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Abstract In this study, zinc-doped carbon dots (Zn-GPCDs) were synthesized using a hydrothermal synthesis method
with ginger peel waste and applied to a carrageenan-based active packaging film. FT-IR spectroscopic analysis revealed
that the Zn-GPCDs exhibited characteristic surface functional groups, including specific Zn-O coordination bonds. The
effects of zinc doping on the structural and functional performance of the composite film were compared and analyzed.
Due to zinc doping, the free radical scavenging ability of Zn-GPCDs was slightly reduced compared to non-doped
GPCDs. However, it acted as an important functional trigger for antimicrobial efficacy. Zn-GPCDs exhibited significant
antimicrobial activity against Staphylococcus aureus (20.92 £ 0.99 mm) and Salmonella enterica (21.60 £ 1.04 mm),
effectively overcoming the functional limitations of non-doped GPCDs. The carrageenan/Zn-GPCDs composite film
exhibited stable mechanical properties, maintaining a tensile strength of 16.36 £ 2.00 MPa and an elongation at break
of 12.40 £ 3.79%. In addition, the composite film showed excellent UV-blocking properties at wavelengths below 400
nm and achieved an ABTS radical scavenging ability of approximately 88% through a synergistic effect that enhanced
antioxidant activity. These results suggest the potential for Zn-GPCDs-containing carrageenan films to be utilized as sus-
tainable active packaging materials with antioxidant, antibacterial, and UV-blocking functions.
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Corp., Seoul, Koreays S3f Al A& U5t ALE3)
Atk ZFP7IYGHE-A type, 1.5% 8, 75°ColA 50

p AE)e F)3=71eH71(Seoul, Korea)ollA F+U&49,
%ﬂ AEEEE 299.0%) tdsl=(F)(Siheung, Korea)olA]

gste] AREEFATE ZnO W= AkEEE 973 20-30 nm)
9} 2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic  acid)
(ABTS; =% >98%)+= Sigma-Aldrich (St. Louis, MO,
USAYIA A3t A8 #5121 Staphylococcus aureus
(ATCC 23235) % Salmonella enterica (ATCC 15313)=
S A AT AAEARIAE (KCTC, Seoul, Korea)=
HE ol ARSIt

2. Gi-peel § & ¥ EBAH(GPCDs, Zn-GPCDs) &4
Aoz iy Ealsl] d& A7 AEE 60°C oA
2477 FRF AxF &, 24 S AA vA 2 I
o] AFAE Evlsiith. 49 AEe Ag 24 3ok
=3 offo wat Gipeel, AW HE F @AHA
GPCDs, 12]aL ofdo] =% Zn-GPCDs®| Al 7K <&
2 FEs] Az 220 Gipeel> B AE &
T 2ge SHT SomLel] EHRE F, e =R 4
P A FLT 20N 7A17J Qb AFeoa wHkale]
HI8I8ltE. GPCDs= =
o] EFAE HER E‘rOlW} 43 J ZHRIEE R ESY
o]Hofl YL 200°CelA TAIZE St E
Atk Zn-GPCDs2| 7%, 543 A7 4
0.1 g& A7k & GPCDsQ} TUg 2N G IS
ATt BE AlEe v T8 F 7 A Wzt
g 5, 02um APA] R oAl BES AAT
A% A AF(Gi-peel, GPCDs, ¥ Zn-GPCDs)E &K 3}
Aot A7 AZZRE Zn-GPCDsE 47] 913 A =4
S 2 Al 3HL Fig. 1(a)dll BAE=Z AAIEHI T

3.7EH E £ BEY MR

7l 71k B3 52 8l NEEHE o]8sle] A
Z3IAtE S5 200 mLol] 7HAAZ FEME 127 T}
271 4gS HTISIAL AR BF ankste] ¢ds] 83l
AT &4 55°C7HA] WZhel the, tiEH(Car)ell= ©F
FAZ H7VelA] oL, A A=k 7} A4 A|S(GPCDs,
Zn-GPCDs)E 7HPId % thH] 5 wi%®] I T
o] F=E AXksle] Arkstal 2087 #&sHA E3Eh
o]F Az EFNE Teflon ILFE %FJ ZY°|E 9
AR sAl 2" 5, 25°ColA 48A17F Bt Axse] &
2ol g5 g 719k 53+ 25 (Car, Car/GPCDs,
1 Car/Zn-GPCDs)S FHEFHO =2 A|231%Tt. Zn-GPCDs
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Fig. 1. Schematic illustration of (a) preparation of zinc-doped ginger peel-derived carbon dots (Zn-GPCDs) using a hydrothermal
method and (b) preparation of carrageenan-based composite films incorporated with GPCDs and Zn-GPCDs.

4% NE B BB BES BY X8| 24
AZE G AR R A A B3 BB Y

Z+8-7] A& FTIR spectrometer (FT-IR 4x, JASCO
Spectroscopy, Tokyo, Japan)S AR&-sle] 3|t A&
o] ZHERL 4,000-500 cm™ MM FES FHEA
o, BE B4 FAF S5 323, Eals 4em’ 270l

AT W

AR5k

5. Gi-peel, GPCDs, ¥ Zn-GPCDs ¥z 21t B4
Gi-peel, GPCDs, ¥ Zn-GPCDs ¥ Al59] 3 A4
2 B 22H (agar well diffusion method)'*?0g ©]-&-3}
o] S aureus®} S. enterica®] WE) H7FEATEH WA 10°
CFUMmL T2 284 7t #ds 34 wile] &
A et & A 8 mme] wellS AR 7 well
ol = Gipeel 993} 9 mgmL Fx=9 GPCDs ¥ Zn-
GPCDs €948 71z} 150 pl 481t o] § 37°Cell
A S aureuss 18X 7F, S, enterica= 12A|7F &<t w35}
Rom, FAE AlE AFS S5t dF S4E ¥

=

6. Gi-peel, GPCDs, Zn-GPCDs & 2g TE9 ¥{13}
za

N} AlE 2 Tl g 7N B9 J50] st 35S
ABTS ol 2oz &7 &4 7885 Akgale] Wrtst
Stk WA 7mM ABTS®} 2.45mM potassium persulfate
5 E3het §, oA 16-24417F SF WSl ABTS
S-S AAAZTE AE B gole AF 2 734
nmol| A thETe] FFE frel 0.70+0.027F HeF SR
2 3Aste] ARSIt A vragle] A4S fIEl, 96-
well plated] =% 801, 1, 25, 5, 7.5, 10, 2 20
ug/mL) 20 pLet 3X¥ ABTS &9 180 uLE 77t &
Foto] S, oA 227 WREAIZL & 734 nmel]

=

o,

.
2 9|
shaking mcubatoroﬂfﬂ 301"5:{ ‘i%’\]?l T e 5%
TE5 734 nmollX Sk S A 4%y o
= Aol wet A=

A —A
Radical scavenging rate (%) ( < y S) x 100
c
A7 A, E HETe FRE, AE MRS FHES 9
ul gy,

7.8 24 B4
7Hp7IE 71Nk B8 50 17 = (tensile strength)g}
A& (elongation at breaky> ASTM D882-88 X+ 114
o] w2} Universal Testing Machine (Z010, Zwick GmbH
& Co. KG, Ulm, Germany)y2 AR5l =43l A]H
< ASTM Al Eate] debsigion, T3¢ 7H42 5cm,
AZAFE HEE 50 mm/mine 2 AASIATE ZF AR
el F4 33] wHE SAste] Hepkd BFUAE ARESE

it

8. 5% WSS YUY 54 L ME 24

Azd 7l 71 53 59 FH ME(L*, a*
b*)= A X}A|(Chroma meter, CR-400, Konica Minolta,
Tokyo, Japan)s A&-st] S5kt B59] T AAHAE)
£ =7 Car 2E3 GPCDs ¥ Zn-GPCDs Z& 7he)
A zpolE o] gate] v 2o = ALtslgi

AE = J(AL*)> + (Aa*)> + (4b*)

oJ7]4 AL*, Aa* @ Ab*= Car EZ
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spectrophotometer(Optizen POP Series, Mecasys, Seoul, Korea)
£ ARl 200-800 nm 3 W flellA S5t 53]

9. SN
BF AIE R TP 70 59 F5e] BE

4L 33 whE ZAsilon, Ade Wit + EFUAE
eI A3 dlelele] BAIF f<)4d 42 SPSS-24
(IBM-SPSS, NY, USA) % Design-Expert (Stat-Ease, Inc.,
USA) & ESJo|& ARgsle] Falsiqitt. 71 Ag+ 7+ 3
k] zpolol] gk fo4 AL duiR] 4R (one-
way ANOVA)S AA18H &, Duncan®] tH5"H 91773 (Duncan’s
multiple range test)S F3 95% AlFFF(p <0.05)004]
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1. Gi-peel, GPCDs ¥ Zn-GPCDs £ E4 24

1.1, BE 37 24

A7 AARTE ehagdo] PAE|AL ofd &3] o]FoiF]
o W& ¥W X WIS FLIR ~ZEHo T B3 Az
= Fig. 29l JeiSITh. GPCDs, Zn-GPCDs® 3,239 cm’!
2 3254 cmle] oM #EE B F5 We V(-
OH) #8719 &A415 2u]sl, 2,946 cm™ 2 2,961 cm™
o] ¥3%= WHE7|(CHy) ¥ WHE7(CH,y)el C-H A4S 3
ol tgslATh 1,584 ecm” 2 1,581 em’'e] 29 ¥=
T WEE C=C 2F AF = 71EE5AH 0| E(CO0-)]
vt A= %00, 1,375 em~1,394 em™'9} 1,034 cm’!
~1,046em’! F9e] H3= 77t CH ¥339 7E ¥ CN
0 A% 2lFol 3. AA82l Gi-

~
g
>
offl
_E‘
Q
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Fig. 2. FT-IR spectra of Gi-peel, GPCDs, and Zn-GPCDs.
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Zh87] 9A9] X9} S0 ' WsPr UERE e, o]
= 74 T8 AN gt 715715 7R Ve gAY
o] AFHoZE FAHUSS oJnlgitt. 53] Zn-GPCDse]
7% GPCDsollA YERA] 2E 578 cm! 2ol So]4
=27} FRIEEY], o]E Zn-0 Al gshs Aew
ol o]o] BAF ZA W AR =YEIS 9
e,
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1.2. gore 2y Ft

Gi-peel, GPCDs, ¥ Zn-GPCDs2| &%(0.1~20 pug/mL)
o] W2 ABTS iz &4 E4& yepd d3+= Fig 3
of AAeIt BE AlBAA v F7il wet oz &
A o] Trtele T 94 AT Btk Rl
Gi-peele A &% 7oA w9 W2 kst 245 et
W WbA | GPCDs¢t Zn-GPCDst 2802 =& 47
S ol '] Al o8l it o] A
HATS Rl &3] ABTS gl &7 wWAY
& ¥4 -OH % -COOH % 4tA FH 877}
ABTS <ol izl 4 97} e AxE F93519
g viEtZ FHE SUAT= 4 97} ©]5(HAT)
2tk Mz} o H(SET) A =29}, sp* B4 Folo] 1 AR}
AL & A2 A% mAUS] #AdEs 2R dHA
ATF. A3 FE2) 20 pg/mLolA Gi-peele] 7] 4
2.93%° E338 WH, GPCDs9}t Zn-GPCDs:=
36.73%, 31.24%% f212¢l(p <0.05) $53F o7 &
et Zn =30 Wl GPCDs tiH] &7 8442
Aaste AEe B, ole Zn o2o] 'y
Z-g719 Zn-0 viSIEdES B4dsle] ABTS itz 479
71odshs 27 HAdo] U 1A 7ol k.
Zeiu 7 B BF GRS Gipeeloll Hs] A3
ek st 548 UEhlo] ZsA HelEAe] A8 7t
s/g0] 1T
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BB oox &Y
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Fig. 3. ABTS radical scavenging activity of Gi-peel, GPCDs,
and Zn-GPCDs at various concentrations (0.1-20 pg/mL).
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Staphylococcus aureus (L3 Salmonella enterica
@EAd)el uig g 242 Fig 40 YERIATE Gi-
peel 7 oA B et AslEe] AEEA] ot
o189l gt S Ho|RX| ¢Skt GPCDsE S. enterica
o theliM= AHalEol A=A FUeY, S, aureusoIX=
16.60=0.81 mm A3k 2735 wo] AFHAR] et e
e olefdh vhage] vt 282 At EHEElot
Al FHo| F3tE]o] ROSE frstal, 74k} gir]z 3
G Ak S Bl Ao Ay dES Ahkst
Zow EGAA AE HE fridehs 71ddl AdEe A
o= E_J_Q‘:]'l(’) =] GPCDS + ﬁ“r RTA] &
g3k Al 4 O}E] Bl
Blo] AL S aureusolA 2092+0.99mm, S, entericall X
2160+ 1.04 mmz ZH=o] T3y 9 IPeH 45 2
Sof el Al oA SEe nasty e s
ATt Zn-GPCDs®| 3dd 3+t *é%L e4%9] ROS
T A3 =39 oldo =R WEE Zn2 o] AlY
A adel AAEE Ho= -‘74";"54”% 7+ o] -2 vle|g]
A W A4 A AsEgste] FrHE<
ROS ‘@”‘é% Sl KU AR g c}o] 7}““5}6}‘:}24) kb

o

Fig. 4. Antimicrobial activity of (a,d) Gi-peel, (b,e) GPCDs,
and (c,f) Zn-GPCDs against (a-c) Staphylococcus aureus and
(d-f) Salmonella enterica.
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2. Car, Car/GPCDs, ¥ Car/Zn-GPCDs 88 L§ E

21.5M R MY 24 B

7RI 719 5% HE59] 57 (Thickness)2t <1737
(TS) 2 <AAS(EB) =4 ZI= Table 19 AT
RE dE9 FAE 0.06~0.07 mme] HIE Yeh} At
Aoz A3 FAE A5tk Car 53 Car/Zn-
GPCDs ¥&°] 77 ZH7t 0.06 mm= Fo]% Q1 x}o]7}
ey, Car/GPCDs ZEL 0.07mmE &% 718k
7S Btk A EE 14.89~16.82 MPa oA =
AEA}. Car/GPCDs &9 1AW EE 14.89 MPa= T
Z7 Car ZEF t¥] thh PAESEd], ol vx=3dE
GPCDs7} 22} AlE AlolollA] 7haA|9F ARG S8
il AR o)lFAE TTMIAE 7FsAdol ATk, v,
Zn°] =¥ Car/Zn-GPCDs ZE2 16.36 MPaZ Car ¥
4 FAASE fARE S ARG Zn?t o]0]
7RG b1} ol wAaARs At 59
724 ARHS 3 Aoz ATEn®, dEo) {4
S YeERE dA8-2 1097~1551% HHS B, Car/
GPCDs ZEoA 15.51%2 WA= JeERHRATE. Car/Zn-
GPCDs ZE&2 1240%% Car Z& H] &% J7l6lL
v BAA felide gtk ol Zn-GPCDs?] W2l -OH
9 -COOH 7|7} 7kast &35 fEste] &S ot
SIAIZ Az AR,

o2

l-ﬂ

B3 "o sty pxet A 7F A8 FTIR
< 53l Hristled, A= Fig. 59l YeERSL
ZEolA 3336~3,338cm™ F-2¢ He FT5

o] #FHOM, o] O-H ¥ N-H A= e s
st} 7k de] —H v)=2] 37)(1,215 em ™ot 2E|=
A= ATH(1,064 cm™) FZ7F BE DEoA WIs| Bt
wol de] 7} Fel= st el 24 727t
AHog fAES el oP°51E‘r W O-H A= A5E 93
Car BEol4 3338cm’, Car/GPCDs %ﬂ%oﬂfﬂ 3,337 cm’™,
Car/Zn-GPCDs 2294 3336 cm' 2 W& 3= gJogo=
o]F3ltTt. o]l B ol FE ©Ag FHo XA &
8719} 7l g AlE 7 A deage] 7hsAe A4
st gago] Zhep g sjER A el #Ysh E4=HA
55 AR AAIG. &, B47)(-S=0) It

Table 1. Thickness, tensile strength (TS), and elongation at break (EB) of Car, Car/GPCDs, and Car/Zn-GPCDs films (mean + SD, n=3)

Films Thickness (mm) TS (MPa) EB (%)
Car 0.06 £ 0.01%" 16.82 + 2.06° 10.97 £2.31°
Car/GPCDs 0.07 + 0.00° 14.89 + 1.55° 1551 £2.67%
Car/Zn-GPCDs 0.06 £ 0.00? 16.36 + 2.00% 12.40 + 3.79°

*Different letters in the same column indicate a significant difference at p < 0.05 by Duncan’s multiple range test.
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Fig. 5. FT-IR spectra of Car, Car/GPCDs, and Car/Zn-GPCDs
films.
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LA
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2.3. J.IUM-I 7(|-E[
e dhadLls
= Table 2 2 Fig. 60l A|AS
2 FEAEA G Arloa] =&
TS vUEilou, ARl Abd S8 w9 Sl
A 7lgb7 g sjEe] 20 GPCDs9} Zn-GPCDsS =9 %h
ukel 200-400 nm Ape]Ad GHellM HFe] FApd
AA3] P AT 6] Car/GPCDs E&-°] Tm
271+ 047%2 7P B ERTs v 7pg 953 x}g]
A At a95 uﬂamgu:], Car/Zn-GPCDs & 94|
Togo’t 813 £0.39%=Z Tl tiH] -3 UV 2 A5
k. o1& A B R sp? B Foj9| 1
n o] & ¥ 2H8719] ng” Holo] wE R9)A Bt
A Freh, vyt o3k W A STPF 534
o2 Zg37] wEog dAdErh 53] @A g
TEE 54 g AL oUAE Fste] 71AdE ¢
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Fig. 6. UV-vis transmittance spectra of Car, Car/GPCDs, and
Car/Zn-GPCDs films.
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Fig. 7. Photographs of Car, Car/GPCDs, and Car/Zn-GPCDs
films.

T A (bR Z718Re AeS BT} Car/GPCDs 2&
o] L* ko] 7090+0.53% 7P Yo} 7P o] Fe MxE
Yo, b e 9.79+0.142 7 I 271819t Car/
7Zn-GPCDs &2 L* ko] 76.84+0.5022 Car/GPCDs
LEHT Zof AujFog ue 5E4E HolH, a*9} b*
Zhe] WElE i) R 3 BEL gaele 3015y
t}. ol mE} Car BEe] A MAHAE)= Car/GPCDs
2o 21.90+0.330F 7P E9kA, Car/Zn-GPCDs 2
oA 1634+ 0412 1 HE oItk A1ZZLOEE Fig.

7oA ERlERe] Car BH2 74 £ oA et
£ WH, Car/GPCDs &2 #3g 72418 w™, Car/Zn-
GPCDs 252 s o= ol wree 34 5 e
o] Mx 74 Aol AT

AEXOF 7Zn-GPCDsE =93 7l |d 23 dE2e
g Ae)Ae FFF o g Awkdty FAld), H|ER

Table 2. Color parameters (L*, a*, b*), total color difference (AE), and light transmittance (Tzs0, Teso) of Car, Car/GPCDs, and Car/

Zn-GPCDs films (mean = SD, n=3)

Films L* a* b* AE Toso Teso
Car 88.100.06>" 2.00+0.12° -3.65+0.21¢ 0.00£0.00¢ 67.35+3.49* 89.41+0.99*
Car/GPCDs 70.90+0.53¢ 3.63+0.06 9.79+0.14° 21.90+0.33% 2.71£0.47° 78.42+1.94°
Car/Zn-GPCDs 76.84+0.50° 1.37+0.27¢ 8.16+0.07° 16.34+0.41° 8.13+0.39° 80.81+2.45°

*Different letters in the same column indicate a significant difference at p < 0.05 by Duncan’s multiple range test.
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Fig. 8. ABTS radical scavenging activity of Car, Car/GPCDs,
and Car/Zn-GPCDs films.
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