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Abstract

BACKGROUND: Studies have shown that platelet-derived growth factor BB can stimulate the proliferation and osteogenic differentiation of mesenchymal

stem cells and accelerate the calcification process of osteoblast-like cells. However, its clinical application has problems such as short half-life and easy
decomposition. Loading the growth factor onto a suitable biomaterial scaffold can enable its slow and continuous release and maintain an effective
concentration, which has become a hot topic in current research.

OBIJECTIVE: To observe the effect of chitosan/reduced graphene oxide scaffolds loaded with platelet-derived growth factor BB on the repair of alveolar bone
defect in rats.

METHODS: (1) Chitosan/reduced graphene oxide scaffolds (referred to as CS/rGO scaffolds) and chitosan/reduced graphene oxide scaffolds loaded with
different mass concentrations (5, 10, 15, and 20 mg/L) of platelet-derived growth factor BB (referred to as CS/rGO/PDGF-BB-5, CS/rGO/PDGF-BB-10, CS/rGO/
PDGF-BB-15, and CS/rGO/PDGF-BB-20 scaffolds) were prepared respectively. The five groups of scaffolds were co-cultured with rat periodontal ligament stem
cells. The cell proliferation and migration were detected by CCK-8 assay and Transwell chamber assay, respectively, to screen the appropriate growth factor
loading mass concentration for subsequent experiments. CS/rGO scaffolds (or extracts) and CS/rGO/PDGF-BB-15 scaffolds (or extracts) were co-cultured with
rat periodontal ligament stem cells, and the osteogenic differentiation and angiogenic ability of the cells were detected. (2) The alveolar bone defect model was
prepared in front of the bilateral maxillary first molars of 16 SD rats, and the rats were randomly divided into 4 intervention groups: the blank control group did
not receive any intervention, the simple scaffold group was implanted with CS/rGO/PDGF-BB-15 scaffold, the control group was implanted with CS/rGO scaffold
and rat periodontal ligament stem cell complex, and the experimental group was implanted with CS/rGO/PDGF-BB-15 scaffold and rat periodontal ligament
stem cell complex, with 4 rats in each group. Twelve weeks after surgery, the bone repair of the alveolar bone defect was observed by Micro CT scanning and
hematoxylin-eosin staining.

RESULTS AND CONCLUSION: (1) CS/rGO/PDGF-BB-5, CS/rGO/PDGF-BB-10, CS/rGO/PDGF-BB-15, and CS/rGO/PDGF-BB-20 scaffolds could promote the
proliferation and migration of rat periodontal ligament stem cells. Among them, the CS/rGO/PDGF-BB-15 scaffold had the most significant effect on promoting
cell proliferation and migration, and this scaffold was used for subsequent experiments. Compared with the CS/rGO scaffold, the CS/rGO/PDGF-BB-15 scaffold
could promote the osteogenic and angiogenic differentiation of rat periodontal ligament stem cells. (2) Micro CT scanning and hematoxylin-eosin staining
results showed that the experimental group had the best alveolar bone defect repair effect, and a large amount of new bone tissue and blood vessel formation

could be seen. (3) The chitosan/reduced graphene oxide scaffold loaded with platelet-derived growth factor BB can effectively promote the repair of rat
alveolar bone defects by promoting the proliferation, migration, angiogenic and osteogenic differentiation of rat periodontal ligament stem cells.
Key words: alveolar bone defect; scaffold; chitosan; reduced graphene oxide; platelet-derived growth factor BB; engineered dental material
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AV TREARAT ), PORMER (YRS TH R 2
"), SRR (TP A B AL TAT IR AT ), B~ H B EREN ( &
NERSE MR A R THUEAR] ), KB AT ( B
AR AR AR ), (/MR ATA 42 & Kl BB ELISA
MR (TR AEM R R AR ), cCk-8 7. g
% . DMEM 5573k (bt Z M A= H IR A ), Bt
BERR G G R B IR e BN & ( P )
BHEAIRA R ), PR (AR R R AR ), FiAKE -
P RERAE (R EEDREARAR ), B
& (BIMKEBRHA IR A ), 58 RS (4XCE, s
RO WM EGRAT ), HEAREHETEIL (LR 21X
BRI R AR AT ), Transwell /N2 ( 950 5 17 AE D) FHEL
HIRAF ), BEFRX (HBS-1101, R H{fEkseib W& A R AT ),
/NENH) Micro CT 334 ( _EHEAEEERF A AR A7 ).
1.3.2 SERzhY) itk sD KR 16 X, 8 JAWk, SPF 4L, fAR
i (200£15) g, M EALRUE R RAEMFIE BB ER AR, f#
R AT HE S SYXK( 3% )2022-0004. )4 S B £ 368 i 7K 4
7 b Ja = e AR B2 SA 25 W 4lk (NO.CYFYLL2023714).
1.4 BTk
1.4.1 & F RN [ 185 E A S 4

HIZEEUWAERE: KSR Hummers ] 4% E Ak 41 58
W W ARV TREE 1 g AN 25 mLIRBRER IR A), R
JERAG NN 3.5 g = ERER VI R I HE 2 h, B4 35 CK
BAEMNPIRS F4REE R M 1.5 h; AR AN 60 mL
BTK, KIS E A 98 'C M 10 min, JIA 100 mL
T KMREREER: IS &= R4 30% i Ffb A
B, WS RN AIE A JG i B I A E R B, 10% H
R BE I 0, NS R B L 2 TE DU =R
Nk ARG TR 28 W 3R O R, W T8 FKE
HAERE 3h, 133 3 mg/mL A AT SR 3 O .

FIEERERSUAESE: RANFIE RN & R A A
S U B PUR MR R A I A B S B, HP
IR 58 SBIG R R LA 10 1, B UKIR R EL h,
FETHE 48 hy HEE T KAV RPE, HEBRE
dpE g Il, EAA R TR 48 h, 153 EE GO K.

FIEFTRE/ RRENAEHITLR: £120°C, 0.2MPa
el R R AL EE TSR 10 ming 44 0.2 g FEEBEIINE] 9 mL
HCI(0.1 mol/L) H, FIFIHE Jp i #E28 064 2 h, I 25 mg ik
JE A SRR R, A UKIB T 81 hy K 0.56 g B- HH
BERRANNIA 1 mL =Z87Krd, A VKA T RS 15 min, £33 B-
HIMBERRARVA W, IR I ST BN /38 S5 A SR 43 O
i, BT 37 C/KAE N R 10 min, FEE T -20 CUKAE N

AR 24 h, EAEBGTE 48 h, B3 FEN / BIRENG S
J 3B (1D CS/rGO 34 )™,
1.4.2 il AL/ INRAT A AR KR T BB (15 5N / ik i A Ak
PSSO AR CS/rGO SCARI AR, R A [R) o 2 10 If
NRATAEAEACE T BB 3 AN B- M BERR B IA R, L
JREREE 78 5, 10, 15, 20 mg/L, [FIEEH] 5K / ik
JR A S A/ L IARAT AR AR TR T BB SCZR, 73 ilid oy €S/
rGO/PDGF-BB-5, CS/rGO/PDGF-BB-10, CS/rGO/PDGF-BB-15,
CS/rGO/PDGF-BB-20 37 %8,
143 RERFFETHBRMRETR  EIRERRR A R
MBI (1 mL), JOA 4 mL SRR 5 10% JR4- k. 1%
HH & - EHEN DMEM 535 3LE 247, 1000 r/min 5.0 4 min
a7 EIEW, BN 2 mL ERFR 4 10% fRdE i 1%
FHE - FEAE R DMEM B R ER Y, THEFRPERIE,
WL 2 it i 4595 3] 80%-90% Jim EAT AL AR 7. B 3-5 1%
KA R A AT J5 22 e
1.4.4  GRideid B M/ MRAT A AR KR BB fRak i Bk I
I CCK-8 5256 5 Transwell /)N 25 S5 53 7 0 40 i 34 5 5 3 #%
HOL, G L ) AR A DR B B0 R B AT S B S

TR AR BIR T HAIGTERI RN H 5 A
OB (50 'C, 1 h) JEor Al E T 96 LA, KRR
IS 240 2 43 Tl B Fl T 96 FLAR NI #3238 |, DRI
AL SR AN M B O KT IR, 4T A 1x10°/ fL,
4384, BET37°C. B H 5% CO, BN K
£ 1, 3, 5, 7dJ5, [EFLAMA 10%CCK-8 IXFIFH 2 h,
1 FABEARASCR I 450 nm A RO PR G E A

T HRXT AR I BIR T AR A smm : 4 K W A T
2 B o B FE AT T Transwell /NI Easdy, 4H 0% )% R
1x10%/ L, 7E Transwell /NZE [T 2 A4 BN CS/rGO. CS/
rGO/PDGF-BB-5, CS/rGO/PDGF-BB-10, CS/rGO/PDGF-BB-15.
CS/rGO/PDGF-BB-20 37 %%, 7E K= A 500 uL DMEM 537
B, WEIVERIR (RIMASCEE, U DMEM B 3348 ) 5
BHAEXTHEZH ( R SCEE, AU N & AR 43 40 10% Jifs 2F i
G ) DMEM }5 77 %8 ), B T 37 'C. M4 # 5% CO, K 77
PN TR, Hi98 24 h 5, HI40g/L Z W EELE E 15 min,
BE/ANE LERMAREL MMM, Wing e ramia
5min, HI PBSJE¥E/GHCNIEM, B THIA B, BB
MELIT A% UM N R A I Ha e, BEHLIEE 3 MR,
FIH Image J BAFGeTEIT A R IE R T R 20 fu i
145 kil SCHEM 2 REPERE ¥ CS/rGO/PDGF-BB-15 S 42 B
T 4mLEP N, HEMNIIA 3 mLPBS(pH=7.4), B THEKN
37 CTFWE, HIRIESEF A 80 r/min. BEEANIF I & INHE)
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(%61, 4, 7, 14, 21, 28, 35, 42K ), WHELPBS BT -20 C
TRAT, RIS IR EE ) 3 mL PBS(pH=7.4) . U A7 1) PBS FEAS,
ST ELISA SRR I /NERT A A K DR 7 BB IR, 22 /MR
TR KR BB ek, TH A L/ MRATAEAE KK 7 BB 2
THRETBR

1.4.6 SCHG KR B4 AL 2 #% CS/rGO
SC 4. CS/rGO/PDGF-BB-15 3¢ 42 4 il B T 6 fLMR N, 4L
BN DMEM 15 37 5, QLR T A1 5 DMEM B: 32 6 FA L Ry
3cm’/1mL, T 37 CTREIE2d, @it gngEid pesesris 7w an
BRI, BT 4 CUKFEIRAT .

W BT Jo FE T4 M 29 23 B P T 24 FLARA,
BN 5x10°/ fL, KEFE 24 h R R IR AL, 43 3 AL
SXof B 2L B 46 g 2 A AR 43 4 10% A ZF I35 1) DMEM % 352 3,
CS/rGO 3¢ 42 20 5 45 O 5 AR B 43 # 10% Jif /- 1135 i) CS/rGO
CHUR M, CS/rGO/PDGF-BB-15 3 A2 4H B 4 1y & 1A AR 43 #4
10% Jifi 2 Ifi% 1) CS/rGO/PDGF-BB-15 S ALIR #2247
BEES (A 50 pg/mL HIAMES. 10 mmol/L B- H iz
F110 nmol/L 3y &KL ) 5 9%, HH 3 Efl. F3dHH—
W, REESEE 7, 14 d TR R Y,
T NI DA P e B R B e RN & AT
BB IREE S Ve, B E S 14, 20 d T R A g, B
s T PRI ST UURE DL, &AL
BN 100 pL 10% Sk 7 bedembne 97 & 1 h, Al EE AR
562 nm KA IR B -

1.4.7  S7EESF KB A T4 e T BB K C€S/rGO
%48, CS/rGO/PDGF-BB-15 7 LA IR L) K (50 'C, 1 h)

JE o3BT 12 SR, R R B R R 2 B R
T 12 FUR N & SCEE B, BRI SCHE Bph 55 53 (R A0 1l oy
XtHR, 4 A 8x10%/ fL, BT 37 'C. #AF L 5% co,
BN

Bt 4 d JECAE S AN, TH AN R AR R 22 1.5x10° L.
Hil A FE RS, K 100 pL &2 4t i Bl e b T R ke |
TR, BT 37 °C. R % 5% CO, BT N L IR, B
It 24 h &, RAE NS, R Image ) BAFGETH
B NETWBOE . MNERKES/NE MR,

Higr 4 d RS A, TR, H PBSIEYE, N
A TRIzol 4H il Zf@ UK 12/ 10 min, F2ELZHA RNA, il
RNA 4l fE 5. 4% RNA i3y cDNA, T B [ N4 5,
AT PCR ¥ 18 2 JBi: 96 “CTIARYE 1 min; 95 'C 105,60 °C 30 s,
72 °C 32s, #4450 MG, K qRT-PCR Al ifil & P J A2
KT T 7 B AR 440 i A K K7 1) mRNA %
ik, L GAPDH ANZ. SI¥IF5I IR 1.
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1 | qRT-PCR &5 |4F5

Table 1 | Primer sequences for qRT-PCR detection

FA LS (5'-3) NS4 (5°-3")

LA P4 B2 22K CAT GAA GGA AAA GCC AAG CAG GGG GCC AGA CCA AAG ATA GAG
SR

T  GAC GTT GGT CAA CTCTGTTAAC  GTC AAG GTA CAG CAT CGA GAT A
WM AT 441 TGG TTA CTG TCA TGG CGG GTA  TCT CAG ATC GTT GAA CCT TGC TA
Hf A=K R

GAPDH GGA GCG AGA TCC CTC CAAAAT  GGC TGT TGT CAT ACT TCT CAT GG

1.4.8 SCHEE KRB L K5 3 KRR A A
T2 i B 4 R T CS/rGO. CS/rGO/PDGF-BB-15 3¢ 42 4t
B7R, AMEURY) 1x10°, ZHH R 7R E AR 4 5 10% fif 2
3% 1) DMEM ¥ 74k, L8597 2 d J5 T F Ml s e 5 s
%

FEIEVES 1% [ LE 25 40 mg/kg JFRIE 16 11 SD K,
WEMLIE € T FAREG, EXN EHUE &R HHE. #m,
I L AER — B OF IR NP P RS R, 7SR — B AT F Bk
Bl — K/ 2 mmx2 mmx1 mm ({55 R8BS, BERL S 4
T X IR (n=4) AT HEATRIT, PASCHAH (n=4)
T\ CS/rGO/PDGF-BB-15 7 4%, X} HE4H (n=4) fE A\ CS/rGO 3¢
B R TS 59, SLid (n=4) 5\ CS/rGO/
PDGF-BB-15 XX 22 5 KR M T4 E &), BE4%EG. R
JRIESE 3 d WITEH 5 RN 4x10° U,

Micro CT 338 KRJ5 12 JH, MEEEES 1% & 28
40 mg/kg BRI R ER, {8H] Micro CT 34 SD KR LAty (80 kv,
100 pA, FLURBESGIN ] 50 ms, FHH5 /3 HE2E 25 um, =AM
JE 6] F& 0.5°) 374 FH = 2 A1 4 #1444 Hiscan Analyzer software
BT EIRE RS .

TARKE — BFLISE . Micro CT 45 T WEICIRA T Ab%E
KB, Wb BallE BT 10%EDTA(pH=7.4) t 37 ‘CHk¥ 3 M H
DAMRAS BB A S, ZESRBUEMOE S B (5 um
JE ), FIFAHRE — B G ) R B D e € DU I A Ak
B AL
15 FEYRAEAT SO R R BT g, i
oo UE oA SO s, DR K BR R R A s
HRUR
1.6 %t a4 FIFH SPSS 23.0 WAFHEAT ST AbFE, S0 %k
I UL xes 1% NERIE, R BF R TT Z 5 5 Turkey i
B0t S 56 45 AT 43 M, KK iE @=0.05, P < 0.05 W\ E N
FRAREEE L. FEG0H TR O AR R R M s
Bt AEVI Gt % L F i .

2 Z5E Results
2.1 ZERAKRT AT miesg i 6 %oh CCK-8 K il 4 5 i
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N, BEEREFRRS K, S 2H AN s A k) I s 34,
5% B4 2, CS/rGO/PDGF-BB-5 #H.. CS/rGO/PDGF-BB-10 4 .
CS/rGO/PDGF-BB-15 41, CS/rGO/PDGF-BB-20 ¢ 4 4 4t Jfd 3 5t
e )53 58 (P < 0.05), Jf H LA CS/rGO/PDGF-BB-15 £H 4t ffa Y
Ve Re R, WE 1.

22 ABRAMNKXATRABRTF @I EHGFH Transwell /&
LI LERE R, SxB4E:, CS/rGO/PDGF-BB-5 41, CS/
rGO/PDGF-BB-10 #H. CS/rGO/PDGF-BB-15 #1. CS/rGO/PDGF-BB-20
JH 2 T A B R B 8 N (P < 0.05), M CS/rGO/PDGF-BB-15
MRz, WE 2.

23 XERAZBMEANER  SA YNNG SN IE R S
oL, 5 R SO0 ¥k R Gk A0 R 1Y B 5 0 7% RE D B iR )
CS/rGO/PDGF-BB-15 SZ 42, LA T 42 d P 1 IfL /M AR A7
AR T BB BB AL, A5 R BoR: ERTIHR 1-7d A,
CS/rGO/PDGF-BB-15 SC AR Ji 1 R & 1 ML /N AT A2 AR K TR
BB, WoRRBEILR: LGN RN, ORGSR /N
WATAEAKE T BB, WA 3.

2.4 XEMFKAT PETF @i g e en it uiR e
PSR EIR, B RE IS SRR, 5540 i R
PR T AR B, Hodh CS/rGO/PDGF-BB-15 ZH il ik i i o 14
QetmiimoR, WHE 4. BErERERREG € B a R RoR, M
5] BB 75 S R 72 15 18] R, CS/rGO/PDGF-BB-15 ZH B i Mfg v
KT HHHRZE. CS/rGO 4H (P < 0.05), CS/rGO #H Wil 1 1 BR g 7%
PERFXTEL (P<0.05), WA 4.

PR YA RGN, MERE BN EREK, &4

PR L VE Gt ARG I, b CS/rGO/PDGF-BB-15 4 # %
ZLRAPE G (TR R R, WL 5. v R ALY 0 e B i 45 R EOR,
HIE BB i SRS 35 )R, CS/rGO/PDGF-BB-15 £H 4% 45 5 i
FAMR ' B A R T- % R 4H. CS/rGO 4 (P < 0.05), CS/rGO 4145
SET YU BE (B K T B4 (P < 0.05), LI 5.
2.5 IR KRAT BEET @b d R ¥ BiET N
W3 IR T B I 4%, H - CS/rGO/PDGF-BB-15 4]
TG i W 5, LB 6. A% 20 B4 I B W9 2% b /N
MEL NETB S E. MERRES NSRS SR,
% 2, CS/rGO/PDGF-BB-15 414 Il M 4% H /N 4 55 50
NETBECE . MERKES/ANE MR EE Y 2 T AL
CS/rGO 41 (P < 0.05), XFHEH Y5 CS/rGO ZH T4 I M 2% th /N
HW R DNEWBEE. NE RS /NE MRS R
ZE R E M= L (P> 0.05),

gRT-PCR & | 4% B & 75, CS/rGO/PDGF-BB-15 #H If &
WEAKRF TA0 7 B R F 4k 40 i 2 K K1 10
mMRNA %35 ¥ T 4. CS/rGO 41 (P < 0.05), XfME4l5

F2 | SEARTAETHEEMADENEHNETIH. NMNETEH
B, NEKESNERERE (xts)
Table 2 | Number of tubule nodes, number of tubule segments, length
of tubules and number of tubule meshes in the capillary network of
periodontal ligament stem cells of rats in each group

Hl NER A METBEE (0Y) NEKE (x10°) INE RIS
payiHEl 156.23+26.05 28.19%6.27 9.69+0.33 10.2543.54
CS/rGO 41 159.45+19.52  30.66%5.83 11.28+1.24 12.0943.99

CS/rGO/PDGF- 524.67+95.21%° 98.57+10.22% 19.34+#3.97°  56.38+10.68"

BB-15 4
FE: CS HNFTENE, rGO ik J5 4k A 2 4%, PDGF-BB Jy Ifil MR 77 A A K R 7
BB, LixfMB4IHE:, P<0.05; 5 CS/rGO #lEL#:, °P<0.05,

CS/rGO A I W FEAKKE T TAIME 7. PEper4i4n iz
A K F T 1) mRNA ik 2 R0 R 2% = X (P> 0.05),
WE 7.

26 ARGEERAT AT HREE

2.6.1 SEEGEWIEE T 16 2 SD KR AHHEANGE KT
2.6.2 Micro CT 4445 50 2= ot BRZH w] L 9 28 1) A 9
o, HBESCRRE, H4 3 T AR 1 E i
SRR, HA st msiie SRR, H Hicw g
Al S IR A RO BT TR, WA 8.

B o s RER, LBAT AR BIEEE
KFZEXNA . saizsz 484 (P < 0.05), H/NGEHE
BNT AN A, KRR, Baizz 484 (P < 0.05); H4lisZ
ZOHE AR HL BANERER TR AXRA, XA (P <
0.05), ‘F/NRREIRE/NT 2 EX IR, XTHEZ (P < 0.05); %I
HA AR BN ERT AR (P<0.05), FH/h
8] BN T4 IR A (P < 0.05)5 4 4127 [A) /B /N2 I 1 L
TRFMER X (P>0.05), Wik 3.

3 | BEKRRFTEBHINEL Micro CT A EEH T (xts, n=4)
Table 3 | Quantitative analysis of alveolar bone defects in rats in each
group by Micro CT scanning

2H 51 AT H (%) B /NGEECE (/mm) F/NREERE (mm) B/NZEE]EE (mm)
2 EARTHEL] 29.3546.31 4.39:0.38 0.2940.04 0.38£0.05
pagieEl 36.96+9.88° 5.99+0.21° 0.30£0.01 0.310.03°
A 45974611 6.38+0.57%° 0.31+0.02 0.2740.01*
S 62.6747.45™  8.39+1.14% 0.3240.05 0.19£0.02*

Rk A RARATALA T 5, a2 QR HEN RN /5 S A S/
ML/ RATAEZE K B F BB(15 mg/L) S48, X HRAHAM N 2580 / I8 SR S A f S0 = 28
H5RBFHBETHMRE G, LA NTTRE /B JEE A 8/ /MRTA
A KB BB(15 mg/L) XA 5 KR A T E &4 52 ax Ak, °P<
0.05; GXTHEALLLEL, °P<0.05; 54z A LA, P<0.05.

263 JpAKS - BHAGLOEUR B P AU B
TR, XA FRASIIRA T IR R T G JF B IR
L F AL ZA rpR] WA U A, SRR AT KB AT T
I B AL IR RS 7346, ILE 9.
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BliE: €S ASEERNE, rGO AIEJFE A NG, PDGF-BB Ayl /MRATAEA
K7 BB, SXFHRZLLEL, °P<0.05.
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Figure 1 | Effect of scaffolds on the proliferation of rat periodontal stem
cells in each group
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B2 | BEXENKRIT ERTHETIERF

Figure 2 | Effect of scaffolds on rat periodontal stem cell migration in each
group
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Figure 3 | Sustained release performance of chitosan/reduced graphene
oxide/platelet-derived growth factor BB scaffold

CS/rGO/PDGF- B

YRl cS/rGOo4l  BB-15 4 = xR AL ab
[ CS/rGO 41
[ CS/rGO/PDGF-BB-15 4

ab a

7d 14d

CS/rGO/PDGF-BB-15 4

7d

14d

BlE: €S R5EIEME, rGO Nk [ b A s2)f, PDGF-BB JIfiL/MiATAEE
KT BB, [ A B R G G (o R AR RS C-H S B BRIl e £
JRERROK EUG, i SkiR R PHIE Y B AT R IR e BT S5
WRALH#, °P<0.05; & CS/rGO 4lH#, °P<0.05.

4 | AKX I AET R 5 I BB A TR M A

Figure 4 | Detection of alkaline phosphatase activity of osteogenic
differentiation of periodontal ligament stem cells in each group of rats
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Figure 5 | Analysis of calcium nodule deposition in osteogenic
differentiation of periodontal ligament stem cells in each group of rats
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Figure 6 | Observation of capillary network formation of periodontal
ligament stem cells in rats of each group
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Figure 7 | mRNA expression levels of vascular endothelial growth factor,
stem cell factor and basic fibroblast growth factor in periodontal stem cells
of rats in each group
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Figure 8 | Micro CT images of maxillary bone of rats in each group
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Figure 9 | Hematoxylin-eosin staining images of alveolar bone defects in
rats of each group
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