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Abstract Radix Salvia Miltiorrhiza, a famous herb med-
icine is widely used in China and limitedly used in USA,
Japan, and other countries for the treatment of cardiovas-
cular and cerebrovascular diseases. This herb medicine has
two groups (non-polar and polar) of active ingredients with
distinct clinical effects, and thus theses ingredients should
be separately used to enhance therapeutic efficacy and
reduce side effect. In this article, as an alternative of con-
ventional mechanical shaking and separatory funnel, lami-
nar flow extraction in microfluidic chip is proposed to
separate the two kinds of herb ingredients. Compared with
conventional methods, microfluidic chip provides continu-
ous extraction, less labor intensity, and better performance.
Furthermore, we employ three-phase laminar flow to
provide double liquid-liquid interface area, circumventing
the low efficiency of two-phase laminar flow. Therefore,
the extraction ratio is dramatically improved to 92%
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(tanshinone IIA). To predict the extraction ratio, a
straightforward theoretical model is also established and
agrees well with the experimental results. This microfluidic
chip would be a powerful technical platform for handling
complicated natural products.
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1 Introduction

Radix Salvia Miltiorrhiza, the dried root of Salvia mil-
tiorrhiza Bge. is a famous herb medicine in China for its
treatment of cardiovascular and cerebrovascular diseases
(Zhou et al. 2005). It also has been used in United States and
Japan (Cheng 2007). This herb medicine contains two cat-
egories of active ingredients with diverse clinical effects (Hu
et al. 2005b, c; Fig. 1). One group consists of non-polar
tanshinone IIA, tanshinone I, dihydrotanshinone I and
cryptotanshinone and they have a variety of biological
activities including anti-ischemic, anti-oxidant, and anti-
tumor properties (Cui et al. 2004). Another group is polar
phenolics, such as salvianolic acid B, which is recognized to
protect myocardium from ischemia-induced derangement
and neural cells from anoxia, to reduce hepatic fibrosis, and
to inhibit platelet aggregation (Li 1997; Lay et al. 2003). The
different components in Radix Salvia Miltiorrhiza with
diverse clinical effects should be used separately in order to
enhance therapeutic efficacy and reduce adverse effects. For
instance, Shuanglongfang therapy, a composite formula,
only contains the phenolics (polar components) from Radix
Salvia Miltiorrhiza instead of non-polar components, and the
ginsenoside from Radix Ginseng (Li et al. 2003). Hereby, it is
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Fig. 1 Structures of five principle active ingredients in Radix Salvia
Miltiorrhiza

essential to separate the non-polar and polar compounds of
Radix Salvia Miltiorrhiza for clinical treatment.

The extraction of Radix Salvia Miltiorrhiza is usually
accomplished by solvent extraction, which is one of the
most widely used processes in chemical engineer, chemical
and biochemical analysis. The conventional solvent
extraction, based on separatory funnels and mechanical
shaking, suffers from laborious processes, large amounts of
organic solution and emulsification at the interface which
results in an obstacle of separating phases (Lo et al. 1983).

In recent years, laminar flow extraction on microfluidic
chip has been developed as a kind of miniaturized solvent
extraction. Laminar flow is a well-known phenomenon in
microfluidic chips and has extensive applications (Sia and
Whitesides 2003; Mu et al. 2009a). Laminar flow extrac-
tion usually depends on the diffusion and repartitioning of
specific molecule between two immiscible and parallel
streams (Tokeshi et al. 2000; Hisamoto et al. 2001; Hibara
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et al. 2002; Maruyama et al. 2004; Aota et al. 2007; Aota
et al. 2009; Mata et al. 2008). In micrometer dimension,
interface area between water and organic streams is rela-
tively large, and diffusion distance is rather short. There-
fore, the solvent extraction is naturally fit to be performed
in microfluidic chip with expected high efficiency. This
miniaturized extraction also has distinguished advantages
including low consumption of organic solvent, continuous
process, and possible integration with other functional
units. However, the actual extraction ratio is not very high.
For example, it is 50% for Y(III) (Maruyama et al. 2004),
26.1-36.1% for methamphetamine (Miyaguchi et al. 2006)
and 79.5% for strychnine (Tetala et al. 2009). It may be due
to the short extraction time and short length of extracting
channel that utilized. While the channel is patterned by
laminar flow patterning, the length is usually restricted by
the diffusive broadening.

In this work, we rely on the existed technology of
laminar flow extraction, but take three steps to promote this
technology and distinguish our work from others. (1)
Laminar flow extraction is employed to separate the two
categories of components in Radix Salvia Miltiorrhiza.
Except extracting strychnine in one recent paper (Tetala
et al. 2009), as far as we know, there is no any reports
about herb medicine (or plant) extraction by laminar flow
extraction in microfluidic chip. Laminar flow extraction, as
an efficient and important alternative to conventional
methods, would benefit the development of herb medicine.
(2) The extraction is performed by both two-phase and
three-phase laminar flow. Three-phase laminar flow has
already been employed in laminar flow extraction for
“simultaneous extraction and back-extraction” (Surmeian
et al. 2002; Maruyama et al. 2004; Tetala et al. 2009).
However, we exploit a previous unrecognized aspect of it;
that is, three-phase laminar flow offers double interface
area compared with two-phase laminar flow. A large
liquid-liquid interface would benefit the diffusion process
and lead to a better performance of extraction. (3) A new
theoretical model based on diffusion process is also
established to predict the extract ratio. This theoretical
model is more straightforward than others (Maruyama et al.
2003; Znidarsic-Plazl and Plazl 2007) and still agrees well
with the experimental results.

2 Materials and methods

2.1 Chemicals and materials

Toluene, hexanol, dichloromethane and Sudan II were
purchased from Yili Fine Chemical Co., Ltd (Beijing,

China). Rhodamine B and octadecyltrichlorosilane (ODS)
were brought from Sigma-Aldrich (St. Louis, MO, USA).
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The original solution of Radix Salvia Miltiorrhiza was
home-made and filtered through a membrane filter (2-um
pore size). Polyetheretherketone (PEEK) screws and
unions, polyterafluoroethylene (PTFE) tubes were bought
from Alltech (Deerfield, IL, USA). Fused silica capillary
with 100-um inside diameter (ID) were purchased from
Yongnian Photoconductive Fiber Factory (Hebei, China).
Two glass syringes (1 ml) coupled with PTFE plungers
were brought from GaoKe industry and trading Co., Ltd
(Shanghai, China). In all cases, chemicals were of analyt-
ical reagent grade and water purified in a Milli-Q system
(Millipore, Bedford, MA, USA) was used.

2.2 Instrument

Direct observation of laminar flow is performed through a
37XR biological microscope (Shanghai Optic Instrument

Fig. 2 The configurations of

interconnector and microfluidic A
chips. a The detailed setup of

interconnections. / Capillary,

2 PTFE tube, 3 PEEK screw,

4 metal screw, 5 PMMA plate,

6 O-ring, 7 glass microfluidic

chip, 8 metal plate. b The union

of glass syringe to capillary 3
tube. ¢ The layout of two-phase
microfluidic chip with a channel
of 500-pm wide and 30-pm

Company, China) equipped with a charge-coupled device
(CP230, Panasonic, made in China). The fluids were driven
by two syringe pumps (Kd Scientific and Harvard, USA).

2.3 The fabrication of chip and interconnector

Photolithographic and wet chemical etching techniques
were used for fabricating channels onto a 1.7 mm-thick
63 x 63-mm glass plate with chromium and photoresist
coating (Shaoguang Microelectronics Corp., Changsha,
China; Yao et al. 2004). After drilling holes on the etched
glass plate, we bonded the etched glass plate and a blank
glass plate permanently in a programmable furnace.

The configurations of a syringe and interconnected glass
microfluidic chip are shown in Fig. 2. The interconnector
consists of a polymethylmethacrylate (PMMA) scaffold
and a metal plate which is to fix the microfluidic chip.
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PEEK screws in the PMMA plate were properly adjusted to
press on an O-ring as well as to align the reservoirs on the
chip. The fused silica capillary tube with 360-pum outside
diameter (OD) was inserted into a PTFE tube with 300-um
ID to form a compression fitting.

2.4 The procedure of modification

We implemented the hydrophobic modification on a glass
plate before we selectively modified the microchannel. The
glass plate was washed by Piranha solution (H,SO4:H,0, =
3:1) and then immersed in a ODS solution in toluene (1%)
for 1-2 min to complete the modification. After the modi-
fication, the surface of glass became hydrophobic. For
selectively modifying the microchannel, the streams of tol-
uene and toluene solution of ODS (1%) were pumped into it
for 3 min and the two streams flow in parallel. The side of
the channel contacting with the toluene solution of ODS was
modified into hydrophobicity; yet the another side of the
channel contacting the toluene maintained hydrophilicity.
The stream of ODS solution was stopped before the toluene
stream to confine the modified area. After the selective
modification of glass channel, the stream of water could flow
side by side with the stream of dichloromethane. If the
modification is not implemented, the segmented flow would
occur instead of stratified flow.

2.5 Extraction procedure

The original solution of Radix Salvia Miltiorrhiza and
dichloromethane solvent were pumped into the modified
glass microchannel. The solution of Radix Salvia Mil-
tiorrhiza flowed on the hydrophilic side, which is the
unmodified; the dichloromethane solvent flowed on the
hydrophobic side, the modified side. Owing to the surface
free energy, a stable laminar flow of water and organic
phases were generated. Crossing the interface of the two
phases, the non-polar components (such as tanshinone ITA)
were extracted from original solution into the dichloro-
methane solvent, because non-polar components have a
better solubility in a non-polar solvent than in a polar sol-
vent. And the polar components (phenolics) remained in the
water phase. After the extraction, the polar and non-polar
fractions were collected from the outlets, respectively.

2.6 HPLC procedure

The results of the extraction were confirmed by off-chip
HPLC analysis, which was carried out on an Waters 2695
series HPLC system (Waters Corporation, Milford, MA,
USA) by using a C18 analytical column (Alltech, Alltima
250 mm x 5 pm x 4.6 mm) at an ambient temperature
with a sample injection volume of 10 pl. Detection was
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carried out by using a photodiode array detector (Waters
model 2996), at an optimized wavelength of 280 nm (Hu
et al. 2005a, b, c). The mobile phases were set as follows:
water contains 0.5% formic acid (eluent A), and acetoni-
trile (eluent B). The following linear elution gradient was
used (flow rate, 1 ml/min): 0—40 min, 100-70% A; 40—
50 min, 70-20% A; 50-70 min, 20-15% A.

3 Results and discussion
3.1 The fabrication and evaluation of interconnections

The extraction of laminar flow is usually required to be
compatible with organic reagent. In this sense, PDMS, a
prevalent material to fabricate microfluidic chip, is
incompatible to organic solution, and thus cannot be used
to serve solvent extraction (Lee et al. 2003; Favre 1996).
The material for fabricating microfluidic chip should be
organic-resistant; therefore, we choose glass as the suitable
material to fabricate microfluidic chip. Furthermore, the
connections and tubes should also be compatible with
organic solution and high pressure. In this study, a
detachable scaffold interconnect was adopted for its con-
venient fabrication and reusability (Tokeshi et al. 2000;
Hisamoto et al. 2001). It should also be noted that the
alignment of this interconnector to chip requires some
technical agility. The mismatch would lead to a remarkable
drop of sustained pressure.

The feasibility of this interface is detected both by visual
check and by recording the pressure of the liquid. The
suddenly drop of pressure on the curve corresponds to the
highest pressure sustained by the interface before leakage
(Fig. 3). It is notable that the pressure drops to a lower
value but do not reach to zero immediately, because
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Fig. 3 The pressures at various flow rates (n = 3). The max
sustained pressure for this interconnector is about 900 psi
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interconnects are not completely corrupted. The leakage of
the solution is also visible. Owing to the differences of
handicraft to assembly the whole system, the max pressure
(inflection point) is between ~800 to ~ 1,100 psi. The
scaffold connections were usually employed less than
900 psi corresponding to a flow rate of 0.8 ml/min.

3.2 Selective hydrophobic modification

Although the laminar flow of fluids in the same phase is a
natural phenomenon, the co-current flows of aqueous and
organic streams, such as water and chloroform, in one
channel is not easy to be generated. Since the different
phases have diverse interfacial forces to the channel walls,
one of these phases would preferentially wet the bound-
aries and form discontinuous flow of droplets of other
phases (Shui et al. 2007). Surface modification is a versa-
tile approach for various applications in microfluidic chip
(Swickrath et al. 2008; Woolford et al. 2009; Zhou et al.
2009; Wong and Ho 2009). The modification to partial
channel, herein, is essential to generate a stable interface of
aqueous and organic streams.

The contact angles of water and toluene droplet in air on
modified or untreated glass plates are shown in Fig. 4.
After modification, the contact angle of water is improved
from 10.0 £ 1.1° to 105.1 & 2.3°, which indicates the
surface of glass becomes hydrophobic and nonwettable to
water; the contact angle of toluene is also improved from
11.2 & 0.9° to 27.1 £ 1.8°. So, the modified surface still
remains wettability to toluene.

Furthermore, we selectively modified the inner walls of
glass channel by laminar flow patterning (Kenis et al.
1999). After successful modification to the wall of
channel, two-phase and three-phase laminar flows of
immiscible streams are shown in Fig. 4c and d, respec-
tively. Three-phase laminar flow provides double interface
area than two-phase laminar flow at the same volumetric
velocity. The laminar flow is stable and reliable, and the
interface between two immiscible liquid streams is easily
visible.

3.3 The extraction of rhodamine B

To test the capability of the selectively modified micro-
fluidic chip, the extraction of rhodamine B from aqueous
solution into hexanol was performed by two-phase laminar
flow. Figure 5 shows the two-phase flow (hexanol solution
and aqueous solution of rhodamine B) in a channel of
15 mm long. It could be clearly observed that the red
rhodamine B gradually moves into hexanol phase across
the interface. The dye concentration profiles in the channel
before and after extraction are calculated by the gray value

Water

Modification
Modification

D '

Toluene

/
C

200pm
—_—

Fig. 4 The hydrophobic modification of glass plates and microchan-
nels. a The contact angle of water on an unmodified glass plate and a
modified glass plate. b The contact angle of toluene on an unmodified
glass plate and a modified glass plate. ¢ The two-phase laminar flow
of water (a) and toluene (dyed by Sudan II 1%w/w) (b) flow through
the selectively modified glass channel; D. The three-phase laminar
flow of water (a) and dichloromethane (c) flow in the selectively
modified glass channel. The three-phase laminar flow provides two-
fold liquid-liquid interface. Both in ¢ and d, the interface of
immiscible liquids is clear

g Liguid-liquid interface
2e Hexanol phase Water phase
N §
o
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g —— After extraction
a . : :
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Fig. 5 Two-phase laminar flow extraction of rhodamine B. The
upper stream is a hexanol stream at 10 pl/h and the lower stream is a
water stream (rhodamine B 1% w/w) at 12 pl/h. a A junction near
inlets of chip, b a junction near outlets, and ¢ the gray value profiles
of the laminar flows before (a) and after (b) extraction

in Fig. 5a and b. The curve in hexanol phase rises a little
after extraction (Fig. 5c). The curve of water phase near the
liquid-liquid interface declines a little, but the rest curve
remains as the same value as that before extraction. As a
consequence, the extraction of rhodamine B is incomplete.
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The laminar flow extraction is based on the diffusing of
molecular across an interface transverse to the flow direc-
tion. Thus, such diffusion is a one-dimensional diffusion. It
could be described as the following equation (Bruus and
Henrik 2008)

t=1/D (1)

where ¢ is the diffusion time or residence time (s) in this
work, [ is the diffusion distance (um), and D is the diffu-
sion coefficient (m2/s). The diffusion length is the half of
width of the channel, 250 um, and D of rhodamine is
0.39 x 10~ m?s (Rani, Pitts, and Stewart 2005). In light
of Eq. 1, it needs about 200 s to extract all of the rhoda-
mine B from aqueous phase into hexanol phase. However,
the residence time in experiments is far below 200 s. Thus,
the fluids would flow out the confluent channel before most
of rhodamine B reaching the interface. It is why the
completed extraction of rhodamine B is not achieved.
Extending the residence time by lowering the flow rate may
be helpful. However, the low flow rate cannot guarantee
the collection of extract and the processed amounts of the
original solution. An alternative method of increasing the

Fig. 6 HPLC chromatograms
of Radix Salvia Miltiorrhiza

liquid-liquid interface is the following

experiments.

adopted in

3.4 The extraction of Radix Salvia Miltiorrhiza

The aim of this work is to extract ingredients in Radix
Salvia Miltiorrhiza by laminar flow extraction. So, on the
grounds of the previous experiments, we finally carried out
the extraction by two-phase (water/dichloromethane) and
three-phase laminar flow (water/dichloromethane/water).
HPLC was determined to confirm extraction results, not
only because it is a prevalent method to analyze Radix
Salvia Miltiorrhiza (Hu et al. 2005a, b, c), but also because
some ready and integrated (on-chip) fluorescence or elec-
trochemical methods (Yao et al. 2006; Ren et al. 2009; Mu
et al. 2009b) are not capable to detect these drug mole-
cules. Figure 6 shows HPLC chromatograms of original
solution and extracted aqueous solution by the extraction of
three-phase laminar flow.

The chromatograms clearly show that much of the non-
polar components (the peaks after 45 min) are extracted.
Comparing the two peaks of tanshinone IIA in Fig. 6, the

(a) and an aqueous extract by 1560 | 1 e
three-phase laminar flow - e
(water/dichloromethane/water) =iy il 5
(b). I salvianolic acid B; 120 | | -
2 dihydrotanshinone I; - . 3 f
3 cryptotanshinone; -:Dt I AN |||
4 tanshinone I; 080 | 9
5 tanshinone IIA o : .

040 |

020 ' (i

I A ll L\ I ) S A ;.LJ\,'I"-J' "'LJ‘IA Ll A A

000 f—- :

000 SO0 1000 1500 2000 2500 2000 JSODO 4000 4500 S000 S500 6000 6500 7000

Time /min

180 - B
150 -
140
120

100 -

AU

080
0£0 -
040 -
()]

000 — —

@ Springer

" r!.'. | A

et AN AN N e - . - ~—

Time /min



Microfluid Nanofluid (2010) 9:365-373

371

extraction ratio reaches to 92% at a total flow rate of 39 pl/
h. The near-complete extraction ratio is highest among the
published laminar flow-based systems. And it is due to the
larger liquid-liquid interface provided by three-phase
laminar flow and prolonged extraction time. Droplet
extraction on microfluidic chip (Chen et al. 2005; Shen
et al. 2006; Shen and Fang 2008) might provide higher
extraction ratio (or enrichment ratio) but fails to attain off-
chip extracted samples.

Although several theoretical models have been devel-
oped (Znidarsic-Plazl and Plazl 2007; Maruyama et al.
2003), here, a theoretical model, which is simpler than
others, was established to predict the results of the
extraction. In this theoretical calculation, the solubility of
tanshinone IIA in dichloromethane is assumed to be large
enough; therefore, the non-polar molecular would be
trapped in the organic phase as long as it comes across
the liquid-liquid interface by diffusion. The extraction
ratio could be estimated by the diffusive length of the
non-polar molecular from Eq. 1 and is expressed as
follow

R = (tD)*? /1y x 100% (2)

where R is the extraction ratio (%) and [, is the longest
distance (um) which the molecular needs to move to the
interface. In two-phase condition, [, is the half width of the
confluent channel, 250 pm. In three-phase condition,
because the area of liquid-liquid interface is doubled, the
diffusion length should be expressed as follows

1 =2(tD)"? (3)

And the extraction ratio of three-phase laminar flow is
given as follows

R =2(D)** /I, x 100% (4)

where [; is 200 pm for the channel used in three-phase
laminar flow, D of tanshinone IIA 1is assumed as
0.1 x 1077 m?/s. Figure 7 depicts the theoretical and
experimental extraction ratio of tanshinone IIA by two-
phase and three-phase laminar flows. The theoretical
results are based on Egs. 2 and 4; the experimental results
are calculated from the corresponding peaks of HPLC
chromatograms. The theoretical values agree well with
the experimental data.At the equal volumetric velocity,
three-phase laminar flow offers double liquid-liquid
interface area compared to two-phase laminar flow. A
large interface area would benefit the diffusion progress,
and thus the target molecular could be easily extracted to
another phase by increased interface and shortened dis-
tance. Since the diffusion distance is also shorter in three-
phase laminar flow than that in two-phase laminar flow,
the improvement of final extraction ratios is larger than
two folds in Fig. 7.

100 al _

0 10 20 30 40 50 60 70 80
Residence time (s)

Fig. 7 The theoretical extraction ratio (R) of tanshinone IIA
extracted by two-phase (dash line, bl) and three-phase laminar flow
(solid line, al). It is also shown that the experimental results by three-
phase laminar flow (black square, a2) and by two-phase laminar flow
(white square, b2). Three-phase laminar flow provides nearly two
folds extraction ratio than two-phase laminar flow. The experiment
was conducted three times parallel. The extraction ratio is calculated
by peak area of tanshinone IIA in HPLC chromatograms before and
after extraction

4 Concluding remarks

In this article, a notable herb medicine, Radix Salvia
Miltiorrhiza, was extracted by laminar flow in a microflu-
idic chip. The two groups of non-polar and polar compo-
nents with different clinical effects were extracted and
separated successfully by the three-phase laminar flow,
which brings double liquid-liquid interface area to improve
the extract ratio. We also combine the experimental results
with the theoretical model to describe the process of lam-
inar flow extraction and predict the extraction ratio, which
agrees well with experimental results. The current problem
is the actual low throughput. It is because that flow rate of
liquid in micrometer size is difficult to increase. The high
flow rate of liquids would be too finicky for both the power
driving the liquid through microchannel and the sustain-
ability of the whole system to prevent leakage. However,
this issue regarding the low throughput could be addressed
by utilizing multiple parallel channels sharing one set of
outlet and inlet (Yung et al. 2009) which just requires the
common microfluidic fabrication techniques. Hence, highly
arrayed parallel channels based on three-dimensional
structure could offer high throughput for large-scale
applications. The future work aims at both the separating
ingredients of herb medicine in a high throughput manner
and other complex systems of natural products.
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