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pH and Magnetic Responsive Janus Cage

JI Xuyang!, ZHANG Yang!, LIANG Fuxin?
(1. Aerospace Institute of Advanced Materials & Processing, Beijing 100074, China; 2. Institute of Polymer Science and
Engineering, Department of Chemical Engineering, Tsinghua University, Beijing 100084, China)

Abstract: Composite core/shell Fe;04@mSiO, nanoparticles are synthesized by coating mesoporous silica onto a
submicrometer-sized Fe;O4 spheres. A Janus silica cage was synthesized by selectively grafting a hydrophilic polymer amine
ended PEG-NH; containing folic acid (FA) and pH responsive polymer of poly(2-diethylaminoethyl methacrylate)
(PDEAEMA) onto the exterior and interior sides of the mesoporous SiO; shell. The chemical composition and microstructure
of Janus cages were studied by SEM, TEM, XRD, FT-IR, UV-Vis and TGA. The results showed that the prepared Janus cage
had a clear chemical partition and the paramagnetic core inside the cavity was responsible for magnetic collection. Oil-soluble
substances can be collected in pH responsive Janus cages at pH higher than 7.2, and controlled release can be achieved at pH
lower than 7.2. Furthermore, doxorubicin (DOX) was selected as a model drug, and the performance as a responsive drug
carrier for loading and controlling release of oil-soluble drugs were investigated. The results showed that Janus cages loaded
with drugs could achieve responsive drug release in a simulated tumor pH environment. It has good application potential in
the field of targeted drug delivery and responsive release.

Key words: Janus cage; pH responsive; controlled release

s B H#A: 2020-07-31

BEEE: £ilf 115 Je il 5 A 3 E K S S0 % 3 Y8 (RISEAW2019003 ) ; [H 5 H AT & 114 (2016YFC070090306) ; [F15% H 48R} 3
4 (51622308, 51673119)

EEE N LI0PH(1985—), 5, Wi+, FEHR I RS FE G E . E-mail: jixuyang@iccas.ac.cn

ISR A: 457, E-mail: liangfuxin@tsinghua.edu.cn

SIAMER: L0, 5k 4%, B8 F. pH-REOUR R Janus %8 (1. SIRER 7372431, 2021, 34(3): 277-283.

Citation: JI Xuyang, ZHANG Yang, LIANG Fuxin. pH and Magnetic Responsive Janus Cage [J]. Journal of Functional Polymers, 2021, 34(3): 277-283.


http://dx.doi.org/10.14133/j.cnki.1008-9357.20200731001
http://dx.doi.org/10.14133/j.cnki.1008-9357.20200731001
mailto:jixuyang@iccas.ac.cn
mailto:liangfuxin@tsinghua.edu.cn

278 U ofe om 4 F ¥ R 345

Janus BRI AN T FREE F4 R A2 20 R fef G 52 0 s A R PR R U S), B O XRS5 4 1Y Janus 8, HR SRR
T Ak 27 20 23 26 T 0 431X, DRLUte AT LRI 2 T 9t i M 25 S5 x6F AR ) B i AT R B B 4R 1), Chen 45U H
AU 7 1 P SR B A T Janus 8 PSS, S8 I VR T PREEIR B, SEETO VA M T A A DL ST AR R
Zhao FF181 L) pH Wi i M 2R 54 Janus FEAE R 250K, 7EAN R pH 254, 523 T M L 259 ) 25 K (DOX)
%) ] 452 3 M BRI o

MET ARG, THW5E)Z 1 Janus T8 09 S5 R 8 M S AR W AT o AR OGP RO A 47 36 T
A7 T B, 23 nPRe 2L AT R4 S0 i ) i i S A1 9 100 FLELAT pHL i 7 19 3R G 0 12 Bk T A LS )R I I Ah 3R
AT, 38 0 98 59 PR EE Y pH S A PR 4 0T (0 S R 1k B AR MURE S . AR I AR, FRATT & T R L
A AL AE (Fe;04@mSiOy) UKL, #F— 2538 iob 15 1 358 e S 7 7 2% AT R B BE 1AL, P38 o 2 i 5 S B i 4 6 I L
B EA R AR (FA BRI SR £ 8% (PEG-FA ) 4% T Fe;04@mSiO, #Ml, 158 T Fe;0,@mSiO,@PEG-
FA JURE i3 Bk 25 i FLARAR 7S be 3 = W 3981k 4% (CTAB) Ji& , R FHFR Eh BR X FesOu WA HEATHE 43 ZI 1k, 15
£ Yolk-Shell 2544 (14 B PE Janus 8 o 38 A 15 SCEEE 14 fek dod (F3 30 700 % A FL A RE 52 2 IS A T ek s, R A
38 IR A7 AL RE TS E NN R R H IR TN M R — 2 & FE G (PDEAEMA), 15 | 4MIll & PEG-FA & 1fi . I
J& PDEAEMA 1&1fii (i) pH-#& XU /. Janus %8

1 SSeEo

1.1 FERFIR

=S8k (FeCly-6H,0) . 2 | IEfEFR B (TEOS) . 2 — 1 (PEG) . Z 244 (CH;COONa) . CTAB,
bR B 8 22 (DOX-HCD) : 43 #r2li, [ 2453050 Al s HEE N & R — & LG (DEAEMA) | 1-(3-ZH L 4L ) -3-
CHERR T MR BRER (EDC) il N-¥2 3L B8 3L W i (NHS )« {240, TCI 28 75 A 5 T i (AIBN): fh2f 4,
A R E IR 2 MR (NH-PEG-FA) : /0T 40, M, pec=5.0x10%, Fa ZHUH A FRHEA IR AR =2 %A
FERE BE TN 2 5 R R : w=95%, Sigma-Aldrich 23 ] ; 3-( B & A s ok 40 ) 79 3k = 4 3 ik Jot (MPS) : w=95%, Allfa
Aesar IR A H] .
1.2 MK S5RAE

FIHEHLBE (SEM) : B S 208 5 T4 5 B 25 B4R, 38 1 Hitachi S-4 800 K137 & B 414 o B WL SOULIE 552, n
WAL 15 kV; i 57 HL B (TEM) : FF 5 28 S5 U T T8 AR B, T J5 8 2k JEOL-JEM-100 CX %Y 3% 5 HiL 58
Xof H A5 UEATWER, i e R 100 kV; 8 HLH-21 48635 (FT-IR) : Bruker Equinox 55 FT-IR BT 4G54 ; #2k
H 537 (TGA): PerkinElmer Pyris 1 8 TGA X, 25 4, FHEHE ZE K 10 °C/min; HO'GH R AL B 55 (CLSM) :
HOLI IR AR W358 (Leica TCS-sp 2) 5 54h-1] WG (UV-Vis) : A7 H TU 1901 #1,
1.3 KL
1.3.1 Fe;0,@mSiO, Fiitg 414 ¥ 2.36 g FeCl;6H,0, 1.75 g PEG(M,=2.0 x 10*), 3.14 g CH;COONa fill A 3|
70 mL & ZFE, FEK#EE 0 200 °C R S 8 h JEPEMA 3 IR, 153 2 2B (A Fe;04 49 K ik (Fes04 NPs) . HL 0.3 g
Fe;04 NPs, 0.45 ¢ CTAB LA F| 525 mL 258 F/K hIF i H 58 2001, BRI INA 25 mL 2 Z R AT 15 mL
K (w=30%), #i75 2 h JFHIA 0.525 ¢ TEOS, Z il T i 8 h J, TERES N ¥ ™) 70 2, Vel 3 E L2514,
1535 A5 Fes0,@mSiO, ki,
1.3.2 PEG-FA 1545t Bt A~ 3L — B A2 (Fe;0,@mSiO,@PEG-FA ) 4264 41 & L 100 mg Fe;0,@mSiO, Hik:
SPHLT S0 mL ZEEH, Bl P INA 50 mg = SRS N AL SOk R, 70 °C R 12 h 5, #iis T AR
SrEs, MG 3 UG Boas T4, 1R BR BB 0 R4 A FL — Ak A (Fe;04@mSiOo,@-COOH) ik, X 100 mg
Fe;04@mSiO,@-COOH #4743 # F 50 mL DMSO H1, il A 20 mg EDC F1 20 mg NHS, % i+ 24 h.o B )5
A 20 mg NH,-PEG-FA, i1 £ 24 h, 13 5] Fe;0,@mSiO@PEG-FA ki,
1.3.3 pH-#3vf i Janus %694 & HL 100 mg Fe;0,@mSiO,@PEG-FA ik 43 # T 20 mL Jo/K ZEEH, InA
1 mL 2 mol/L 52 J5 7E 70 °C "N W 2 h, Xf FesO4 WAZ HEATHE 43210k, 15 3 85 85 - 5T 4544 Janus B . RIS
Janus 853 BT 2B, [ H oA —E S MPS, 70 °C R UV 12 h JF7ERESS T PS40 8, Weisk 3 IR B
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25 T4, 15 2 IMUJE PEG-FA &4f, PAIE SUEAE i 1 Janus 78 . B 1 3R Janus 78 20 mg 438 F 10 mL H 28,
A 5 mg AIBN #1 20 mg DEAEMA, & 0S4 70 °C K i 8 h, 15 3] 4Milj & PEG-FA, N fill /& PDEAEMA
1 ) pH-f 50 . Janus 78 (1 (1)) 6

(@) (b) (©
. Fe,0, particle; @ -COOH; «m»-NH-PEG-FA; [ PDEAEMA

B 1 pH-BEXURER Janus ZE0G : (a) SMIME IR EEAY Fe;0,@mSiO, Fiki; (b) Sl PEG-FA JEFA 61 i <35 -5 575 45 7
gk Janus 58; (¢) pH-WE XU . Janus 58

Fig. 1 Preparation of pH and magnetic responsive Janus cages: (a)Fe;0,4@mSiO, particles with carboxyl modified on external surface;

(b)Magnetic “yolk-shell” Janus cages with PEG-FA groups modified on external surface; (c¢)pH and magnetic responsive Janus cages

1.3.4 pH-EX A% Janus %893 25 58 7E 20 mL — & ¥ DOX-HCI i) DMF i## H A 0.05 ¢ =4, =
IR HEHE 12 he B 20 mg pH-# M . Janus Z8 il A 21| 20 mL DMF H, 43805 7E TR DOX &l R i 12 he 43
BJE A pH i 7.4 (1) PBS 22 MO W EE T 3. U2 HLAE 480 nm Ab Y 9EGEREE, i — 0 FI F DOX A BT hR
HEM 215345 2] DOX MMk B, 40253 (E) A0

mDurg

E= )

Mcages

/H\:EP: Mprug ﬂ‘j DOX E"J%ﬁ)ﬁﬁy McCages ﬂ‘j Janus %E@Eﬁo

1.3.5 DOX #g# s K24 T DOX /Y Janus 453l 53 #0 T pH 4 7.4 F1 6.5 B9 PBS, LA J& pH 4 5.5 MY
MR GE vhis . Janus ZE 09BN 1 mg/mL, A 15 mL PBS SRS RR 22w Wi, 37 °C FAJ ik, e
— Bt a], BORE 5 mL $EF 798GR BEAS I, [RIAANTE 5 mL ARV, AR ERRUIAR S AN S . Bl (E) A58
_ Ve 2’1171 Ci + VOCn
B Mpox
Horr: mpox K Janus & H DOX M it ¢ M5 n AR I DOX MR ; FF SR JE LR IR FR Vo o 20 mL; Ve
FER BRI AR TR, V=5 mL.

E, x 100% 2)

2 BRSHR

2.1 Fe;0,@mSiO, FihifYFRAE

& 2 2k Fe;Os 4K WURLIY SEM J TEM B Ko 455 SR« Jr il 4% Joks RT3 ¥ —, 2928 200 nm( & 2
(a,b)). LA CTAB Myl FLIEMR , 75 FesO4 94K UKL K 10 7 55 — 2 L 1k Ak, 753 3 Fes0.@mSiO, PR/
FLIZEREZR 20 nm (&l 2(c, d) ) o FesO4 K FIURL LA K Fes04@mSiO, FUFL Y XRD FAF45 5 LKL 3, BiFPAE 5
WOk A R4 5 PDF-2 bR R 89-0691 —Z(,
2.2 Fe;0,@mSiO,@PEG-FA Fifi R 1E

& 4 FPEUPERTY FesO,@mSiO, ik:, S5tk a 1Y Fe;04@mSiO.@-COOH ki i) FT-IR 3% a] W, etk
1700 cm™! &b 3T — COOH AYLT SN AEIE . Fe;0,@mSiO@PEG-FA # FT-IR & H1, 1700 cm™ Ab 158 FLHRAE
U W E B R . [RIE, UV-Vis Gk XF FA B8R R AEZE S 7R (K] 5), Fe;04@mSiO@PEG-FA FiUkL7E 277 nm
AL T FA B AN IE M . TGA (%55 R (K 6), PEG-FA YA 2.5%.
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500 nm

500 nm 200 nm

2 Fe304 AKBURIY (a)SEM Fl(b) TEM R H; Fe30,@mSiO, fikr 1Y (c)SEM #(d) TEM H& F
Fig.2 (a)SEM and (b) TEM images of Fe304 NPs; (¢)SEM and (d) TEM images of Fe304@mSiO, particles
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Fig.3  XRD patterns of samples Fig. 4 FT-IR spectra of samples
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Fig. 5 UV-Vis curves of samples
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Fig. 6 TGA curves of samples
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2.3 Janus FERIRIE
€l 7 24 Janus JE ) SEM Fil TEM R | . $h R £ B W 20 il 2 5, w1 A L — S0 A0 hk J0RE 1) 0 38 31
(F 7(a) ) 15 LIRS, mAEB (1 7(b, ¢) ) RIER4) FesO4 WNAZ B 21t i Bl 2 1, BARTE T A aOwgtE .

500 hm 200 nm e o : -:'_I_'{. 100 nm

Bl 7 Janus %R (a)SEM 1 (b, c)TEM HE A
Fig. 7 (a) SEM and (b, c)TEM images of the Janus cages

FT-IR ¥ 3 B Janus 58 7F 1550 cm™! Zb H 38 T PDEADMA HU4RAEIE (& 4) o &l 6 H1 1 TGA 45 5 B,
PDEADMA (Y448 5 4 39.2%. FllJH PMMA Xt Janus 2 347 G, 76 208 T FHRE S dE 478 00 A, Hobn Bk
S TEM FAES5 3R LK 8, 455 7k, PDEAEMA 582348 T Janus 28 NI

K8 A PDEAEMA(a) R, (b)J5 1 Janus £/ TEM B v
Fig. 8 TEM images of Janus cages (a)before and (b) after grafting the PDEAEMA

2.4 Janus JERY pH Mo BZ 1%

Janus 78 E A pH MR . FE K Hin A — 22 1t B9 1E & b, oo A il v v Gkl Dil-C 18, DU X 43
KA 9(al)) o SR, 1811Z P AH IR 22 HFoin A — 5 B Janus 8, i 53 I > B ) NaOH & 0JH 5 /K & pH &
8 9(a2)) . TEMLAAME TR, Janus 78 NI PDEAEMA i T 25 14k 1 B ACIR 25, DA AT 528K Janus 78 %t
IEC e A e e w4 (K 9(a3)) . Bt i AR, WY ARRAN pHZE S, B T Janus %8 N Il /Y
PDEAEMA TEiZ 55/ R I Rk Pk, Bl 5 A2 e 2 70 25 I 9 T O B A Bl (151 9(ad) ) .

Janus ZE7E pH=8 B} MUK s £ & 45 IF O o, ZEROE LR A BAMER T, 2640 T 1IEC BE Y Janus BRS¢0
(E19(b)), 1124 pH=5 B}, Janus 58 H 2 ETH K (K 9(c) ), BEAHIE O BE g BE i 1 Janus %6 .

2.5 Janus ZEHIE AL

AN[F] DOX ¥ T Janus BRI 1, 75— BN, Janus ZEH 25 BRER 25 Bl DOX F = 134
M T+, 1Y DOX & ity g — e B e, SR TiE.

Janus 43 HI7E pH=5.5, 6.5, 7.4 I¥R3E T XF DOX M B i £ UWLIE 10, 24 pH=5.5 i}, DOX Bl 2 1l & %)
2RI 75%; 24 pH=6.5 I}, DOX B T B, 20° 58%; 11 24 pH=7.4 i}, DOX Bl f e/, 208 35%, AHAR
FIEH AR SR R 0 i 2R, b T E 0 A28 0 AR B R S 5 MM, H e UE B, P il A% pH-RE 0w B 1 Janus JE 7
TEH AR BREREE T 25 RSO /L, WA RE IR 7228 (1 59 PR PR PR BE T, T S 3 1o M 25 1 Rl
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5 um

K19 Janus ZEM) pH MARLE: (al) IECBECEJR) K CRE) PR R, IECEEH AR 6] dil-C18; (a2) 1F pH=8 Z&{F FILA 20 mg
Janus %8; (a3) IEC e Bk Janus 58 & 1 MKAIH 20555 (ad) 7 pH=5 2544 T, Janus 5845 1F e B (b) 7E pH=8 &4 T,
B3k T IEC BERY Janus ZEMI(c)7E pH=5 4514 T, Janus 845 1F O b B U ROBOE LR 42 B I8

Fig.9 pH responsive of the Janus cage:(al)Immiscible mixture of hexane (top) and water(bottom), dil-C18 was added in hexane as the

chromogenic agent; (a2)after adding the Janus cage in the mixture under stirring at pH 8; (a3 )magnetic collection of the Janus cage at

pH 8; (a4 )triggered release of hexane from the Janus cage at pH 5; fluorescence microscopy images of (b) the Janus cage filled with
hexane at pH 8 and (c) after release of oil at pH 5

100 -
# 1 A[F DOX & & T Janus 5 1Y # 2 % ol pH=5.5
°
Table 1 Drug loading capacity of Janus cages at different content of g
DOX 8 60
[
MpoX /MCages E/% .g
= 40
0.2 32 g
0.4 8.2
© 20
0.6 16.1
1.0 25.7 1 1 1 1 J
0 10 20 30 40 50
10.0 26.5 t/h
K 10 2%z DOX 1Y Janus ZE 1259 B Hh £k
Fig. 10 Drug release profiles of DOX-loaded Janus cages
:l: N
3 & 1

(1) 357K 3 141 PEG-FA Filim i 1 1) 3R & 4 PDEAEMA %) 5181 T Fe;04@mSiO, A /- FL P #h F 1, 15 5]
T Janus % .

(2) Janus & 7T S5 SR A 00 O 1) A0 26 P o B T R

(3)TEFIBIE S5 F S BL T Janus ZEXHMAEVEZG ) DOX (22

()P BAUE T Janus 8785 1] 25 1y 3% K g DX 4 088 245 Sl 2 1) mI A7
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