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The continuous use of polymer materials has exacerbated waste and environmental challenges, spurring
a growing interest in eco-friendly polymers, especially biodegradable polymers. These polymers are
gaining attention for their potential as antimicrobial agents, particularly in fields like food packaging
a need further underscored by the recent COVID-19 pandemic. This study focuses on the development
of an antibacterial polymer by combining poly-butylene adipate terephthalate (PBAT) with zinc pyr-
ithione (ZnPt). The antibacterial properties were assessed through turbidity analysis, the shaking flask
method, and the film adhesion method. The antibacterial activities of the composites with varying
ZnPt% (w/w) contents (0, 0.1, 0.3, and 0.5) were evaluated against Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus). Results revealed that even at a low concentration of 0.1% (w/w),
the composites demonstrated significant antibacterial activity against both Gram-positive bacteria (S.
aureus) and Gram-negative bacteria (£. coli). Composites with ZnPt concentrations of 0.3% (w/w)
or higher achieved over 99.999% antibacterial efficacy. Field emission scanning electron microscopy
(FE-SEM) analysis of the fracture surfaces of the composites confirmed the uniform distribution of
ZnPt particles, ranging from 1-4 pum. Further FE-SEM analysis of bacterial suspensions exposed to
the composite surfaces showed clear evidence of cell wall destruction in both E. coli and S. aureus.
As an antimicrobial biodegradable polymer, PBAT-ZnPt composites show great promise for applica-

tions in various sectors, including food packaging.
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Table 1. Conditions of twin screw extruder
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Twin screw extruder

Barrel 1 Barrel 2

Barrel 3

Barrel 4 Barrel 5 Die

Temperature (C) 130 140

150 155 165 160

o AL dPE Hasd & Y= AYE AT
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E‘ ol
o
)
S|

H =7 oﬂ A= PBATS} ZnPtES A3}
3 fé}‘v%ﬂ w}‘—E‘— EEMH EH?Z

T3} Field Emission Scanmng Electron Microscopy (FE-
SEM)E o] &3l ZnPt FeFoll w2 EgAe] Wy g}
3 @, 18] 3 ZnPt $HEFO WE AlFH (O dAHT 1F
3 2 AT 150 PAE FEety 2Ae Ayt
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Poly-butylene adipate terephthalate (PBAT)< &
Q1 2 E 2] (Gumi, Korea)ollA T3+ A& AL&3HA T
F7] YA =2 A-8-% ZnPt= Lonza Japan (Tokyo, Japan)
2] ZnPt (particle size = 7.48 um)S A&l A2k LK2]
ZA(Ulsan, Korea)2] t}2~E] | X|(low density polyethylene
(LDPE) : ZnPt = 8:2)5 A8 th PBATS} 718 JAMSH
=448 §E4& Ad LDPEE ©] &3 vlE x| & 53
23t o] B4 2 HIE H 4389t PBATS ZnPto)
g}t T2 = Fig. 19 YERATH

Yeast extract®} tryptone< BD Biosciences (San Jose, CA,
USA)°l| A1, agar powder= Duksan Chemicals (Busan, Korea)
ol A, glutaraldehyde®} osmium tetroxide= Sigma-Aldrich

Fig. 1. Chemical structure of poly-butylene adipate tereph-
thalate (A) and zinc pyrithione (B).

(St. Louis, MO, USA)All Al T3t AME-3FATE  Escherich-
ia coli (E. coli, KCTC 2593)%} Staphylococcus aureus (S.
aureus, KCTC 3881)% §r=rv| A &AL Al E(Korean Col-
lection for Type Culture, KCTC, Jeongeup, Korea)oll A %
o} A8kl

satH| M

PBAT$} ZnPte] BA AlF= o]|FHAFEUAE7](BA-11,
11 mm, L/D = 40, BAUTEK, Pocheon,
Korea)S A28} TF. Twin screw extruder®l] AM&-% 4&
719 2357 %2 3-kneading disc block type (Fig. 2)°]
o, A&7 WlE == wE19A die7hA] 130-165TC
(Table 1), 237 £5E 100 pmO 2 A AT ZnPte=
X40 st}akog _,_‘_ O_T-,L %’/“] 14.];}4,]41:1;27] ZnPtfé}
o] 0% (wiw), 0.1% (w/w), 0.3% (w/w), 0.5% (wiw)] &
GAE Azttt S o] g HIS-2 Table 29 ek
Wi dch. EekAe] LDPE §HFe ZnPt PR2=E wix] o] A&
of A%t ot

screw diameter :

Et= BMH(Turbidity assay)

ZnPt% (wiw) (0, 0.1, 0.3, 0.5) S3HA 2] & EA
< 5= Ao 2 HrstAti17]. 10x10x1 mme] 23t
A AHE ALLSFA T E coli®t S aureusE NB (Nutrient
broth) HljZ] ol &8l 37°C, 200 rppm = A] 2 & vl
7](Shaking incubator, SH-802F, Labotech, Daejeon, Korea)
2 A vjgstAdnt A i Fg & UV-visible spectropho-
tometer (Agilent 8453, Agilent Technologies, Inc., Santa Clara,
CA, USA)E ]85} 660 nm o)A <] B=(Optical den-
sity, 0.D)7} 0.1%] AIEE A FH3ted, NB HIAZ 1,0004)
3|4 ste] AR Al 2 mi¥ E3H3T F, ZnPt
g BdA AEs FUkste] e el A A nl
& 20} Ze U0 F 6N Mgt o] B

o

Table 2. Contents of composites

Contents (% (w/w))

Poly-butylene Low density Zinc
adipate terephthalate polyethylene pyrithione
(PBAT) (LDPE) (ZnPt)
100 0 0
99.5 0.4 0.1
98.5 1.2 0.3
97.5 2.0 0.5
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Feeder Barrel 1  Barrel 2

Barrel 3

Barrel 5 Die

Barrel 4

Fig. 2. 3-Kneading disc block type screw configuration of a twin screw extruder.

7 4 100 pE AFHSHA EFFE=AZE ODseo ] H3HE
gl

ZIEF H 2 (Shaking flask method)

ZnPt% (wiw) (0, 0.1, 0.3, 0.5) E3HA o) &7 A4
< AFHo R sty A 2" wjdH-e AAISHA
o17]. BFA AlE 1 g AHE3tH o, 8= E4H I
S A mlgo] Bt # HE BFFEAE ol &35
ODeso nm A1 0.1%1 o+ A2 1,0008] 3] 43t A3}
o Alg ol 3 mio] & A 1 g AlES Y1, JE ujYf

7104 61 F1F vl Fste] AlHo] #i} FwE] HET
T AUAEF AT

o] £ & 7 o A& A F 3] NB HIAZ 1,000
i 7k &A%k T, NB LA A o spreadingdhe] vl
7](Incubator, SH-701, Labotech)oll A 37°C, 24417t =<t #f
oF3tTh vl ko] 2 W NB 1A wiA o] AR FEY
(Colony) & ZA3Ath I+ B4 FL (%) = (A-BY
A)x100 2 AAFSIATH AE ZnPtE SH-3HA] 2= Ul
A ] 24A13F & A o] WA, BE ZnPtE AT
gt 7HE AW 24417 T A o] FHAE YERA
oi10, 11, 21].

L= WA (Film adhesion method, JIS Z2801)

ZnPt% (w/w) S0, 0.1, 0.3, 0.5) EgA o A
J"J__E.;(]_ijﬂp/] /\]_,Q._ 7}L—_/\4£ rﬂf—'_ u‘;_;‘d—ul o=z ;&Lo]o}%
tH10]. B £ e v Sl A vjekd
ODgso am®1 A 0.181 T H-& NB HIA| 2 1,0008] 3] 45}
ALg-E T 34" 7 NS 400 WB ZF g BghA) o
50x50x1 mm A|H FEH dropdhed, 40x40x1 mme] 32}
dEoT # Ae mHo| UFAAT
Fgog Wy AHS wjYgr) oA 37C, 2443k vl
%, NB #1A] 10 mlZ AlAser A& 7 < 100 pls
IA NB A ol| spreading3to] Bl F7]oll A 24 A1 7F vl &5
S ALE F2Y #F 5 AT S+ SRS
g wF I o] (%) = (A-BYA)x100 Z Al4kaS4 T
F7F UE g2 Aoe o A& sy A3
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# 58 24890,

FE-SEM 24

HA AlE o] WA Yehe It &
0.1% (w/w), 0.3% (w/w) E&A AH FHE AAR=
g FAF A3 W 7 (FE-SEM MAIA I Triglav'™
Korea, Ltd., Seoul, Korea) .2 #2133}

83 ZnPt% (wiw) TEFE(0, 0.1, 0.3, 0.5) E-3+A <]
& FE-SEMO. & ##&tt). oju] PBATS| =& ¢
do R ghd Az AH AAE o] g3t on WMo
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Fe A Wstel A R A ZoPt YA A7 E
ISt

=3 ZnPtE $H5HA % PBAT Y (W=D 09 g3t
0.99 goll ZnPt 0.1% (w/w) 234 B 0.1 g 0.01 g2
Aglste] g+ A ZAAA E colist S aureus®] FEN S
] olmAE FE-SEMO.Z #Z3}TH16]. ZnPt 0.1%
(w/w) E3A "2 0.1 g, 0.01 goll /2 ZnPt FA=
0.01% (w/w), 0.001% (w/w) S3A <} L3} M2
FE-SEM #-#-& 918), 1A S 73 613 St vl
stod S8 HAEAIN F, MAE AASH7] A3l vy
< 13,000 pm &2 3% A4l EE5te #-& phosphate
buffered saline (PBS)Z 33] A oWt} o]3 w|AE2] HE)
=2 FA37] 98l 12 2HH O = 2.5% glutaraldehydeoll
304 5<F incubationS g+ ¥, PBSE 33 AU of gluta-
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osmium tetroxide®l] 604 &<t incubation ¥TF. Osmium
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5 HHEST) vl ete 2 o 8 h-E 100%0] A EES v
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Table 3. Antibacterial activity results of turbidity analysis

Antibacterial activity (%)

Zinc pyrithione

content (% (w/w)) Escherichia Staphylococcus
coli aureus
0 0 0
0.1 1000 100+0
0.3 1000 100=+0
0.5 1000 100+0
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& Yehlen, 53 ZnPt 0.1% (w/w)<]
5 Hao] g EAS BYth o] FAAFK
AH4-38le] PBATO ZnPtE H7lsle] A3z o
1A H}AE A F ASS FAsA

MO oo (o for 20
% ; rln
oco b &
& W o HN o L,
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E} HH ool: @64 ﬁy,]_: 7nPt a‘ﬂ-akoﬂ u:]rf’—_ At Z':g]
T A (%)SE E7]|3F A TH(Table 4). Z7]
A FE (2.0£0.1)x10* CFU/mMLE AF8-3}99 3, ZnPt 0%
(ww) FFe] Ao s 6AIZE Ml &, E colis (24+
0.3)x10® CFU/mL, S. aureus’= (2.5£0.2)x10° CFU/mLZ %
7Vetatt. ol ZnP7t F7HEA] oS H@EA oA = et
Zdo] WEAHA S v geh ¥, ZnPt 0.1%(w/w)

Table 4. Antibacterial activity (%) values and viable bacteria
numbers of shaking flask method with different con-
tents of zinc pyrithione
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staFo] BlA| A= E colit S. aureus] 6A13F v F &
o= E. coli®t S. aureus®] A+ 57 27}y (1.2£0.4)x10°
CFU/mL, (1.4+0.4)x10° CFU/mLE AZH It} o] 4¢3
o (%)L E. coli= 99.94+£0.01, S. aureus= 99.93+
001 2 F& 79 it S48 YeEATE ZnPt o]

0.3% (wiw) L 0.5% (ww)E =713 Ao A= 33
oo Aol BT g5 EAHA YA 100%2]
gt GAo] FAFUT EtA EFHAL FS 022 &

A 3FA THTable 4). whekA, ZnPt $Fefol| w2 Lo
Aol v B (%) BT 99.93% oS 7153 Ao
o, ol 18 EFAVE g EA VS TR FF

s FAAA Eoh
Ao A AL FFA L&A B A5 0.1%
(wiw)2] w]-$- v+ 7Znpt FHOZE 7]

YEr ATt o]el whet o] e ?'é}%h-‘ﬂ %@ﬂl

Aol A A =2 weight lossZ 0.1% (w/w) U] How E
of A&t Brkste] APES AYsHA EHATH6). LA
S8 1A BHFAE 05-1.0% (wiw) HelolA F44S
H 2Egtt1, 3, 7, 14, 22].

LE sy

2= AZ] AY A E coliz} S, aureusol| W3
ZnPtE $HR3HA WE EFA(HzD)dAAE & B F
247} 2150 0 U (Fig 3A, 3E), ZnPt7} E3HE E3HA)
25 247 #EF R gFol(Fig 3B-3D, 3F-3H), % =
2 vt GAo] #EAHUS E=3, o9} L AFE It
a4 %k(%)gi %3 }Uﬂ(Table 5), B A4 100%

< YE A 33] o] o] Ad A
A 57 7&%}4 A %‘0} EFHA L 002 H7)5A
o A8 DREAE AREE] YA drH o et
S 3k(%)°l 9% ©]7d2] & 7Aook StE=E, ZnPt7} E
StE R E BAE A DBAE ALLE7) ) A Esk

Table 5. Antibacterial activity (%) values and viable bacteria
numbers of film adhesion method with different con-
tents of zinc pyrithione

Zinc pyrithione

. After 6 hr Antibacterial
Strain content

Zinc pyrithione

. After 24 hr Antibacterial
Strain content

% (wiw) shaking activity (%) % (wiw)) adhesion  activity (%)
0 (2.4+0.3)x10° 0 0 (2.4+0.2)x10° 0
Escherichia 0.1 (1.2+0.4)x1 0° 99.94+0.01 Escherichia 0.1 0+0 100+0
coil 0.3 0+0 100+0 coil 0.3 0+0 100+0
0.5 0+0 100+0 0.5 0+0 100+0
0 (2.5+0.2)x10° 0 0 (3.5+0.1)x10’ 0
Staphylococcus 0.1 (1.4+0.3)x10°  99.93+0.01 Staphylococcus 0.1 0+0 1000
aureus 0.3 0+0 1000 aureus 0.3 0+0 1000
0.5 0+0 100+0 0.5 0+0 100+0
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Escherichia coli

Stavhvlococcus aureus

Fig. 3. The antibacterial effect of composites with different contents of zinc pyrithione (ZnPt) against Escherichia coli (A-D)
and Staphylococcus aureus (E-H) using the film adhesion method. The ZnPt% (w/w) contents in the composites are
as follows: 0 (A, E), 0.1 (B, F), 0.3 (C, G), and 0.5 (D, H).

e AFAsth 25 DA o3 F 4 23
7F G vHEY =8 @9 24 YEd A IE
o= A% #F A} AW FH| F& HEE v
& AZE HjgE o] Als A Al HE ARl 2
A WE)] Aor AREY. S A WA= A s
o} o] H=AIZEe] 6AIZbe] Al r]EolaL, EE WA

(JIS Z2801)H| ~E 9] FAE= A 89 7o HEATO]
247702 Eo9)7] wEolth.

FE-SEM 24

WA PBATS ZnPt 0.1% (w/w), 0.3% (w/w) B39
%9 FE-SEM A21-& B PBATS} ZnPt7} ¢ % *3754 4
Aoz 1=2A TSL_BM FHo &5 e AE <
g+ 4= 2ATHFig. 4A, 4B). ZnPt 0.3% (W/w) %?MH EHEol
A 8= ZnPt YRS 7 -9(Fig. 4B), 7F& o] 2] 7.48
pum 7104 ©F 239 um A= 22 A7 2 k= A
A BE Aol Q15 Qth FE-SEM #4002 AJHe| &
Ao A 8] gt ZAdo] ZaPte] ol whet ZA FTske
Zo] EHANA ] ZnPt YA 7| 712} ZnPt E4fjoll oJ g
HAEWY S7HY 9% F /AR AzdEn.

o2 ZnPt% (w/w) EE(0, 0.1, 0.3, 0.5) EgtA o] gt
2] FE-SEM ©] ] 2] o] Th(Fig. 4C-4F). ZnPt o] F7}
ol whe} ZnPt YA 77 FUFekE AS & 7 ey
53k A& ozl 748 yumAE YA Z7)7F E HA el
A 146 pm7HA] 4 ® Zlo] #FE A Th(Fig. 4D). HHH
#HFNME FAH B4 Ao} FY5HA 4o 4 7t
of EHA Frte] Yoz g o] g E=A Y
W Zlow AZHETh

DpARtO 2 Zoput A VAR BAE G A
g213l7] Y&l E. coli®} S. aureusES ©] &3] FE-SEM<

Surface

Fig. 4. The Field Emission Scanning Electron Microscopy (FE-
SEM) images of the surface (A, B) and fracture-surface
(C-F) of composites with different contents of zinc pyr-
ithione (ZnPt) are presented. The ZnPt% (w/w) con-
tents in the composites are as follows: 0 (C), 0.1 (A,
D), 0.3 (B, E), and 0.5 (F). The yellow arrows indicate
the measured sizes of ZnPt particles (B, D).



Staphvlococcus aureus

Escherichia coli

Fig. 5. The Field Emission Scanning Electron Microscopy (FE-
SEM) images of Escherichia coli (A-C) and Staphylo-
coccus aureus (D-F) after treated with composites con-
taining different concentrations of zinc pyrithione
(ZnPt). The ZnPt% (w/w) contents in the composites
are as follows: 0 (A, D), 0.001 (B, E), and 0.01 (C,
F). Red arrows indicate the damaged cell walls. The
size of each scale bar is 2 pm.

#A3F A TH(Fig. 5). ZnPtE $-F3HA 2 PBAT 23}
HE3 v AYE9] FE-SEM ALl oA &= 71 et o] 14
(I71E)e2 Z 02 um, 2] 2 ym = I SAHF
Ql E coli (Fig. SA)S}, 13 $A FHOE XT40| BoF
o2 EqAstA wjdEoe] 3 ¥ A7+ 05-1.2 pm
Ql S aureus®] ©]W|A|(Fig. 5D)E &3 A T Az oA
Kol nief o] AlxBo] M &4EA B E coli®t
S. aureus®] 273k BFo] JAEJT 18]I ZnPt 0.1%
(wiw) A 1 g FEF 7 72 EF §3l Hol 79
&dE A8 #FE 4 glATH(data not shown). whEhA]
it A e et ZnPto] FEE 35t It A
< AW EUT ZoPtE A 52 PBAT Zl(tZT)

0.9 g7 0.99 g9 ZnPt 0.1% (w/w) E&A IS 0.1 g,
0.01 g2 A23te] g Ay S0l A2 ZnPt &
7# 0.01%, 0.001%= 3)A%E ZANA AP3tH Tt ZnPt

O

01% (w/w) SEM *W oAM= o] Al o] 1] ¥ o]
—o FAo] ANES & 4 UATKFig. 5B, SE). WIHAY
St E &4 AEEE e ok B1So] ZnPt
0.01% (wiw) 3+ EZA A= 218 S48 E. coli$}
O FRARA S aureus] NEHo] 4A3d] g3 H B

i‘l
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< 3A & F QAME}(Flg 5C, 5F). FE-SEM %% A3},
=2 v B4 F A4S IAATI= EE

ZnPto] = o ot
olUel & AlXE APEA|= A 37 IS gRls)
ST,

o] gt ZnPto] 7} Ft 5442 quaternary ammo-
nium B3+ Q1 pyrithione G o} o] 2(Zn*) o Z WA
& &4k F(Reactive Oxygen Species, ROS)oll 2] g
Mz 31}3 9} pyrithioneo] 2]k ME U F-2] adenosine
triphosphate (ATP) +3] Z+4& = UetdthE Ha7t it
(Fig. 1) [3, 5, 8, 18].

ZAe 2

2 AFE sHgLddddta st
91‘6‘(2021).
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