45]. ©]F =3l 0.200 g, Zn(NO3), - 6H,0 0.174
Mol 10 ecm X 10 cm 719

i)
_O|L
2
o
H
o
o
Jo
=2
s
N
i
kit
o
i
i)
krl
&
o

o

m
i

flo

ol
rr

0Q
o
Hel offl K
>
=2
o
2
e
r>~1
il',
o
o
>
o
oo
o

ARE FASSIY A 42 150 rpme] £ER 37 T

o
Mo J
AN

] (SI-64, Hanyang Science Lab)olA 247t &oF wHls}lS Tt
wHk &5 F A5 E71E AW 5 1.0 mol/L %2 2-mlm/dgHE
2

o] AFE thr] HAste] 50 CTolA 3A7F < wwks] 2—mlIm

;

Zg =yl golojo] A = Figure 79 YER AT
Zn@Rell  CCMZIF= H2A717]  $18ke], 2.1
Wow COMZIF &4 &d& AAd 5 oo Zn@R= HAAA7|=
PHE Agsdt. Am FA F 25 CTellAd 250 rpm FE 3§l
24N Fob wwkE] CCMZIFSE Zn—%% Z=swl #olo] e

setd A Wse FESATh FR4el 33 o4 FAste] dAH



A3S o] FH] E3 CCMZIFE AAT & 40 C LEA 3F oA
A%x38o] CCMZIF—Zn@R-S T3 313t (Figure 8).

Table 2. Structural properties of substrates.

Materials Thickness Basis weight Porosity
(mm) (g/m?) (%)
R 0.97 (£ 0.05) 101 (£ 5) 85 (£ 1)
CCMZIF—=Zn@R  0.98 (£ 0.12) 118 (£ 6) 80 (£ 1)
Nonwoven in 0.58 (+ 0.03) 68 (+ 7) 71 (£ 3)
band—aid
Zn%* dopamine 2-methylimidazole
R Zn@R 3 2 I/{d
ayon | n -mlm activate
N \S '
37°C 50 °C Zn@R
150 rpm 150 rpm
24 hr 3 hr

Figure 6. Schematic illustration for Zn—doped polydopamine coated

rayon nonwoven (Zn@R) fabrication.
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(a) HQ_  OH

HQ OH
Oxidation Polymerization
— () =
H

NH,
Dopamine 5,6-dihydroxyindole Polydopamine (PDA)
(b) _ ZIF-8 nucleation site
; " j\l § CHibe .
i~
=L O

Figure 7 (a) Self—polymerization process of polydopamine [46] and

(b) chemical structure of zinc (Zn) —doped polydopamine layer.

Curcumin

2-methylimidazole

»
Y CCMZIF

Zn@R

CCMZIF-Zn@R

Figure 8. Schematic illustration for CCM encapsulated ZIF —8&
(CCMZIF) and CCMZIF—Zn@R fabrication.
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2.3 CCMZIF-Zn@R3} AH4 #lolo] Agt o] F= A=

pH =48 Aes T8ES {fstd ofMEATY a4 awExd
ZYu|du £ =(PVP)E  AFE3  A7|9AL go]o] (Acid@PVP) &
A&ttt PVPE 5 Sdl4do] v =& AAATE 182 F

StE, sRel wZEW Z7AHoR $HPE B A HIo

2.0g, oFAEAF 1.44 mL&
LOAIZE o] ZelA &3AA Axsksiet. mlE] Alze A7)EAL
g2 A7 A8 (ESR200D, NanoNC, Korea)E o] §3te] 21
gauge?d ¥&% =5 Hd &% 25 = 3 C, AUEE 50 £ 5%
z2NA WA AT WAF 212 A 18 kV, €9 EE 5 ml/hr,
== Z9E Ag 6 cm, FIH IHEE 150 rpme A8
Folzdz 7 ZEE Yo F 20 mLE WA Y. WA T 40 C
QB 24X7F FF AFE ] Acid@PVP #ololE F&E3t
HEH o7 CCMZIF-Zn@R¥} Acid@PVPE HEA7]7] )8},

=2 aRAe] HAAGE olgd] CCMZIF-Zn@RE FAAZTh o] &
40 T QBN 2447 FF AFRAA  CCMZIF/Acid =#4d&
TAST
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2.4 AF A5 EA H}

AT Ame EW SRS QAP FAAAAD (FE-SEM,

ke

JSM—-7800F Prime, JEOL Ltd.) & %3] #4319t & Al5& FE-

SEM #41 Ao A¥e# Z2%X (108 Auto Sputter Coater, Ted

tlo

Pella) & ©o|&3] 20 mA, 200% =7 3fo] 9w (platinum) ©Het

283t FE=SEM ©u|X| 25§ oju]#] 4 &ZEdo](Image J,

o

U.S. National Institute of Health) & ©]&3slo IxF 2 A5 #A
=45k Y. ¥ 94 Z2A L2 energy dispersive spectroscopy (EDS,
NORAN system 7, Thermo Scientific) o] &J3l] &2 =t}

Az AR AR FAE vold AuAlelE (2046F, Mitutoyo) =
Ao, SHY A 9 FTEe FEste] A2 F T AL

Al g9 7]1¥ % (Porosity) S AAFEF T}
Porosity(%) = (1 — %) x 100 % (2)

m AzE AH AR FAE), Av AR WA (em?), Te
A& FA (mm), 183l d A 9k (g/em™) & e #lo]L,
PET, PVP9 1¥#x W= z+zt 1,53 g/em®, 1.38 g/cm®, 1.19 g/cm®ol]
3l gt et

TeH 9 AR AR BF A A B4 A 78 (Cw) -2 XA
HA71S A3l powder X-—ray diffraction(PXRD, SmartLab,
Rigaku Corp.) & #8319, Brunuer—Emmett—Teller (BET) 52t
A AN FFA-23x T2ABELSORP—mini I,
MicrotracBEL) el &J&l ZIF-8 % CCMZIFE tido= Sl
¢ Feo AES W sl 373 KellA 2441 FoF 2713 o2

77 KeollA Ny 7F~(99.999%) 5 HAste] #4& HYssitt. BET

23 -':rx 5 'kl:l- 1_-]i
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ArrE o 7lE A3 54 A AvdE #@e AREselt F V1Y

i
e
i)
flo
(@)
(@)

l
—
(@)
o
)
~
1o
oy
=
zl
miv)
jg
_>.:

o
>
=
1o

1>

@

ﬂl

011

1 1 c-1,P
M)~ Tt e ) W

VU XNXAp
SBET = Tiw W

3714 N& 6.02 x 10%°, A2 Ny,o &a 942 (0.162 nm?),
M2 22.414 L, Wi 4A¢] A= (g) S LEFATE

249 47 EA 9 2Y &5 dFF 24 (TGA, Discovery

Mlo

TGA, TA Instruments)E &3l &AHSUtt. 75 25 mL/mine N,
17} 10 C/ming %< £E2

S

A1 Agstel 700 € R

vy

sedel Aol FReA(@) Aus Sy 249 s

A2 Fourier transform infrared—attenuated total reflectance

=

spectroscopy (FTIR—ATR, Tensor27, Bruker Corp.) & ©|£3}4
400 ~ 4000 cm™'9] W9 W ~#HEZHoZ BAETtE CCM, CCMZIF

g 7ZIF-89 UV/Vis &4 AFEHL S35 FA7|(Synergy Hl

)

VU

multimode reader) & AFE-3Fo] 245 i}
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Al 3 A AFY W o} 0|2 &4 BV

AFU(CCM) B ofdd o] (Zn*") 9 #F4S AygAto A
AAE HEgstel SASATH47]. 1) CCMZIF 3¢t 2) CCMZIF—
Zn@R #olo] 3) CCMZIF/Acid #olojE o=z A ¢ &3
A8 AYsAth(Figure 10). AH3E 7142 dubx el wbgaro
B2E E54A9 2719 2.2 cm X 1.3 cm A7 2 2 Hsigod,
ol9] CCMZIF 2R (¢F 2 mg)= AAtste] CCMZIF 3¢t = o] g
sHoz Atk AdY fAeE 3F 24 98l PBSE

ARg-8ESL S e W CCMe AP e AT A

pH Z7A<% pH 5.0, 6.5, 7.4 2 8.5% AA35}
AAF-91 HtAl HA pH, 6.5 ¥ Aol Hxs= pH 2E
712, 7.4 wAE"o] AAFET] AFEE T]eAolAF A9

478738 pH, 8.5% AAH-919 Bl i pHE diRist

o

¥
rlr
jin}
Ol
o
flo

(e}
rE
Y
ro

o,

3.1 CCMZIF 35499 AR 4+&4 B/}

_4

CCMZIF 39t 2 mge 15 mLe PBS/Tween20 £9of HAkA71
537 Ce &F&7] HelA 150 rpme] FE= wrkstelth szl A1zt
tupch 7798 gelA 5EzE AR F F 500 gL AEds
FEZ3sto] oo Ak CCMe &E%FS Attt FE Fele
T S 7hstiom, et = v = 2447

}O}_o
wek AR HEEg,

Olr

o =% P

oy

mlo
UZL'
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3.2CCMZIF-Zn@RY A% U zn* 834 H7}

el A7IE2 AL CCMZIF-Zn@R  #@olo]s  15mLe
PBS/Tween 20 &9 HXAIZl & 3.19 CCMZIF 3¢9 A3t
#goz AFs AYsouct. @, CCMZIF-Zn@RE CCM¥
Zn*tel §E4 oA FAslod, Zn®t A% sEFF J1E(Zinc
Assay Kit, Sigma—Aldrich) & ©| &3] F&% s de| Zinc Reagent
MixE 4l0] Zn*" Fxel wE & Wgts freagich o]§ 560 nmellA
UV/Vis §3 55 =439 Figure 9b2 ¥+ 4S vy oz Al7lko|

WE Znt A §EFS AN

3.3 CCMZIF/Acid °o]FZFAe AFH U zZn?* &£&A4

37}

CCMZIF/Acid?] 7% A =Z712 A& @olojE pH 7.49
PBS/Tween 20 &< 15 mLel IAAZ &, ok A3 Fdst 34
atoll £&74 B7E AYsdon Azke] mE CCM % Zn®'o] A
LEHS AAETh &, Acid@PVP #olo]e] pH ZHEAS T4l
gelstr] f18ke], g3zl Al tvkt} pH meter (HandyLab 100 portable

pH meter, SI Analytics) & A3l pH 7.4=%¥ pH W3tE F4 35}t

2% "':lﬂ_-i _'k.::_ T



) =
B

Absorbance at 425 nm (A.U

w

b) 5
=
<15
E o
g 1 .
y 0 ) y = 0.2473x
R © M R = 0.9927
805 ——
c
3 L
g _
20
0 0.02 0.04 006 < 0 2 4 6
Concentration of CCM (mg/mL) Concentration of Zn?* (nmol/well)
Figure 9. Standard curves for (a) CCM and (b) Zn*" ion
concentration.
pH50/6.5/7.4/8.5 pH7.4>6.5
o Zn2+
) ceM
B ) ccmzF
- 4
Q CCMZIF-Zn@R
pH 22 A3 em 8
> - Acid@PVP
150 rpm 150 rpm 150 rpm
37 °C 37 °C 37 °C
Figure 10. Schematic illustration for in vitro release test.
o ]
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oAl AR EAT AR HrFd AEde FF F
Hsto] AU e FFS AL, VAERTH AAE BT
omn, AEstH o qhdsor rh[24]. wEbA, A2 AR thsko]

dEHow Fid, BUA 54, AANEY  BAE ALt

4.1 F+4 F7}

Az =g e FdE FRlsh] fske] CCM, ZIF -8, CCMZIE,
Acid@PVP,  CCMZIF-Zn@R 4  CCMZIF/AcidE Wdo=
&+t (Escherichia coli, E. col) 1A A& 3]4H (macrodilution
method) & £3F A A %% % (Minimum inhibitory concentration, MIC)
F7he Rt Figure 11). MICE  m|AESteA] vt oo

TINAR S BAskE el VP W2 RS duisty, Add
3}

B7He o UT48]. E. colic % A AdE= vdE Ad T

S mg/mL7F E == LB broth(0.02
mLE AFFlon, AAulA A S
7Ivko 2 motEd A fEdd 247 1.25, 0.625, 0.32, 0.16
mg/mLe] 3A S AT AR AlEE g9 AlRe wde
ko] CCMZIF7} 29E 4 %= 12 cm?(CCMZIF: 1.25 mg/mL ¢}
£9), 6 cm? 3 cm? lem® WA MES LB broth 2 mLe| 3 A&

Ful sk,



w3l Aol o]FojxW #FE LB broths ol&d 345}
HAFAHo7 19 x 10° CFU/MmL %52 93 3 Az7t gy
FeEl el 27 100 LA Z=Este] 18A1RF BF wiFerlth A
xzroz2+= ke Qlo]l £ coiRr AHE¥® LB brothEs, <4
e 2= 100% LB brothE AHE R MIC= 8949 Y& (turbidity)
HstE V|Eow, g gurt MstA] o> HA =z ddskgivh

A
\ E. coli (1.9 X 10° CFU/mL)
100 pL

\

CCMZIF « [_—X 0.5

CCMZIF@Zn-DA@R «— W AN UA _IA A U/
25
mg/mL
\
& & & ,«‘
mIC

Positive Negative Incub?tion
control  control 37 °C
18 hr

I

A

Figure 11. Schematic illustration of macrodilution method for MIC

determination.
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A ARe] W ReAe A7 95l 3H HEZ (static

contact angle, CA)S H=7Z} £47](SmartDrop Lab, Femtobiomed

Inc)Z 4353tk 3.0 £ 0.3 pL STHTE Als xde "ol
F 12 F BUed AR EW Al F4HE 45742 P80

AAA T F e CCM, ZIF-8, CCMZIF 3§15 digo® Izt
A3 XG0} i (human dermal fibroblast, HDF) o] thale] %138)&}9ic}.
HDF  AX&  10%  ®t &  FHEBS) 9 1%
FYAd/~EfEnto]al S F{3H=  Dulbecco W3 vl (DMEM,
Hyclone) ol vjekst & AMXE 1:2.59 34 HE&Z 96—9 Zg o] Eo
E23ko] 37 T, 5% COyollAl 36417 &<t vljeFst3lct.

3E 3641ZF §, HDF AMxE 1, 10, 20 ¥ 50 pg/mL %2
ZIF-8 X+ CCMZIFZ AHesAY 0.311, 3.11, 6.22 % 15.55
pg/ml &% CCMoZ 37CelA 2443 gt AHs3ivh. A
gole]  gHjEE 100% DMSOE  AREsRqlth CellTiter—Glo
Luminescent Cell Viability Assay(PromegaTM Corporation) &
ARgato] A el met iR AlEZEAde EAFer, 100% DMSOE
w4 dE2To® AT HAEE F 33 59 AIgEh
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A3 Ay U uF

A 138 CCMZIF @ CCMZIF/Acid =84 T8

B Ao E ZIF-89 pH WA} oA EAN] pH ZEAHS
ggato] ARl & 715 AFVCECM) H Ft 7159 ofd
ol & (zn*H g AYAHOoR AL F Q= T MLE HxEsid
Fat7]el okAl ANZE A=) AAARD e

] =]
9 A% 54e BAH,

Az =dde Vede #

N

A

A, wEw, A%

-4
EN

5

11 AZ A2 FHE =4

ZIF-89 ttxA & 9 AFUCCM) #e] IS o] &3t
ZIF—8°] CCMS 38-3A7l CCMZIFS Al&stith. One—pot @A
S wEoR Zn®'et 2-mIime] ®l&, CCMS F%, A% &%
d A& 283 43 Zn*:2-mIme] 1:9, CCM % 8 mg/mL,
25 T9 z=7elA CCMZIFS =9E&ZF@LO)o] ¢ 30%=E HENoH
AAGAL FARAANZ (FE-SEM) #24 A 7F¢ kg deg =
Zt= Ao 2 Yegt (Figure 12a). &4 ¥ CCMZIFS H A A2
406 +

olr

o2
g

o

25 nm)eol Hlst] dA A717F 2F Z71ed Y (Figure 12¢). SEM-—
EDS 4 A3}, CCMZIFel Atz 92 (0)7F 22A BEHO 350
glE . &gt ZIF-89 38t -z el O7F A8k 52
aHsle W, 09 #3x+= ZIF-8 Ul CCME] &4 7FsAd < e

o|

1] O 1] 3
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mm Frequency -#—Percentage

c)

60 60
— 50 1 - 50
£ S
5 40 | 40 S
O &
<30 - 30 §
) 5
£ 20 - - 20 9
-} [0
g 10 - L0 ™
L

0 - L0

0.1 0.3 0.5 0.7 0.9
Diameter (um)

Figure 12. (a) SEM image and (b) EDS mapping of CCMZIF powder.
(c) The size distribution of the diameter of CCZIF particles. (d)

The chemical structure of CCM.
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AE =94 1) CCMZIFZE I"E #Hol& FA 3 (CCMZIF-
Zn@R) &} 2) ofAEAte] 2H¥E PVP A7|WAH Acid@PVP) S zHzh
Azt 7 AWE F2AA HEHOZ CCMZIF/Acids 7@t

gol& FAxe] CCMZIF FAAE Fol7l 98 Zn-=3
Zg =yl o]l & FE (Zn@R) 3} seeding site=
A8ttt Figure 13). FE-SEM o]ujx] #4 A3y ZgLavl

1

goloj=  FHEA 92 CCMZIF@R ©H]  CCMZIF-Zn@RY]
CCMZIF 2% a&o] dAA3] F7tst Zo] gl= it
CCMZIF-Zn@R?®] SEM-EDS #4 A}, ofdA(Zn)# AAN)
A7t n2A Exd AS S m€E AA7F ZIF AdA6 @S
glstlon, FEE CCMZIFS i HALS oF 368 £ 42 nm,

Afe B AAES 17.7 £ 2.4 umE =3 H I (Figure 14).

Figure 13. SEM images of (a) Zn@R, (b) CCMZIF@R, and (c)

CCMZIF—Zn@R.
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c) mm Frequency -®—Percentage

100 100
la 7 [~ _—~
g80 80
O SN
© 60 - 60 O
> 8
£ 40 - 40 §
= )
® 20 L 20 O
L
0 L0

0.1 0.3 0.5 0.7 0.9
Diameter (um)

Figure 14. (a) SEM image and (b) EDS mapping of CCMZIF—-Zn@R
fibers. (¢) The size distribution of the diameter of CCZIF particles
on CCMZIF-Zn@R.
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S EALS 23t PVP A7|WAF do]o] (Acid@PVP) & A% AH
He Aol 456 £ 1.03 pm=Z YERS S ™ (Figure 15a), WHda9]
7.

ErA9 A A27](2.2 ecm X 1.3 cm) 8] #ololE 37 T2 pH 7.4
PBS gdof Hx| A, FZF 07 L7} AlZtE o] 28 oo 243
23l = Lot

HF A =A< CCMZIF/Acide= PVPe FE&34S 2-83fo
CCMZIF-Zn@R #o]oj¢t Acid@PVP doloje] AWE HFAA
A#stedtt. FE-SEM  #4 A3, F oozt ZEHA  odx
by A o7 AIELee Folatedth(Figure 15b).

Figure 15. SEM images of (a) Acid@PVP layer and (b) lateral of
CCMZIF/Acid.
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1.2 A& A5 2834 4 44

[

¢

Azd AR XA IFEYPERD) HAHE FAlstel 44 x5
gelaltl. Figure 16a°l4 Hol: whel o], CCMZIFZ} 12.1°
8.5, 6.9° 4 4.9° oA 54 9IE YErth ol &% ZIF-
82 (110), (002), (112) 9 (222) A4S Jelge 32 va9

AAst= VAR, CCM TH Folx ZIF-89 A4 727 tgdow
FAEE  9uldt.  CCMZIF-Zn@Re 3d WM E =53
Zol&(R)F} BlAL Al 12.2° , 8.4° , 6.9° 24.9° o EA a7}
AdE Zol &lEglon, ol Zn@Re| CCMZIF7} Ad¥Ho=
FYHEASS YEPAT (Figure 16b). Acid@PVP #o]o] ¢ Skl
PVP tiv] #3 ®ig7E #FEA Agtow, olF T ol EAL]

—

pPVPst stehd AFES o|FA Fu EFHOE FAabHo USE
gkl skl th (Figure 17).
CCMZIFS xdA& AA 7FA(N, gas) = AFE3F BET (Brunauer,
Aok (Figure 18). & <704
A#g CCMZIFE Ny F&-22 o249 49 T 133 /A4
V&l sigsls SIAHYAAE BHom, o AZd ZIF-8°
HZX](2~5 nmm)e uwlo]AE¥o(2 nm olshrt FETS
ojulgt}[50]. olw], A 27 shell FAHE &4 ZIF-83F H]wdh
A3} (Table 3), ZIF=8 thv] CCMZIFS] W%
oF 58%9 33% 7V AT ol ZIF-8 7l& dif-el CCMo]
Aol 711g

A
Emmett, Teller) 3H<S T3 =43

g
a3
=
N
okl
-z
&
N
Y
N
N
N
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CCM
w2 ZIF-8
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=
2
o
=
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2 theta (°)
(b) M
=
<
>
g7 —CCMZIF-Zn@R
5 —Zn@R
kS R
—CCMZIF

5 15 25 35
2 theta (°)

Figure 16. XRD spectra of (a) ZIF—=8, CCM, CCMZIF and (b)
CCMZIF, R, Zn@R, CCMZIF—Zn@R.
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— Acid@PVP
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Figure 17. XRD spectra of PVP and Acid@PVP.
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Figure 18. Nitrogen sorption—desorption isotherms of ZIF—8 and

CCMZIF.
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Table 3. BET analysis of ZIF—8 and CCMZIF showing the specific

surface area (Sggr), total pore volume (Vi,1), and average pore

diameter.
Materials SBET Viotal Average pore size
(m*/g) (cm?/g) (nm)
ZIF—8 1722 1.588 3.69
CCMZIF 1006 0.527 2.09
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CCMZIF¢} CCMZIF-Zn@Re] 97 MdA 2 TF HES (29
€F e TGA HolHE &Fal Atk (Figure 19). ZIF-82 ©F
450 CT7HA b3 "k #4231 CCM<2 200 CHE T #as
Btk 450 TolAMe F#F ZAE MOFY #7] @zt=r B
of 7]Qlgtty. CCMZIFS] A% <k 350 T 450 T FelA

N

FapEel AR T Aarh vEsEd], ol AEE CCMat ZIF-89
wafel] og Zle® CCMZIF Al#e] weh CCMe 44 kgl
FAE ATt B 5 vk CCMZIF-Zn@R9] 4% vlHz A= (R) 9
N Al g5 a A el ol g Apolrh yehdA] ok

CCMZIF¢} CCMZIF—Zn@R®] CCM % CCMZIF % #E&
Zbzy A (1), (8)ell osl A=A

(1 —-X)-0.3440 + 0.0036 - X = 0.2676 (7)
(1-Y)-0.0024 + 0.3676 - Y = 0.0145 (8)

X CCMZIFelAe  CCMe THH&S, Y& CCMZIF-
Zn@ReA 2] CCMZIFS  F@ulg&el sttt ZIF-8, CCM,
CCMZIF®S] 700 TCellAe] #ose k7t 34.40%, 0.36%, 26.76%
o1, Zn@R, CCMZIF—Zn@R?] ZtoFe2 7247 0.24%, 1.45%°]t}.
2o we} CCMZIFS] CCM =% &% °F 28.9%, CCMZIF—Zn@R¥]
CCMZIF 29 €32 oF 4.6%% F4 =AUk
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g 40 \ 34.40%
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Figure 19. Thermogravimetric analysis (TGA) for (a) ZIF—8, CCM,

CCMZIF and (b) CCMZIF, Zn@R, CCMZIF—Zn@R.
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Al 2 @ CCMZIFY <kF I 2 &5 54

[

2.1 CCMZIFS cCM &3 9 && fAYS

CCMZIFe] oFE &3 9 pHel wE Mgz &5 WAUSS
A7) fletel UV/Vis 53 ~¥ER 9 FTIR-ATR A¥EHS
o] &3 3stx TE FAEIAT

UV/Vis 2~FE-A CCM3F ZIF-82 ZtZF 425 nme 213
nmelA F23 935 B3P (Figure 20). CCMZIFS 2% CCM}
ZIF-89] F a7} =% Yehdot CCMe 7-7° Aol Vehj&
937} 425 nmell A oF 500 nmE A AHo] Hlrt o]= CCMZIF &3
el CCMe] ZIF-83 3tstx o= Ao a-ggte] w2} CCME
FNAZE WgtetalsS Svlstrt[12].

ZIF=8 Wl el w& CCME 38td 3 Wsts XA
98tel FTIR-ATR #4<& 33 A7} (Figure 21a), CCMZIFolA]
247t CCME #lis A8 olis Aabzle] sldets 3508 cm 'y
1626 cm ' =29 A7I7F A HasHch \bd, ZIF-89 Zn—-N
Agtel dFsh 420 cm '} CCM3} ZIF-8 3+e] 8ehA wh-gof <%t
Zn—=0 ZAgtel| ddst= 470 cm e ¥ A7F WA EAT F, CCMZIF
Az FAgAM Zn* 7 CCME B —diketone® WA TS A 5o
CCMe] ststale=w 3res st &, CCMe| #let A9+ 15
~ —45 mV[12,51], ZIF-89 #le} A= +7 ~ +31 mV[52,53]¢]
sidetnz, A7 Adsagel g =87 F2 g #8E F
ATt

§Zo wE CCM 9 ZIF-89 384 Fx w3t 9A FTIR-
ATRS %38 ¥45ActFigure 21b). CCMZIF A= pH 5.09
PBSe| #akAlA CCME &&& &= & CCM €9 49 ZIF-8



FoAze] FT-IR AHEHS S48l CCMZIFA &5€ CCMe

A9 2AEAY HiEm FAav)e] dldsls 97(3665 cm D 7F THA]

CCMeo] €& A= A A %22 3E5ES 9u|sity, 8%
AB5H ZIF-8o|AE= Zn—N Ao agdst= 420 cm™' = &22o

_

DAL=, o= A A oA ZIF-89 %% Ha&7l d S-S
Holt},

M ZCA ZIF-88 37 FaEle olv|tEHolE o] 29
g Arstel ols FEvh[37]. Zn® } FAAELE o]u|thE o) E o]
Aol o] 714 mbto] whAlsko] w9 ARl 337t FiE =T, ol
w2 CCMZIF #3] Al CCM¥D oyt Zn*" 94 &ZF9}(Figure
22). €9 CCME #=9 FAVI7E s|adel wet 953l H

A4S dHelFol AR zZS AAS, AR FAdsE
Fho s A54oRm FAT 5 QUrH54]. ZnT e A, FAEE
= drelgel FHI FA7A AHE st AlEehe] FA
wheh, AlEEe] FE(cavity) B A (integrity) d3&  FEdhe

gt ayE FAY  AvH15].

CCM
—ZIF-8
—CCMZIF

-1 transition

\

Absorbance (A.U.)

200 300 400 500 600
Wavelength (nm)

Figure 20. UV/Vis absorption spectra of CCM, ZIF—8, and
CCMZIF.
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Figure 21. FT—IR graphs of CCM, ZIF—8, and CCMZIF (a) before

and (b) after the exposure to an acidic condition.
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Figure 22. Suggested chemical reaction between CCM and ZIF—8 in CCMZIF fabrication and CCM release in an acidic

condition.
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22 =44 ™o & ccM € zn* £ AZ

A =g fFadw dg b A 7R e AyH
AWl 98 ZAMEAT WA, CCMZIFS pH ¥4 CCM £&%%
ZAbsk vt (Figure 23). CCMZIF 3-¢H & o3k pH %4 (pH 5.0, 6.
7.4 9 85)9 PBSe| #AMAZI A3, AHd = (H 5.0 2 6.5) 9
A% 6A1%F olUel CCM2 80% ©o]do]l &% w®bd, pH 7.404+&
A4 gEo] oF 45%°] AT ol A Z7elA ZIF-89 3
2 CCM €%°] FX%& Helth pH 859 &7e|d 8749 H¢
ZIF—82] #3l7F v Aagel wat CCME &&%o] °F 20%c°l

"= (burst release) ©]
FAE =Y, ole ZIF-8 ¥®Wel EgHozx  FF¥  CCMO)
duA o g okstA AFE ol 7)o WEA @2HE AoR FPH

g £de wE CCMZIFS pH WA ## o7E F9lsly]
sty CCMZIF-Zn@RS Uit o=z Fdst A st Ads
sl om, CCMZIFS 3 AEE Aoz Flstauat Alzte|
2 7”9 sx WEkE oA SAsedn A43F Ay, AH xmdel

u}
FHE AHAE CCMZIFS pH HEZAol {AHE Al=
3}

O

skl E Aot (Figure 24). AHd 27191 pH 5.0 ¥ 6.5914 6AI3F o]
°F 50 ~ 55%¢] @st= CCMo] &% ®iW pH 7.49 pH 8.59
CCM &%l Ztzt oF 40%9 25%°] 13 oz yepwth o,
O ZFefel vste] Aol 29F el AAA) w3 L&

%
s, ol BshA Agel @ ZIF-83 CCM el %d

=,
~
rO
_O|L
rr
S
|o
fu
o
>4
g

(Figure 24c¢).

N
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¥
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>
T
am
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=
il
ofo
e
o,
Wi
Ay
)
N
—_
r

Zre =dl, pH 5.0
AAoA  FYA FLE FEFHS Heow, gy A9
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7Zn°*S PBS U

7+ 2~3F 9 th(Figure 24b).

A7 W Zn* 3}
uet A%

[e)
T,

o »&d 74
Ay gl

B

Z

o
=

=

7ZIF—8°] PBS
Adtg)o] ZIF-8 F-%9)

ATH[55,56].

i

30l
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e
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.
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Figure 23. Time and pH—dependent cumulative CCM release of

CCMZIF particles.
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Figure 24. Time and pH—dependent cumulative (a) CCM and
(b) Zn®" ions release of CCMZIF—Zn@R. (¢) FE—SEM image of
inner layer for CCMZIF—Zn@R after release test in pH 5.0.
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THAORE AR A E fEstal FAld olF AAAE
ggato] CCMZIFS &4 m&s F4A717] 918l CCMZIF-Zn@RO
kg golols &1 (CCMZIF/Acid) 3kith. wehbd  CCMZIF/Acid 9]
Alzbell e CCM % Zn*" €F4, pH WH3tE SATozH pH 23
4 HEeA e ZAA FHE FAsteth(Figure 25). CCMZIF/Acid
golo]E pH 7.4°] PBS £ FHA|3te] pH W3S 24A3 F<t

FA3s A3, PVPO FzhA el fao] ulzl 2% o] pH o] 6.5=%
ZAE I 1 Fko] FAES A58 o (Figure 25a).

CCMZIF/Acid A& A], CCM % 7Zn?* B»% CCMZIF-Zn@R

ivY)

JololE pH 7.49] ©@=oz AHYsRS Ry 2 5 55 4
4S5 Heow, pH 6.5 @5 HYAHTOE fEF4o] A%
=3l th oA EAle]l  2YE XA kS CCMZIF/PVPS $E544L

13

=)

ofo
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pZe

o
oy
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o
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FAAZL Aow Algdth Acid@PVPe CCMZIF-—

Ho
[e2

Sl 7
Zn@R dgojoirt Hztd Aejel A PVP fafiol wel §5% ofx EAto)
CCMZIFe| HFste] ZIF-89 #3llg Fxlst 2oz FHHT. FAF
ABAT(F 60 ~ 75%) [14,41] thv] & A9 HF =2 et
A 2 62%) S HPou oF AN JHE mEA 60% ol
SEANA ] wet Af gl Bk A&sA B ez et
AAF-9e pHYE 7.4 odem  FUisld mAEY Ao
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Figure 25. (a) Time—dependent modulated pH and cumulative

release of (b) CCM and (¢) Zn?* of CCMZIF/Acid.
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Al 3 A FAEANZAY 275 Td

3.1 CCMZIF ¥ CCMZIF/Acidg] &4

A seEde) S Brsk] S8 oAy dreElglob]l oAt
(Escherichia coli, E. colp°l thste]l Al FAHS F3 HA
A5 % (minimum  inhibitory  concentration, MIC) J7ME

A3 T (Figure 26 and Table 4). MICE dHE|glo}e] 7FA A<l
ALE At oY HA FEE[48], MIC #o] @S5 A9
oFF F2 FRATCELE AHAAS FEE F AeS Yv| s

MIC #7} A3}, ZIF-83% CCMZIFE sh¢t] ez Az A

1_,
1_,
o
@
\\]
al
=)
e}
~
=)
-
)_l
N
a1
=
09
~
=)
—
N
=
@)
ro
>\I
Pﬂi
fou
0,
i)
2,
£5
\]
\]
@]
S

A E 2 [58], CCMZIFS 79 ¢F 1.875 mg ®b& A estolof -7
U E colit]l s AT F = Aolth. CCME HHAQl 34t
a2y A9 fraskA dee 1EEde W (Table 4), A4S ZIF—
89 Zrgo & FEHW CCMZIF W ZIF-89 F#n]&o] 77.6%°l
a3 wet 100% ZIF—8 tiy] dat/do] 3HAas 1o s Atsdr

NRg AEE eE ARd B9 ¥ COMZIFL Z83

2

AE=E 12 cm?(CCMZIF; 1.25 mg/mL$ &), 6 cm? 3 cm? lcm®
wx oz stk CCMZIF-Zn@R w5 A2 Alels Alg HSY
ellA MIC7F veERGA] ekokovl, CCMZIF/Acsid Al A 0.625
mg/mL7F MICQ! ZRoz uyetgth Afd Ase s 722 A8
AlE el $1x1% CCMZIF7} &t Zgo] Az FofstA] Rahe
now FAAT AT, CCMZIF/Acid?] 7% Acid@PVP =#A 9
A FF8EA kot (Table 4), A #lolojo] 93 CCMZIF
wall7h ZX o] Zn®" §F0] T8l FdtAdel sl e Fe R Helth
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CCMZIF CCMZIF-Zn@R CCMZIF-Acid
‘ | 8 b i 55 0,6300.5:

MIC

Figure 26. Photographs for turbidity alteration of fabricated powders and substrates after treating £. coli for 18 hrs.

Table 4. Minimum inhibitory concentration (MIC) of fabricated powders and substrates.

Bacterial

strain CCM ZIF =8 CCMZIF CCMZIF—-Zn@R Acid@PVP CCMZIF/Acid

E. coli - 0.625 1.25 - - 0.625

* Note. The unit of results is mg/mL.
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3.2 CCMZIF-Zn@R¥9 83 &4 37}

A Zs CCMZIF-Zn@R #olo]e] AF7AE 54 A3E Figure
271 YA #lA-E R di¥] Zn@RO JAZAAE== F 1.74])
7 et o AFES oF 50%7MA4 FHAasdth. CCMZIF—Zn@R+=

Aoz Yty F&o]o] FiH Lol golo 2 AYgo=w
o]0zl CCMZIF #oloi7t A Zwel gstd AgS FAstel wat
BEE 7R 9k, 39" BelA #ole FFHo] IS Alxs
Aast RAow Algdn. dubzlow AgIE E e =y
AGAZ7F 4 kg/em® o3kl H& wHPS wW([59], AF AR
W wlg sttt & 5

549 (swelling ratio) ¥ F5%(WVTR) =% A3 (Figure 28a),
g ol ¥A¥el R thH] Zn@RI} CCMZIF-Zn@R9 FHEE
72}7} 4530 g/m?- 24hr, 4679 g/m®- 24hr® ¢k 20% 7}

HaskR o swelling ratios= ZH2F 3.3, 2.6¥) 71 S7FSESAH

CCMZIF 9 Al 258 FW(CA; 169 =+
1=
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Figure 28. (a) Water vapor transmission rate (WVTR) and

swelling ratio and (b) water contact angle of fabricated substrates.

56 S B8 i)



3.3CCMZIFS BAATA F7}

Az Zedol AARZ Al A8 Thede #Rlstr] $1sh]
AxEr H7AE A3t (Figure 29). i AlEel izl 2y
A -FobAl 3 (human dermal fibroblast, HDF) &= ¢lA] yH-= & Ry
rdor EAss Axz, duady Fepals B A A+
Bgel A FHE A= dd Fod 9FE @oh(61].
A=A dolH e 339 SYAIE ARE dEhdH, DMSOW A st
AZ gkl 100%9) T4 2Ho® AAEQITE P-valuegts SHER
UZ5 t— A o A=A

ZIF—-8 % CCMZIF9e] HlwE $3l CCME AXE 54 oA
skl oy, CCM2 wl= FDAS 5Ql& wkown oju] HEgARog
ofg] ofel AREEH I glo] kAol dTH FEARE
HDFoll CCM& 3.11 pg/mL, 6.22 pg/mLA 2417
A Az 27t oF 20%, 50% 7V 7 Askglth o]el nlste] ZIF-—
82 Ao s ¥ W2 410 pg/ml, 20 pg/mL)S AHZ3ASAE

A
>
ich
ol
ol
@
tlo
=

Mo

=78k, B 80% o1 Az AEHE veblleh CCMZIF E5t 10
ng/mL, 20 pg/mLA Astgle W Ax YEHo] 80% o1 F4H
froast A 54S 244 F5S FARASSIh ol @ dak= CCMZIF
=st mEdol AA S8l i ATl EAHA s
]38tk ©F, CCMZIFS] Zn?*7F Ad o AAardzte] A3 A A EH =
AAtord el YA A IS obHZbA] £ wEAA dgkonw, o

FF A7k eFarh

2

o

1o
o

rl

o

=
=
=2

.
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**P < 0.01, P < 0.001

Figure 29. Cytotoxicity of ZIF—8, CCMZIF and CCM on HDF after

24 hr treatment. HDF cells were treated with different

concentrations of ZIF—8 or CCMZIF (1, 10, 20 and 50 pg/mL) or

CCM (0.311, 3.11, 6.22 and 15.55 pg/mL). The test and data were

provided by the department of life science in Gachon university.
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2 ATdAM e AAHARF xS FEse, ZIF-89 pH
WS oM EARS] pH 2HEAES &83] AT FAAA
Ay FgAel ofd ol (ZnH) S FEHHor HET L Qe
olFS  ARHEAE el AFUE FHAIN ZIF-
8(CCMZIF) & =43 #Hol& FAX AFE dTo=x, oMEANS
293 PVP A71WA A/E Usoz2 AT AAle] A U
Zn*t &4 #HME Ed Al¥ CCMZIFZF pHel wE Ad

.

2

o

224 (pH 5.0; ¢ 80%, pH 7.4; °F 45%)& 7HAH, Aol =
To= pH WS FATS FAsAT. ZIF-89 pH HHS
CCMZIFS 3gt4 Fx FAS & A4 o #9943 @l
gASS gt AlFE olFF =4S PBSY pHE 74004 6.5%

oX,
ro

Z

14
1%
lo

2 zxdsgon, opMEANS  #gow CCMZIFS pH

10

WS ol TIAOE F4E AFW 2L 0’ §EYL Bk
v

PN
ol T =eldel AARe pHE adAoR 2HE ¢ 3lo
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Abstract
ZIF—8—based pH—responsive

drug delivery dressing

Seojin Jung
Department of Textiles, Merchandising
and Fashion design

The Graduate School

Seoul National University

A wound exhibits a variable pH environment depending on the
healing stage, and is known to show accelerated healing rate under
an acidic environment. Herein, a bilayer fibrous dressing was
fabricated to simultaneously implement pH—modulation and pH-—
responsive release of active ingredients at the wound site. For outer
layer, a pH—responsive metal—organic framework, ZIF—8—based
curcumin delivery system (CCMZIF) was introduced into nonwoven
fabric fibers. For inner layer, polyvinylpyrrolidone (PVP)
electrospun loaded with acetic acid was fabricated to endow the pH
modulating property.

Stable CCMZIF was synthesized via the one—pot synthesis
method, and the exposure of CCMZIF to the environment was
maximized by coating the surface of cellulose fibers rather than
impregnating CCMZIF inside the fibers. The coating efficiency of
CCMZIF was increased through the Zn—doped polydopamine
treatment. It was confirmed that the acetic acid—loaded PVP

electrospun was capable of immediate pH control in PBS solution. For
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drug loading and release mechanisms of ZIF—8, it was assumed that
curcumin is impregnated into ZIF —8 at the hands of hydrogen bonding
with Zn®", while released from ZIF—8 as the coordination bond
between organic ligands and metal ions of ZIF—8 is broken under the
acidic environment.

In vitro curcumin and Zn®' release test confirmed that the
fabricated CCMZIF has selective curcumin release behavior
according to pH and maintains its pH—responsive property even in
fiber. When the acidic PVP electrospun layer was combined, pH of
the medium was immediately adjusted from 7.4 to 6.5 and sustained
while the pH-responsive release behavior of CCMZIF was
heightened. This means that the manufactured dressing can
effectively modulate the pH of targeted area and selectively deliver
the active ingredients under the modulated acidic condition,
maximizing the therapeutic effects.

Applicability as a wound dressing was evaluated by analyzing the
moisture characteristics, antibacterial property and cytotoxicity of
the fabricated dressings. After coated with CCMZIF, the fabricated
dressing showed the increase in water absorption and decrease in
moisture permeability compared to the pure rayon nonwoven. This
modification is considered to be profitable to create an appropriate
humidity environment of wound. The bilayer of CCMZIF —coated
nonwoven and acidic PVP electrospun showed an antibacterial
activity against Escherichia coli as the elution of Zn?* was promoted
by the accelerated CCMZIF decomposition. CCMZIF, a major active
compound in this study, was found to have no significant toxicity to
human dermal fibroblasts, approving the biocompatibility.

This study aimed to improve the wound healing rate by

developing a fibrous dressing with a metal—organic framework and
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acetic acid that can simultaneously achieve pH modulation and pH—
responsive drug delivery. The emphasis of the study lies in
presenting the analytical mechanism of drug loading and release of
ZIF—8 and providing the insight for the development of wound
dressings, fabricating a functional dressing based on the novel

strategy that have hardly been tried in previous studies.

Keywords : wound dressing, pH—responsive, pH—modulation, metal—
organic frameworks, curcumin, release
Student Number : 2021-28212
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