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Construction of a blood-brain barrier microfluidic chip model and
evaluation of the permeability of active components in traditional
Chinese medicine
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Abstract: A blood-brain barrier microfluidic chip platform for studying the permeability of active components
in traditional Chinese medicine was developed. This model used primary human brain microvascular endothelial
cells on a microfluidic chip consisting of two perpendicularly-crossing channels and a single layer porous
polycarbonate membrane. The physiological shear stress in the human vasculature was also modeled in this device.
Cell viability on the chip was monitored by cell staining and immunofluorescence staining. The cells spread well
and the structure of an intercellular adhesion protein was satisfactory. The permeability of fluorescent tracers and
three model drugs and the functional expression of P-glycoprotein (P-gp)on the blood-brain barrier were
investigated. The results show that the apparent permeability coefficients (P, ) of the fluorescent tracers and three
model drugs were consistent with those reported in the literature, and P-gp on the chip showed normal function,
indicating that there was a complete structure and a functional BBB. The permeability of six active components of
traditional Chinese medicine was investigated through this microfluidic chip and the drug concentration was determined
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by HPLC-MS/MS to obtain the P, , of each component. The P, of corydaline was (4.51 & 1.90)x 107 cm-s™, the P, of

app

tetrahydropalmatine was (9.10 + 6.59)x107 cm's”, and the P, of imperatorin was (9.38 + 2.53)x107 cm's; the

concentration of isoimperatorin, baicalin and chlorogenic acid was below the limit of quantification, which

suggested that isoimperatorin, baicalin and chlorogenic acid have poor permeability in this BBB chip. This blood-brain

barrier microfluidic platform possesses a complete barrier function and near-physiological conditions and could be a

valuable in vitro tool for drug permeability evaluation.

Key words: blood brain barrier; microfluidic chip; active components in traditional Chinese medicine; drug

permeability; apparent permeability coefficient
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Figure 1  Schematic illustrations of the microfluidic chip. A:
Microfluidic models. Three-dimensional schematic depicting the
microfluidic device fabrication. The top and bottom layers form
two perpendicularly-crossing channels. A porous polycarbonate
membrane is embedded at the intersection of the crossing channels
for cell culture. B: A photo of the microfluidic device compares to
a Chinese yuan coin. C: The side view of the microfluidic device.

hBMEC: Human brain microvascular endothelial cell
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TR RAE T
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FERME LR L BERTEARA:
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mixERES AR EAYSEM N @i
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EFRP R EFR LK KT R AT & %
HASEER (3 umol- L) AT 8B S . 55 9% I
B0\ HBSS 22 1 75 0 8% 77 30 ming B 5 28 20 591 W B
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OB 25D N R R IR, K HBSS LA 400 pL-h
WEN N Z 8 77 1, B8 30 min Y8 200 pL T 2 IE
o KSR B HIIEBEEAT E BT, A1 P, .
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$ Bl T Transwell £5 7% 82 i) AP, & FL#Z F 0.5 mL f
41 A = ¥, hBMEC 41 g U5 i T~ Trasnwell /s 2 AP il
¥ 1% BBB-on-Transwell #5% , F %5 1.2.3.5.7 /19 K
I 5E 7% 1 25 RS2 56 26 1) %5 JE H BH A (TEER), £°F TEER
i R AT IR 855K . ¥ AP E 4 0.5 mL
5, BLAW & 49 1.5 mL %5 [ HBSS 22 i AF
B . T 306090120 F1 150 min AS 7] B[] £ A
BL MW HL 100 pL 44, F B #MIn 100 uL 2= (4 HBSS 2%
PEVER, R TRAC I IR .
HPLC-MS/MS E2NEHERTPTNGIKE X
F 22 [H Agilent 2 7] 1260 2 w51 800 AH L3k A, Bl % &=k
R HSRERERS AN R AL, LK 6470 B = &
VU BT o B A o €3 % 14 Waters XBridge BEH-C18
(2.1 mm x 100 mm, 2.5 pm) 34 #E#: 0.3 mL-min™;
HEREE: 1 puL; IR 25 °C. JiBhH A 8 0.1% H R /K IR
W B CREW W KB BESE I 7% 0~ 1.5 min,
A (%) 95; 1.5~1.7 min, A (%) 95~30; 1.7~4 min, A (%)
30. K 0~1.5 min A JGRF I 5T HE 06, A7 Otk A 1) 4
AR ZE 7 8 B 22 2, ()T 95 L it RT R4S A T
BLERTS G B T IR o o1 2% 1 B 1 UR N HmE 5 R
(ESI); <% 8 350 °C; TS M =N 11 L-min’™;
F AL E 719 40 psi (1 psi = 6.9 kPa); BYHE HLIE N

4000 V (+).3 500 V (-); < ¥ &= 4 11 L-min’'; BB
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Table 1 Optimal parameters for MS of nine drugs and internal
standard. MS: Mass spectrometry. M: Relative molecular mass;

Frag: Fragment voltage; CE: Collision energy; IS: Internal standard

m—/z Frag CE X
Analyte M, Pre?ursor Pr(‘)duct eV Polarity
ion ion

Caffeine 194.19  195.1 138.1 100 20 Positive
Cimetidine 252.34 2531 159.0 95 13 Positive
Doxorubicin 543.52 5441 397.0 120 12 Positive
Imperatorin 270.28  271.1 202.9 95 8 Positive
Isoimperatorin 270.28  271.1 202.8 100 10 Positive
Corydaline 369.44  370.2 192.1 115 30 Positive
Tetrahydropalmatine 35542  356.2 192.1 100 25 Positive
Baicalin 446.37  445.0 2689 100 10 Negative
Chlorogenic acid 35431 3532 191.2 85 10 Negative

Sulfamethoxazole (IS) 253.05  254.0 1558 100 13 Positive
Sulfamethoxazole (IS) 253.05  252.6 156.0 80 10 Negative

iE&RE S FEEEMEEE M Z L E &
10 mg, 73 Al NN 25 B 17K 58 45 %2 10 mL 15 2Kk FE R
1 mg-mL™" B6f £ RSB PRE TURKE T BRATIH 2= ¢
KA R IEH R R EHR AR ST GER.
it iz FEE e (1S) 5 B8 & 2% 10 mg, 23 AN N FRY B 52 25
% 10 mL, 53 2 & WIRE A 1 mg-mL .

THERBRFMREEGER (QC) BLHll 77l k%
TR 9N 25 il A% WIS B, IO\ I A LU 451 R
RN RH) TAEE R .. A EEIE R TIERHRER
SR, DN B4 AR B e 3 AN AN [F IR FE Y
QC TAEV . Uk % FHEMefigs £ 0E &, F MR A
200 ng'mL" I N FR TAEH R

MMmMALIE B 100 uL #5520 L N AR A TR,
€ 3 min, J&241, T 15 000 r-min™, 4 °C 50> 15 min, B
EIE AT AT

4
1 Z54% hBMEC HBEHI S

AN TER B 1 250 4F T hBMEC 41 il J5 , 40 i v
P 25 L R ILAE W R K Y T P, BT 25 0 % hBMEC
YRR JLF-AS P2 AR 3, R4 M 3 708 v PR 25 R 5 3t
ITIGBRBIEME SIS . IR PR E IHER 10 pmol L
PEIK T 4 pmol- L' 2 FZ L A2 10 umol- L™, BRATHI K
FATHE EHRF R EHROE ESH SRR
N3 umol-L™, FEAT 25 (1i5 5 MESE 5
2 HPLC-MS/MS 75 3% 5 16 4iF

3R 254 %2 T LU AR DR DR L PR T RA & 64
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2R BT 2R SR ERRT IR VE AR F R VEAR
LFVEB T M IRTE & HRE T R, Bk
PESE L (5105 75 R B A SR S 5 3R 2 FiTi

43 B0 e 3 AR T 25 4 A 6 A Hh 2 9 1 R A
LT QC B b ARG 25 B L HERA T, 45 SR B R iR
(9 I PARS 25 B AN E TR) A 25 8 384 T 15%, 1 ff 55 7
80%~ 120%, 1% J7 154G % FE HER B R 4T, 756 € =
3 MAXERRET RS SE R MR

{8 FH§ Live/Dead i 77l W %285 Jr | hBMEC 4 ffd 1)
WML RS R . 4R BORE S E 3 = K hBMEC
YRR TE BB N B AA A0 M 5 2 (B 2A). 20 8% 7% 5
FoR, BN R 72 W K 2 )5, hBMEC 28 Hd [6] AH %5 55
%% (K 2B), H hBMEC 4B 7E & 1 EAFTE R B s . 58
U5 #%2 7 BBB _L—Ff HE Z %325 1 VE-cadherin
MRIEE L, LN 1Z0 F H BBB IR % M, 1ZE A
A LLR T BBB 1 ZhRE, HIE 45/ MR R 2 58Ul
BN B TP A B 1 Al U X hBMEC 41 g (7]
B B B2 5 (1 VE-cadherin 5 [ #E 47 8 5t Je (o, M
SR SR, 45 5 5R, VE-cadherin 2 /41§
Y1 B ) 56 BT, 45 SR 55 % hBMEC 40 J B 2 TR i 7 '8 %
2 fz, BAT 52410 BBB 4544 (K120).

A

Figure 2 Cell culture on chip. A: The live/dead assay of hBMECs
on chip on Day 5; B: The live/dead assay of hBMECs on chip on Day
7. Representative images showing the cell morphology and viability
of hBMECs (green) in culture channels incubating under static
culture for 3 days (Day 1-3) and then dynamic culture for 4 days
(Day 4-7); C: Immunostaining of hBMECs used on chip in this
study. Cells were fixed and stained with antibodies targeting
VE-cadherin and conjugated to Fluor 488 (green), and counter-
stained with nuclear stain (blue). Cells strongly expressed the

tight junctions as indicated by the VE-cadherin

4 MAXEFET R IhEe ST R M TN

SEUG S BT %0 R IR S 5 o FORT 3 R R AR 245 4
BB . %Rt R 98 NaFL 1A [ 4r 7 & 1)
FITC-#i % B# (4.10.40 #1170 kDa)# |7z H T 1A% 12
B ZAF BEEL T NaFL fl FD70 AHSL [ P, 43 70 h
(3.35+ 1.61)x10° cm-s™ A1 (1.85 £ 0.85)x10° em's™. 1£4¢
Transwell #5341 NaFL (1] P, 4 (4.12+ 0.84)x10” cm's™
& fr | NaFL # FITC-Hi B K& M S5 CRIE
A YR AR OGP, S8 i R R R R R RIIE 0 R A
AR FAE 4R Transwell B2, 50 BI1Z008 Fr 45 70 2 1% ) 57

82w R KA RIS IE PE 1) 3 TN o T 251
Rl PE K B T F1 2 2 L 2 85 BBB B E G L, O A 8
HHIX 3 ARG P, o i DN IR AL PN (6.76 +
4.64)<10° cms™ FERREE T P, N (3.67+£2.63)x10° cms™
ZRIWEP, N (142 £ 1.14)x10° cm's™ (1 3A). &
b 3R R 25 A5 0E M R R A S SRR
TEHEAR—F ., £3 RS T O R 5 4% 4 Transwelll
B Hh 5 IR R AR 3 RS B 25 ) s gt . O A
o 2 7 B AN 3 PSR 245 ) (19505 R 505 4k 9 4
i B A — € BAH R, R WA AL @ 57 1 I A E
¥ 1%V BBB.

P PFE] 123 2 P-gp B ML ALY, T2 T P-gp U
REWT 9T o Tariquidar /& — PRl 52 P4 450 5 1) P-gp $1 1] 5711,
St gk ORI, i N P-gp #1817 Tariquidar 5 27 J B
123 WRSC B 3 0 A/ R PR AT, S8 A8 2R e AN o 44 i 5]
B P 123 AhHEZE 9 2.03 + 0.50, 0 A7) 5 A HER
A % 1.05 + 0.14; Transwell #5578 e A T #1551 27
B 123 AhHEZ N 1.75 £ 0.06, IIN 71 J5 2 HE R B
%£1.32+0.15 (K 3B). 5 Transwell A Lb, &5 45
T[] FF 2 7 HE P-gp TRk, 1004 P-gp 7605 I B A2 e
Fik Bt 25 HAT W R A HELE .

5 MBXERES R RE RSB I

A FLIE R T SCHER T CARTE 1) 6 FE LE VT CNS

PRI R R 2R A, R R R VEHR &

Table 2 Calibration curves of model drugs and six components in TCM. TCM: Traditional Chinese medicine; LLOQ: Lower limit of

quantification
Analytes Calibration curve Weighting Linear range/ng-mL" I LLOQ/ng-mL"

Doxorubicin Y=0.0003 X+ 0.000 3 /X 2-200 0.998 9 2
Caffeine Y=0.0051X+ 0.000 1 /X 0.5-1 000 0.999 7 0.5
Cimetidine Y=0.0550X- 0.0035 /X 0.1-600 0.999 9 0.1
Imperatorin Y=0.0372X+0.0059 /X 1-200 0.998 0 1
Isoimperatorin Y=0.0875X+0.0012 /X 0.01-125 0.999 0 0.01
Corydaline Y=0.1126 X- 0.0122 /X 0.5-150 0.994 4 0.5
Tetrahydropalmatine Y=0.1573 X~ 0.004 1 /X 0.15-200 0.9952 0.15
Baicalin Y=0.5620X~- 2.0655 /X 5-60 0.9957 5
Chlorogenic acid Y=1.7303 X~ 7.6605 1/X° 5-60 0.997 0 5
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Figure 3 Permeability and function of P-gp on microfluidic chip.
A: Permeability coefficients of three model drugs in BBB-on-chip
and BBB-on-Transwell. Data is presented in Table 1 according to
the in vivo data. B: P-gp activities measured as efflux ratio in the
BBB-on-Chip (‘P < 0.05 vs corresponding control group) versus
BBB-on-Transwell (7P < 0.05 vs corresponding control group). C:
Permeability coefficients of corydaline, tetrahydropalmatine and
imperatorin in BBB-on-chip and BBB-on-Transwell. n = 3, X £ s.
BBB: Blood-brain barrier. P-gp: P-glycoprotein

Table 3 Comparison of permeability of BBB-on-chip and
BBB-on-Transwell (n = 3, x + 5). P, : Apparent permeability
coefficient; NaFL: Fluorescein sodium; FD 70: Fluorescein

isothiocyanate-labelled dextran 70 kDa

P Jem-s’
Compound - o

BBB-on-chip BBB-on-Transwell
NaFL (3.35+ 1.61)x10° (4.12+£0.84)x107
FD 70 (1.85+0.85)x10° -
Caffeine (6.76 + 4.64)x10” (4.17 £0.20)x10°
Cimetidine (3.67 £2.06)x10° (4.06 £0.32)x10°
Doxorubicin (1.42 +1.34)x10° (3.26 £0.80)x10°
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Table 4 Permeability coefficients of six active components of
TCM in BBB-on-chip and BBB-on-Transwell (n = 3, x £ s)

Compound

P Jems’!
app

BBB-on-chip

BBB-on-Transwell

Imperatorin
Isoimperatorin
Corydaline
Tetrahydropalmatine

Baicalin

(9.38 £2.53)x10”

(4.51+1.90)x107
(9.10 + 6.59)x10”

(8.40 £ 0.73)x10°
(1.69 £ 0.06)x10°
(2.34+£0.37)x10°
(4.16 £ 0.56)x10°
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