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Effect of zwitterionic polymer chain length on mucus penetration
and cellular uptake of nanoparticles

GUO Quan, ZHENG Ya-xian, WU Lei, ZHOU Rui, LIU Chen-dong, HUANG Yuan”

(West China School of Pharmacy, Sichuan University, Chengdu 610041, China)

Abstract: To investigate the influences of zwitterionic polymer chain length on mucus permeability and
cellular uptake, the nanoparticles (NPs) were coated with poly(sulfobetaine methacrylate) (pSBMA) with different
chain lengths. The di-block polymer poly(e - caprolactone) - block-poly(sulfobetaine methacrylate) (PCL-pSBMA)
with different chain lengths were synthesized via atom transfer radical polymerization (ATRP) combining with
ring-opening polymerization of e-caprolactone, and corresponding nanoparticles ()SBMAnN NPs) were prepared by
nanoprecipitation method. The sizes of different pPSBMAN NPs were around 100 nm, and zeta potential were about
-7 mV. Mucin interaction or mucus penetration study based on transwell systems were employed to evaluate
mucus permeability of NPs. Caco-2 cells and mucus-producing HT-MTX-E12 cells were employed to illustrate the
endocytosis efficiency of pSBMAnN NPs. The results showed that the permeability coefficient of NPs coated with
shorter chain length of pSBMA (pSBMA,, NPs) was only 42.83% of that coated with longer pSBMA (pSBMA,
NPs). On the contrary, the cellular uptake of pSBMA,, NPs was 2.44 fold higher compared to pSBMA,, NPs.
Although the cellular uptake of pSBMAN NPs was reduced in the presence of mucus, pSBMA,, NPs still presented
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the highest cellular uptake. However, the in vivo results indicated that the oral bioavailability of pPSBMA,, NPs was
higher than that of pPSBMA,, NPs. All animal procedures were performed in accordance with the Guidelines of
the Sichuan University Animal Care and Use Committee and were approved by the Animal Ethics Committee of
Sichuan University. This study provides a reference for oral delivery of zwitterionic nanoparticles.

Key words: zwitterion; chain length; nanoparticle; mucus; uptake

A 2 RS2 DL = R R e M AT 2 B
PSR AU 32 30 )2 00, (H R EiEd i H 4 24, A7 1E
SRS VARG 22 4 1 22 46 ) 8, VIR 9K 45 24 4
FAE SO RS A 2 S BN AR G I . (H RSS2
A2 B B TR K B B g, 42 3 &5 T /M
R 20 P 2 T P B VR R BELRSVE Ik R 2R 48 5 1
25 ) 11 IR AC

TR B oy R AR, vl R S KA
FH R B 2y KR, A v B T R0RUZ, TG Bk R 4
AT . TEGUKRLR B IR TS VA B S 2 —
fiZ (polyethylene glycol, PEG) . N-(2- %2 P4 ) H & 14
I Bk K 58 &% [N - (2 - hydroxypropyl) methacrylamide
copolymer, pHPMA] %5 1] 5 25 B A% B 2 11 6 48 KR 1
W BRE, AT T T O R 1 5 R AR 7). {H PEG X
HPMA [ £, 8t 2% 3 BUA9 KR 1R 30 R AR ]
HE YN KL % 6 R AE 77 1) [R] B 2 s L 41 B S B R B RiT
T 5 1 X A5 R R A

P B T AR B S E B VBH S T SR, Refe e
KA, A8 A8 BEL Lk AR S e 1 4 T 4 5 R
B, BRI B R (PR PR RE 000 AR R ZH 1T AL
H T 2R T 0, 2 R B I T R AR ) 7 S A K 4 A
AU ZR RN EE 5% o BB 9Kk (PEG
NPs) AH [ (1) 28 Fh L A /7, 38 B A T8 G ) A e 4 B . (H
EAERNLE, HEETMR—RNERE —EKE
CRAEFE) MR AP, HGE K g KR 1) 57 B e 70
R £ i 55 2850 3 1) 5 ) 1 A DL AR T

5 T R I S B A 05 BR TSR [poly(sulfobetaine
methacrylate), pPSBMA] B4 % VE B 78k R 4F 4EY)

BON B R LR, DR b T2 B T oK 45 244 &
HIWTFE . ARE G T A F pSBMABE KK E N

B~ SR TR i K Bl HH 5 U A% IR I8 [poly (e-caprolactone)-
block - poly(sulfobetaine methacrylate), PCL-pSBMA]
LI, il I g0 K UTTE i ] 25 A [ B K pSBMA &
FE YK KL (pSBMAN NPs), 18 it 2 8 11 IR B 52 56
Transwell /J» 5 S 56 1 40 Jfd 6k HX S o o 48 58 P9 1 88 1
RE VBN PR 5 R LRE 70 S 40 N S U RE 0 52
Wi, 5 5%t A [ pSBMAN NPs (14 201 Al 2 14 R L 3 AH 25 14

BEATHIL VP, d5e o X KL IR 1A 3 245 30 2 AT W A

MR57E%E

RFIE2HMm ¢ R (e-caprolactone, 7 R B R
A WA ) =2 W (triethylene glycol, TEG).2,2'-
EXHERE (bipyridine, bpy). 7 IR %5 (stannous 2-ethyl-
hexanoate). fifi 1% fif 3¢ B H 5 74 4% B2 Iis (sulfobetaine
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AN ANEBOENT 2 K, R AEKEN 2 R, TR E
& & (PCL-pSBMA).
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Scheme 1 The synthesis route of bromoisobutyryl poly(e-caprolactone) macroinitiator (PCL-Br) (A) and poly(e-caprolactone)-block-poly

(sulfobetaine methacrylate) (PCL-pSBMA) (B)
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Figure 1 Characterizations of macroinitiator PCL-Br. A: GPC spectrum; B: *H NMR spectrum
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Figure 2 Characterization of PCL-pSBMA polymer. A: IR spectrum; B: *H NMR spectrum
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Table 1  The molar ratio of PCL-Br to SBMA determined by Table 2  The characterization of pSBMA modified nanoparticles.
H NMR n=3Xx=*s
The molar ratio of PCL-Br to SBMA i i i
Polymer Feed Determined Formulation Size/nm P?r:)d/(::'zsgllt)y zeta pr:i(;ntlal !
PCL-pSBMA, 1:10 112 PSBMA,,NPs  99.04:3.14  0.167+0.20 -7.43+0.57
PCL-pSBMA,, 1:20 121 PSBMA, NPs  96.22+0.47  0.069+0.014  -8.80+1.80
PCL-pSBMA,, 1:40 1:39 PSBMA,, NPs  113.30+3.76  0.151+0.012  -8.03+0.79
PCL-pSBMA,, 1:80 1:61 PSBMA, NPs  110.90+3.10  0.160+0.029 -7.14+0.50

2 YRRLRYHI & FFRAE

PCL-pSBMA [A] i} 2 A 5% 7K Bt pSBMA Fl i 7K Bt
PCL, [A I K FH 90 K 0 e 12 1] %% pSBMA & 1ffi fl) 44 2K
Fio WNF 2 A, H15 10 55 4190 K RRL 12 29 100 nm,
HLALZ) -7 mVe 2 S0 A i) 45 1) KOk 2 5 Al
X 5 Zhai R Guo 2 s ag gE w4 . @ il & B
i %% (transmission electron microscope, TEM) i %% %
PGURRLITEAS, AR AR RLAR 2 A 5 A 45
R, B NEERTE (K13).
3 gRAIRRREM

YARLAEAS [F] A S5 ) SR A A s PR I8 I 2 4K
LR A2 B PDI AR (LR 5 52 S 45 R B 4A BT,
fiT 5 pSBMAN NPs 7 PBS & A~ [A] ¥ & ) FBS ¥ Vi
% H 4 h 5 kAR R kAR B 2 AR G (P>0.05), I 7R

pSBMA,, NPs

100nm
T

pSBMA ,, NPs

Transmission electron microscope (TEM) images of
pSBMAnN NPs

Figure 3

#

100nm
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Figure 4 The colloidal stability of pPSBMAnN NPs. The change of particle size (A) and PDI (B) after incubation in phosphate buffer saline
(PBS), different concentration of fetal bovine serum (FBS) solutions and simulated intestinal fluid (C) for4h.n=3,x%s

PBS i VA A BT AR E . X 322 pSBMA
BERTLE B K NAZAME AR 2, b7 1Rk < [ 3R 48, B
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1B 5 & P05 R, TR R AR O R R AR B AR
11T, fHJE, i 4B Fiow, 15 =i B B F S (15%
FBS), % # pSBMA 1 1fii 1) 44 K ki (B pSBMA,, NPs
FpSBMA,, NPs), H PDIAI 5 /N o 1 K 55 pSBMA &
T FI 90Kk (pSBMA,, NPs F1 pSBMA,, NPs) ] PDI A
Friéhn, C&iid 0.3, R IRAR 7 A48 5, Ao e L
JH 85 pSBMA MBI H 40 K RL % o 3X AT g 2 [R5 7K
A RE RGN, A0 KA A A% 1] (1 B K A FH sk 55, R e sg i 1
YKL A E

YRRLAE N T B R AR G AR K, B E AT H, X
Al e 5 pSBMA 1) 5 5 HL A o 14 0 A7 O, BIVAE ey SRk
JEE T, 2 A i A RIS 1 A ) A LA B Nar R CI 5
T Hr Bf i, pSBMA % 5 &7 AR A ; 17 #h 9K BE PR AR B
7 e B ] RVIEE % 55 A1 (1) R EL AR FH 38 5, T BB ZK M [X
1, pSBMA 5, DA b A2 e MR 550 B A5V B A2,
pSBMA,, NPs fil pSBMA,, NPs £ N L & 4 h J&
B AR R AR AR L (B 4C), 1 pSBMA,, NPs Fi 4%
H1 94 nm 1 /i1 45 566 nm, pSBMA,, NPs Il EL 32 #7 Hi, %
B 40y K RL 1) B 52 T it 35 pSBMA B K 10 48 Jon 177 P4 A,
X 5K RITE FBS W AR E PE— 8. 9PKRifEAN
TRt b i A% e i Lo AE N T B VR R R M AT, AT RE
52 BN T W 32 22 o) 72 K,HPO,, 1 K] Bt il
PSBMA H it i3 ik [ A1 2547 2 [ () R B A 1
4  pSBMA X 4NK AN R R B IR M 58 I RO S2 0

TR = B oyl R B R R, P B K
VB FH B H A P IR PR 8 20 g oK b . LU, 8 B 1 4l
SRORE (14 W B 7 — s R 5 AT DA B B Ko 1 25 8 v e
10, 4 Dil bric 49K KL 5 10 mg - mL1 4 & A 3L
W, 5 EERT PR ) B L . SR 4 S an ¥ SA B
7R, pPSBMA,, NPs.pSBMA,, NPs Al pPSBMA,,, NPs #% %
AW B E S R 5 B2 pSBMA, NPs ] 3.96 1%

(P<0.01).3.27 fi (P<0.01) A1 1.97 £ (P<0.01), % Wi i
# pSBMA #E & 14 0, # F 2 1 I BH 1 9 oK R Rk 2D .
AT BEAZ K 2 pSBMA Hh 2 4z JH [ it % 25 [ 350 2L A 3¢
SB[ K R BE J1, BEAE pSBMA B K (148 n, /K i BE /1t
o, DRI B K o 2, LA R RO Y e
TG 5

%

Percentage of trapped
NPs/
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Figure 5 The percentage of trapped NPs (A). The relative

apparent permeability coefficient (P,,,) values of NPs permeation
across the mucus (B). "P<0.01 vs pSBMA,, NPs; “P<0.05, *P<
0.01 vs pSBMA,; NPs. n = 3, x £s
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Figure 6 The viability of Caco-2 (A) and E12 cells (B) after incubation with pSBMAN NPs for 4 h. C: The hemolysis ratio of erythrocyte

after incubation with pSBMAnR NPs. n = 3, X s
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Figure 7 The relative cellular uptake of NPs on Caco-2 (A)

and E12 (B) cells. "P<0.01 vs pSBMA,, NPs; #P<0.01 vs post-

removal of mucus group. n =3, x s
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Figure 8 The change of DIR in plasma after oral delivery of free
DiR, DiR loaded pSBMA,, NPs and pSBMA,; NPs. n = 5, X #s.
#P<0.05, #P<0.01 vs free DiR or pSBMA,, NPs
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