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Abstract

BACKGROUND: Seed cells are seeded on three-dimensional scaffold materials, and three-dimensional culture in bioreactors is a common in vitro tissue
engineering culture method, but the changes in cell proliferation and metabolic patterns in bioengineered blood vessel construction are still unclear.
OBJECTIVE: To explore the metabolic changes of cells such as oxygen consumption and their causes during the whole process of biological vascular tissue

construction by in vitro bioreactor.

METHODS: The self-built vascular bioreactor system was used as the platform; bovine vascular smooth muscle cells were used as the seed cells, and a
conventional CO, incubator provided the external gas environment for the cultivation process. Seed cells were seeded on a tubular porous polyglycolic acid
scaffold material for three-dimensional culture, and the whole process included a one-week resting period and a seven-week pulsating tensile stress stimulation
loading period. A non-invasive monitoring system was built, and the optical dissolved oxygen patch method was used to monitor the changes of dissolved
oxygen in the culture solution in the reactor, and the glucose consumption and lactic acid production were measured by regular sampling. CCK-8 assay was
used to determine the proliferation of smooth muscle cells on polyglycolic acid three-dimensional scaffold materials. Nicotinamide adenine dinucleotide
oxidation state and reduction state ratio (NAD"/NADH) was utilized to understand cell proliferation and metabolism in the early stage of culture. RT-gPCR and
western blot assay were applied to detect the expression of proliferation-related genes (Ki67) and glycolysis-related genes (GLUT-1, LDHA).

RESULTS AND CONCLUSION: (1) The dissolved oxygen level in the culture solution was (4.314+0.380) mg/L from the cell injection to the end of the resting
period (the first week), and gradually stabilized at (1.960+0.866) mg/L after the tensile stress stimulation (the last seven weeks); the two had significant
changes (P < 0.05). (2) The ratio of glucose consumption to lactic acid production in the cell culture medium Y, increased rapidly after the cells were
injected, and the highest value was above 1 on the fifth day, and then slow down to 0.5 (The mean value of Y, in the resting period was 0.89 and the mean
value in the pressurized period was 0.57, P < 0.05). (3) CCK-8 assay results showed that A, value gradually increased after the cells were injected, and
reached the highest value on the fifth day, reaching 3.17, and then slowly decreased. At the same time, it was found that Ki67 mRNA was up-regulated on
the third day of culture, and then declined. The expression level of Ki67 protein was higher from the third day to the fifth day. (4) The detection of NAD"/
NADH showed that the increase was obvious from the fifth to the seventh day after the injection of cells, and the expression of glycolysis-related genes
(GLUT-1 and LDHA) was up-regulated and changed synchronously, and the relative expression was higher in the first five days. (5) The results showed that
the tissue-engineered blood vessels were constructed using the vascular bioreactor and the smooth muscle cells in the early stage mainly proliferated and
exhibited a metabolic feature of low oxygen consumption. The metabolic characteristics of high oxygen consumption were observed during the pulsatile

tensile stress stimulation stage.

Key words: bioreactor; tissue engineering; vascular smooth muscle cell; polyglycolic acid; dissolved oxygen; cell proliferation; aerobic glycolysis
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1 ¥EFI5E Materials and methods

1.1 R SRR TR M S AR A 2 S

1.2 B RS SEEGT 2021 4F 12 H & 2022 4 12 4
Ll ZE SR = B1-201 = 5E il

13 #H MR ST 4 (Biofelt, 22[E ); Pharmed BPT 4
(Westlake, ZE[E ); =/ il UG v PSt3 (Presens, 1 [H );

DMEM/F12 #5375 (Corning, 3 ); a4 Il (Gibco, SE[H );

CCK-8( [4=, HA); wi#E M (i, THE);
BRI & (B AU, I ); NADY/NADH 15 & (Beyotime,

F1E ); Trizol iR55) (Invitrogen, 2£[H ); PrimeScript™ RT reagent
Kit with gDNA Eraser (Takara, H 4 ) TB Green Premix Ex Taq™ II
(Takara, HAS); JTo#ZHgE/K (Thermo, SE[ ), SERERIUK (1
[, Dlid); BCA & & &l & (Thermo, £[H ); 10% il
HIRE (RH M, i [E ), % marker-ladder (Thermo, 2£[H );

LDHA $i 44 (Cell Signaling Technology, & [E ); GLUT-1 $i1 &
(Proteintech, & [E ); Ki67 #i /4 (Abcam, 3%[E ); HRP Goat
anti-mouse IgG(Abbkine, 3£ ); HRP Goat anti-rabbit IgG
(Abbkine, ZE[H ); TBS #3K (Boster, H1[E ); PVDF i (Merck
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Millipore, 8 [E ); ECL 1k & AR5 & (Biosharp, H[E );
PCR 1Y (BIO-RAD, Z&[H ); & & PCRAX (HEE, [ );
PAKEEARA (AR, ) PR R (Zeiss,
EE ) AR IEAAAZAX (Tanon5200, HIEH ),

1.4 FEI7ik

141 MEFEVEMRIREFR O M1 WLAH M 1 3 5%
H & S 3 IUSES @ A4 R B INE,  FHEE 20 25 H I RE (1)
RN, RBRAMES AR, RE IR, BT RN T
BeFRILA, N A ARFR 4050 20% FE 4 L35 DL R 05 B AR KPR -
(1) DMEM/F12 5771, HHET 37 'C. hF5% 5% CO, Kf
FAEHEE 1 A S AT AR, B 3 d il 1 K.
I 3-5 Q4L T /5 S Sk Be At Y, I8~ 08 L0 i B A T
A KRR, R KgERAEK. @ANMEFIEN4 RN
Bge: WAGK EANEBIRK, @835 775 4 I -F g
HHMIAH IR SEES o) AR NREERE ()7 RBEERR)
R PR I GBS 2019285H(R1). (35 X 5256
I A =

1.4.2 YR NEHEN ARG RA RN R E L5
BT A0 S 7 0 B 1 B, BLARERVE 7 10 0 ScmkAioE 0,
SN %% E AR 550 mL B IR, REARZE R i 16 5 BPT
EIPEE 0.22 um R JELE, HTFWAMRAEAS . BA =
YEREFRAA Z1 R 2T SO0 A B AN s A S M N [ B A R,
AL RSN Fr EARZ N S mm, FEARAR B 75% 2R
20 min JFHJCE PBS VI, R IE LT I IR AR W 21 s B 28
PUBE, K2R S CIE SRS I Ty, AR AL E D 12 he B
WE SRR E A, SCAIRLE T RPN IEE  LLR
WAL ARG B, R AR E A, POUE S E I gk
AL, CASCEUOVHER N I . R s s S i
I FEFE T, DAYE R A [R5 T s B %o V8 Akt S, s 00 804 0 2 o
eV K I KAS Sl L Pof b £ 34 % F) 15 5 5 e 8% OXY-1
SMA(-trace)-RS485M-AO-BT Ji5 i it USB 3% 42 B HH fixi, & f@
30 min i 3d PreSens Measurement Studio 2 4t &£k B G
R, Kt M 2 St r] WL o ARSI e AR, wiEd
fe i o AR AR b ATV B KR, PSE3 Wi DRI IE, AE
F AT R FAERAE P TR ES R0, B RS
KEIE . BUER 3-5 RA4- M8 TIg LA, L 6.67x10° L™ (141 i
PR FE A1 R AR AR R B R S 280 K} 138 i 900 L 44 i 2
W, FE LG, 8 3 5 0k ) R X R A AR
VR UL S 25 P AR, RS ERIE AT ELHE 1 B FE
W15 7 ERmE S, S WIE K 10 mmHg,  InE 5 1k
Bk JJWEAE N 120 mmHg, SEBIZE MR 165 X /min.
N 8 JE M = 4 RE 7R AR rh o ORI 4 7 R v R A B

LSRR ARHE DL -
1.4.3 W PHEFER / LR RENE  E=4EH R 4 H 1

[, [R)REPE = KUEE 1 RE9R%E, 4 1000 r/min &0 10 min
WCEE b VAR N R DR &, DLBE S gl i e RIS, A
A ERKFRE 2 5 H . OB & HEH RN E: 96 FLIRA

FLAIIARF AL S 2.5 ul, AR 250 pL, FHRIRG LK,
37 CHHIRIFE 10 min, FRARCRIIIBE K 505 nm &b & FLIK G
PEFEUEAE B PR IR S . QLR AR I e . R I A AN
PR LA 1 ¢ 100 VR AR TAEW, BAHILE. K alsm Py
A 70 N AR = R E B B R R L AR AR DO AR R
20 uL, 1 mL B TAREM, W7 200 ul, WA, 37 CKIFHE
i B 10 min, FEEIIANZLILF 2 mL, JRERE), 96 LIk
rhREFL NN FIR IR &4 200 pL, FRHEE 6 NE AL, [F
FRACT F 3K 530 nmy @K 625 nm & IS FLIR O B I
S LR
1.4.4 RIZRIMHM = HERG TR LI . R SRR R Y
% 0.5 cm x 0.5 cm [fJk/)N, F 1 mol/L NaOH 21 75 s, T
O PBS VY 3 Yk, AR 2 min. B TAESIER 1 h, Tk
Ab PR 5 1R 5 O BE R A BHEARFR 73 % 95% L BEHIRI 2 h, R
HE ORISR 25k B 2, SRS ON AR 2 2385 3% oo 1 Ak
TR 6 FLAR . FERE S TAE S Fd X 2 he HUEE 3-5 A
EVEGIE, FFR R WRTE L 6.67x10° L )41
TP BE 171 B v TR SRR MPRL L3R I 4 B 20 L, Fd
JafE1F0 6 FLAR LAk S 4 fu G BE T 6 FUARURTH, & E = PUA~h
B, N E AR TR 5350 20% JiG 4 I3 () DMEM/F12 58 42
BrIRdk, MONEEER SRR R E R R, £ 1, 3, 5, 7,
9 RIATUHE
1.45 CCK-8#&ll %0, 1, 3, 5, 7, 9 KMNIEFRFEFEH
6 fLIR, FERRIGFRELS, EHARIEA 100 pl CCK-8 VA
1000 pL Hrfif 3 774, FRARNEEFRAEHIEE 2 he 4 6 FLIK
R AAR R H RS OB I 96 FLAR A, FH AR 0N 52 41 a7
450 nm A FRRR G P AR
1.4.6 HIHRENEE R RSN SR OGRS FLBR
SEHE L A PR BN DL K AR S 1 58 CRERR A 2R T -20 °C
UKAR TR AR, I AR LA T RLR TR &R o B T4
HIRE S ICE T8 & BB AT, 76 20 mA BN F &5
W2 70, B EE 5.0 kV Nk S T RN .
1.4.7 NAD'/NADH ¥§k5ill5E NAD' 2 FE-T-2244&, i NADH /&
B b4, 40 N NAD/NADH 48 4k 38 JUR 2 S Bt 1 2 i 3
Tk SRR PR S AR IR A T LV J PR B TR A A ATP i
B RARP g e

%0, 1, 3,5, 7, 9 RIUESH R CRERAGH M IFE AR,
FH 200 uL A IEHOR 2L R4, 12 000xg. 4 °C 50> 10 min,
W EIE# o K 10 mmol/L 1) NADH Ayt it FH & BB
0, 0.25, 0.5, 1, 2, 4, 6, 8, 10 pmol/L ¥ FE &6 B,
i 96 FLAR R FLAN 20 pL FARTHE S« 4 T I & NADH [ &,
V4 2L AR 1) 20 R B CE 60 C/K IR E 30 min fff NAD" 4> 43
fife T R OR B NADH, #RJ5HL 20 pL N3 96 fLikH; BEJS,
FEFLIIAN 90 uL Z A B FHAE 37 'C TR E 10 min; f
J&, AL 10 L B, FRIRAYIE 37 C T RDLIRE
30 min, 7E 450 nm A& FEWL G EE . NAD' (1) & A2 il i M s
NAD" 5 NADH 1 2 NADH 73 31| (] .
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1.4.8 RT-qPCR fifi F Trizol i 7 4 32 — 4 2 72 45 1, 3,
5, 7 RIP 48 f &L RNA, SR J5 kil RNA ff) & A4 B, fi A
NanoDropND-1000 4 Ml A,eo/Aye B LLAE, R AN FE A HL 1 pg
RNA, AR S 4% si 1k 771 50 1 A5 FH 0 B AT S % 5 4 20 L
cDNA. DL cDNA SRR, 43 74 3 34 5 AH DG BE IR (Ki67) FpE
¢ f FH 56 BE IR (GLUT-1, LDHA), LA GAPDH N B3R, i
Wik PCR T IGIFRHERE 7l TRAEME 95°C 30's, 1 MEFE;
PCR ZJ%: 95°C5s, 60°C30s, 40 AMEH; Mfkihdk: 95 C
15s, 60°C 30s, 95°C 15s. SIWFHI M3k 1.

1 | RT-gPCR EE 5|15
Table 1 | Primer sequences for RT-gPCR

FER ElEZ 2]
Ki67 F: 5-CTG CAA CAT GGA AGG TAT TGC-3’

R: 5-GGC TCA TAT CCC ATC AAT TCG GT-3’
GLUT-1 F: 5-CTG CTC ATC AAC CGC AAC-3’

R: 5’-CTT CTT CTC CCG CAT CAT CT-3’
LDHA F: 5-AGC CCG ATT CCG TTA CCT-3’

R: 5-CAC CAG CAA CAT TCATTC CA-3’
GAPDH F: 5-TGC ACC ACC AACTGC TTA GC-3’

R: 5-GGC ATG GAC TGT GGT CAT GAG-3’

1.49 Western blot g4 =4k 35 1, 3, 5, 7 K I 4
M, FH A PBS Yeik 3 G NN A8 AR, vk R
60 min, REUFEA M, BCA Wkl & 4L FE AR (I,
T 1L 15 pg B T B LK, SRS EL I 4 PVDF i I,
5%BSA =R 2 h, TBST Pl 3 ¥k, 4K 10 min; Bl )5 N
NHARL—$T (K67, GLUT-1, LDHA —§i, FlEbbfilsralh 1
1000, 1 : 4000, 1 : 1000), 4 CHIHELR, &2 KENK
—HL, TBST PEME 3 K5 N AR, —Hi (B R Lb 3o 1
20 000), iREEEHFE 1 h, TBST FRIRPEME 3 ¥k, I 58
BUAL 2 R AR DI 5, {3 Imaged B4 HEAT 2K P AE
4T, UL GAPDH 1NN S .

1.5 T EZARMAF ORMHENIBEEKT; Q%% HEFE
& / FLIR A A E 5 NAD'/NADH F5 A5 il i i ~F 1 LA f A
WG OL: ) RT-qPCR Fa il =4 58 W lR S48 B 1T LA i
Ki67. GLUT-1. LDHA f] mRNA FiL/KF; @ Western blot 15
W =485 LIRS P 1 LA L N Ki67. GLUT-1, LDHA
EE A RIE K

1.6 B K4 5% 5454 GraphPad Prism H T-#47 0 E
43114 ¥1. RT-qPCR il Western blot 523% & & 317 3 K.
YHEHE DL xes RoR, G IS AR Z WA, RAEE
VCRCLY ¢ 550 AR RS /A P Ed, SR AR S50 50
% 4 K04 1) HL 85K ) one-way ANOVA K36, P < 0.05 %5
AWM . A Image) B X PVDF JiE b i) 2% 7 34T K
FEAE T CESE T OAT KB ANREREMS 2
LHRE.

2 258 Results
2.1 ik M) RO S PR R A B 64 AR B £ S ARG L
SN B8 2E _E A 0.22 um 23 R FE S AN R AT AR ST
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W N A N SRR B S B RIS — 8, 08 21%.
W Vs B TP s 2 b, 7l N 20 r/min,
W% 500 mLEEFRHE, HR RBE R 5 IR IRE— BT,
TEARBEF ARG LT, B 7725 N TR ANV il A 4 R TE 6.23 mg/L,
15 1Pk — B 0] Ji5 15 97 2 N AR RTA Al S8 4E 7 7F 1.80 mg/L.
SN2 P A5 A G T RN i AR 22 AR R IR B8 PN 4T i
AAHRER, A EEMR, R g0 TR A
LN

SHEREHESLIANERAEAR - ReE
(4.314%0.380) mg/L /KF, 1 J& J5 it in /1 5 fl¥Us 2 20 g 7
(1.960+0.866) mg/L /=45, VLEEl 2A, B, 2 AN AR EK T
HEEZER (P<0.0001),

R FE B S FLIR A R 2 LU Y 6 R R s 4t i
GBI, Y6 B T 0, MIAHAR LGSR T, Ve
Mk T 2, g0 LAR A e B, Szah ah SRR,
IEGIRIG, AR IRIR Yo PRI, 55 5 RinmfE i
i1, FEJRZE08 FFEZE 0.5, & E WM Yyl 0.895£0.239,
MM Y6 A 0.566+0.101, Z A R MR X (P<0.05),

IR RSER, MAERINE GRS 1 SR, RN

A AE AL T PO RS, BAA A AR ARG, £
BRI R REARG 7, KEHFERERE, mAaELR, b
B S S T SR AN R, WA (5 7 2 A R UK P
ULE 2C, D, FE 1 )G Yo B#iN T 0, KN E AN
HHGETRRE, JEREnEe Ao R 9, R
el AR A, AR T SRR, OIS R IR B
fif E KR
22 ZHRCBBMIEEFERIMLGIGAE N =4
¥0, 1, 3, 5, 7, 9K, CCK-8 Kl &5 K&, I i Fi
ULGH B9 2 R L BE R S 2 LR 5 d, —EAL T IR A
WFAE R, 5 d R T I R, WLE 3A. 4l
P TR OB AM RS 28 5 KRR mEK, WE 3B, K
ERM B N IR S8 %1, 3, 5, 7K, RT-qPCR £
W45 B a] W AE 3 KIS Ki67 mRNA ik Fif i B3, %3, 5
FI Ki67 mRNA 23k 52 = T4 7 K (P < 0.05), UL[E 3C.
Western blot 25 82 iR, Ai 5 d ME-FH U400 Kie7 &
FKikwgE, YWERERTETR, E5H BEMER L (P<0.05),
. 3D, E.
23 ZHBUERIE EFRIMAGRSEL SR
¥0, 1, 3, 5, 7, 9 R4 HUREN % 6 & B FE = 5 AR
AR, HFR 2 AT, ARV R B LR A R P B )
R, A Yy MISEThm, B 7 REFFEG. 52
55 25 RR VIR A M B A A AR &S, FERAREA
R 7730, KRETEFER AR = 7L, DASE B f s 8 5 .
i EETRCE, MREZRATFARE T, X5
SN2 = AR TR AR 2 A 45 R A — B

T S M A 2 AR T, LR Ao S B % 440 it )53+ 1) NADH
S 16 NAD', S5 BUAH L A NADT UK P T ®Y, i NADY/
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Figure 1 | Vascular bioreactor platform and non-invasive dissolved oxygen
monitoring system
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Figure 2 | Total cycle variation curves of dissolved oxygen and cell
metabolism in vascular bioreactor
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Figure 3 | Proliferation of smooth muscle cells on a three-dimensional
polyglycolic acid scaffold
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Table 2 | Metabolism of smooth muscle cells on a three-dimensional
polyglycolic acid scaffold
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