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Cell-Mediated Crosslinking Enables Mechanically Robust Injectable
Hydrogel for Efficient Cell Delivery
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CHEN Mingyu'23, QIAO Lei'*3, YOU Yezi'*?, WANG Longhai!??
(1. State Key Laboratory of Precision and Intelligent Chemistry, 2. School of Chemistry and Materials Science; 2. The First
Affiliated Hospital of USTC, University of Science and Technology of China, Hefei 230026, China)

Abstract: Injectable hydrogels hold significant promise for cell therapy. However, their clinical translation is often hindered
by insufficient mechanical strength and undesirable foreign body responses (FBR) in vivo. Inspired by the reinforcement
mechanism of styrene-butadiene-styrene (SBS) elastomers, a cell-mediated covalent crosslinking strategy for constructing a
hybrid injectable hydrogel system is proposed. This hydrogel is formed via in situ reaction between primary amine groups on
the surface of islet-like MING6 cell aggregates and amino groups on a well-hydrated copolypeptide, mediated by a bifunctional
crosslinker, bis-N-hydroxysuccinimide polyethylene glycol (NHS-PEG-NHS). By mimicking the polystyrene aggregation
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domain anchoring observed in SBS elastomers, the incorporation of cell-mediated crosslinking points not only enables gentle
in situ encapsulation of viable cell clusters, but also significantly enhances compressive modulus and swelling resistance of
the hydrogel. The copolypeptide is synthesized via ring-opening polymerization of L-serine, D-serine, and L-lysine, initiated
by lithium hexamethyldisilazide. The resulting polymer features a hydrophilic, non-fouling backbone enriched with amide and
hydroxyl groups, providing a strong “dual hydrogen-bond hydration” effect. This structure imparts excellent biocompatibility
and antifouling properties, minimizing immune cell recruitment at the host-material interface, thereby supporting the long-
term viability of encapsulated cells. /n vivo subcutaneous implantation in C57BL/6 mice reveals that the peptide-based
hydrogels induce only mild inflammatory responses, as evidenced by low pro-inflammatory cytokine expression, reduced
macrophage accumulation, and minimal collagen capsule formation. These results demonstrate that the proposed cell-
mediated crosslinked hydrogel offers a versatile platform combining injectability, mechanical robustness, cytocompatibility,
and immunomodulatory capacity for effective cell encapsulation and delivery in biomedical applications such as islet
transplantation and cell-based therapies.
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TeoK DU K IR (w=99.5%) . To/K S HE(w=99.9%) . TE/K L 12 L. TR (w=99.8%) . TE/KIE ke (w=99.0%) .
ToK ZME (w=99.9%) . To/AKMERE (w=99.5%) . =T LR (w=99.0%) . a-JR M (Ww=98.0%): L HPF TR B4 47 i
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Fig. 1 Schematic illustration of the design and formation of the cell-mediated crosslinking hydrogel

(w=98.0%) : [T BTHL T A AL BB e A BR AN 7l 5 O-BUT J-L-22 %1% (1Bu-L-Ser, w=97.0%) . O-U T %&-D-22 5,
Fi2 (1Bu-D-Ser, w=96.0%) . e-N-FL T 48 i - L-#1 2 R (Boc-L-Lys, w=97.0%) . PWEF -3 2, -5 35 (w=97.0%, M, =
5000): [ ifFEEA R 2 BRI A RO w5 00— F Lk 3 A B (VT DO &g, ¥R 1.0 mol/L) : b Vg BT 3k ¥4
i A BR 2 Al 5 S8R Z i (w=99.0%) I i3 22 s bk A AL BB B 003 A FR 2 7] 5 DMSO-ds(w=99.9%) . D,0(w=
99.9%): S GIHF CIL A w o ¥R Hrat .

DMEM & B35 55 . Biochannel A &l B4 M (FBS) . T & X-MHERIBER(P/S) . SF4ETE (410)
(Fg): Biosharp 23 7l ; MEM AE 4075 & L BR 4 M (NEAA) « DM 15 3% 2E i B A FRZA ] 5 #iiad (L Bl (HRP)
B B BT T 4 B (1 BT : Bellancom Chemistry 23 7] ; L H2 i 20 (LDH) 20 i s M A i) & il = R AR
W AR A PR W5 Live & Dead sl 40 M I/ PEA AT & i A 38 W E AR A BR A F .

1.2 X8

F2% 0 3 HR P 3% AN (7 [ Bruker 23 7] AVAVCE 1l HD400 %Y ) ; B¢ /1538 15 {63 4% ( 36 [ Waters 2\ 7] Waters
1515 B4 ) 5 {8 HL A5 3 21 41 56 3% /X (78 [ Bruker 2> 7] TENSOR 11 %) ; J7 GEHLAIK 56 AL (3% [H Instron 23 ]
34 TM-10 51 ) ; 3 28 {2 (35 [ TA Instruments 2\ & Discovery HR 30 %Y ) ; ¢ S {8 & . i 5% ( H A8 Olympus 23 7]
IX73 &) BipRAY (Bt Tecan 23 7] Infinite 200 pro &) .

1.3 KBHTE
TCMALIR Z ik Poly(D, L-Ser-r-poly(L-Lys) F15ZBX 57| NHS-PEG-NHS Y4 i 2 WAl 2 Fos o
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Fig. 2 Synthesis route of (a) random copolypeptide and (b) NHS-PEG-NHS

1.3.1 Boc-L-Lys NCA ¥4k (NCA 4 a-amino acid N-carboxyanhydrides & i #%) 69 &k, 7EJEBEE J1 &5 48 K
WA Boc-L-Lys(4.0 g, 16.4 mmol) , JG/K PUS WM (80 mL) . 1, 2-FF & & (11.2 mL, 162.4 mmol) , =X,
(2.48 g, 8.4 mmol), 7 R B 25 8%, 7E = FHEFE RN 3 he M ZE A INA 4 °C (987K (40 mL), FiEFE 3 min
IR R =6 . F TR R (80 mLx2) ZEHUR A, A A HUAH, Lt ML e %5, FJCK 6
PR Tt A o B RIS A5 2R 9, A TS oK DU Ik g - 1F O e Th E 45 i, AR45 1 A5 Boc-L-Lys NCA.
1.3.2 /Bu-D-Ser NCA 5 (Bu-L-Ser NCA #4696 7E A A B MUKKIE AT, T8 = 1opam omn A
Bu-D-Ser( 4.03 g, 25 mmol) . a-J§ % ( 10.5 mL, 66 mmol) F1JC /K P4 & Wk M (75 mL) . %5 B =< (3.26 g,
11 mmol) % T Jo/K MU Sk (15 mL) G A S AR Z& . ZERSSE T, 50 C i 2 h ZHRETE . HEZERR
FWFE, H R T8 (50 mL) 7 5% 88 4, U VKoK (3 10O Aok R 7K (1 %0 Ve A HLAH, 985 B 250 71
KL= FE56 TP HICK SR CERAIJCK IE O % T 45 b 24k 3 Wk, 75 8 11 A5 IR 14 Bu-D-Ser NCA. Bu-L-
Ser NCA A Wi 38 1] I .

1.3.3 Poly(D,L-Ser)-r-poly(L-Lys) #4&-% Ff tBu-L-Ser NCA, Bu-D-Ser NCA(4£% 0.94 g, 5 mmol) 1 Boc-L-Lys
NCA(2.72 g, 10 mmol) % F PU S LG (90 mL) 7, 37 RP ) % 9 Ao A 7S B 3 — fE /0L 22 (0.1 mmol/mL, 10 mL)
() TC K VU S K IR . S IR FE RN 10 min J5 , K SN IR A P03 i 20 I8 /K& k(1 L), 15 81 1 28R 00
TE, 38 B O U (5000 r/min, 4 C)IFFERIR NHIL T . [ HEAT 3 IRl (THF) -TT3E (k) 1§ 3 )5 4k



404 Uik m o F ¥ %38 4%

e IR Z IR B, X2 RIE T = AR (80 mL), RS FL B 2 he 8 2 s R EZE BR 25 =
O, S IR Y o B HLA A T (40 mL) Hp, S I E) Y 3RRCT 2Rk (400 mL) Hr, PLTE H 2R
44, 38 ) 250 (5000 r/min, 4 °CO) WA A, FEZER AU TR 108 o B 508 20 0% [ A% 1 T F B (40 mL)
o, FRRDUTE, 285 3 W M-UUIEE A G , 15 BB OR I 19 T AL SR Z Ik Poly(D, L-Ser)-r-poly(L-Lys).

1.3.4 NHS-PEG-NHS #1& & ¥ E 2 . (PEG) (M, = 4000, 20 g, 5 mmol) ¥ T Jo/K -5 H % (250 mL) 7,
TEA A FE T HEHE 10 min, 5536 NN - Z 32 H0E T B FE 0k B2 1R (6.4 g, 25 mmol) % T-JE7K i (100 mL) Hr, fin A
AR Z L [RIEIAJE K I RE (1 mL, 12.5 mmol) o #£ & A T E B FE 24 h 5, K 1R A W 3 8 I 0ok 1 e
7, bR RS, =S W % (50 mL) % g 5% B8 4, 1 ] JC /K ¥ LTk (200 mL) H, TTE H 14 6 200K A
i B0 U (5000 r/min, 4 °C) AR, 7ERVE T RI20 T8 K ISCHE 2000 AR i T — & e (50 mL) f, 5
WULE, 64 3 IR R-UTENE R 5 , 15 5] NHS-PEG-NHS,

135 #dutd RAABRICITETE COMSOL Multiphysics 6.1 Hhs it = ZE£& B R, H] TR0 F% A8 J5 7K B
JE PRG3R ) 28 (B] A3 AT 00 o SR ) N R S ST AR DG BRI i 3R 5 25 SR [20-22] YRR 7 ik o TR BERR
S5 TR AL AR 1.26 mm, (5 20 mm AR, /NERBE Sy B 40 L (MING) 4 i AT LA [ 2 B4 kA Ak
IR, 25 [ 43 A i Matlab AR 3E 47 B ALAL AR PH . B 3 L35 5 A 18 22 483 FE 10 mmHg (1 mmHg=133.3 Pa),
DIEALL/IN BB T TR 5 v i A8 40K g 230,

1.3.6 tmfe ko d 3B R R 3T 4 i & P e Fok IRl NHS JE [ 55 40 i 2 1 22 3 22 18] 59 S 507 2 75 X6 41 it
T AR 52, >R FH LDH Al a0 & b1 T 4 sk 20 B o 1 50K NHS-PEG-NHS ¥ fif T35 73 B v, g i o o
IYBOH 2% HItE R . WS TE 48 FLAUH AEFLANA 100 4~ MING6 4141, il A NHS-PEG-NHS fif % 1 5 5 & £
I HE AR A W CEVRFR 500 uL), fff NHS K& 9 289 B 53031 8 0.5, 1.25, 2.5 mmol/L. DA & NHS i P & 19
PEG AL HRZH S BIPEXTRE . AHAIAE 37 °C. 5%UAR G380 CO, 58 T 15 5% 48 h i, W G Wi T LDH & &
K, M3tk LDH B, 7625 FIXT BRZFL A hin A 50 uL LDH 2% & 1 he BUEEFL BT 120 L &
96 fLAR, JiINA 60 uL LDH & 43R5, = iEI#F F 30 min 57 490 nm 7 K T I 5E WL, 600 nm 1/E S H P K.
1.3.7 PRIk % MoK B89 4) 4 NHS-PEG-NHS FIIL R Z K43 5% T pH 8.0 1) Hank’s “F-fi £k (HBSS) 2%
P b, RSB0 R 30% FiT 10%. MING 4 i (4% 100 um 247 ) 28 pH 7.2 1 HBSS 28 #Pl YU 3
Wi, WA BT 50 uL 2L L R W, FENA 50 uL NHS-PEG-NHS i, B RIR &5 (4% E N 1x107
Cell/mL 5§, 2x107 Cell/mL) F 37 °C ¢ 5 T B A0 M 38 K 1) 22 IR BE RS o LA [RARE 753 1l 4 AS 5 200 6 11 1) A 40 e
IR IR BEIL -

1.4 Wik 5RIE

1.4.1 #rk k¥ 2% ('H-NMR) A= GPC & 4E R FHA% W4 L 4R 3% 2AE Boc-L-Lys NCA ., Bu-D,L-Ser NCA ., fill
BEOR IR TCHL I EE £ K Poly(fBu-D, L-Ser)-r-poly(Boc-L-Lys) Fl i 8 3 B JC #1835 58 £ ik Poly(D,L-Ser)-r-poly(L-
Lys) W T4 . RFBE B8 6315 (GPC) M 5E Poly(tBu-D, L-Ser)-r-poly(Boc-L-Lys) 4> T, UL PS JbrfE,
A 0.01 mol/L LiBr 1) — H 3 HI Mt e Ay i s A, i 1 mL/min.

1.42 4 Zet & HirskiE(FT-IR) RAE O T #F57 NHS-PEG-NHS F13t 2 £ ik & 3 22 [8] (1) 437 [8) A0 ELAE
I IE AT B 9 2% 2544 F T B, % 3L 38 £ 1K . NHS-PEG-NHS FlIZK BEE #EAT FT-IR FAE . B K BE I IR K 5 2R 17
BRI, IR S 5IRALER G, 285 R TR Ak

1.43 A grat O T WFSE 40 M S I06 SR s (A ATLAR G et e, 0 T OB I ) R A A i R BB AR B (GY) o % 40 i A
B15) 43 BAE 100 pL FH 8 Z KA WP, #0100 uL NHS-PEG-NHS A . R RIR G5 BRI E e AN R
k8 mm Ay 2 IR R IR QIR E T, 76 37 C NI E S R BAOR URB 4 mm, EAE 8 mm) (9 41 ME 38 B K
BERE o KK EERAEFL A SO N FRE AL B8 1A ES h EA T R 406 . S W04k /1355 0.001 N J5, A 1 mm/min
R R R AT R4 . eAh, ZETR AR AN L AT T R A I AR 2 Y, R N AR K, 37 °C fRif 3 min,
PL 0.01 Hz A4 32 00 3 0.1%~ 100% 5 U1 A8 i Bl 5 b~ F-A7 JLAT Al 1) B A28 8 mm, R TG & 20 s i
FF—UCRAE, FEEE 2 mm, EARH 8 mm AYIRIFRRIHE R RAEAERERTR . AHBERIR T 5 A Ed S TFH4ME
1.4.4 KRB ERERE B0 5L 0 K BE B F UE AW+ R AR, PRI R moo FRERME T 37 C
PBS 2% thif i & 46 2 I R], B S PR T I AR BT A my, THERE IR R (m, — mo) [mo, 7K 8 B 0T 1 AN
A, T s HP AT IR AR
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145 mpam/ERE BB KEER (EAZ) 8 mm, JEEZ) 2 mm) & T 24 fLkk T, 4 & FBS(w=10%) .
P/S(w=1%) Fl NEAA(w=10%) ] DMEM = 55 2 3E7E 37 °C. 5% CO, 554 F 557 7 do ¢ B[R] 25 PBS
WHVER, A Live&Dead 44 0 3% 44 8, 30 min, SR JH 5 WIS WS A A7 1% 15 10 o

1.4.6 LDH Zmfodtetbnl B AN s oK EER & T 24 LA, T 2 mL 5E &8 38 5 55 3% 48 h, IRk
LDH F il ik, X BEZHFL i A 200 uL LDH 24 f# W F F 1 ho BUAEFL B35 120 L & 96 FLAR, JTA 60 uL
LDH %3R5, 2 IR E 30 min 5, 78 490 nm 3K T E WG, 600 nm VE RSk K,

147 SFfZaRBEM T AR 2 IOKEER BP0 S AW EEE 71, 8 Fe /E A A, R REER G
W Fff 5k (ELISA) HEAT 43 #r o 52 36 X BB 44 b %38 PEG %E i - ¢ PUBF PEG-NH, ¥ T pH 7.2 ) HBSS 2% ik
(w=20%), NHS-PEG-NHS ¥ T pH 8.0 ) HBSS ZZ ¥ (w=3%) o 435X 25 uL % VU PEG-NH, ¥ Fl 25 ul
) NHS-PEG-NHS ¥ IR & 35, FEK AR s W A AR 8 mm 1 H 23 AT 3R DU 90 & i H o, 7E 37 C
THER S min, 6l 4 H PEG K& X BEAAE S o FEM S T & 1 mg/mL Fg 19 BEEREE (PBS) & W 2 E 1 h,
FHl PBS % vk 3 WS 12 A 1 pg/mL HRP AR 95T Fg Prik 0.5 h, FEPESE 5 K. A SR Y (A4 %,
OPD), i 15 min J& MELFRZE 1E B, 7F 490 nm 7K I OB R .

1.4.8 4RSMFnampa b 28 O T PEAL IR 2 BKBERS FI PEG X BRI A0 7R S0 40 B 26 B BE 11, W5 K eI B T
12 FLARJEEHB, A 7 NIH 3T3 21 M 2% (1.0x105 Cell/mL)2 mL, 7¢ 37 °C 5 3 d. WH LR EHB ZEHL
He, H PBS #3631 FH Live&Dead Y (27 44 (2 30 min, FH ¢ 8 S04 AR 43 B 200 Jfa B 325155 0L o

149 4KA# FBR %% ¥ 100 uL £ B/K EEIE AT PEG XF FR K BE I 20 15 T 6 JR s €57 BL/6 M/ By
BREZ N o M 2 JE] T B B R S A AL 20, H 2 R (40 g/L) e i s A s, U1 . sl kg
H&E. F4/80 il Masson — (A 4% (A, PEA Jay 3 RRE S vy B I 240 v 10 S e I i AR 10

2 #R5iTiE

2.1 THMILEE LRI NHS-PEG-NHS B & B 5 R 1T

HEB LKA R NCA TP RS J5 1, 3 Fl NCA SRR H-NMR 3% & W& 3(a~c) i, 1 T1E5
MR RE 51 & TR 22 3R G 388 | X TCoK IR I /&1, AR R 52 R 75 W 0 ik AR R AE S B 5 | k571, S8
F AL TP R AR R, BN OB AT AE 10 min N SE R4, i T3 L-22 &R BE BLW 45 &2 [, B I
() B-HT & S5, AR5 AL BRI PE 254, BB K A 25 R R E /N T 0.1 mg/mL) 3, S T4 %
L-22 R b, i 5 A D-22 &R, 0 3 Pt FL SURE 0 45 DA SR AL 1) — g 454, (LR Z IR E B C R
Bl AS, T 5 5 e HAE KA TR Al ek . 18 3(d, ) 4 B R 1 MBS AR 3 34 W0 1 TH-NMR Fl GPC 43
FEEER . REWE =R O LAY G, Hasimid & 3(0) 1) H-NMR 33 Fl#E— 25 1A
22 BEILTE

TEAR TG T7 20 0 AT 0 R ST 5 b 2 1 0 5 0 40 AR B A 2R N A R R BEVA YT RIOR . AR IR
JRIBIT TP, — B LI 5 24 & (Islet Equivalent Quantity, IEQ) /E & 40 i1 & f 7, 1 IEQ & X A HAE 150 um )
158 5 20 M AT, DL B a2 85 B — i R 5,000 ~ 20000 TEQ/mL. T A WFFE 22 B, /N R ST 4 40 it 141 7] 5 255
G S B0 R SR ARS8 103, DT 2 1 200 B 1) ) R R e B i 5 R A B A 3 2025 ) SRy A K BB e B 2 1A 3R
PR 40 AT R, T 55 8 B X S s 20 B 3 PR 2 ), R SCIE T COMISOL Multiphysics 857 T = 4 FROTELT,
PP T 3525 2R G5 P 40 i 48000 R AR IR AE 1 R . AniE 4(a) BT/, B ANAE A EAR 34 K, S 34 000 T2 T [%;
40 i A B4R R 150 pm B, 23 A B840 40 A e X B )R R R A8 (IR A $R 2 5% ) 5 7E FL AR N 100 pm
(4 40 B AT, R SR BIIRBEAG B o &1 4(b) S, Bifl 25 400 6L 58 85 0, 48040 P 38 AR T 8 5 BV 60 200 o 2% B v 3k
2x107 Cell/mL A, & W5 5] B S 40 B IR FE, 156 IF 12 B 2 2 B vl e AT a8 S it o PRI, 7 i S S8 vl ke FH L
225 100 pm A4 40 B2 A1, I35 B 403 4128 5 R 10000, 20000 A1 /mL (Fir % 7 4 2R 40 Jif %5 B2 3 31 24 9 1x107,
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2.5 mmol/L) 5 MING6 4 fif A1 335 57 48 h, If-id b Il 15 57 Hvh LDH & i VP4 40 Ui 0 2 2 . &l 4(e) Fiom,
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Fig.3 (a~d) 'H-NMR spectra of NCA monomers and copolypeptide (400 MHz, DMSO-d;): (a) Boc-L-Lys NCA, (b) rBu-L-Ser NCA,

(¢) Bu-D-Ser NCA, and (d) Poly(sBu-D,L-Ser)-r-poly(Boc-L-Lys); (¢) GPC curve of Poly(/Bu-D,L-Ser)-r-poly(Boc-L-Lys); (f) 'H-

NMR spectrum of Poly(D,L-Ser)-r-poly(L-Lys) (400 MHz, D,0)
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Fig. 4 Effect of (a) cell spheroid diameter(cell seeding density set to10,000 spheroids/mL )and (b) cell spheroid density (spheroid diameter set
to 100 pm)on mean p,, of individual cell spheroid and cell viability within the encapsulation system hydrogels (****P<0.0001,
nonparametric analysis of variance (ANOVA) with Dunn's multiple comparison test; Pie charts show the volume fraction of viable cells
in each system; cells with p, <0.08 mmHg are considered necrotic); (c) Effect of the chemical reaction between NHS and cell-surface
amines on cell viability (mean + s.d., n = 5; **P = 0.0078, ns : no significant difference, Welch's ANOVA with Dunnett's T3 multiple
comparison test); (d) FT-IR spectra of NHS-PEG-NHS, peptides and formed hydrogels; (e) Gelation time of precursor solutions with
various mass fractions of polypeptide and NHS-PEG-NHS; (f) Gelation time at different cell densities (mean + s.d, n = 3; The mass
fractions of peptide and NHS-PEG-NHS are 10% and 30%, respectively)
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Fig. 5 (a) Photographs of hydrogels used for compression test; (b) Stress-strain curves of hydrogels in compression test; (¢) Compression
modulus of hydrogels (mean + s.d., n=15; ***P=0.0002 (CCH-1 versus NCCH), ***P=0.0003 (CCH-2 versus CCH-1), ****P <(.000 1
(CCH-2 versus NCCH), one-way ANOVA with Tukey's multiple comparisons test); (d) Change in storage modulus of hydrogels;
(e) Storage modulus of hydrogels (mean £ s.d., n=15; *P=0.043 6 (CCH-1 versus NCCH), *P=0.0129 (CCH-2 versus CCH-1), ****P <
0.0001 (CCH-2 versus NCCH); one-way ANOVA with Tukey's multiple comparisons test); (f) Swelling ratio of hydrogels in PBS for
24 h (mean £ s.d., n = 5; ¥****P < 0.000 1; two-way ANOVA with Tukey's multiple comparisons test); (g) Swelling ratio of hydrogels in
PBS for 7 d (mean £+ s.d., n =5)
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Fig. 6 (a) Fluorescence microscopy images of MING cell clusters in cell crosslinked gels after 7 d of culture after live/dead staining;

(b) LDH release rate of cell crosslinked gels after 48 h (mean + s.d., n = 3; *P = 0.0232; Welch's unpaired t-test); (c) In vitro protein
adsorption of peptide hydrogels and PEG hydrogels (mean + s.d., n = 5; ****P < 0.000 1; unpaired t-test); (d) /n vitro cell adhesion of
peptide hydrogels and PEG hydrogels
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Fig. 7 Histological staining of tissue sections after subcutaneous tissues after subcutaneous in.jection of ?Xdrogels in mice for
injection of hydrogels in mice for 2 weeks: (a) H&E staining 2 fzveeks: ‘(?) CCR7 1Tnmunosta1T11T1g; (b) IL-
(arrows indicate infiltrating inflammatory cells); (b) 6 immunostaining; (c) IL-12 immunostaining
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indicate collagen deposition)
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