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interpenetrating network temperature-sensitive hydrogels (notation: IPNT) as the delivery
vehicle for phage endolysin Lys84 and the potential of drug-loaded hydrogels as antimicrobial
materials. Interpenetrating network temperature-sensitive hydrogels were prepared by free
radical polymerization of sodium alginate and N-isopropylacrylamide. Drug-loaded hydrogels
(IPNT-Lys84) were obtained by dry soaking method with the endolysin Lys84 of
Staphylococcus aureus phage. The physical properties of the hydrogels with and without drug
loading were characterized by infrared spectroscopy, scanning electron microscopy, and
differential scanning calorimetry. The swelling and deswelling of the hydrogels as well as the
release of endolysin Lys84 were investigated. Moreover, the antibacterial properties of
IPNT-Lys84 hydrogels at different temperatures and concentrations of the drug solution were
studied. The results showed that IPNT-Lys84 hydrogel had uniform pores and a low critical
solubility temperature (LCST) of 32 °C. The equilibrium swelling of the hydrogel was 30 g/g,
and the water loss rate was 88% upon deswelling. The release rate of endolysin reached more
than 70% within 6 h at 37 °C. The bactericidal rate of IPNT-Lys84 hydrogel was over 99.9%.
The research results showed the feasibility of using IPNT to deliver the endolysin Lys84, and
IPNT-Lys84 hydrogel might be an effective antimicrobial material against multi-drug resistant
Staphylococcus aureus.

Keywords: endolysin Lys84; N-isopropylacrylamide; sodium alginate; hydrogel; antibacterial
properties
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MRSA TE N 1 2 %6 o O A BR A BA DU
P, IF BB MRSA AWy i 1A R 41
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AT, REEE R BUR H IS ek, &
FOLAEYRI AR, & MANE R LRI RCR
SZRRPY SR R KB 320 1% V9V 2R T IR 1
RITH

IKBEREIE— K HA =Y RPIR ST 5 7 2R
B, WA FLBRES A 25 ik SR A al R,
TEA YR 2555 U R FEAR R B BN EL, Angh )
R HZULFEMRL . B OO AR, R
(N-SHNFENIEIERE) (poly(n-isopropylacrylamide),
PNIPAM) 2 — Rl 70 T RRE, VRN 25145
B AR R Tz ot s ARG B R
(lower critical solution temperature, LCST)7E
32 °C Wfir. 7E LCST LAR, T g2yt ¥y
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W2 GER i . I, R PNIPAM iX — 4
P IR W F K BE IOk, PT Ik EE 259
B B . B EERRENE RIRZHER R AW,
FA YIS, | v AR YR Ak R fe s ik
Sl A KR BORL A D 3B R f PNIPAM
TRV S5 TR B A5 1) 2 D) 4% T B K B R RT AR R
o = K BE R B AL B, I HL AT LU iiAR e
(0 = 2 DR S5 R, A 25 0 B 3 R s R 4 A%
PR KB A AN BOR A R A Jey 3 45
Vi 21 SR A A A B8, T L K 25 R
TERITE BRRETAL, JFAEK 25 AR s
DU ZGRE, DR R I IR T RIOCR
FEARFFE R, FRATTR N-52 79 3 P9 s I e
RV TR T % T — o LA IR R 1 2
MR 2% K BEERS ; TENTE R Lys84 U T M 22 i)
Femt b, BFNTE R Lys84 izl T /KB # % &R
givh, XTHEEZGETE MY REIE T RAE,
Mrak 25 K BEI P IR R Lys84 19 BT B ts
UL, IR BN R Lys84 (/K BERON TR FH
AP R4 v 0 A BR B B RS M R s
. BIENNIEER Lys84 ARushik RFEIRHEH
WHFSE, FRRIT AR I PUs AR R FA T 7

P

1.1 R

N-5 5 S N Js 5% 1% (n-isopropylacrylamide,
NIPAM) . 4 H X 2 — % (ann',n'-
tetramethylethylenediamine, TEMED), N,N’-i[l.
I XU TN I T8k % (n,n’-methylenebisacrylamide,
MBA), ¥l B 2 e kAR ACRHCAT PR A 7 5 T35
BREN[4>F ik 216.121, Zh#(200+£20) mPa-s], 11
H BT hr T35 PR A Al 3 87 R 2% (ammonium
persulfate, APS). Jo/KEALE . AIbHh . BERR
A BERREA AN, LB, XA 24
AL~ 3R A RS w5 ASBESE Bir PR 24 2 20
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Mrafi, 4 {075 % 5K 4 (Saphylococcus aureus)
ATCC 43300 Fil ATCC 6538 (UL F & FR 43300 FI
6538), ARSI = $EML; 1xPBS &k (8 g/L
QL. 0.2 /L BER A, 2.17 g/L BERRA
AN, 02 g/L @ALB; pH 7.4), A,

JEM-1200EX 1% 5} B3 ¥ B 55% , JEOL 23wl 5
Nicolet iS10 8 HLHAEHLT AMEREANL, FEER KA A5
DSC 200PC /R4 #Y, NETZSCH A +);
QUANTA FEG250 i T %45, FEI A F],
1.2 NiRZE Lys84 HiE M aENE
1.2.1 &/ E K E (minimum inhibitory
concentration, MIC) & & /)» X & /K £ (minimum
bactericidal concentration, MBC)ll XE

Z: B8 Ning 00 L RBUN TR Lyss4.
208 Wiegand ZE" )5 ¥ %€ MIC 1 MBC,
K FH PBS S tPIg0 I ZIEWE T ZASHR R
AR BE S 248 25 W (2-300 pg/mL); 7E
TG 96 FLH 85 100 uL NIF ZE S 100 uL
BRRBIRA; PR 2080k K 45
A% R 43300 1 6538 2 HIHNA 2 96 fLk
o, R Rl 1x10° CFU/mL; T 37 °C
JE 18 h S ODgoos HFfFLAR PR Bs A IR
A UL A TR A K P RE S EA T AR TR A, 24 99.9%
AN DR SERT, FRHCH MBC 455, PBS %%
R REAR S NIER AT B, 48 RN
FAEZS AR
1.2.2 ESTE $F(transmission electron microscope,
TEM)X] £2

S8 Li S AR VR VR A 5 - A T o
G A AIERA 43300 1 MFE R . HER TR
IR (1x10° CFU/mL); 4 B A SRR i
&K Lys84 (&HJ¥°N 150 pg/mL)FI PBS 2% il
(PE XY Wi )5, 37 °C. 200 r/min 5%
H 2 hy XTI, FEINA 2.5%
R E W, EWREE 2 h JFERHEN T
AR A T RS
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1.2.3  Lys84 REBNSIFNE

Z 8 Li S R e, 4
WO A ERE 43300 fENTE R . NIER
Lys84 MMk B 43 %1 18.8. 37.5. 75.0.
150.0 pg/mL, VUAETHEZRM PBS il fE
I BAPERT B G B A KT 43300 YRR K
JE R 1x10° CFU/mL ; K BV -5 S ] B 11 P
BIRMEATURA, 37°C, 200 r/min L5 F ;
Bigf % 0. 5. 10, 20, 30, 60, 90, 120 min
Je BURE AT VR BG X RVE B AT e A b
iR N WA i
1.3 IPNT-Lys84 B9l

Z 8 Gu FO AR S T H
NIPAM M0 A 10 mL 5Tk, il 4 ik
BEHR 2.5% (JlmsrE) . 5.0%. 7.5%. 10.0%[%)
W B 0.1 g M EERR BN MBA
(1.0%, FE/RAy%L, NIPAM), 7EER FHHEs
TRV AAWHBRA 30 min J5, 1£ 4 °C N
A 500 pL APS (0.087 mol/L)Fl 10 uL TEMED
FIZIE PR G R R A BRI BRI E T 1%
(iR B A BO LB W 24 b, BK
PNIPAM-Alg . 2F 48R BUKEERS, 73 BhichE
IPNT,5. IPNTso, IPNT;s, IPNTy00; TEZE R
BT 3 d DLRBRIEFE M BRIR, ERIMNERZ
AT TR R TR AL R . SRET S IZ vk kN
T, BBOA T8 E KB FE R TR
) B A IV R IR, L Bk BRI R S
AT B K BERICAE IPNT-Lys84, T 4 °C
1, HEH LN,
1.4 FKERZ4MIR M BEMIE 5 R A4E
1.4.1 ZI5hHiE{L (fourier transform infrared
spectoscopy, FTIR)ZR i

¥ PNIPAM ., W BEMR4E5 . IPNT 7K &t Al
IPNT-Lys84 7K¥ERCAT: bl il 1k 21 Fh i (SO0 HA
EE REH UEA T RAE, FHE A 4 000-500 cm ™
FHERECH 64 1K .
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1.42 $iE B F B M 8 (scanning electron
microscope, SEM)ZR{E

¥4 IPNT 7K 5E 5 F IPNT-Lys84 7K #E 4
THRAL TR s VTGRS H0 A% i, X0 L T e S 0 4
R BB T RS .
1.43 ZER13#8 2 AU (differential scanning
calorimeter, DSC)ZR {E

FHZ R RGN FREGA T
AR EERREALZY 8 mg, 7ER AT, LA 1 °C/min
ARG B EA T TR, THIESER D 20-50 °C.
1.4.4 IPNT jBRKM4RENE

VM FE I . R TS A IPNT /K
JEFERRPREE , JCAE Wos 1E 25 °C T PBS ZZif
AT, TR B RIEH , TR K e
HATRREE, 10/E W H 2K BERS Ik-F- i )5 245
o IHEEKEE SR (A3 1):

Wo

W _
SR (g/g)=T (1)
0

R B IS K AE R T U KT 5 1
IPNT KEEIFE AL 2 45 °C KB+, 2t
BUBFRE, ok W, EHEREL N, KEEK
Vs Il B AR A A (D35

7K R M S A7 1 T R A - S A Y
IPNT K AT ot 5 A% 28 S ) S B i i 38 7k
W, CEETEIK 12 h SBGE, FRE W, R
P A RO IL R IR

i SEE I EA 3R, BOFMAE.

1.5 IPNT-Lys84 & Lys84 a4 E

7E 25 °C 137 °C, LA 100 r/min (555 HR Y ,
LA PBS 22 MRAE AR A TNV 2 Lys84 2
TR A o B 11 2R NI R 1Y IPNT-Lys84
KB E T hReh, BB R, HA T
SERRBUETEER) PBS 220, TI5E NTAE Lys84 1Y
SRR I NIE R Lyss4 RIHREIMZ
1.6 IPNT-Lys84 HiE 14 fEMix
1.6.1 IRBR¥ BUE

¥4 100 pL B (1x10° CFU/mL 4 8 8 # 25 5k
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A 43300)/I1A 5 mL EFEBE P EARRE TR A,
WHERST, BIA G A BRI It
T2 BRI T 4xMBC NI R R
HIA5AY IPNT-Lys84 JCE /K EER (HAE A 10 mm .,
JEEE R 1.5 mm)FES &G, PLES FKEE
EAERATEXT R ;. AE 37 °C F1 25 °C H53% 24 h 5,
DNt I xR I ) T %) 240 T 2B R i X
1.6.2 HHEITH

¥ IPNT /K EERR M T A FVRE (0.5¢, 1%,
2x 4% 8xMBC) I N IA R I K 1545 IPNT-Lys84
KBRS ; #4510 pL B (1x10° CFU/mL 4%
A ER TR 43300)HE R0 F A [ e 5 25 9 1 7% 11
IPNT-Lys84 /KEEIE (B A% 10 mm)FE1H , 7£ 37 °C
M 25°CHEHE 1 h, Phas (KB AEBR Xt BE ;
] 1 mL PBS 2% #h 3 [ 4 30 b 1, 69 7 BT 9%
U, AR ER 3, BOLEEE.
1E A 2)F(3) 33 3536 B B B AR TR 2

o CFU,
XU ME =log, Bt 514 ?)
CFU gy
e CFU o — CFU’_‘_‘ "
st (on) = SV ~CFUsen 00 )
CFU sy
1.6.3 FRENEF

IKBERE S T B D15 E 1.6.2 1Y HE itk
AT RAWE R 4AxMBC BN IE RER
12 W0 £ IPNT-Lys84 /KEEHE . ¥ 10 uL B
T (1x10° CFU/mL 4 # (85 45 ER 14 43300) 855
T IPNT-Lys84 /KEEE R, LA K EERAER
PEXTRE ;. FEFEERTRI0. 025, 0.5, 1, 2. 4.
6. 8 U AL, fdiF PBS 2% whil b (7 L1
B, EEFRBUR TR LI TR 4. rf sc
W 3, BOFHE,

2 BRS04

2.1 MAiAZE Lys84 BUiInEEM S
T E NIE R Lys84 f/MIFHE . fe/)h
REUSE . AL Lyss4 A sh 11
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2, TR HBT B 16 % - Lys84 i MIC il MBC
M eSSy Vg o 3 4 2K A 43300 9578
B, MIC #1 MBC $4°5 37.5 pg/mL; DI4: %
B A ERT 6538 ATR/NEE AT, MIC fil MBC 43
Wk 75.0 F1 150.0 pg/mL. & 1y TEM 455 &
mE 1A FioR, EXT AT IHEE & O
KA 43300, EIHDOGEERIE, LRI
SHOHBHRENIEE, B TN E Lyss4
PR AIEHIE 1B s, WEBIMHEIESER
A AR AL, TR M RE R R, AN
WAV, e ieEss. B2 N
B NI R Lys84 WA sl Jiazihe . 1ext

A B

500 nm 500 nm

1 MIAER Lys84 RABQAWFMLEB)EEHE
BB BKE 43300 1 TEM

Figure 1 TEM images of endolysin Lys84 untreated
(A) and treated (B) Staphylococcus aureus 43300.
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Figure 2 Bactericidal kinetic profile of endolysin
Lys84 against Staphylococcus aureus 43300.
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MR, W AMAIREE 2 h WAIRECE Ry
F g AR O, %f%%ﬁi%uﬂwﬁ*}:ﬂ;ﬁ FEAN[F]
WENERMERT, T 45 @ a8 akE
T BARK, ‘Eélﬂﬂﬂﬁﬁﬁa%ﬁq‘lmﬂﬁikﬁﬂ
BE T, 76 10 min J5F YR MELFE MM, 45
REW, NIER Lys84 BA mAEEEHAR
T
2.2 IPNT-Lys84 Bl

IS 1D v T Mk A R o £ 3R N s R R
TAalfiE. WFFEAIE NIPAM ¥ B X 7K 5 e i e
TR B RE R, 03 1 A 38 1 Rk e A T
JE SR SR S0 o K AR BRI SN TR i T )
TIEE S (PNIPAM #8545 ) F S A0 85 1 TR i
J5 R4S B 2 TR UK EE RS (K] 3A), /KEE Y
J T FEIR . PBS G N Lys84 (1)
SRR R, Tk ] PBS 28w cE 4 RhokBERE
B . 8 3B S IPNT,s. IPNTso. IPNT s,

A

D dam (e S

= =] J ’P“*""‘.E\

mﬂﬁm

1) Hﬂm

2.5
Concentration of NIPAM (wt%)

Swelling rate (g/g)

3 KRR AR fm Bl (A)FAAN[E] NIPAM K B 7K
BERBIKE®B) K B PAR/NE FRFRIRZESR
3 (P<0.01)

Figure 3 Diagram of the finished hydrogel (A)
and the swelling of the hydrogel at different NIPAM
concentrations (B). Different lowercase letters in
graph B indicate significant differences (P<0.01).
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IPNT oo W PHIE KRS, 4550 37, 30, 19,
14 g/g. IPNT, s ) PNIPAM 5 A%, ACHEHE 2%,
VK S et . R4 IPNT, s ISk e, 256
Z B JEER: IPNTs, (ZJaicfE IPNT)#EA 75 22
AR EE I 0 A S RERAE . W PRUE NI R
Lys84 (3G PE, HOCR FR AN T 2B E A T
I RS2 25 /K B TPNT-Lys84.
2.3 FTIR &3#h

X 1 B FR 5 (calcium alginate), PNIPAM
IPNT FI IPNT-Lys84 /K& 121 AR i 2E4 7
o GERIE 4 PR, WBEIRESTE 1 417 cm”
1 596 cm ' Ab H B -COO— 1 X FR AL KR i
GifRshé, 3243 cm ' 4bH-OH Y %e iR sl ;
PNIPAM 7E 3 304 cm ™' &bt Bl N-H #4 {1 45 9= 3
I, 1651 cm™' FI 1 538 em™' ABFFAEREE 1 47 AL
JRTTHS B AE R ST, 1386 cm ™' 1 1367 cm ™' Ky
5 N L [~CH(CHa) ]I RFAE TR WA 08 5 7 T2 R 55
PNIPAM HJFFAEIZCIETE IPNT Hrii i a] Ul .
IPNT-Lys84 H.A Fl IPNT — 25 A8 47 AE Mz I 0
b, FTIR 43#rah FUESE IPNT Ff gL R A7
PNIPAM Flik SR A5 AP R G M 4%, I H
Lys84 M A el AR FURFE B R AT 25

Calcium alginate
X PNIPAM
o
g IPNT
£
£ IPNT-Lys84
=
4000 3000 2000 1 000

Wavenumber (cm™)

& 4 8EER$5. PNIPAM, IPNT F1 IPNT-Lys84
AY FTIR iZ[E

Figure 4  FTIR spectra of calcium alginate,
PNIPAM, IPNT and IPNT-Lys84.
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2.4 SEM 734k

% IPNT H1 IPNT-Lys84 7K 52 1 TE 5 45 #)
#E4T SEM RAE K o #r, S5 RANIE 5 fros .t &l
SA 1 5B AL, IPNT 7K P9 3 S BH 22 FL e
RE5H ; HIE 5C Ml 5D iz, IPNT-Lys84 /K &k
J AT L2 R 2 1) S AR S v A L B 2 TR B 2 K
CRACRY T, R LAHEN o N 20 &
WA . BRL RS R A, KEER X Fh 2L —
2 PR 25 48 R ) 7 BRIV R A
2.5 DSC o#h

K AZE R AR PNIPAM, IPNT
IPNT-Lys84 Il S i i A il e, 4521
il 6 F7s . PNIPAM., IPNT Fl IPNT-Lys84 /K
BEIEIAE 32 °C BRHT H BRI 2 A R B DA B
KRB AR PR ot g SR v A, TR
MIAEAE 2R T TR IEASRE I PNIPAM AR B
ELA I B U, LCST RARA MR
2.6 IPNT BBR4FMES I

IKEERETE M I i 25 - 7A FioR . £
WM 10 h 1, ZKEERCE K BERG P, BEJS
PEEIRE, BATE 42 h R TIEIKCE, Bk
JE o ATk 30 g/g. KBERGIR VA Mk th 4 an &l 7B

5 IPNT (A. B)F1 IPNT-Lys84 (C. D)#FE 2557
Figure 5 Cross-sectional profiles of IPNT (A, B)
and IPNT-Lys84 (C, D).
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IPNT-Lys84

DSC

30 35 40 45
Temperature (°C)

6 PNIPAM. IPNT #0 IPNT-Lys84 {KIl& &%
fRRE

Figure 6 Low critical solution temperatures of
PNIPAM, IPNT and IPNT-Lys84.

FIR o BV B B K BERC e B 28 45 °C (R T
LCST)IRSE IR I, 7K B R 1) ik J3E A o
MR 30 g/g TREZE S g/g T, FFE 1h
Jri 15 RV B BIRAS  IK BRI S 7KK R 88% .
B 7C Ry K S I E AN TR BE T A~ i 7 B 2 i
FHIRPEESEUD LCST BT, /K38 M i ik i T e
1%, S5 53R T K I i s i o Xk B ) 4
Pk
2.7 IPNT-Lys84 & Lys84 iR it mhsk

A3 BIAE 37 °C Fl 25 °C BF5Y IPNT-Lys84 /K
BRI N R BRI DL, S5 8 B
TN REEIRIE N 37 °C BF, WNIEZE Lyss4 1Efx
W) 30 min PRECRS L, RITREN 40%;
b5 25 B TBOR B SR, 7E 6 h 5 BT REiER
KRB T5%A A . RSN 25 °C B, NHEE
Lys84 1Ef JT 1A 1) 30 min P 2IHFIE K 20%,
Biti 5 2% 1% B, 7E 24 h )5 BB CR BT 70%.
XS ZE LI | IPNT K BRI AT LA X IR R A8 1k
A e 7, DA T 29 R T
2.8 HEMEEEM

IPNT-Lys84 JKBERCHN R B 25 L i 9 fF
TNo A5 AR B K B I RS TR 2% 1 T ¥
PR XIS TE . £E 37 °C (5 F LCSTRY, 2%



SR 2R REEAREE Lyssd AR S RIEAERT

A 30 B 30 C 30
&0 2 & 25 e
3 5 é{g g 25
o 20} o 20 o 20
e s B
o 157 o 13 o 15
.8 K= £
g 10} =10 = 10}
w2 5 C% 5 C% 5t . .
0 e 0 0 T
10 20 30 40 50 20 40 60 80 100 120140 20 25 30 35 40 45
Time (h) Time (min) Temperature (°C)

7 REKEIZR(A). 1RIAAKEH L (B) AT &3 B 2 (C)

Figure 7 Dissolution curve (A), deconsolidation curve (B) and equilibrium swelling curves (C).

L0 e 370C LK EERCIN A S N 3.75 mm, 25 °C (& F
- ——25°C LCST)B I HE 520 1.5 mm. 450K, i

BT KBER P NTE E Lyss4 REGLITURI B O
@y PR HAM T T

308 3o A Al D AR BRI ST TR B, 25 SR
Qi 10 Frs . HERIAEL, i 8xMBC Fl 4xMBC
PR 2V O 5 19 TPNT-Lys84 /KB, 54
: = e, BRI 43300 FRALIFE 1 h 5, REFE
Time (h) Y3k 99.9%LL b, H 2xMBC. 1xMBC NI
BRI B K BERE S A B 90%F 70%LA F 1Y)
R, WA RN E AR, ARE T
WA N 2530 KW, 2xMBC K& UL YRR

Bage 37 °C ot IR R BRIl 25 19 IPNT-Lys84 /KEEI HA
6mm gu PRSP R

\ HE—2BPEAE T IPNT-Lys84 7K B i 15 88 4

I [ A X6 45 9 €0 8 BR TR 43300 BB ER I 1 o
ZERANE 11 fiR . SHIRA SR ER, 555Xt
10 M~ . PR /K BERC A A AR TR 7E 8 h 1N, BRI V& BB I
Ki'\ - ‘ ] FR) FE T3S . 4xMBC N A 27 TR 4 )
' J | IPNT-Lys84 KSEICAE | h AR, R
iKF] 99%LL b, BERRIGER , TRVR B AR Z 518
TRE, 6h JaARTERER AL 99.9%0 |, Xk

40

Cumulative release rate (%)

20

8 Lys84 Zit Emhsk

Figure 8 Lys84 cumulative release curve.

13mm 25° 25 °C-control

S NEI mE TH ; Rz [ N S Y L
> MEERE FRARARESE SR, KEIBER 24 o 0 P9 T R
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