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micro-droplet evaporation
monitored by electric impedance sensing†

Xinwu Xie, ‡abd Feng Tian, ‡a Xiao Hu,ac Tongxin Chenb and Xinxi Xu*a

Studies of liquid evaporation on a solid surface are useful for wettability phenomena-related research, and

can be applied in a series of scientific and industrial areas. However, traditional methods are not easy to be

intergrated into small size to monitor evaporation process of a micro-droplet. In this paper, a micro-

electrode array was used to measure the impedance of an electrolyte droplet, indicating the dynamic

process of evaporation. This method uses the relationship between concentration and conductivity of

the water solution to dynamically monitor the evaporation process. The dynamic impedance results

were compared to weight and imaging data of droplet evaporation and demonstrate high correlation

coefficient of the earlier 90% part of the sodium chloride droplet evaporation process (R2 ¼ 0.99). Our

study proved that the height of the droplet will affect the impedance sensing result, and the solution

used for droplet evaporation can be expanded to mixture of strong electrolyte solution such as

phosphate buffered solution. Then the “impedance imaging” of the array monitored the evaporating

speed differences of different sites of a sessile droplet. As the electrode array can be integrated into

small size, this method is compatible for many other experimental systems and can be further used for

evaporation studies and corresponding application areas.
1 Introduction

Studies of liquid evaporation on a solid surface are useful for
wettability phenomena-related research, such as two-phase heat
transfers1,2 and electrowetting droplet manipulation,3,4 and can
be applied in a series of scientic areas (biological,5 climate,6

etc.) and industrial areas (printing,7 pharmacology, glass
industry, automotive, textile, etc.).8,9 Thus, being able to
dynamically monitor the evaporation process is important for
these studies. Commonly used methods include droplet height,
contact diameter and contact angle10 and gravity11 measure-
ments, or imaging via microscopy.12 However, none of these
methods can monitor the whole evaporation process to deliver
quantitative, real-time, and sensitive results.

On the other hand, microuidic micro-droplets have been
widely studied recently for physical, chemical and biological
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work.
applications.13 The low volume, isolation from one another,
size, and position controllability of the droplets make them
excellent carriers and containers for chemical or biological
reactions, especially low amount/concentration sample reac-
tions such as digital polymerase chain reaction (PCR).14 Further,
droplet-related cell culture is used for drug screening, cytotox-
icity assessment, and so on.15

However, the imaging- and weighing-based evaporation
monitoring methods are too complicated for some applica-
tions,16 and can not be integrated into microuidic chips. Thus,
it is necessary to nd a new dynamically evaporation moni-
toring method that is easy to operate, small in size, and
compatible to microuidic systems. Recently, several new
methods have been reported to dynamically measure the
evaporation of a droplet. Preter et al. developed a newmethod to
measure droplets by optical ber,17,18 and Schuszter et al.
measure the impedance change of wet buckypaper to monitor
the evaporation process.19 Ino et al. monitor the dynamic
process of different parts of a droplet using electrochemistry.20

This method is a possible solution, but the authors monitor the
evaporation process by measuring the electric current of
a specic chemical reaction, and thus, the application is
limited. Impedance sensing of a micro-droplet can fulll these
needs, and Hjelt et al. developed a silicon micro-well array to
measure liquid evaporation.21 However, this device can only
measure the liquid in the wells, which is physically different
from a sessile droplet on a solid surface, and the evaporation
process is also rather different.
This journal is © The Royal Society of Chemistry 2018
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In this paper, an electrode array was integrated on a glass
chip using microelectronic fabrication methods, and this chip
was used to study the evaporation process of a sessile micro-
droplet. The device is at, and the electrodes can be designed
into different sizes forming an array. The theoretical model was
deduced, and the evaporation process of droplets with different
sizes and contents was monitored by measuring impedance of
a pair of electrodes, and compared to weighing and imaging
results to investigate the feasibility of this method. Then the
dynamic evaporation process of different sites of a droplet was
monitored using the electrode array. This device is compatible
and easy to be integrated for many other experimental systems
for different applications of droplet evaporation, such as heat
transfers studies, microuidic systems, high throughput
screening systems in biomedical applications, and so on.
2 Materials and methods
2.1 Reagents and experimental platform

Minimum Eagle's Medium (MEM, type a) was purchased from
HyClone Laboratories, Inc. (South Logan, Utah). Sodium chlo-
ride (NaCl) and phosphate buffered solution (PBS) were
supplied by Sigma-Aldrich (St. Louis, MO). Deionized (DI) water
was produced using a Milli-Q Advantage A10 (Merck Millipore,
Darmstadt, Ger.).

The electrode array (Fig. 1) was fabricated using standard
microelectronic fabrication techniques. Briey, a conductive
layer of Ti/Au (Ti 20 nm and Au 200 nm) was sputtered onto
a cleaned pyrex glass wafer. Then, an insulation layer, consist-
ing of SiO2/Si3N4/SiO2 (400 nm/100 nm/500 nm) was deposited
onto the substrate using plasma enhanced chemical vapor
deposition (PECVD). Finally, the insulation layer on the elec-
trodes and bonding pads was removed by reactive ion etching.
Fig. 1 The sensing device and theory. The sensing chip (a) with
a droplet and the equivalent circuit (b). (c) Detail of a 1 mL droplet on the
chip covering the electrode array. (d) Detail of the electrodes and
isolated connecting lines. The blue lines represent connecting lines
covered with the insulation layer, and the purple circles represent the
electrode pads. The smaller pads were used as working electrodes,
and the larger central pad was used as the reference electrode for all.
The number of the working electrodes was named as displayed in the
figure, which is the same for the rest of the results.

Fig. 2 NaCl droplet evaporationmonitored by impedance sensing and
weighing, separately. (a) Impedance sensing results, (b) weight
changing results, (c) correlation coefficient of the impedance and
weight values.

This journal is © The Royal Society of Chemistry 2018
The glass chip was bonded to a PCB board and connected to
an impedance analyzer (HEWLETT PACKARD 4192A LF). The
droplet was placed on the glass chip covering the electrodes
(Fig. 1c). Any pair of electrodes can be used to measure
impedance value. To measure a single droplet with a single
curve, a pair of electrodes in the center of the droplet should be
chosen for measurement. To investigate the difference of
evaporation speed at different areas of droplet, an array of
electrodes covered by the droplet was used. The smaller pads
were used as working electrodes, and a single larger pad in the
RSC Adv., 2018, 8, 13772–13779 | 13773
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Fig. 3 Droplets of different volume (0.1, 0.5, 1, 2, 5, 10 mL) evaporation
monitored by impedance sensing, impedance were normalized by the
initial value of each droplet.
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center of the droplet was used as the reference electrode for all
working electrodes. Then, the impedance value (10 kHz, 10 mV)
was measured by the impedance analyzer. The time resolution
of the sensing system can be set to less than 100 ms and 2 s for
single channel sensing and the sensing array, respectively. The
data were collected and analyzed using the soware controlling
the impedance analyzer. The weight was measured by an
analytical balance (METTLER TOLEDO-ME55, accuracy: 0.01
mg), and the imaging of a droplet on the chip was measured
using the image acquisition system mentioned in a previous
publication.16
Fig. 4 Impedance monitored evaporation influenced by droplet
shape. Impedance curves of 5 mL droplet evaporation on a hydro-
phobic glass chip (a) a hydrophilic surface (b) and a 1 mL droplet
evaporation on a hydrophobic glass chip (c). Inset figures shows the
shape of the droplet, and the correlation coefficient (R2) of impedance
and weight.
2.2 Theoretical modeling of the impedance–evaporation
relationship

See Fig. 1b, the impedance (Z) of the droplet can be modeled as
the electrical double-layer capacitors (C) at the electrodes–
solution interface and the solution resistance (R) between the
electrodes.

Z ¼ R� j
1

2pfC
� 2 ¼ R� j

1

pfC
(1)

where f represents the frequency.
Based on previous publications, the double-layer capacitance

can be considered as Helmholtz model, Gouy–Chapman model
or Gouy–Chapman–Sternmodel.22–24 The Gouy–Chapman–Stern
model combined the Helmholtz capacitance (Stern layer) and
Gouy–Chapman diffuse layer. And the single time dielectric
constant (3) can be described by Debye equation:

3 ¼ 3N þ 30 � 3N

1� j � 2psf
þ j

s

2p3*0 f
(2)

where 30 and 3N are, the static electric constants of the solvent
(modied by the solute) respectively, s is the relaxation time, 3*0
is the permittivity of free space (¼8.854 � 10�12 F m�1), s is the
ionic conductivity of the water. Then the dielectric constant can
be written as the real part (30) and imaginary part (300):

3 ¼ 30 + j300 (3)

3
0 ¼ 3N þ 30 � 3N

1þ ð2psf Þ2 (4)
13774 | RSC Adv., 2018, 8, 13772–13779
300 ¼ ð30 � 3NÞ 2psf

1þ ð2psf Þ2 (5)

And the imaginary part (300) can be considered as part of
conductivity:

r ¼ r0 þ 2pf 3003*0 (6)

where r0 is the direct current conductivity.
Assuming the electrodes are relatively small enough

compared to the size of droplet, most part of the current occurs
at the base of the droplet and between the electrodes. Then the
electrolyte solution can be considered as a size-constant
conductive material between the electrodes, the resistance (R)
is determined by conductivity (r) of the droplet:

R ¼ l

rS
(7)

where l and S represents the equivalent length (the distance of
the electrodes) and cross-sectional area of the conductive
material between the electrodes, respectively. At the initial stage
of evaporation, S can be considered as a constant (Fig. S1 and
S2†). The conductivity (r) of strong electrolyte solution is
proportional to its concentration (c) for a great part of the
range:25
This journal is © The Royal Society of Chemistry 2018
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r ¼ k0c (8)

where k0 is a proportion constant.
For the evaporation process, the volume of a droplet keeps

decreasing. When the droplet is a water solution of electrolyte,
and assuming the electrolyte is non-volatile, then the concen-
tration of the electrolyte increases according to the water
evaporation. Thus, the conductivity and the impedance (Z)
value change with time lapse. The conductivity and impedance
can be written as:

rðtÞ ¼ k0cðtÞ ¼ k0
b

VðtÞ (9)

RðtÞ ¼ k0l

bS
VðtÞ (10)

where b and V(t) represent the total solute in the droplet solu-
tion and the volume of the droplet, respectively.

The capacitance (C) at the electrodes–solution interface can
be deduced by:

C ¼ 3S

4pkd
(11)

where k is the electrostatic force constant, and d is the distance
of the electrode plate in double-layer capacitor.

As the imaginary part of 3 is considered as part of conduc-
tivity, the capacitance part can be written as:

C ¼ 3
0
S

4pkd
¼
 
3N þ 30 � 3N

1þ ð2psf Þ2
!

S

4pkd
(12)

The 3N is a constant, and 30 can be deduced as:24

30 ¼ 30w(1 � 0.2551c + 0.05151c2

� 0.006889c3) z 30w(1 � 0.2551c) (13)

where 30w is the static electric constants of pure water.
Thus, the real part of the dielectric constant decreases when

the concentration increased by evaporation. Plug (10), (12) and
(13) into formula (1), and the impedance can be written as:

ZðtÞ ¼ k0l

bS
VðtÞ � j

VðtÞ
VðtÞ � 0:2551b

k1 (14)

where k1 ¼ 4kd
30wfS

is a constant.

Thus, when V(t)[ 0.2551b, the imaginary part of Z(t) equals
k1 and changes a little that can be neglected, the most changes
comes from the real part:

DZðtÞz k0l

bS
DVðtÞ (15)
Table 1 The height estimation result of different volume droplets (cont

Volume (mL) 0.1 0.5 1
Height (mm) 0.36 0.62 0.78

This journal is © The Royal Society of Chemistry 2018
which is a linear relationship.
At the late stage of evaporation, when V(t) decreased and

0.2551b can not be neglected, the imaginary part changes will
affect the impedance changes, the impedance changes will
decrease faster. Then the concentration is too high, conductivity
will decrease accordingly, the electrolyte can be crystallized,
separated out, and at last deposited on the electrodes by the
evaporation and the eqn (9) and (14) does not valid. The
deposited solid materials can block the current and increase the
impedance. When the solution is nearly dry up, the equivalent
cross-sectional area (S) decreases quickly, and the impedance
increased accordingly. These make the impedance turn to
increase at the last stage of the evaporation.

On the other hand, the evaporation occurs at the surface of
the droplet, while the impedance sensing electrodes are on the
base of the chip. It is possible that when the droplet is too high,
the impedance sensing result can not reect the concentration
changes at the top surface of the droplet in real time.
2.3 Theory validation using NaCl solutions

The NaCl solutions were used to verify the above theory. To
investigate the concentration–impedance relationship, the
impedance (10 kHz, 10 mV) of a droplet (20 mL) with different
concentrations (1, 0.1, 0.01, 0.001, 0.0001, 0.00001,
0.0000001 mol L�1) of NaCl was measured by a pair of elec-
trodes on the chip. Then, the time-lapse impedance of droplets
(0.001 mol L�1 NaCl) with different volume (5, 2, 1, 0.5, 0.1 mL)
were measured to evaluate the effect of droplet height. The glass
chip was plasma treated for 40 s (FEMTO, Diener electronic,
GER) to gain a hydrophilic surface, then a 5 mL droplet was
added on the chip and measured by the electrodes again. The
contact angles of the hydrophilic (plasma-treated, 5 mL droplet)
and hydrophobic (untreated, 1 and 5 mL droplet) surface were
measured (POWEREACH, Shanghai Zhongchen Digital Tech-
nology Apparatus Co. Ltd), separately. For comparison, the
evaporation process of droplets (5 mL droplet on hydrophilic
surface, 1 and 5 mL droplet on hydrophobic surface) were
measured by impedance and the analytical balance under the
same circumstance temperature and humidity.
2.4 Theory validation using other solutions

To further study the theory, the evaporation of different solu-
tions (deionized (DI) water, 0.01� PBS (PBS diluted 100 times),
MEM droplets (1 mL) were measured by the electrodes on the
chip and the analytical balance. The impedance values were
compared to the weight data.
act angle ¼ 90�)

2 5 10 5 (contact angle < 10�)
0.98 1.34 1.68 <0.5

RSC Adv., 2018, 8, 13772–13779 | 13775
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2.5 Monitoring the dynamic evaporation process of different
parts of a droplet using a micro-electrode array and
comparing to imaging

Because the micro-electrodes and the intervals can be fabri-
cated into small sizes of �10 mm, the electrode array can be
used to monitor different parts of a droplet that cover the array.
An array of 4� 4¼ 16 microelectrodes of F10 mm (Fig. 1c and d)
was used to measure the evaporation process of a droplet (PBS,
volume ¼ 1 mL). The droplet was generated by a micro-needle
and place on the electrode array, which was placed into the
observing plate of the image acquisition system referenced in
the previous publication.16 The entire evaporation process was
monitored by the side and upper CCDs, and thus, the side view
and top view of the droplet were imaged by this system. The
contact angles at different time were calculated from images
through soware of the contact angle measurement machine.
The contact diameter and the height of the droplet were
measured by Photoshop (Adobe, San Jose, CA).

To better differentiate the differences between electrodes,
the impedance values were normalized by:

Z ¼ ðZ � ZminÞ
ðZmax � ZminÞ (16)

where �Z, Z, Zmin, Zmax represent the normalized impedance
value, the original impedance value, the minimum impedance
value during the evaporation, the impedance value at the
beginning of the evaporation, respectively. Further, the
impedance values were transformed into gray value (G) linearity
such that G ¼ 255 � �Z. Thus, the evaporation process could be
recorded as a dynamic movie.
Fig. 5 Different electrolyte solution evaporation monitored by
impedance sensing, the correlation coefficients (R2) of impedance and
weight value of the earlier 90% evaporation process are presented in
each one. (a) DI water, (b) 0.01� PBS, (c) MEM.
3 Results and discussion
3.1 Impedance sensing of NaCl solution and droplets

Fig. 2 shows evaporation of a droplet of 1 mL NaCl solution
(0.001 mol L�1, Fig. S3†) monitored by impedance sensing
using the electrodes on the chip. The same volume of NaCl
droplet evaporation process was monitored by measuring the
weight using an analytical balance under the same circum-
stance temperature and humidity. The impedance-time and
weight-time result (Fig. 2a and b) show the similar pattern
during most part of the evaporation process (0–420 s). The
correlation of impedance and weight value (Fig. 2c) in this time
range is high (R2 ¼ 0.9899), which means the impedance value
can reect the droplet weight changing very well. The weight
value (80 mg) indicates that the droplet has lost >90% water at
420 s. When the evaporation approaches the last stage, the
concentration is too high that the impedance will increase
sharply till the droplet is dry. The rapid increase of the
impedance value can be a pre-indication of the droplet dry up.

According to the theory, the droplet size and shape can affect
the sensing result. Thus evaporation of droplets with different
volume monitored by impedance were investigated. Fig. 3
shows that when volume is less than 2 mL, the impedance curves
demonstrate concave function pattern, which is similar to
weight changing curve; when volume is 5 or 10 mL, the
13776 | RSC Adv., 2018, 8, 13772–13779
impedance curves demonstrate convex function pattern. It
seems that the height of the droplet affects the sensing. To
further study the impact of droplet height, the chip was plasma
treated to gain a hydrophilic surface, and the 5 mL droplet was
placed on the chip and its evaporation was monitored through
impedance. The impedance curves and original droplet shape
were compared in Fig. 4. The impedance curve of the droplet on
hydrophilic surface shows a concave function pattern (Fig. 4b),
and the correlation coefficient with weight improved than that
of droplet on normal (untreated, hydrophobic) surface (R2 ¼
0.926 to R2 ¼ 0.940). The contact angle of droplet on the plasma
treated surface is less than 10�, while that on the hydrophobic
surface is 84�. The height estimation of them are <0.5 mm and
�1.34 mm. Table 1 listed the height estimation of the droplets
when the contact angle ¼ 90�. For the hydrophobic surface, the
height data approximate to these in Table 1. As the 5 mL droplet
on the plasma-treated (hydrophilic) surface (height < 0.5 mm)
demonstrate concave function pattern, it is obvious that the
height is the main factor inuence the impedance sensing of
evaporation, and the possible threshold for the chip is �1 mm.
This journal is © The Royal Society of Chemistry 2018
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When the droplet's height < 1 mm, the impedance curve will
show better correlation with weight loss. Thus the height of the
droplet can affect the impedance sensing, the evaporation of
lower droplets can be better monitored by the electrode chip.

The impedance changing process demonstrates the evapo-
ration process and thus can be used to study the evaporation
itself. Fig. S4† shows the impedance curve can monitor the
humidity of different circumstances in real-time. Meanwhile,
because the electrodes can be fabricated into several micro-
meters, much smaller droplet can be measured by the micro-
electrodes. If the width and interval of electrodes are 2 mm,
a pair of electrodes can be covered by a droplet of F10 mm, with
a volume < 0.05 pL. Thus, the micro-electrodes chip can
monitor the evaporation of small droplets (<1 pL) using the
impedance method. As the electrodes chip is compatible to
microuidic systems, this method can be used in microuidic
droplet studies.

3.2 DI water and mixture solution sessile droplets
evaporation monitored by impedance

The evaporation monitored by impedance sensing method can
be expanded. Droplets of 1 mL DI water, 0.01� PBS and MEM
were studied using our method (Fig. 5). The impedance curves
demonstrate similar tendency, but show different uctuations.
Compared to weight, the correlation coefficient of them are
rather different. The DI water's correlation coefficient (R2 ¼
0.928) is not high enough for an accurate sensing. The reason
could be the extremely low ion concentration increased the
impedance sensing noise. The PBS results gain a high correla-
tion coefficient (R2 ¼ 0.988), which means the PBS droplet
evaporation can be well monitored by impedance. It seems that
Fig. 6 The quantitative imaging results of the droplet evaporation. The co
during the evaporation process, and the relative coefficient result of hei

This journal is © The Royal Society of Chemistry 2018
the impedance sensing method is not proper for the MEM
droplet evaporation, as the correlation coefficient is rather low
(R2 ¼ 0.828). PBS is a mixture of different strong electrolytes,
such as NaCl, KCl and other phosphates. So most part of the
components of PBS fulll the request for the electrolyte.
Compared to PBS, the components of MEM include amino
acids and glucose, which can not be considered as strong
electrolyte and thus not full the basic condition of our theory.

3.3 Impedance sensing vs. imaging during droplet
evaporation

The contact diameter, contact angle and height during the
droplet evaporation was calculated through the images of the 1
mL droplet evaporation (Fig. 6). The contact diameter changes
a little at early stage of evaporation. The contact angle is
a convex function of time, which is different to weight curve.
The height change is similar to weight and impedance, with
a high relative coefficient (R2 ¼ 0.99) with impedance value.

Because the impedance method demonstrates similar
performance to traditional methods in monitoring evaporation,
and the micro-electrodes can be fabricated into a small array,
the micro-electrode array can be used to monitor evaporation of
different parts of a single droplet. Imaging is usually used to
monitor droplet evaporation, providing morphology results,
and can quantitatively record the dynamic evaporation process.
Thus, the impedance method was compared to the imaging
method. Fig. 7a demonstrates the impedance changes of a PBS
droplet evaporation; the 16 curves represent normalized results
detected by the 4� 4 electrode array. Fig. 7b shows the side view
imaging results of the 1 mL droplet. The droplet morphology
recorded qualitative results of the whole droplet, while the
ntact angle (a) contact diameter (b) droplet height (c) results of images
ght and impedance value (d) were demonstrated.
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Fig. 7 Impedance sensing vs. imaging during droplet evaporation. (a) The 16 impedance curves of different sites of the droplet showed in Fig. 1d.
(b) Morphology of the droplet. Impedance imaging (c) vs. traditional imaging (d) during droplet evaporation. The array (4� 4) numbers (c) are the
same as in Fig. 1d and correspond to the same electrodes in (d).
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impedance method provided quantitative results of different
parts of the droplet.

Fig. 7c shows the normalized impedance imaging results of
a 16-electrode array (4 � 4) covered by a droplet. Fig. 7d is the
top view images of the droplet at different time points. The
impedance imaging results demonstrated that different part of
the droplet have different evaporation speeds, while the tradi-
tional imaging result cannot discriminate such details. Video
S1† was composed by the impedance images demonstrating the
dynamic process of impedance changes, with a time resolution
of 2 s per frame. Generally, the outer ring of the droplet evap-
orated faster than the central portion, which is consistent with
previous studies.26
4 Conclusions

This paper proposed an impedance measurement method for
dynamic sessile droplet evaporation studies using an electrolyte
solution and a micro-electrode array. The basic theory was
deduced and validated. The suitable range and limitation of
this method was studied and discussed. For strong electrolyte
and mixture of different strong electrolytes solution, the
monitoring performance was similar to traditional weighing
and imaging methods. However, when the solution has few ion,
or too much non-strong electrolyte, the impedance sensing will
not be stable enough for accurate measurement. The dynamic
evaporation process of different parts of a 1 mL droplet was also
quantitatively measured by the micro-electrode array. As the
electrodes can be fabricated into small sizes and form an array,
the impedance method can be used to monitor dynamic evap-
oration process of a droplet <1 pL or to scan different parts of
13778 | RSC Adv., 2018, 8, 13772–13779
a single droplet. The impedance imaging can possibly be used
for investigating evaporation of different parts of a droplet with
a better space resolution, while the single impedance sensing
can be used for dynamic monitoring fast droplet evaporation,
with a better time resolution (<100 ms, comparable to other
methods). Although this method uses an electrolyte solution
and its composition is limited, the chemical reaction on the
electrodes is not needed. Further, the surface of the electrode
array was rather at, which is suitable for sessile droplet evap-
oration experiments. The electro-wetting studies are compatible
with this device, too. Thus, this method and micro-electrode
array can be used for small sessile droplet evaporation moni-
toring and is suitable for evaporation measurements under
some conditions such as droplet cell culture and other biolog-
ical applications based on microuidic systems.
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