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Technical advances in space cell bioreactor

SHANGGUAN Bing'*, SUN Shu-jin’, GAO Yu-xin°, HOU Wen-sheng', LONG Mian’
(1. Bioengineering College of Chongging University, Chongging 400044, China; 2. Key Laboratory of Micro-
gravity, Center of Biomechanics and Bioengineering, Institute of Mechanics, Chinese Academy of Sciences,

Beijing 100190, China)

Abstract: Cell biology experiments in space are indispensable for investigating the effects of microgravity environ-
ment on living organisms. As an important technological means of supporting life science researche, space cell
bioreactor may directly influence the data quality of space cell biology experiments and research level. To date,
space cell bioreactor techniques are still under development, and lack of standard rationale. In this article, the
technical progresses of space cell bioreactor were reviewed, by introducing the operational principle of several
typical space cell bioreactors, analyzing the mode of culture medium supplying and character of fluid mechanics
environment in space, as well as the relevant supporting techniques about the parametric controlling on tempera-
ture, dissolved oxygen and pH value and on-line microscopic imaging, so as to discuss the future perspective
about space cell bioreactor techniques.

Key words: Space bioreactor; Microgravity; Microfluidic technique; Parametric control; Microscopic imaging

ARG T, P 7T R 2 S ECT A R
K U IV DRESS TR SR D REII ] 3 — R 51 A BAR
ARV A B AT DL 1 S A 4 g Ry
BT, WG HAE S PR BE T AR AR DS BE 2 T i
TG AE S )3 Bl v BT ™ A AR AR A B B A
130 s (51 B B A 5 a1 O NS S W

I #s H #3:2014-03-27 ; &[5 H #7:2014-04-09

TR SREAE , T REA] T 40 1) = 4 A R0 o 2% B B
Fi , BT 23 (B PR B RS 75 SO R < F - 4
J L T P I 25 (45

M T2 RIEREE T 8 S 51 R A0 TR Bk
RAT 4, A -TRT 20 A R G TR AL PR 38 &
AR [A] 37 38 23 (] 9 U5 (R B EE AT AR 4 )

E €U : E &K E s AP RITRI 973 W H (2011CB71090) , Hh ERAA B 28 [} g 56 5% 1 (XDA04020219)
BIEIEE 3, #d%, Tel: (023)65111931; E-mail : wshoucqu@ 163. com;
IMRHEE, E TR, Tel: (010)82544132; E-mail ; sunshj@ imech. ac. cn,,



LEKX, % TEHEEYREF[EAFRER
SHANGGUAN Bing, et al. Technical advances in space cell bioreactor 583

DAL AT PR R B T, 7 2 ) 15 A5 40 0 B 77 e vk Al
JH ML TR P B 2 5 57 5 PR B, 7 o) e 1)
1 T2 B RS A A LR B s o 2 ) i A= 40
JS VT 5 T AR 5 - A T % 7 2 P L8 ) R A
MR FEFR LR RS pH 22 rh DiRE, (EL1E
HIUIRESE B L7517 S8 23 8] fl B ) PR B 1) T 2
A, FEHIE T AR A R AR T 2247 s, JF B
B AT B iR

AR SCRES T 23 6] 20 M A ) SO0 4 1) O S BUIK
Xl B AR pH RS 2 R o LR SO0 25 5%
BEFRBEAT 08T, IR 23 18] 4 A W S R AR R
(K TT 1R

1 ZEEEEY R MR EELEE

H AT C 2t A7 25 18] R AT 09 SORL 4 A6 ) S s
TEA R AY) N % (rotating wall vessel biore-
actor, RWVB) i i 204k ¥ )2 #% ( perfusion biore-
actor, PB)

et AR RO AR (IR 1 () ) 5 20 sk
A 0 %) Dl 23 T A 7 ks 3 e W Y [ IR B
i TE— 8 e BN, AT SE LA M — A b R . AR
15, RWVB P Sy 8 daf i sROxE L 52 B AE e 4 i, B
FFRYBRIFE S A R W R R 2, 40 K45 1k 2
1, IR T B IR I R A SR A

WETR A R AT (LR 1 (b)) 38 i A
AL IURRE TR Hr I H ISR R, 4
FEA AR AR AL RS e Y PR 8 , W] 8 SE IR I (]
HESEREFR . SR, 0 SRE i SR B R i It AR B ) 2%
XoF 2 L 3 A AL B, BT 3% % W T T
TR, BRIt 52 4 ik I AT B b B AT O 5 5
P HR, B TR S HE T S ) RS
TE 23 [ S5 AR B R

TEFETE 7 2 A Wy [ i %% (rotating perfused biore-
actor) , 255 1 e f AR W) SO s AE D U A= 0 B i
AR A, Eh A [ (B 7 2B, 355 35 VR 20 A
BT P E A Z [, ) 5 3 25 b ) 5 5 25 P i
TRV A DR EE S TR, 3 TR A BN Y 85 55
b A HER LR AT B SRR R NS SR
WAF BT[RBT 380 0 P (B 7 174 2 e 5 DA M
Ui P RA A 7 A WAL, A LAS R 6 i K, s s
VR 1 N A WA FE o Tl R SR i

T B B A AR B RT3 K AN ) BURE AT #4
PEARTR S I IS T T R A i i

5 [ i 4% BE ~p T 5 B ( WRATR) AF il 79 5[] 20
Hud At ' (cell culture module, CCM) , £ 45 —
FA A RXRE TR, A BT ] LU R R 40 Y
Hh s SR YRR SR AR B G FR T, PR G B SR R Bl B 5
WG IFAERG TR AR NI T U S He , has ST 4G 3
ar CULIE 1 () ) 38 2k 21 4 48 B T 02 25 R i AT ) Joa
SEH LR TR SN RN A K A A, X FE AN 2
P Z AP e IR AR Y 35 U], H B i A —
30 [ PN BRI s BT U1K o 2R g 2% HoAT = 3%
FRIE, — e R BT LA iR 3 Y U0 ) A5 L OF
TR AL RATSEE (fE55 STS45) iR Uids 37 1
LSS AN o SR, LSRR IR I AN S
SRS B SN U AT A RETE UK AR L R
FI T8 5 0 B4 A 7 Xk D S B0 440 i %) 1 ) R
WAL B e s 21 i e g I 125 () S5, 240 f A e
FHWARWARAN I HE

0, CO,

AAETHREE

Higras
P

- e
A gEE A
(¢)
E1 3fsaB=EmEEY REFERER (a) He = AE 9 N
fr, (D)WW AW NIAS, (o) hzs LR 4ErE YR &
Fig.1 Schematic diagram of 3 typical space cell bioreactors
(a) Rotating wall vessel bioreactor, (b) Perfusion bioreactor,

(¢) Hollow fiber bioreactor

THE it Js A ) S0 e 2 26 [ ARy ( NASA) 7R
s [a]ul b & 0% HI B 4 i 5% 55 BTl 4 (cell
culture unit, CCU) L AER 4o FLAN AR 5 2 (cell
specimen chamber, CSC) FHARZFR, J& 31 AR B
JHRT LA 375 15 77 W {H REBHL 4 20 . 1) 22 FLa ik CSC



EREMNE $£29% %F6H 20M4F£12H
584 Journal of Medical Biomechanics, Vol. 29 No. 6, Dec. 2014

FRIAT 25 200 M 5 2 () B 8 O o S5 R U ISR 1
HEA 20 R 7R A5 ] e O S 0 22 FLE it o 3
ASGFRWAG IR i, ] Bsf 45 7 9 s = 3 2o 0 0 1t
PRAISE F2 MR A 32 L T A B SR W RL R
A LI A B BT A T (8] 22 b B SR R R =S
[F1) 368 FH S0 e, (EHES A RN AR S R B 2%, A
23 (] 2 I AT S P SR DA K 2 R A A A R
B ARAHI A 15 T 5 2 S B A 56 IE

Ry T R I A ) SO i R T B 5 1) ) R
fdi4% & % o> A pH B B R D, PR
SO IOT P T R R 55 IR %% (counter sheet
flow sandwich cell culture bioreactor, CSSCC), CSSCC
H1 3 J2 R S = 2 R, ) AT DL ol 5 55 v H
FIE L4 200 e Py v S v ] 7 40 5% 57 5.6 5 T A
FE IR W 1 TR B, 38 2k 0 AN s 5% W A BT
Tita i ) O Sh B HEAR XS S S M) B SS He . BN A
P T A A 0 1 15 SRR, — TR R AT O
PRBTLI e IE X 5 B9 W o 52 48 , DAY B4 3 03 15
PRBTE] PR 2R 0 ) S AR I R 5, CSSCC
2005 4 8 F FEEFRE A 22 Flk [nl X TR i 2 ik
AT T TR BEIE 5% )25 b8 240 M iy 35 7 R 40 PR £ Qs 55 08
RO UASE IR AFLTZ R, 4 7 4 A [ 5 R0 2k I O
S A SRR R AT i — 2D et

TR it =X 1) A L A 40 SN e — A B T 2l [
% FR 8 S IR HE TR W S5 A e ) R WU R G 02
WO Il % (B0 B 54 PR ss #eny Thig . —
FRE P8 Tt X2 1) 4 LA 40 s i 2R 40 D B 4] 2
Fr7s o

A BB A R SR A AT ) T A R 20 B SR 2 A
O SR MEAE R BE R TR R, W 257 8 T R
08 R E e O | DR R O 5% NI (T B U =)
TR IK S 24 5 PDMS 5872 A Bk sk v, 41 ik 15
FREAE O IE TR 3l 5 0T B RB S R AL S R e 1Y
20 B 5 IR AR L E A Bk LA R A e 2 [
Bl A A T LS R B A R R g ) 4
RIS, AL, Cui UV SR B T — b L T
AL AT A X A 1 SO 2%, AT DA S R B 24
NSRS S ol I T B 1P i = X o VK 1 1 b T 4
TSP RS 1S, iR EoR g
WOHE R FH 25 (8] 5256, AT f 2 ) BRE T 3 43 S 56 %0
AN R/ AR AR RSB R BERE K

S

BB
AR E

S

EHEK
L A R N

%m &5

pH, DO,
L3R
4°CAFRIX Y

| senienss |

El

2 ZEMAEEY R R R R IR E (B R EAERR S A ATIA T, 4K
MR ABIEIRETE)

Fig.2 Principle diagram of the space cell bioreactor

2 EESHIEHRAR

2.1 BELE

Y AR R W R T A IS R B AR
PRSP0 TR 2 D M 5 S B A R T A B R AT A
iR [ T DA S A RE B AE i, BAORE i A 75 BRI AR
A7 5 BEAI, 1 A R B ik 45 % Tt 75 AR AR AE -
R, 25 (0] S50 R G — M s 2t SR X, B kA T
2 37 04 37 °C 3 DX R T 15 3% 9 s Rf AR A7 1Y
fRIEIX (4 50 CLITF)
2.1.1 BEAARE HTa5 R A O 4%
il oA AT P BH B DL S PN 5 9 B UG T
2 HA R B P00 PR AR/ IN i 7 B A
TNPAG BE 8 R P o S R 1 7 A 2 ) B g 2% v A
BT ZMH BEEZE RS T RERAR,
{CEEAL R PG AT REAE PRI ) 40 A AR 5 1Y
MG, RN EAL RS E TR E A
I 37 2 T s W S0
2.1.2 BEaEH w AN A RN EAE N
A 22 SRS RS, ol R ENS R TAE
B, NP R i 2 7 A e 2 T v #ses , 8Cm T DA 2k
BAE IR T, 2 ARG B R B 3R XA Y ]
0 By 1 P L R o 7 2 S R 1 - S R 97
Ji£ 3 o L 4 6 SR ) PID Bkl i bk 9 R R
PRI TR DR, ol T S 3REE B A



LEK, % FEHEREYRNFBRARFARER
SHANGGUAN Bing, et al. Technical advances in space cell bioreactor 585

28, WOR T ZAE IR 250 R G PRBOR , AR IR
BT (XU 45 ) DA 2 42 i 25 R N IR B i 38 2
I3 A1
2.2 B4 (dissolved oxygen, DO) M54z

BE SR B S H R 20 L ) 5 5 Ak DA R
WA A BRI Y i A T R A T
JRAE 3 KR T B, 1 % W VS A AU R T R R
T 2R B AR R R A, ORI S TR  R R G R
SR BE (FEE T A0 T 8 Ry 7 ) A= ) B s 114 S B
RZ—,
2.2.1 DO RS L5 Clark S ™ ik
DN T FEL D 0 AR B 2 AN R S 2 T 46 L i
ORI, ELTMABSA, AN TN Rl G . S'eef
SEHLAR 20 T A SR K Y 7 G R ) o R A
TR [ 7 TG EF i, Hh RO RS RO R
L[] 20 B Aar I R 455, 8 3 A 0 2 ' i FBE w2 O 7 A
e e B2 . 5 Clark S HLARHH HE, DG AT 480 H Al AT
DA SE RS i S B PR 3% 2 W, ELA R R vy iy
HEEP ARBUIN BT R A 15 T A [ A I
IO g VA A SRR DU A
2.2.2 DO =4 T PR E] R ) ST Al
LA o V5 i AUk B8 1 oK, E T 1% 2 () 400 i A )
SN AT R P HOL R ) 37 R X 40 b 4 s 4
17 =

et X5 1) A 40 S i v A1 2 it 2 AR v TR £
DA e r ] ) 240 B 35 35 XA, ) T 3 7 AR 1.0 )
Gy A 137 SR X 32 B i S 1
iR WA R ORI My 1k e i AR e
23 [a) R AT EHL BT I ) K o R U238 2o
75 TR AP IR A SR SR T AR AR
oy SR T LATE o T S84 B A5 k4 R A e T
P, X 5 T LA D e A e ™ A A T L
SIS, 28 )R] 38 R, O TSR

B8 s 18] A ) SR s 8 4EA AT LA E Bl T 48048
PRA G AL AR o SRR AR A
CLAE B A Uk T W A S AR S IV 4R
T A A4k S, 1A= 1% 2 T ARUDA T 5
AL BT AR, (HIXSEHOR N T DL B shAksiEoh &
(14725 ] T AT TR %85 22 GeA) ) T I A 25 ()R AR B
2.3 pH 4=

2.3.1 pH#EAZE ZNLRBEAG LY,

R T AR 2 XU, Jh 3% 2 75 e, T A pH
AERET b AN 55 85 3R W fk s HL PR 1 25 H) 5256 RAT
A (LA AN T S 4R A, R e T ATEA T
() S el Y, 6 2 A L R ) KPR K

LSk 2 pH AR S 00 2 57 28 f A
pH B A8 TR R0 T R 5 S
T A 5 114 T A P A T TR A pHL AL, {H X
Fofv e b 359 B 32 IR BE R 0, FLAS BB AT 0 i e R TR
S ELT pH AR 8 1 78 O £F S T [ S
A RIS 7R 7 pH AU i %, 38 A A ' 5 5
DRI W 4 pH AL 5 4K 1717 & T B0 1)
JEEF pH B 5 52 6T I (5 ), 52 DR A 1 el 3
7N AR HIT H T S M) R ) AR 1

R Aot 28 pH A& R L B R 0 P g
AR LLAE IR IAE 7- 7], 24 pH BRI, 28 Iy £1 %)
J(558 nm %K) (W ICRE PR K A AR, AT
(625 nmi K ) ToHRE SRR, 38 13 K I 4% A 2T
BRSO tam i HAELARS 0 0 pH B, BRI, n]HE
FELPR Sk A 7 35 I AE I AR I pH AL, 3 fE 4 ()
SE A X AR R M R GRS g AR R AT TR
B [ ARG 00 ) 2 oK, 3l FH 2 R AR W B g . SR
NASA FF A& i iYL pH A% 2% 7T LA I ) pH
EFEE 6.5 ~7.5 KA £0. 1 pH {7, 28—k
b Ja TSR 120 d,
2.3.2 pHiz# SLREFMMEERRSH A CO,
G R IR NaHCO, 2H JiHY 22 b 2 48 ok e+
pH YRGS , SR 1T 25 (8] SC 56 2R 4 02 B P X 3 9% R
4, T A AT CO, R 1A, BTk R A A
AR ANTE BRI Bl R IR Y A P 5 A, A
KA F AT R 2525 W 2L R AR L BT 21, DA i 34
INSZERAS . Lee 45 3l i 75 5 55 £ P ELHE VR 06
(BR) VEVAROR VA 7 W pH E, 33 pH 14 %
FGHE SRR (B VR 1 T AR, 2 i 42 ] iR
(B T A, AN —Fp AR 7

3 ELERMMERA

X T2 [ 40 i 5 S S, 200 ol T R S
SRAR X T AN M A [R] b 31 A 2 RN B, IR
ABFFEES A A AR AT BB 3 T

o T UL 40 D ) S R P AR G e DB TR
PHCE I FL B B 5 TG0 (CCD) L™ o s 1)



EREMNE $£29% %F6H 20M4F£12H
586 Journal of Medical Biomechanics, Vol. 29 No. 6, Dec. 2014

U N THERAEIEZE , B S IhE 3O 1F (b i R
gy i ) FTEHUB T PREE Z5AF (AR 7 il BE A
4 B T BE T AR AL B4 £E P 1T 7 AR A [ 7
FEmRS , R 1R AR B, AL 2 (RIS A il T i
T PEAT VR FE I [T FR T o R T L Sl T R
PRI T7 AR DA A I f B, HX RS 5 T X
PR ESRA R AT DL

4 F B 0 ONAR R GE A B £ se B
HahRAEIRE. W WATTR LA 2247 22 BRI AR A
IR AR A s 3, 22 AT 2 B AR S TN T, B
I ARAE BRI AR E T 5 R R LG, Pk
ZhRE S 22 s i Fe IR R 7 2O B v, g L R AR I
NFR AR S TOr AR T RS, AR
AL b i IR BN RE T , ks 1] S B ol A T R TR R
)R, AT BT 1 4> B 3l 2R AR AR S 4% o
JAMEHUR SE R, Il i R R AR R AP
ARSHEMGRSE RAE ek . A A shik D)
RE ALk 0 fR PR AR IR AR 2 2 1] 240 0 A ) S
r R GLHNEB A K DT 1] o

4 DESRE

BEH ALK B (0 4 B, 25 1) A= e B W 52 i 7
LA SEORTOR B#aia vl ) HEry ik, 25 1) 4
G/ IFINE t= NN £ EAN (UE (8 1E (SN N i D pU a2
PRV A R BT DN | S BOUL 5 ) 4R i % 5 1) R
JRARAE e R L AL T A AN B SR A B
Ko BT A S 5 PR AR R, 25 18] 20 A )
SR g TN PR B A SR 22 R ) S A 5 ML A
RS AT JCHRE T2 46 0F) FH R i 52 56 2 8
B SRR T T o XS FOAR FEiG—T7
2% TS MG A B TR, 75— 7 i T 25
] AT AR A s AT MR AR PR 200 25 TE] S 3
GEIRR Bk ACHm  Ha s A S e R B, 3 A s ik
A B PRVERE LA S TSR P EOR AR R, SER B Y
TF R 18 R AR

Az (A1 A0 M A ) By s ) & JR ikt S TH AT
RHEHA : OF IR AR R BA , LB IR BB
/INEIAR [ AR A R 255 97 I 3 A pH AL A9 6 5 ) AL
QFI P S B AR ] 3 1 Y SR B s ) A% Il

AL A AR HOR , S B EE  pH DO 455
FESH S I RGN , I8 3 F B S 15 2%
GLSLBUS R [ SR T s @15 DA SR AL A4 (1 3)
RAEFRSCH A Sh R AR 2 SRR 4 A 3 2 HUk
RARGE; O WU LA BRIV RAF B

AR AR BAR AR BRSSO
AR SLERA (4 4 e, o ok — A fie i 2 6] A2 )
B B /N AL B s B BE AL L & 5y B A
BB T A2 A 2 ) 0 A ) 2 S e B 5 0 2
A AT 1) AR D T A 440 i e s [ R 5
o) e T ) B 5 A ) w7 ATL A R L O vk e g
fili

Sk

[ 1] Buravkova LB, Grigorieva V, Rykova MP. The effect of
microgravity on the in vitro NK cell function during six Inter-
national Space Station Missions [ J].
Technol, 2007, 19(5-6) ; 145-147.

[2] Slenzka K. Neuroplasticity changes during space flight
[J]. Adv Space Res, 2003, 31(6): 1595-1604.

[3] Wilson JW, Ott CM, Zu Bentrup KH, et al. Space flight al-

ters bacterial gene expression and virulence and reveals a

Microgravity Sci

role for global regulator Hfiq [ J]. Proc Natl Acad Sci
US A, 2007, 104(41) ; 16299-16304.

[4] ZEWe. St s Mg mA[Jd]. BERAY %,
2012, 27(2) : 129-132.

Qin L. Mechanical stimulation enhances osteogenesis and
bone generation [J]. J Med Biomech, 2012, 27(2): 129-
132.

[5] Board SS. A strategy for research in space biology and
medicine in the new century [ M]. Washington DC, USA.
National Academy Press, 1998.

[6] SongK, LiuT, Cui Z, etal. Three-dimensional fabrication
of engineered bone with human bio-derived bone scaffolds
in a rotating wall vessel bioreactor [ J]. J Biomed Mater
Res A, 2008, 86(2) . 323-332.

[7] Horner M, Miller WM, Ottino JM, et al. Transport in a
grooved perfusion flat-bed bioreactor for cell therapy appli-
cations [ J]. Biotechnol Prog, 1998, 14(5) : 689-698.

[ 8] Freed LE, Vunjak-Novakovic G. Spaceflight bioreactor
studies of cells and tissues [ J]. Adv Space Biol Med,
2001, 8 177-195.

[9] Vunjak Novakovic G, Searby N, De Luis J, et al. Micro-



LEKX, % TEHEEYREF[EAFRER
SHANGGUAN Bing, et al. Technical advances in space cell bioreactor 587

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

gravity studies of cells and tissues [ J]. Ann N 'Y Acad Sci,
2002, 974(1) : 504-517.

Tefh, PR, BB 5 8 B AR AW HOR [ M/ 3K
AR RE. dat: BleEliit, 2010 323-363.

Piret JM, Cooney CL. Model of oxygen transport limita-
tions in hollow fiber bioreactors [ J]. Biotechnol Bioeng,
1991, 37(1) ; 80-92.

Tharakan JP, Chau PC. A radial flow hollow fiber bioreac-
tor for the large-scale culture of mammalian cells [ J]. Bio-
technol Bioeng, 1986, 28(3) : 329-342.

Walther |, Van Der Schoot B, Boillat M, et al. Perform-
ance of a miniaturized bioreactor in space flight; Microtech-
nology at the service of space biology [ J]. Enzyme Microb
Technol, 2000, 27(10) : 778-783.

Sun SJ, Gao YX, Shu NJ, et al. A novel counter sheet-
flow sandwich cell culture device for mammalian cell growth
in space [ J]. Microgravity Sci Technol, 2008, 20(2) ; 115-
120.

Hu W, Long M, Kang Q, et al. Space experimental stud-
ies of microgravity fluid science in China [ J]. Chin Sci
Bull, 2009, 54(22) : 4035-4048.

Long M, Sun SJ, Huo B, et al. Biomechanics on cell re-
sponses to microgravity [ M]//Hu WR. Advances in micro-
gravity sciences.
Press, 2010; 215-233.

USA. Transworld Research Network

Wu M, Huang S, Cui Z, et al. Development of perfusion-
based micro 3-D cell culture platform and its application for
high throughput drug testing [ J]. Sens Actuators B Chem,
2008, 129(1) ; 231-240.

Cui YH, Huo B, Sun SJ, et al. Fluid dynamics analysis of
a micropatterned cell bioreactor [ J]. Ann Biomed Engi,
2011, 39(5) : 1592-1605.

Chen Z, Wu B, Liu H, et al. Temperature shift as a
process optimization step for the production of pro-uroki-
nase by a recombinant Chinese hamster ovary cell line in
high-density perfusion culture [ J]. J Biosci Bioeng, 2004,
97(4) . 239-243.

Yoon SK, Song JY, Lee GM. Effect of low culture temper-
ature on specific productivity, transcription level, and heter-
ogeneity of erythropoietin in Chinese hamster ovary cells
[J]. Biotechnol Bioeng, 2003, 82(3) : 289-298.

Altman GH, Stark P, Martin I, et al. Advanced bioreactor
with controlled application of multi-dimensional strain for tis-
sue engineering [J]. J Biomech Eng, 2002, 124(6) ; 742-
749.

Walther |, Van Der Schoot BH, Jeanneret S, et al. Devel-

opment of a miniature bioreactor for continuous culture in a

[23]

[24]

[25]

[26]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

space laboratory [ J]. J Biotechnol, 1994, 38(1) ; 21-32.
Heijnen JJ. Influence of dissolved oxygen concentration on
nitrite accumulation in a biofilm airlift suspension reactor
[J]. Biotechnol Bioeng, 1997, 53(2): 168-178.

Piiper J, Scheid P, Perry SF, et al. Effective and morpho-
metric oxygen-diffusing capacity of the gills of the elasmo-
branches Scyliorhinus stellaris [ J]. J Exp Biol, 1986, 123
(1):27-41.

Carritt DE, Kanwisher JW. Electrode system for measuring
dissolved oxygen [J]. Anal Chem, 1959, 31(1): 59.
Kroneis HW, Marsoner HJ. A fluorescence-based steriliz-
able oxygen probe for use in bioreactors [J]. Sens Actua-
tors, 1983, 4. 587-592.

Mcevoy AK, Mcdonagh CM, Maccraith BD. Dissolved ox-
ygen sensor based on fluorescence quenching of oxygen-
sensitive ruthenium complexes immobilized in sol-gel-de-
rived porous silica coatings [ J]. Analyst, 1996, 121(6):
785-788.

Papkovsky DB. New oxygen sensors and their application
to biosensing [J]. Sens Actuators B Chem, 1995, 29(1) .
213-218.

Garcia HE, Locarnini RA, Boyer TP, et al. Dissolved oxy-
gen, apparent oxygen utilization, and oxygen saturation
[M]//Levitus S. World Ocean Atlas 2005.
USA. US Department of Commerce, 2006.

Maryland,

Kirk TV, Szita N. Oxygen transfer characteristics of minia-
turized bioreactor systems [ J]. Biotechnol Bioeng, 2013,
110(4) ; 1005-1019.

Koérner H, Zumft WG. Expression of denitrification en-
zymes in response to the dissolved oxygen level and respir-
atory substrate in continuous culture of Pseudomonas stutz-
eri( J]. Appl Environ Microbiol, 1989, 55(7) : 1670-1676.
Walther |, Van Der Schoot B, Boillat M, et al. Microtechn-
ology in space bioreactors [ J]. Chimia (Aarau), 1999, 53
(3): 75-80.

Cane C, Gracia |, Merlos A. Microtechnologies for pH IS-
FET chemical sensors [ J]. Microelectronics J, 1997, 28
(4) . 389-405.

Lobnik A, Majcen N, Niederreiter K, et al. Optical pH sen-
sor based on the absorption of antenna generated europium
luminescence by bromothymolblue in a sol-gel membrane
[J]. Sens Actuators B Chem, 2001, 74 (1) : 200-206.
Jeevarajan AS, Vani S, Taylor TD, et al. Continuous pH
monitoring in a perfused bioreactor system using an optical
pH sensor [ J]. Biotechnol Bioeng, 2002, 78(4) . 467-472.
Lee HL, Boccazzi P, Ram RJ, et al. Microbioreactor ar-

rays with integrated mixers and fluid injectors for high-



EREYMNE £29% H6H

2014 £12 A

588 Journal of Medical Biomechanics, Vol. 29 No. 6, Dec. 2014
throughput experimentation with pH and dissolved oxygen [42] LeedJ, Kim K, Nam B, et al. Implementation of a passive
control [ J]. Lab Chip, 2006, 6(9) : 1229-1235. automatic focusing algorithm for digital still camera [ J].

[37] Tucker KG, Chalder S, Al-Rubeai M, et al. Measurement IEEE Transact Consum Electron, 1995, 41(3) . 449-454.
of hybridoma cell number, viability, and morphology using [43] Ren S, Li J, Xie L. Automatic focusing technique based
fully automated image analysis [ J]. Enzyme Microb Tech- on gray scale difference method [ J]. Opto-electro Eng,
nol, 1994, 16(1) ; 29-35. 2003, 30(2) : 53-55.

[38] Wingate R, Kwint M. Imagining the brain cell. The neuron [44] LiH, Chen J, Zhang Y, et al. Effects of oriented sub-
in visual culture [ J]. Nat Rev Neurosci, 2006, 7(9) ; 745- strates on cell morphology, the cell cycle, and the cytoskel-
752. eton in Ros 17/2.8 cells [ J]. Sci China Life Sci, 2010, 53

[39] Kluge JA, Leisk GG, Cardwell RD, et al. Bioreactor sys- (9): 1085-1091.
tem using noninvasive imaging and mechanical stretch for [45] K2, BAEE, IMAHE, 25 Mo S0 Bl 5 i 1 B
biomaterial screening [ J]. Ann Biomed Eng, 2011, 39 (Bl FE R TN ME A= W A7 o R AL [ J ). ERAEY N
(5): 1390-1402. 22014, 29(3) ; 285-291.

[40] Porter BD, Lin AS, Peister A, et al. Noninvasive image Zhang C, Lv DY, Sun SJ, et al. Impacts from ground-
analysis of 3D construct mineralization in a perfusion biore- based microgravity simulation on biological responses of
actor [ J]. Biomaterials, 2007, 28 (15) ; 2525-2533. bone marrow mesenchymal stem cells and the underlying

[41] Stephens DJ, Allan VJ. Light microscopy techniques for mechanisms: A mini-review [ J]. J Med Biomech, 2014,
live cell imaging [ J]. Science, 2003, 300(5616) ; 82-86. 29(3) . 285-291.

B S S S S S R S R O S U I SN S PN NS RSN S

(L% 581 W)

[36] Willinger R, Taleb L, Viguier P, et al. Rotation translation tests [J]. Traffic Injury Prev, 2013, 14(5) : 501-508.
duality in head trauma perceptive and objective evidence [38] Mills NJ. Critical evaluation of the SHARP motorcycle hel-
[ C] // Proceedings of International IRCOBI Conference on met rating [J]. Int J Crash, 2010, 15(3) : 331-342.
the Biomechanics of Impacts. Lyon, France: IRCOBI, [39] Lee HP, Gong SW. Finite element analysis for the evalua-
1994 . 63-76. tion of protective functions of helmets against ballistic Im-

[37] Mcintosh AS, Lai A, Schilter E. Bicycle helmets: head im- pact [ J]. Comput Meth Biomech Biomed Eng, 2010,

pact dynamics in helmeted and unhelmeted oblique impact

13(5) : 537-550.





