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Fig. 1

temperature responsive property
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Schematic showing (a) the construction of thermoresponsive nanocapsules and (b) their

I Attaching polymerizable vinyl groups onto the protein surface; Il Forming a layer of polymer shell

around the protein by in situ precipitation polymerization
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FERXFIFOLR
FIMEEMA(BSA) 4 = 96% (MW ca. 66
x10%) , 2 [E Equitech-Bio /> &) ; N-¥35 3 38 31 5k 7
N M TR TG (NAS) L4l = 90% ; N-5 P9 514 4
WEfE (NIPAM) , 4L = 99% ; N, N'-W. F 3 XU
M BEM (BIS) 4 = 99.5% ;i3 Wi iR 4% ( APS) ,
HifE = 98% ;PUHI B L i (TEMED) , 4l £ 2 28
99% ; —HIL I (DMSO) ,4ifF = 99.9% ; 40 ity
BT 8 (DMEM) FIE A= K /N 4 1L (BGS) , A
b5 GR 4 W T Sigma Aldrich (G [E ) 24 F. 52
56 FH 34 51 3% B 20 i (HeLa) |, i K “7 38 A2 0L 53
A W) S 0 5 5 W PR R 2% wP P W (10 mmol /L, pH
7.4) s W R 5 2% v W (10 mmol/L, pH 8. 4) ; b5
#E PBS ZZ vhifi (pH 7. 4) .

7X7 CER BIEER B S (LB VWR A7)
Voyager DE-STR #1 K& 57 4l By 306 i W B 5 R AT
A 8] i 1% ¢ ( MALDI-TOF , 3€ i Applied Biosystems
23 E]) s DU® 730¢ 5 A0h-AT WL A3 G BE i (36

1.1

Bechman Coulter /3 7 ) ; Biological LP %Iy #H {0, 1%
(2 [ Bio-Rad 2% @) ; Nano-ZS %I 4 K ki B 43 #7
(Y& Malvern 23w ) s EM-120 %Y 3% 5 i 45 (56
[§ Philips %% 7] ) ; BAS-5000 7 i 45 {X ( B A&
Fujifilm 2 &) ) .
1.2 EEWHAE

e, PRI =AY BSA 7E 4CIRBE AT,
FH 10 mmol/T pH 7. 4 (R #EMR £h 22 v W 325 A 24k .
2 h B —YCOE T, BT RS 4 20 mmol/
L pH 8.5 Wi R L2 vh W P& AT 2 h. i} UV-Vis 43
66 EE T A FRAE B 278 nm T By W, I
R BE 2K T 't R BOR TS RE b BSA B .
WK, R N-PA W Tt 4 % 31 TE I Jiie (NAS) X BSA
AR BE b R R AR R HE AT T 0 I AR B
M. FEE RN, %M BSA: NAS BE/R VR [ 1: 20 ~
1:200 BORL, B B0 0E SN 2 h S5 fF 52 I TR
BAME T4 10 x 10° BB Hr 48 16 4°C iR
JEZAF TR R AT 10 mmol/L pH 7. 4 A8 AR £4 22 vt
WOEANT , B4 3 YCOE TR , H I 5 A0 Ot
P e AL B S BSA vk B BE S .
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FEFEIRBERE & b 85 2 K, RN A
I EE 45 e 37°C. % NAS & i J5 19 BSA FI
NIPAM VR A J&5 , 17 % W 22 12 3 A &< 10 min R
AR R AR A S Bk 5] BIS, 51 & 5l APS i
TEMED 5| %& 52 I, o] LA SO0 381 5z 07 1 2R #h 35 BH 5%
o EEFLMBCRAS . A RN R : NIPAM
FBSA By RE o 2:1, 3:1, 4:1, 5:1,
6:1,BIS Fll NIPAM {9 i & Lt} 1:20, APS 1 BSA
B i b JE 1: 1, APS i TEMED (9 i & Hb & 1: 2.
TE 3TCHRBE R A UU3E R A 2 h 5, A
{35455 Sephadex G-75 73 B 4lifk , 15 3] BSA 4
KJE & (nBSA) .

DLV B L0 9 R S A& 1 1) BSA B Ry X B, R
FH BCA 8 5 JIT il 45 19 BSA 44 K Jie 3% 1) vk &2
TE & A 25 mmol/L BCA,3.2 mmol/L #i R4, pH
11. 25 B0 41 R h 22 s W mh Jin A3 B 11 nBSA
£ 60 C IR EE 25 T E 30 min R M R =R, 78
W AR AL | A HLAE 562 nm (4 0% % BE A, 38
nBSA Hy ¥k 5.
1.4 EARKRKRENERMEHRIE
1.4.1 DLS £AfF

B 500 wL #& 4 0.1 mg/mL [ nBSA #£ 5
BN — U AR it P O G0 RORE BE A3 BT A, 1
o0 3 BE Ay 25 °C R i B RE AR K /NI 43 A
1.4.2 TEM #fF

Ay RTE WM 60°C 55T, R 1% pH =
7.0 WA R (PTA) ¥ nBSA %5 U . 78 EM120
BB ST L RN 1 x 1075500, W
DU BSA 44 2K Jisg 2 75 Wi 17 Uik 5 T 5 A9 35 A2 Ak
1.5 FAYKEKTERIRE A EE

Bt 300 L &K 0.1 mg/mL () nBSA KE 5,
BE N — U AR df it mp A G KR R A K
DRSS & B AR - B2 S R 25 ~ 45°C 5% 25 ~
S1°C, FhHl/ B8 5] B oy 2°C, B Uil B A2 A S Fa

E 30 min FRRARFE , AR T R A 6 Yl
SR SRR TR AR R RN AR AR 2
TR B AR B d = (B RS 2 h JE PR R I
LA B A T B AR AR B0 X SR SR R A R, 4
A A2 - T A Ak i £
1.6 HpEENiK

O B0 K B i HeLa 40 0, & 10% BGS
) DMEM 5¢ 4= 15 7% 3 ) 2 20 e B Ok B ol 5
10*4>/mL, $ 51 F 96 L4 ML 55 3742 14 5000 4~/ 4L
(100 pL/FL) , K5 3% 24 h. 75 20 B 005 BE J5 FH RS W #4%
W 2L H 5% R, I ACH B 1% 35 T S 56 20 43 50
A TRl BE 1) nBSA Kk K :2,5,10,20,50, 100,
150 1200 pg/mL, &2 ¥k JiE 4 A5 FL 5 25 1k IR
T E B PBS. SR 5 , B 41 i 15 77 Ak B T
37°C 5% CO,fH IR 15 38 24 h. 4 F 832507 3 h,
ALY E N 0.1 mg/mL Resazurin 10 pL/ L. 455
BrAEmy, W g A LW, B PBS W UE 3 Ik, AL
WA 150 wL DMSO, {35 %% 2545 7% S min J5 ,
FEBFAR AL b, e P 550 nm, &G K 595
nm S5 T I R LV VR RO B LK) R 4L
YEN 100% , 5256 415 5% B2 A1 EL , 35 o 7 2 i
IVEE AR RPN e FiOE ik e

2 GRS
2.1 EaEHEREE

SR JFH 255 J5 ol B UM i WO L AT S i) B A
(MALDI-TOF MS) X} 4 Z: A& i () BSA Fl 4 AN ]
NAS: BSA Lt 5l & 17 4% 75 ) BSA-NAS # 17 F1E.
WE 2 iR, B NAS: BSA L i /) 38 K, 75 44 ik
bS5 BSA 43 TR W B . B A Y 4 1 R Ak
UL 1. BSA [ 2 17 51 vh & 47 607 4~ 4 1k iR 5%
3, H R (Lysine, K) A5k 59 A sk
1 fir7n, 24 NAS 1 BSA 9 b 45 75 21 80: 1A, 2
oA 54.5 -8 3 Bk L g0 i, 2 T R B
160: 1HF, & 47 29 58. 2 A4 L5k IL Bl 18 1, 24 4k 42

Table 1 Molecular weight of BSA before and after modification with N-acryloxysuccinimide ( measured with MALDI-TOF mass spectrometer)

Molecular weight

Mole ratio

Molecular weight Number of vinyl

Name

(MALDI-TOF MS) (reagent to protein) increase groups

Native BSA 66659 — — —
BSA modified 67791 20 1132 21.0
with NAS 68577 40 1918 35.5
69601 80 2942 54.5
69803 160 3144 58.2
70103 200 3444 63.8
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Fig. 2 MALDI-TOF mass spectra of BSA before and after

modification with N-acryloxysuccinimide (NAS)

2.2 EAMNKRENEK

Wk DLS FAFJ5 , 3645 7 anf&l 3 fir /s i) BSA
YK i B R AR /NG SR W LA Yl i ek R
TRFNEE 1 22 8] (4 e ), S BT % BSA 2R (408 K iE
PERLAR RN ). BE T SO B A8 i AT 4R
PERY BTG, RATTEBEAE NAS Fil BSA /R L 480: 1
FAFF X BSA HEAT N M IR AL 18 1, B B BSA
R KAH 54.5 DAFEG KB, SR 5 7R
JE A TCVE 2R A il £ BSA 1 94 0K e . 3 2ok i
NIPAM Al BSA it b, i 20 LK IR % 1 42 v )
6: IR IEATIRA RN, il £ T R AR /IR IR 53 1) J2:
7.4.,8.8,10.8,12.9 il 17 nm [ BSA 4 K i %

20

o =
o
—o—

e
HH

Particle size (nm)
HH

~
T

2I/l 3I/ 1 4|/ 1 5|/1 6|/ 1

NiPAm/BSA ratio (by weight)

BSA

Fig. 3  Particle sizes of nBSAs synthesized at different

monomer/ protein ratios

SRR AR R A 1 HEAT B 0 N R BB IS
TE— E B3 B P, AT LA 2o 8 3 ik 5 R A 2 )
14) B 9] Sk 52 BRXT 2 10 4 K g 2 A 42 TR /N 1 45 il

HLHE 5 30] Dilgimen 252 A1 3¢ 1 BF 5%, Fe A1) W)
DLHE DU BT ) 45 19 nBSA 2 DL BSA J§ T # 0,
PNIPAM 4 Z 75 SME UK & W) IR 37 )2 1 45 49 T8 =X
FETE. Dilgimen 55 889 JH 7K 55 1 Bk — 0 i A 45 5 5
¥ BSA 5 P(NIPAM-AA) if it 2 k4 & [ I i%
e, JFH 8T E MR A Wiy L )] BT A R
B W)~ T AR A 5 . LRI AR 45 R R, 2
EH/ BEWREL <1 B, 7ERAY-E A R
BARTEAS THRRAWEROE, 55 F KA
k4 SEA/REYELL > 1 B, REY-&H
R BR R &5 MM R e, TR 5 28R T IR
ST R 3 L A B AT 9 T O B Y R/ R A
BIHEHE N 2 ~6, fFallaREY R U EENL
P 5. A, Yan 251770 0 284 3 SR 0 A ph 3
R W & T HUR o S AL i (HRP) 94 K i %€, JF
FHR/NHR 1.4 nm ) 4 57 SO0 54 HRP 40K i
FHATHRIC. 28 TEM RAE 5, H 458 8" HRP 44
KNG e T PUERIE (4 4% 7 4548, L4590 K i 4 op
WEH—AEEFA HTFHRAHRP 2 FH 5
nm oA ] 25 1 HRP 44K e BE7E 15 nm /2
A B4 R 9Ok e e b L& — 4> HRP 4
+, BIRL I £ T B B EE K B TR AR AR
P40 K e 5 T AS B 5 T R A SRS BSA 43
5.6 nm [ HRP B K, il %5 (9 BSA 9 K JiE & () K
/NTE 7.4 ~ 17 nm ZJa]. PR, BT LI G B A
A HY) BSA G4 K i 3%t 5 AR 9 K e i, B g —
A~ nBSA H PNIPAM %4 #4135 % — 4 BSA 4 F
TR WL 4 R, BTl £ ) nBSA B3 2 5 2
PR ERIE . TEM FAE 455 7R nBSA (167 42 K/
(ca. 10 nm) F§/N T DLS ()46 25 5 (ca. 12.9
nm) . 3K FORL AR K /N 1 22 55 AT RE R R T 7R ) &
TEM £ f 1 72, nBSA 19482 B A+ 1l 46
fili A5 HORL AR AH e DLS 3 (4 7K R 58 F B4 ok 45 22
/N,
2.3 EEHKEKERIRE W T

Wk DLS B4 B 508 B8, 528 1 X i &
() BSA B 140 K i 2 (0% 38 5w 1o 1 g A ik 4n
KOS ez, 4 e B [m] S A/ 28 1 b 481 T o 4 1
nBSA KL PR TR B B 25°C FHIR B 51°C, W 5%
X B e 02 M BB 81 S B fF NIPAM il BSA
TR R 20 454 R il 45 1 BSA 2R 40K e 48 4
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Fig. 4
formation of BSA nanocapsules ( NIPAM: BSA =5:1,

Representative TEM image showing the

by weight) with spherical core-shell morphology

350

—o— Native BSA
300 F—©— nBSA(2:1)
—— nBSA(3:1)

Size (nm)

24 28 32 36 40 44 48 52
Temperature (°C)

Fig. 5  Temperature responsive property study of BSA
nanocapsules fabricated from different NIPAM/BSA ratios
by DLS

5N nBSA (2: 1), HoAth Lo A1) 2% 44 T il & 19 2R (1 40
K B AR FR VL EAT AR S . 4 SR R Bl
PR FVER 11 LG R T A AR 4 OK i
) M 1 Yk JBE 0 T A AT, B 32 3 PNIPAM () LCST
B X U0 W B % 2 1 40 K i 4 A PNIPAM 7 J5E
(1A, nBSA fR B H Tl PNIPAM (14 it B2 i 1o 1
Jo, - ELH g 7 e ) DX [ B S o R S B
RLAR KNI 1 AR Ak, B LS AT DL, Y NIPAM Fil
BSA Jiiit b\ 2: i i T+ 2 60 10, HoXE B (40 46
M) 7 38k N 41°C AR 28 33°C. T HL, ol LA e
BSA YK I # b, 4 8 1 & i B S B, nBSA
(20 1) X I B 1y o 7 2 7 — A ¥ B2 X[ 1N 52
(4, FF AR TE — AN I B A o T T A AL X
TR PNIPAM 5 2 [ 22 Ja] 2 41 B 0% 2,
B4 T PNIPAM [ 3% 7K, R AL e 1 H A 4 AR
TLEE T HLZE AN T S A AR SRR 5 A X R
nBSA (6: 1) (¥ ma i ik B I 33 °C T iy, I 6 546 11
TELRE X [R) P 58 R AR KNI AR A, X R BT
nBSA (6:1) 11, PNIPAM {51 45 5 , 2 1149 K e 4

UK B PNIPAM (39 38 B2 e o Ve g . PRIk, 3 2ot 4
s PR RN ER 00 LB, BT LS B A 9 R LN
DK T 24 ¥ W) SO Tk 3 ) VR A, DA T 8 TR R A A G
SMUNEY A LIVATS NI S ELP N iE 3

&1 6 24 i il 25 /9 nBSA (50 1) £ 45 7E 60°C
ST AR R BE ) R SRR T AR AR i TEM R
B f AT UL L R R JS nBSA R ELERIE W
MPRLAE K /NFE 200 nm 7247, 3X 5 DLS [ 4G 45
FIARFFE. XL 4 T 6, 7 — 2 11 99 K ik 2%
FE S AE S A N RS IR A R B TEM B/ R, W]
DL 1 nBSA 7ER[R] PREE IR BE 2510 T 2 3 1 3%
AR R AR R/ G W) 7 AR b 3 T2 R R TR Ol 24 BRI
JE v T nBSA By N R EE A, 48 nBSA 1
PNIPAM R & #1402 78 5 K 7 T W4, 5 it 15
B, 24 BSA PR 40K i 4 7 B K VR T A
TR T OB AR TR 1 BSA R 140K i 4 1 3R
FEPR. TEM HB F B % Bb -l 10 08 i3 B 1 BT il 4 B9
BSA 9f K Jig 2 (14 B EL A Il 32 ) o7 1 g

Fig. 6 Representative TEM image showing the formation
of thermoresponsive BSA nanocapsules ( NIPAM : BSA =
5:1, by weight) with spherical core-shell morphology
during heating up to 60°C

2.4 BFREEXE B KR IR0

N T HE— AT BSA B 98 K I 9 Y R
M) JO7 PR RE , A% SCIE 25 5% T I TR S 1 R B X AR A
oK I 2 W o7 iR P RS2 . R T B, R [ 3
ZAFR K nBSA SR HUT AN 6] B 7 ok BE WD
R B 4 10 mmol/L [ il 2 £ 2% vh % W (pH =
7.4) 5 1 xPBS Zofrifg . PS5 R B, BEE
TP T B A8 R, nBSA [ i 1N 3 ) R B
BB 75 1) i ¥, nBSA 75 B BE o 1 5, L AE
L DX AR A BT B9/ Liao 45 f5 A 41 1 6 T
PNIPAM {5 J¢ 3l 77 22 58 45 3 R, PNIPAM {3
BE B B e A BE I R JE ( critical
temperature ) F1 & B AH % 25 J& & ( volume phase
transition temperture) [ & ¥ W 7 NaCl ¥k & i8I}

gelation
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300l —A—ig igog]mol/L phosphate buffer from 25°C ;19—87 EE mj’[ ;;ﬁ ]’SSZ Z/"‘ . ki
——In 10 mmol/L phosphate buffer from 45°C ¢ ; =y n THSEILF] 0. 1 mg/
gB0f  wasc A 4 L BN, 40 3 M A7 8K T AR $5 4E 93% 4 A4 5 24 Uk
§ 2 SE7F#5 nBSA f ¥ 5] 0.2 mg/mlL B, 40 0 i 1
2 150} WA AT LA FETE 80% 2247, e ] WL, R H JE Ao
E 100} ULTERE A 4 1 BSA TR 1140 K e 3 HLA A/
501 g M B TR R A Y 0L U A AR KB
ol : FF R
24 27 30 33 36 39 42 45
Temperature (°C )
Fig. 7  Temperature responsive property study of nBSA S
(NIPAM: BSA =5: 1, by weight) in different ionic strength 95
solutions %
E
T 5 R P RS . ¥k R (LB 198 35 TR AR ) L 5 3
SR R A W LR K A F, 9T R ) 2 AR AR
FHAE K AE . BE & B P R B3 K B B R
Y FL 5 , A P57, -5 PNIPAM R RSN SRR SR
35k WA T 0 1547 05 FE MG KL T AR ABSA concentation (me/il)
08 W 2 B LA L 2
2.5 E E m*ﬂﬁ% E‘J?é'ﬁ Fig. .8 HeLa cell viah‘ility after incubation wit.h nBSA
39 LK % 3 T PNIPAM. 9 654 T 2 4 y”yfw or 2 shoving o
A NAT]— A AT A 2 A VR ) 0 RE PR I X X 2 A
RHE AT 22 4 6 3T B AT T35 3E . Wadajkar )
3 Fig

SEUETR ) MTT K 19 77 1, % 88 7 NIPAM #ifk
FIkE 42 I /IN4S 51 R 100,300 F1 500 nm () PNIPAM
YK JIURE T 21 A 40 B P T UL 48 AR RN I A N R 4
JHL A 7 M. LRI 9Y 45 2R 1 s NIPAM B fk B AT BH i
240 B M (R 3 AR RDRLAR K /N PNIPAM
P S VA S VOV S R R S PRt TR N
/N7 100 nm {4 PNIPAM B; 178 HMk L 3] 5 mg/
mL i, B 2207 & 96 h, 4K 4K nI LA fdfi 45 240 M 1%
PEARERTE 90% 247 .

X HLFRATT A T VEA T A 0 I e gy R AR
YK g 2 11 A= ) 00V A ek HG A M B M AT
T WP 55 S HUAE NIPAM 1 BSA [ i & Loy
ST1ZF T 4 1 nBSA (50 1), 2 BV B2 16 2
2 2,5,10,20,50,100,150 F1200 wg/mL fifE,
% 5824 h N H X HeLa 40 f (0 25 . 25 5% W /&1 8

SR AL T UE 2R A 1k il 85 R A% /N AT 458 119 L
JEE e 7 AR R 9 oK i 2. B o SR I Gl o ok A
NAS F1 BSA {4 Fu 5], v] DAFE — 5 3 Bl Py S5 30X 2
P TR A4 BB A 2 ) 2 TR AL 5 38 3 98 15 NIPAM
H1BSA Ay LB, AT LSBT BSA 40K i 48 4 48 K
NI B TR K /NE 7.4 ~17 nm Z [a] ]
P55 1) B A OK S48 5 T A 45 19 BSA K I 4 B oA
Tk ey 1 M B, I e 1 I BE AE 33 ~ 41°C Z [R] A]
AT 5 20 T T R T S I B S B 0K RS
IRA A28 ] 348 1% o 7 B 52, LA AR K /N 4 8¢ i) P
HEOR 16 ~33 A% 5 I J3 me 107 AU BSA 999 K Jie 4 1) 240
FfL 2 M S B0 25 B o L B B A M B A
I I 2R B — A Ak 1% ek ) 7 RS 2 1 25 Y
w1
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FABRICATION OF THERMOSENSITIVE PROTEIN NANOCAPSULES
via PRECIPITATION POLYMERIZATION
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, ) , ’ 2 ’ g ’ g ’ g
(" College of Material Science and Engineering, Donghua University, Shanghai 201620)
(* Department of Chemical and Biomolecular Engineering, University of California at Los Angeles, Los Angeles, CA 90095, USA)

Abstract Thermoresponsive protein nanocapsules were prepared via in situ precipitation polymerization using
protein bovine serum album (BSA) as the model protein, N-isopropyl acrylamide ( NIPAM) as the monomer,
and N,N'-methylene bis-acrylamide ( BIS) as the crosslinker. To synthesize such nanocapsules, BSA was first
attached with polymerizable groups through reacting with N-acryloxysuccinimide ( NAS), and the degree of
reaction was examined using MALDI-TOF mass spectrometer. By adjusting the NIPAM/BSA ratio, BSA
nanocapsules (nBSA) with different sizes (7.4 nm to 17 nm) were synthesized successfully and confirmed by
dynamic light scattering (DLS) and transmission electron microscopy ( TEM ). Thermoresponsive behavior of
nBSA was studied by monitoring the size-temperature trending test through DLS. Reversible thermoresponsive
property of obtained nBSA was observed from DLS test, with responsive temperatures ranging from 33°C to
41°C accordingly of different sized protein nanocapsules synthesized from various NIPAM/BSA ratios. There is
an obvious particle size increase of all synthesized BSA nanocapsules after their exposure to higher
temperatures above their responsive ones. The observed particle sizes of nBSA at higher temperatures were
increased by 16 to 33 times accordingly. By observing the Hela cell viability after incubation with the
nanocapsules at different concentrations for 24 h, the result shows the nanocapsules exhibit low cytotoxicity.
This work provides a new synthesis method of thermoresponsive protein nanocapsules for various applications.

Keywords Thermoresponsive, Nanoparticle, N-isopropylacrylamide, Protein encapsulation



