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Thermal and Mechanical Properties of Antimicrobial Poly(lactic acid) Composites
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Abstract: Antimicrobial plastics containing benzalkonium chloride, 1,2-hexanediol/1,2-octanediol 1:1 mixture, and cop-
per sulfide (CuS) powder biocides added alone or all together to a poly(lactic acid) composite containing 10 wt% of talc
were manufactured by a twin-screw extruder and were injected into specimens for physical properties. In the both cases
including the 1:1 mixture of 1,2-hexanediol and 1,2-octanediol or all three biocides, the heat resistance of the antibmi-
crobial poly(lactic acid) composite was slightly decreased. However, both benzalkonium chloride and copper sulfide
showed its some improvement. Although the tensile strength didn’t change by the addition of biocide, the tensile modulus
was slightly decreased and the elongation at break was greatly decreased. Flexural strength also decreased with the addi-
tion of biocide, but flexural modulus slightly increased. Notched Izod impact strength showed a tendency to decrease with
a slight difference depending on the biocide. The antibacterial performance was excellent in the cases containing ben-
zalkonium chloride, but was poor in those containing the 1,2-alkanediol mixture or copper sulfide. The antifungal per-
formance was the best when all three biocides were added, rather than those used alone. The sterilizing power of influenza
A virus was excellent as 99.998% when all three were added. Mixing biocides showed a synergistic effect on the anti-
microbial performance of poly(lactic acid) composites, but more efforts such as evaluating the effects of biocides on the
human body are expected to contribute to securing the stability of poly(lactic acid) products.
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M AR HSE7F =8 ok w2 A0 E QlEl e
slof] ofefFo] Uk’

F 2 Covid-199] MH Y Fgol A LEAel] A
(biocides)& E§ste] vlo]g|2o] ks Tod= Alwrt o]
FoA| AL QLA FutolelX FHRIE H ol HFo] i
o] AR Fof| ok EEAE e EEiAE BRls) A
BAE A7rete] 245 T8 25, 3D U (additive
manufacturing), & @A 228 (drug delivery system) S5-I
A-83h7] 918 AFEE FUIEE Zn0 WedA 7P tl34]
oH Ti0, 70,0 Agh=97} E= AgNO,™2 = Cu
i 55 ARSRE v lth 7] B HEE v
Z ARES Ao = 2 (lignin),? Bl (thymol),*™ 712 (R-
carvone),'* 7] E4¥(chitosan),*'>!¢ A3 AH(cinnamic acid) =
| E4H(ferulic acid),” 72 (carvacrol),'® X371 f-(perilla
essential oil),' HPQM(2-hydroxypropyl-3-piperazinyl-quinoline
carboxylic acid methacrylate),® AESZ (ketoconazole), ¥t
S vto]al(vancomyciny!' 5°] L FZ &uHH 2] of(anti-
bacterial) T &4 (antifungal) 582 Btk ARAZ F
7HA] o)t EElratel HUME Ae= 7IEANH 1.2-
benzisothiazoline-3-one(BIT),”? =+ €24, ZnOg} A+
(AgNO; Y& 57 ARESH 771 dTh

2 Ao E A ZERARS 7] flEl AR wlE
S5 Y9 3} (benzalkonium chloride), 1,2-&7+]S-(alkanediols)
g 37 (CuS)E T e Egste] ARSIt wlz=
THES 20209 59 AN steAlEA Aol A2
19 At 254 FEAECE FETEE 0.05-05%% ¥
st v} Qi) Wi FHsHES 8-18 Atole] thefst A &
4 Oz ddidued ey d3EE 49 dEE
3}31E (quaternary ammonium compound)®l] 55132 ARAYA] 22
ol AHEGA* Fo 2 AEFolt) HadIFHsES
rate|go}, Xl B o]y Aeo] frste] [k,
712, EMEA|, At AmA)|, AR vlo]Y X AEA] 5O
2 AMET PP WidFTgdslm FX] A5 Al SR A
4% += 4-methacryloyloxyethyl trimellitate anhydride/methyl
methacrylate-tri-n-butylborane(4-META/MMA-TBB) X &
Bondfill SB Plus monomer A%, A|ZAR= Sun Medical Co.
Ltd. (&)l 2.5 wt% o1 H7F Al SA 359 482 7
23] Aafstant. e, 3-8 == 9 Ee] Aol
ek Ak J3 A WdIwdstE J7F A o st
g}q_.23

1,2-4710) -8 72 3P0l AR-El= HEA| (preservative)
2 7159 gl s tiAlste] guteg]ol 2 I (0] RE
oF #gol]) Adsol Ho Utk A uiR|ol| A Al@dek Az}
HEA RS, 12-580E, 12848 T 1 298]e
S D502 Hr} uiddel 739 Escherichia coli} Pseudomonas
aeruginosa WtE|E]ole] Ula] 25 12-S 8] &o] A=

o ZE94 Bese] €4 9 /AN B 685

0.2% °1’d B 0.3% ool 7 -3 Al adE B3l
o2 Staphylococcu. aureus BFH|Z|oFE 12-3E]-&0] 713
TR 03%EE Al Hl FEPIME SIFOE
S AABIA AL JAA Candida albicans®] 735
= 7P e 12-S 808 03%CA oA a3
o2 HSA B, 1,2-S80E B 12385088 96t
ARgshe Aol 7P 43k 1,2-58H S ¢ 1,284
S9hS E9tete] AMgete A= et dtElgol B g%l

Aes HATET 12-4700&2 nA =] Alxd 34
wefale] o]0 S Bhe AR dHA Uk’
F3hE](CuS) V=g AP e 2] 81 (Cu0, Cu,0
) FgatEelol, dxF W duteld s A5 2 9l
HRIE 9 27 JFof| AL= Ut HE =FHRIE )
et el s ZYALe] htely 2 Al Y 7
1 E(corning guradiantys ©]-&-dt] o2t 9 H|u|d} njo] X,
S Az e ZFol AFEE Tt Holuhal 2219
Hlol2 A8 23] AlgT 23 AJE HE F 302 99.4%
7} AHEERE A9E A%t o] sSIREES Cu' = Cu?' 9]
&S WEst mAEY 2/ 5o AlEHS s W
SINA AlxHo] WEEo] APEEE ZeR deA do”

ZA| 7} dfole A9l IR (antiviral polymerye 3H2Fs}
H tFdF(sulfated polysacccharides), H~E= 22k (dextran
sulfate), 398l 5¢] go]& wEAE Aol (in vivo) HIV
o] Z¥=gk Asfi Al (inhibitor)= B = Aet > oFE} SiEAte)
T ©] E(conjugate)Z FHlo] 22 2] 9kl AZT(azido-3'-
deoxythymidine)E k-7}2}7 ] (k-carrageenan)ol] A0l E
AlZ AL ohdFETE HIVel thell 1008 o €do] 3ict. o]
ol %= iAok dl=aw e} A R it Fol St
Ak (sialic acidye Z3ske IARE UEFA A (influenza)
nlo]2) 2] hemagglutinin(HA) Z=3}o]Fof| gelE-o] A9
F2sle A4S e ok

2} vlolE & (Covid-19y= #EAE] 3 & 59
o] A HEFol osl] FE AT o] Hgo] &£
Ao FHor%E HHE ¢ Uk webA, o Algel
b &7tol, deEwlolE] HE, PCY H5FH, 3543},
2t 5o FHS Fhtolels HRIER FEeAL ol
SYULYO R AFdhs o] FF npolls RO HA=2]l
oS 2= ol =9o] 2 Zolth SARS-CoV-1 vlo]&2(<l
7F A2 vfo]y 2t fAhe FEkY FHOA 4-5U7F A
E3 % Q3L SARS-CoV-2 B2 GE 93 Hlo]2]2)e]
W71 Zetiy oA oF 6.8A17Fe 2 AH QI A &~
g (5.6AZhETE ASITES whebA, SE vlo|gAE 9] 9
3 o]y kg FHuker, duto|y s EA},
(Au, Ag, Al, Cu, Fe,0, ZnO, MgO 2 TiO,7} &ulo] g
e Be) 2 I8, Y=Z ZH(nanotexturing) 52| -5-8-9]
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B AT A 7R AAE Al 23 e A7 T
AR B AR Al A FE B ARE TSR dofxl
(antimicrobial) Z2]-f2F B F ] WEAH(TGA), 2 sH=
(DSC), 71A14 8@ 2 = 54) B F4%4 % Wste}
gate|go), PR 2 Fujoly A A AL B A
TE Tl Aol srshaM e 94 gl 7IAIA =48] 7
&2F Has)t ke ekt s

Al
=

o

ME. F2Hhe ERIEEA A4t Arjehs A8 2
P ol= BG4400G(E = 1.38 g/em®, Melt Flow Index(190
°C, 2.16 kg) 5-12)5 T3t AMEsIAa MEdTFAsE2
s (@), 1.2-84 0 B 1,2-S 8T E-2 FH 0]
(&=, #3821 (100 mesh powderye Y= X (F=H)eA
Pk AL T = ARSI

UE 7 Al SHAIE 13F AFPUR] A (Songnox 1010) 2
22} 2+3}HEA] Al (Songnox 1680)2] 1:2 E-# =21 Songnox
21BEHAIE 0.3 wi% H718Isich

Hz= MY, 95 FollA BG4400GRF 60 °CollA 24717 2
Z3F Z1& ARg-ste] Table 10 o171 2o whet A oF
1 kgol HES AFe vhs M2 et 598 3
(co-rotating) 25 ¥ZE7](F=EM F28A}, STS-25-40-2V)=
2% 195 °CAlA 150 ipmo2 -3 & 2B
WEs FxRoA 23 o delEelx = d8ls et
B 80 °C LEolA 6A7F Bt Hxste] g F39]
AAG o A7, LDH-75N 758)2 g2 :
200 °ColM AJHEFFEE ]88t AESI3IT

=4 A8 9MH. Thermogravimetric analysis(TGA) 232
)=+ TA InstrumentAF2] Q50 2dlS o] 8319121 25+10
mge] A|EE Pt Aol o} 100 mL/min®] EE&Ee] I
= A BE97I5kA 20 °C/ming] L& 2 40 °ColA
800 °C7HA1 9] 2= flellM ZA 8kt

Differential scanning calorimetry(DSC) #4-& ©]= TA
Instrument?}2] Q20 ZElS o] &332 2045 mgd] AEE

Table 1. Formulations of Antimicrobial PLA Composites

1,2-Hexanediol+

Materials Benzalkonium

wive)  BOHI0G T hioride 1>2“)(§‘jl;edi°1 CuS
PLATI0 100 i - )
PLATI0-BCI 99 1 - -
PLATI0-HOI 99 . 1 -
PLATIO-CuSl 99 . - 1

PLATI0-Mix.5 985 0.7 0.5 03

Z2H, Al46d A5%, 202214

S 2]

Al Fof| Fo} 80 mL/mine] TE4E0] I A H9)7]
Bloll A 20 °C/min®] S&EEZ 30 °CollA] 240 °C7HA] 9] &
TN S5

1A E40= A, 23 9 TAUES SHsH <l
F AL 5 Zwickr ] TREAIEAIE 7] (Z2S-SNSS
zd 25 kN)oll 1 kN 2= ARE-sle] =3)3ki ).
4L 32 mm T 309 I AHE HEEE 5 mm/
min® 2 A& 39 THASTM D638). =3 EAL 6.4 mm F
A9 TS HAEE 2 mm/mineE =4 EItHASTM
D790). Notched Izod 4 7= ASTM D256 whe} 3.2
mm F79] HAIE )& o83l g3

SHLE|2IoF AIE B, it Z2)54F BaAlsel gk &
u}e]|2]o}(antibacterial) A3 714 3AA AL (KCL)
o oFsle] MEZetA= <l KCL-FIR 1002:20219] e}
Algaaict. FEt ERAEE A7 7HEE] 1 mm
Ao FAZE zh= #o 2 A X3 th2 1 cmx1 cm ©]3}]
7|12 deh g 1 mLg 02 g& ¥al @55 HET o
& %7] £33 (blank) F=(A)R] thale] 37.0£0.3 °CollA 24

AZE SS9 ARERRE vl F dF TS SHE 244
Eds

T APAAE FEB)E ol&ste] AtaE((A-B)x100/
AYS FIAY. 5= F 3522 Escherchia coli ATCC
25922(tN4<t), Pseudomonas aeruginosa ATCC 15442(55
), B Staphylococcus aureus ATCC 6538(32N X 1)
o] AN 27] FEY FEE 1.3-2.6x10° CFU/mML]
AT

SHXIF AIE g, 37+ (antifungal) A EHE-S 53]
A& (45) A EHHA ASTM G21-2015 Al@ el w)
S A HATFA(KCL) o=|ste] B7Fstsdlet. AlH
2 32 mm FA9] 5 emx5 cm W AlH INE FF0| 55
o7 ZVZ}; Aspergillus brasieliensis ATCC 9642, Penicillium
Sfuniculosum ATCC 11797, Chaetomium globosum ATCC 6205,
Trichoderma virens ATCC 9645, Aureobasidium pullulans
ATCC 15233°] EFE #79} 29+1 °C, 85% Aol=olA
45771 iR £ el Foi% 0-5 SHoE WA 05
H<2 none(0%), 1'5 5 trace of growth(less than 10%), 25
=2 light growth(10 to 30%), 35+ medium growth(30
to 60%), 455 < heavy growth(60% to complete coverage)
£ 27t ofmjgitt

gHHjo|2{A Al g, 3ulo]e] X (antiviral) A F-S =
o)zt o) o ete] =49 1SO 217029 Wt 3.2 mm
T2l 5 emx5 cm WFAIA 571X S BG4400G AHE=
(untreated, THEH )} S E2]4F B3RS 22l disl] &
H|gk o2 MDK A& A ZFE dtof QIEF<lAL A nfolz]
2 (Influenza A(HIND))oll thal]l Qa3 akdet. BES-AI 7R 24
7k EE AN e 25+1 °ColiTh



Nt FEA EAEe] 24 9 71AA B4 687
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Ux| BY. Pt Tt B Alxo] AR A " \
E3} BG4400G2] TGA A#-E Figure 1 2 Table 20 YE} " \
Tk WEge RSRIEY st MY B g € R
=0 AS BGA400GOIH 12324 0] F1H Usk) AL £ | o Bonumonium cior
Z 737k 200 °ColA 12812001 8(1,=223.5 °C) 2 1.2 L — 1.2-0ctanedal
SETIE(1,2243 °Cy 43R Ho} 3lg Zlow s ) N
t}. TGA 4] A3} 200 °C ZHFZL CuS 100 mesh 2o i | DR
99.0%= WHE/do] 7P =8kl Wiz FdslEo] 93.1%, 1,2- 0 LR -
ST o] 582%, 1,2-841T180] 30.9% LrelsTh b vl il el bintia l i

N emperature (°C

‘;’% /\%E}‘X(S]Q]k] /\E]Zﬂ %EE‘ }"ﬂ% ‘1%—14:— E-D]' %71] %Z]E]E— (a} TGA thermograms
2 1.2-4EE9 o] AX TH Foll Aol &
W Qo o GRIEZS] AES BGA400G 18] i
T Y9E3E 10 wt%((33] B4 Het 3 EFSIEE o 250 |
& Foeituc} 248 o) el wel ok sox A= | Szt cotde
AR 5718 B9l ERRATe] DTG Wellv| a2 27) 432.8 g O el i
°CR 2978+ PLAS] 332.5-362.5 °C57 BT} w9 =7 o} 5 1w i
Bht e 717] A" ZEHel D, LogRA g 5 ¢ M
ol i g o3 BT G o3 o gy, F |
AEESE BG4400GE 22 ol 10 wi%eo| B2 7] 5s} v 050 | a"f |
TE317] 98] PLAT10S.2 %718t} % \

Figure 2 2 Table 39141= BG4400GE A3+ PLAT10%} oo - s

Y= I EFAEES] B thek TGA 4 23E &
Al & At Wiz E5dsHET} P8k (CuS) 2100
mesh=149 pm)& F2|-f2ke] WEA S IAIA 12 w3l
27F o SRS eY 1,2-471tE S Al 7] A
RAE Z¥= ZS(PLATI0-Mix1.5) W40l okk 7hastd
o g ZERAY 252 4 DTG 3371 362.5 °CO
YEPASL ZnO WA A7t os] 9= 2%7F 2H4gh vt
AT} 27| Fr(perilla essential oilj= 1% $HFol|A] 452t
§ Z7I= Qa 28 93 255 3519 °CollA] 362.9 °CE
A S A H I T E(carvacrol)> PLA/PBAT(poly-
(butylene adipate-co-terephthalate)) 70/30 ER= IEoA Z
gfAake] AASIE S ASAIA Feake] IS =2

o8 TiO, 78 Y= AK(nanosphere)= 1, 3 2 5 wt%ol A

Temperature (°C)

(b) DTG thermograms

Figure 1. TGA and DTG thermograms of PLA base resin
(BG4400G) and antimicrobial agents.

walE EEA 718 Setal Aldete 2= gl
Hlg|sto] el 27t FA] Skt Wid e ds=2 1
wt%oll A F2Ake] WEde] 2FH0.5 °C) 718 1,2-
e 2 12-58L9] 111 EFTET 1 wi%ollM ZE)
Ate] 93 B2 oF7K(1.1 °C) AN 7)E Aeg UEt
Yo} B B2 =0]= H& (monoterpenoid phenol)?! 7Ha}
FE(carvacrol, 7;=237.7 °C)S PLA/PBAT S =0 713k
745 280 °C o]atellA] Fisted W do] viiAl YepgS

Table 2. TGA Parameters for PLA Base Resin and Antimicrobial Agents

Materials T, (1% loss) T5 (5% loss) Mass % DTG Peak Residue”
(O] §©) at 200 °C §©) (Wt%)
BG4400G 2773 363.9 99.7 432.8 10.0
Benzalkonium chloride 128.6 192.9 93.1 247.7 0.0
1,2-Hexanediol 97.7 132.1 30.9 207.0 0.0
1,2-Octanediol 103.3 146.7 58.2 219.2 0.0
CuS 188.0 401.9 99.0 507.4(main) 80.3

*The residue was measured as a mass percent at 790 °C.
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Figure 2. TGA and DTG thermograms of PLAT10 and antimicro-
bial PLA composites.

o 1284 B 12-58H29] 111 £ A5
=30l Yo} o] 55 Edehe it HAAEES] HIA
Ue Zlo 2 s Th(Figure 2 ¥ Table 3). CuS Wieg]
o] %= 71eb 1\t (carrageenan)®] GRBEES HEe
OF BIHPT? E A= 100 #F CuS BES
wt%o H71eE 735 Eelrate] ol k3.7 °C) s
Atk 37k AYAE 1.5 wi% EFeh= PLA H A=
(PLAT10-Mix1.5)91 4= 12-L702E52] ggko] $-A|5k]
WgAde] 7148 =X (PLAT10) 2t} 27k Ul Yepsit.

k1

2L e &R

—_

TUgE It 2] BG4400G AEE HEl EE St B
FaAEe] Pl 9 AES Hule=Eol gis] DSC w4
33+ A= Figure 3 2 Table 4] YERAITE. 100% 2
o] 88LES 93.7 Vgl 2® Ag3lo] AAS=(r ) ALt
AT BG4400G A8 el ok 3 53aAEe 2
S DSC 478 A ARA] H7tel met Feliite] 7=
Z2siRed A iz 12-8408 2 12-280] 89
111 =2 1 wit% 7 73-5-(PLAT10-HO1)7} PLAT10
Hr} 83 °C 74t 58 °CE 7P @A JebsTt.
712 Aok FEEe] 735 A1 ZA3}(cold crystallization)
AT, A F570 wet 1287108 &
SHE-S ARSSE 9RO STl WdFEEsHE Te
CuS 100 w4 £2S AR 739504 o HastiTh
Al 7HA] B55 AREE 749 PLA §3 0 vAl P
MZ o] et 89 (AH, 1,2-4318 &3
& AR Aol ATt 71 A1 BG4400GE] 38.1 J/gell
A 24% 7HAgh 29.0 J/go® YEltEH 03518 g4l A
gt F 7] ARA (IR ZEASHES CuS)E AREEIS
B §5go] ot ST Al 7 E BT 23S
BAE 37 nRPRAR 8-8G9l tigk a3 AR
A=o] YeRdth A 97](Sciff’s base)E WAE ZrO= 3
wt% H7F Al E2te] A hE S7IA T,E oF 41
°C 2N AIL T, @ AA3% w3 242t 3.1 °C 2 535%
AAAATEY TIO, 73 W=YAE o] 83sle] S22XE &
A FAOZT AxE Zt UeEHE 59 T,= A
o] W37} YN 8L 1 wt% 2 5 wt%ollA vt 2 °C 57}
apom 884, AHske) 1 wi 2 3 wivellAe 2
asl ot 5 wi%ellME 10% S718HATE Zn0 W=dAts
A7kt S22 XE §HS ARAA AxS ZTHAF 52
1.5 W%7FA T, T, T 578 S219AE 2243 24 8]
9k 12.7%04 204%E Z7FeFATES
7}AA2 ATBC(acetyl tributyl citrate) 20 wt%S S-8-E-8
QJoZ H7F AZS 100 ume] F2HA4F BEolA T2 oF
18 °C 743l om 7| EARS | wi% 2 3 wi% U H71e
AL ) ZTLslt 5wl T hasiith: AL A
Aol §HE T, Helel vk AEgS Hiou &%

-

fr e

Table 3. TGA Parameters for PLAT10 and Antimicrobial PLA Composites

Materials T, (1% loss) Ts (5% loss) DTG Peak 1 (small) DTG Peak 2 (main) Residue’
§©) §®) §®) (°C) (Wt%6)
PLAT10 257.2 363.5 367.4 432.8 9.9
PLAT10-BCl1 260.3 364.4 360.9/374.0 4333 9.5
PLAT10-HOLI 244.9 354.7 361.3/374.2 431.7 9.3
PLAT10-CuS1 262.9 376.0 370.5 436.5 9.5
PLAT10-Mix1.5 263.9 358.9 357.0/367.2 432.7 9.8

*The residue was measured as a mass percent at 790 °C.
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Figure 3. DSC thermograms of PLA base resins and antimicrobial
PLA composites.

d& ATBC H7IE °F 17% 5713 46.5%% Rt} 71&
A H7FF BlElste] 23 skt ek &6
Balg o2 ATBC 7HaAlE 10 phr F71eE Z$ol= §542

A
3.1 °C #4gh 169.9 °CE HAS $8G(EA =) 45.21

1/g(48.25%)0014 49.84 1/g(59.1%)0-2 ZF7lelon 712
7| EARS 43 SEFE3AZ o 7 AU E saponiteE 1
phr 271t 749 §4L& 74 °C 9 743 162.5 °CE HY o
U £8E@AAIE)S 52.85 1/g(63.4%) 02 ettty
o] ATBC 7kAl7t E8lfite] A4sE Fxlstarl 4x &
2E3) 71840 2 A E saponite’ TAATS B3 =
kel B A5 Ag-S gt §88 WELU Hold
718 35 HQl AoE AYEHInY 1,2-¢93 e &=
L AEEA FEAF BB 42} UEFS 7|EARC E HAAR
saponite®} W= AAsh= Wt §852 o A
AlF T

AEE ZE4 712 X (PLAT10)9 & ZE] 4t &
FANFEL FFoNH FYET 100 °C o))l 2l 243}
7 E1A EER] Bl 14 7FE Al A s (T T
4 327} depgoy Ak WzhEE e 3 8 °C) F 2M 7t
g A= SEgt 2432 dEE sYsHl A 243}
7 AR 22 7HE Al @3 A2 W Sl o)Es
o] YER=Hl quercerting A 71sE PLAYIA = o2 Wzh&:
%(100, 50, 25 °C/min)= 7t 3 22} 7}E A] #2445}t
YERFA] 0kth? 2 AFolA AEEe] &= A o
2 AL 12978 EfE0] A7) 200 °CE T =
o} o] Bo] FoJE ALRE 3] BolsH= 1,2-¢7HE
E3E 1 wi%E Fr1sld EEat B3l g A4
7t 51.7%= =A UeRd Aot 12-47 &S ARe 7
S 32 ko R Zolg AR A8 & A1Y A3t
U Aoz oake 4= gtk 23} 719 13} 7FdolA 240
°C7HA] 20 °C/minS.Z 719 o2 fadido] B f7] 4
A AGe o] TR Qg EojEUL Hoz AvtE
o} 2z} 71EollA EEfake] 12 BT gasilou 4
Asle= 2p7FE Al B 23]8 F71skh Soldh e
Al 7E] A E B 23ele 34t PLA 53AIE AEE
(PLAT10-Mix1.5)°] 12} 714 2 23} 7}hoA] §o] 71
wokoy} ARseE 247 50.6% 2 54.1%E v-¢- =4 U
ERt ot}

74 84, Ze4t 718 X190 BG4400GE A=
PLAT102} 3+t Z=]fAt SAIEEe] o 2 25354, &
A73%E Table 59 sttt AAAA] H7tol whet Q137
T A Wt gl A ELS R A oY
2188 FA A 53] CuS 100 M4 2] 1 wt%
A7F Al A o] 7Hg A A Ed I3 EE
32.6 MPaollA] 28.8 MPa® 12%7} 7HA3dllar S1deb &2
746 GP2| 6.46 GPaZ 13.5% 7Aslom 2188 20.1%
NA 43%=E 79% 7HAstTt CuS E2o] obd vh= YAt
= 3hH(agar)oll 2.0 wt%7HA] H71EF A9 QAR EE 0.5
wt%oll A &g 3R ERT 36% S HUae B
7} 1.0(23% 3571 2 2.0 wi%(18% Z7HellA =5 7has)
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Table 4. DSC Data for PLA Base Resin and Antimicrobial PLA Composites

Materials T, (°C) c Lo - T, (°C) AH,, (V/g) % (%)

BG4400G 663 - 183.5 38.1 452

PLAT10-BC1 60.1 ; 1823 414 496

ex{[\rfltseil;)n PLAT10-HO1 58.0 - 184.3 29.0 3438
PLAT10-CuS1 62.4 ; 181.4 40.6 487

PLAT10-Mix1.5 63.0 182.2 392 473

PLATI0 59.2 90.2/16.5 183.0 393 46.6

Afer injection PLAT10-BCI 57.8 88.8/17.4 182.4 417 50.0
molding, 1% PLAT10-HO1 57.4 89.1/173 182.0 #.1 51.7
heating PLAT10-CuS1 59.8 92.9/17.3 183.2 39.5 474
PLAT10-Mix1.5 56.1 85.1/18.3 175.8 £.0 50.6

PLATI0 - - 178.0 400 474

After injection PLAT10-BC1 ; . 175.1 4.0 516
m"gﬂng’ PLAT10-HO1 ; ; 177.2 44.6 53.5
heating PLAT10-CuS1 ; ; 178.0 4.4 508
PLAT10-Mix1.5 ; ; 174.0 449 54.1

Ao AFHHEE 0.5 wt%ollA 27% 718 Hdjgke 2
AT} 1.021% 57H 2 2.0 wt%(15% Z7HelA 0.5 wt%
Ho} o7k 7HAEkd ) AleS CuS e Al 0.25 wt%eol A
58% F7Fst RS EATHT 0.5(45% F71), 1.030% &
7h, 2 2.0 wt%(34% 57l Rl S gl weE 25
A 7Hadhe A4S BATEY o= 3 CuS WYt A
o]¢] Zret FARF A5 akgel 710 Advkar Adsidict?!
2 A= CuS =R obd 100 #l41(149 pm ©]3})
o] w9 F YA ARSFEHA S F2] Ek Sho] ofd &
ZFARe 2 AFEdo] BF gt Ao R AHET ZnO
WeYdZ= 0.5 wi% H7F Al A= ok E8atke]
42.5 MPaoll4] 58.4 MPa= 37% Z718AtH7} 1.0 wi%ol Al
= 54.8 MPa, 1.5 wt%ol|A= 52.9 MPaZ X3 74shk= A
o2 YePt QA E 3 0.5wt% BT Al 2578 =
2 -4ke] 249 GPaol A 2.57 GPaZ 3% Z7FtATH} 1.0
wi%ell A= 2.46 GPa, 1.5 wi%olAE 2.44 MPaz S =
o} ¥]28 A BYom 288 Zn0 Y=UA 1.5 wt%
A7I2 =8 2854 4.9%01M 44%2 °FF 1A
o} ZE AR I EAS S7HAI717] SlsiA =
CuS 100 =l &2 thAl =2 s AR a7t Sl
gad VegdAret AE 20 A4S PLAY FH7)35H
B 5ollMx 1 el edEe] F7kehe A4
HAom AEZ o AR o] staayt o IA JERs
b WidFEdstEs 12-940 S EFES AEE At
oF Autd g A77F A9 §lo] vlud & glov Hls=gh
F71 A g AFELS Bol AL FhHaE )

Z2H, Al46d A5%, 202214

PLA/PBAT E#I=0l4 50/50 A|2$H 70/30 2 30/70 =1
oA 2 wt% 2 5 wit% F718 735 ok} chulek
RO 7 EE A ARSIl AlEE 3070 EHlE
Mg 7HHIaE H7Tek] vlgste] A4S AL 50/50 9
=9} 70/30 B M= F g RS0 Jor Zrele
AES BT QAT HAS ol kA ES] ThAa
st g3} IEAR A LS P Zgo] ARl
2 O|fE Ago] T Aoz yFSL A=
A& ZEiet T3] S7HS ARl 9%
AES =S} g Rt el A2 30770 £3
AT FhutaE H7bel HlEste] 7HAsEki e 50/50
70/30 Sl =X = 7HHEELEC] PBATWIA PLA WESS
PN A Joz F713FA " PLA/PBSA(poly(butylene
succinate-co-adipate) B =0 Bl EE2¥| o= HE
(monoterpenoid phenol)?! El&(thymol, 7,7232 °C)S 3 wt%
Ee 6 wi% H71eE 79 7k a3 9 IR S AR
S WSk 1w, AR ELS Ak 218 57t
sh= Aol Barg v Aok f7] A Y] dFS T2 7t
A3} adkel IREARE FE A Wl E s F QR
B ASIaL Algo] T7KsE A3} g B Arella] wlg

3l

7

m

a2

we, [

o N T

FEdskEst 1,2-437108 SE2 FEAt BeREe]
AEE 9] |SATIA] R4l IR ES o THaslar
&S T ke A= Vet

PLAT103} gt PLA EAIEES] Z3EA%E Table 590
YERATE 2= AAA 7l ofs) B A 4
SHFEE CuS YA7E 100 HFE AN AFgo 7 2-galo]
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Table S. Mechanical Properties of PLAT10 and Antimicrobial PLA Composites

691

Materials Tensile strength ~ Tensile modulus Elongation Flexural strength  Flexural modulus  Impact strength
(MPa) (GPa) at break (%) (MPa) (GPa) J/m)
PLAT10 32.6+4.6 7.46+0.13 20.1+5.4 63.4+0.3 3.37+0.28 37.0+8.1
PLAT10-BC1 32.340.1 6.79+0.07 4.8+1.2 43.7+0.1 3.52+0.13 18.8+4.6
PLAT10-HO1 32.740.4 6.99+0.05 10.0+6.8 49.1+0.7 3.41£0.10 24.7+7.3
PLAT10-CuS1 28.8+3.9 6.46+0.18 4.3+£1.5 41.9+1.4 3.47+0.13 20.0+2.6
PLAT10-Mix1.5 32.1+£0.3 6.58+0.17 6.8+0.4 47.9+2.2 3.64+0.24 21.0+£5.4

7P AA A Ao
wit% H7F Al F=3=7t
2 34% AT

T 7hast @3 9
Holm A 7HA& BF 1
47.9 MPaZ 25%
2|9l PLAT10(3.37 GPa) X.th

=

ok7}

gl

Zo g2 Az 100 W4 CuS B 1
=7} PLAT109] 63.4 MPaol|4] 41.9 MPa
WZAIFHsE 1,2-4710]S £33
IRAY ARG el R s o R
5 wt% 713k PLAT10-Mix1.5%
7rasiit. B e EL TS
7kt A T E

E5F 1.5 wt% 3718 PLAT10-Mix1.57} 3.64 GPaZ 7Fg =

Al 8% 715k

FA%

[o ==

3 AA A7l wet JA) aehks A%

At 23 823421 Escherchia coli ATCC 25922(tN7=t)e}t
Pseudomonas aeruginosa ATCC 15442(=F5+) 2 13 A

4 Staphylococcus aureus ATCC 6538(3A E = d+F)

!

ol thated 241 7F HiSE A 99.9%2] AhtES BTt whA
of 12-8A4]E 9 12-58T] L9 111 E= 1 wt%s X

S}3l= PLAT10-HO1 2 CuS 1 wt%s X3

CuS19] 7A$E 359 M EF
T ZUVshe A9E HEd o= REE

Y S5

&h= PLATIO0-
Z=x) 2 939 108 A
EiEas BURYSE IR A
S = Z1dsks A AAA 2 1A 9

BHAL 1285008 B 1259029 111 8= 1 wth &
oA 247 IIm(33% ZAa)E 7P ATt A YEkstt
HZTFHEHE0] 1 wit% F7HE PLAT10-BC19] 474 %
7} 18.8 J/m(49% 7HAn)E 7P WA S8 A At
FEAE-S WelletAY 239 S-S oA GA sk
RO 2 FHET, FfAtel §8EAY SR ATBC 7H4A)
£ 10 phr #7190l FA7 == 2.95 Jem®™lA 3.67 J/
cm’O.2 24% F7lsksl o FUiR 7| EAks 43; AREs)
AR TR Z7F 419 saponiteS H718F 79 1 phroll A
3k(5.23 Vem? S HATH | 3 & 5 phrol|Al= 37kl B
glste] thar sk
gHatE|2[of M5, Table 69 St 274t B g

o] shateg ol Al A#E Attt MaIZgdstE 1
wi%E XE§SH PLAT10-BC13} Al 74| ARAYA| (il =25 s}
E 0.7 wt%, 1,2-820E 9 12-S8089] 1:]1 EHE
wt% 2 CuS 0.3 wt%)E EF 2F3t= PLAT10-Mix1.59]

Table 6. Antibacterial Results of Antimicrobial PLA Composites

minimum inhibitory concentration(MIC) Z}o] =2 Zlof] 7121
gl Aow FAdHAT 12-280 &9 S aureus 2 S
epidermidis®) THEF MIC 35 4800 pg/mL(0.48%)& =1L 7+
& #E9 tiEk 128422 MIC 752 89600 ppm(8.96%)
o2 wj =UTEY B3, wjg o] FgAojug Fof tigt
ol T3 F38 Y e 1,2-SETE] Eo
gt 83l 3 g/L(0.3%) HEolal 12-8AH &% 75 g/
LZ mj§- & Holt}h CuSE B9 A9 =X ¢t} 1,29
AH&(T,=223.5 °C) B 1,2-S 8 &(T,:=243 °C)<] 25 W
FAJo] ol 9t 9 ALE 71 B3l uk o)de] Ssied]
ol A F7hEel 9 4= Sl whAe] widFEHs)

2 B & =3 S, aureus®] tigH MIC7F >4 pg/mL A=
Aot Zn0E 1.5 wt% XESFst= Z8]34t
. monocytogens= 6A17+ | FHE A 7HAs)
A3 E. colic= 3A17F SHE 7347 Al1Zelin)?
At 7148 Al TR At e A HE 9
TH3al Zn*E WES] DNA Aot ©

)&h

Bacteria E. Coli P Aeruginosa S. Aureus
Materials Initial After Re(.i Initial After Re{i. Initial After Req.
CFU/mL 24 hours Ratio CFU/mL 24 hours Ratio CFU/mL 24 hours Ratio
PLAT10-BC1 1.8x10* <10 99.9% 1.7x10* <10 99.9% 2.7x10* <10 99.9%
PLAT10-HO1 2.2x10* 2.5x10° - 2.6x10* 3.5x10° - 1.3x10* 4.1x10° -
PLAT10-CuS1 1.8x10* 1.8x10° - 1.7x10* 2.2x10° - 2.7x10* 2.4x10° -
PLAT10-Mix1.5 1.1x10* <10 99.9% 1.4x10* <10 99.9% 3.2x10* <10 99.9%
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Table 7. Antifungal Results of Antimicrobial PLA Composites

Resistance scale to fungi

Materials (after 4 weeks)
PLAT10-BC1 2
PLAT10-HO1 3
PLAT10-CuS1 2

PLAT10-Mix!.5 0

ELESI e E= Hﬁ}fﬂ reactive oxygene species(ROSYS 4
AlA BtEElo} A2 djske Zloltt?
SEIE MSs. Table 790 3 Z54F B3R89 52 &

Folol| gk 47 A A A1FAAE ettt atE ot
A vl 12-47H & £9E0] 3% H(medium
growth(30 to 60%))__E 7V Vb @3 59slE3) CuS
10045 22 25 (light growth(10 to 30%))°Z o= 4
o] wgo] Ade Btk 12-43HE E= Cus
1004+ 22 duteE]ol Asol Ao gld=d 530l A
S vl A FA vkt e ol Al 2447k
H|3L2] Fh2 ATkl o] Folx AluiA| = 852 AlZko] A
o] e =] A2 4770 A7 AP e 8=

o] o AR o]Fo Lgole] AL wke Ao F mt
Hr}.
HATFHsE G502 | Wt% SHet B2 572 B

§]-€ 07wt%, 12 é}

IH7F IS & T Uk HE, 7PlEE, B RIIEE
S o= Agst iﬂ%& 55X g3 4%
E_o] H]—l3 14,18 o) 014_ )\L/\gxq]ﬂ- /\]—./‘_:E_,,]___ E__J__E]X] 01—9}@

sHl0[2{A M. Table 8 ¥ Figure 49 &t Z2]54F &
S 8 2%(PLAT10-HO1#}+ PLAT10-Mix1.5)2] Influenza A
Hlolgj 2o thigh A A ZE Bttt 8% 1SO 21702
o el 3.2 mm FA19 5 cmxS cm TIAH SN, vjAH
(untreated) PLAT10, &=+ Z2l-f4t S3AIs 228 F91s

HJ

o o3 e A= Fgol **hcﬁw /‘ﬂ 7}11 ’,%lr*gxﬂﬁ *J

Table 8. Antiviral Results of Antimicrobial PLA Composites

Influenza A virus (HIN1)

Virus Virus

Materials  quantification quantification Virus

of untreated  of treated > reduction
reduction
sample sample (%)

(log) (log)

PLAT10-HOI1 7.041 7.000 0.0414  9.091

PLAT10-Mix1.5 6.699 2.000 4,699  99.998

Z2H, Al46d A5%, 202214

Sample Result

PLATI10
(Untreated)

PLAT10-Mix1.5
(Treated)

A.

Th MDK A& M EZF2 st IEFAA A vlol g &
(Influenza A, HIN1)oll rﬂoﬁ *—J;% st 1,2-82k]
2 2 12-280L89 111 EFE 1 wt%S Z2HE PLATI0-
HO19] BFSAI7HS 2 ]ﬂo]oi; il_i'ﬂo‘i 0.0414 723}
of vpo]g 2 g2 9.091%= Hiole] APE FEo] -
SOk Al 7HA] ARAE BT FA 15 wive 23St
PLAT10-Mix1.5¢] ¥H8-A]|7+-& 4A]7Lo1011 ZarAd=R
4.699 7HAsle] nRo]g s HAE-S 99.998%F wlj-f- -3}
Atk ol FHS WAIFHsE F2 7198t
1,2-47H & B CuS oA o}7ke] 7]of= o idd 4 9L
O MiZIFH3IE 1 wt% =0l e 437} glo] 244
A7) Feads dded 5 s
2 B
232 10 wt% %P%fﬂ PLA %@xﬁﬁcﬂl A 2 WS
9=, 1278008 9 12-580 9] 111 £%= % CuS

1o0M4] 28 s T gﬁ‘ml Tl A2 st B3k
S Ot wgo g B4 9 Algst] v} A AES
ds & AATh

A H 7T %H 6; B WG A &
Foll wl o A58 BEr WdIEdEstE 2 CuS 100

] B o7k 07}/\153"’ 12-84 8 8 12-580E

o] 1:1 EFELS I AAAHTE Al 71 AAA (AT
H3E 0.7 wt%, 123820 2 12-38]29] 1:1 E3&



0.5 wt% 2 CuS 03 wt%)S ZF
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