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We have investigated a micro vapor membrane valve (MVMV) for closing the microfluidic channels by laser
irradiation on carbon nanocoils (CNCs) attached to the inner wall of the microchannels. The microchannel
with MVMVs was found to exhibit a “closed” state without the supply of laser energy, which is explained on
the basis of the theory of heat and mass transfer. Multiple MVMVs for sealing the channels can be generated
in sequence and exist simultaneously at different irradiation sites, independently. The significant advantages
of the MVMV generated by the laser irradiation on CNCs are the elimination of extrinsic energy required to

) maintain the microfluidic channel “closed” state and the simplification of the structure integrated into the
Received 20th February 2023 microfluidic channels and fluid control circuitries. The CNC-based MVMV is a powerful tool for the
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investigations of the functions of microchannel switching and sealing on microfluidic chips in

DOI: 10.1039/d3ra01148h biomedicine, chemical analysis and other fields. The study of MVMVs will have great significance for
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Introduction

In recent years, microfluidic chips have been widely used due to
their small device size and low energy consumption in various
industries such as biology, medicine, manufacturing, and
microfluidic technology."* The controlling of microflow trans-
port is the key technology for microfluidic chips.®> The purpose
of controlling microflow transport is actuating reagents and
samples throughout different parts of the microfluidic channel.
Typically, microvalves are designed to realize regular flow
regulation, on/off switching, switch of the fluid, sealing of bio-
molecules and so on.*” So far, microfluidic valves have been
widely used in drug screening, cell analysis, cell capture, anal-
ysis of biological small molecules (such as nucleic acid, protein,
etc.) and other fields of life analysis chemistry.*® However, most
valves, such as a normally closed valve,'* shut-off valve,** surface
tension plug and monolithic elastomer valves,"” need to be
integrated into microfluidic channels. Due to the limit of size,
integrating the valves into a microfluidic channel is very
complicated."
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biochemical and cytological analysis.

Currently, microbubbles have received much concern for
dynamically commutating or switching fluid transport.*>**
The rapid swell and collapse of cavitation bubble is used to
realize the microfluidic functions, including droplet genera-
tion," fluid pumping,'® cell sorting'” and high-speed micro-
particle.” The main mechanism of the bubble disruption and
actuation is massive pressure exerting on the surrounding
liquid and structures (e.g., the inner wall of microfluidic
channel) during the bubble cavitation. The advantage of
microfluidic valve with microbubbles generated by laser
directly induced liquid is no need for complex components or
circuits in microstructures, which is meaningful for the
manufacture of chip in microfluidic systems, micro-electro-
mechanical systems, etc.

However, in order to lower the threshold energy of bubble
cavitation, a variety of dyes are usually introduced into a liquid
phase, leading to polluting the samples in channels.’*** In
addition, active oxygen species and free-electrons having
a deleterious effect on biomolecule are also created in the liquid
medium during rupture processes of bubble cavitation.*>*

Carbon nanocoils (CNCs) as a coiled carbon nanomaterials
have been confirmed to have excellent near infrared photo-
physical properties.**® Carbon nanocoils have been used for
microbubble generation in our previous work. When the laser
beam is focused on a single CNC immersed in deionized water,
the energy from the laser beam is absorbed by the CNC because
of the unique helix structure and excellent photothermal
conversion properties of the CNCs.” The thermal energy from
the CNC heats the surrounding liquid, which leads to a micro
vapor bubble created at the irradiation site. Laser irradiation on
the CNC to generate a microbubble, avoiding the employment
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of light absorption dyes and the generation of reactive oxygen
species and free-electrons in microfluidic channel.

Additionally, CNCs constructed by a hybrid of amorphous
sp® and sp” graphite grains, not only have the basic character-
istics of carbon nanomaterials, but also have the unique cata-
Iytic activity, physical and chemical properties, etc. It is widely
used in many fields, such as optics, catalyst and bio-
pharmaceutical, etc.**** Sun and coworkers have reported the
use of CNC/TiO, as photocatalyst for degrading organic
contaminants in water under visible light by the redox reac-
tions. Their research results show that CNC/TiO, as photo-
catalyst can degrade more than 50% of organic contaminants in
30 min.** Additionally, carbon nanocoils have good chemical
stability and excellent biocompatibility, which can avoid to
damage biological tissues or cells and to affect the physiological
functions of the biomolecule. So CNCs are very suitable for
application in the field of biochemistry. Wang and coworkers
have reported that CNC-based needle tips are used for the
investigations of living cell local mechanical transduction and
electrophysiological characteristics.*' In order to accelerate the
development of microfluidic technology in the fields of blood
typing, preliminary screening of blood diseases and rapid
screening of tumor cells, we use the CNCs with excellent pho-
tothermal conversion property and good biocompatibility as
a carrier of heating to generate a microvavle for biochemical
and cytological analysis.

In this work, we present a new method to control the direc-
tional flow of microfluid and realize the switch function for the
microfluidic channel through the micro vapor membrane valve
(MVMV) evolved from micro vapor bubble, which is realized by
the laser irradiation on the carbon nanocoils attached to the
inner wall of microfluidic channel. Limited to the channel size,
the created vapor bubble evolves into vapor membrane as
a valve for clogging the microchannel. This method can main-
tain multiple independent MVMVs to close microfluidic chan-
nels in the desired position of channels with no need for
integrating circuits, wiring and microelectrodes on the micro-
fluidic chip.

Materials and methods

The main material of the microfluidic chip used in our experi-
ments is polydimethylsiloxane (PDMS). Microchannels with
rectangular cross section in PDMS chip are 20 um in height, 20
to 100 um in width. The flowing liquid in all channels were
actuated by syringe pump.

The chemical vapor deposition was used to synthesize CNCs
with average coil diameter from 300 nm to 600 nm and an
average pitch of 200 nm in this experiment (Fig. S1, ESIT).** The
mixed solution of Fe,(SO,);/SnCl, was used as the catalyst
precursor for the preparation of CNCs. Fourier transform
infrared spectroscopy, X-ray photoelectron spectroscopy and X-
ray diffraction patterns of the CNCs are provided in Fig. S2
(ESIt). In our experiment, in order to obtain the CNCs attached
to the inner wall of microfluidic channel, the CNCs powder (2
mg) were placed into the deionized water (10 ml) and treated by
ultrasonic for 45 min in room temperature to prepare the CNCs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Experimental set up of laser systems and geometry of the
enlarged microchannel with deionized water (blue), CNCs (helix)
attached to the inner wall of microfluidic channel. (b) An MVMV for
clogging the microchannel. (c) Two MVMVs for stealing the channel.

solution. The CNCs solution was infused into the microfluidic
channel by syringe pumps. Then, controlling the deionized
water flows into microchannels until no CNCs are suspended in
the channel, but only CNCs attached to the inner wall of the
channels as shown in Fig. 2a.

The schematic illustration for MVMYV generation and appli-
cations on microchips is shown in Fig. 1. The laser source is
a linearly polarized laser diode with a wavelength of 1064 nm
and laser spot diameter of 4 um, approximately. The laser beam
is focused through a 60X objective lens system (1.25 numerical
aperture) on CNCs attached to the inner wall of the microfluidic
channels in PDMS chip.

The dynamic process of the MVMYV generation by laser irra-
diation was captured through a microscope coupled with a 60X
objective, a charge coupled device camera system, computer
software and a mobile phone with photographic function.

Results and discussion

Fig. 2a shows the CNCs that attached to the inner wall of
microchannel due to liquid pressure between liquid and PDMS,
van der Waals attraction, and excellent flexibility of the CNCs.
In addition, CH; functional group in PDMS is easily adsorbed to
wrinkles of the CNCs, which is helpful for CNCs attaching to the
walls of channel.* The TEM image of a single CNC (in the inset
of Fig. 2a, high magnification TEM pictures in Fig. S3, ESIf)
shows that CNC has a unique spiral structure which benefits the
heat accumulation on the pitch of CNCs immersed into
deionized water.” The Raman spectrum of the channel with
CNCs (in Fig. 2b) further proves that the CNCs are attached to
the inner wall of the channel.

Fig. 3a shows a hemispheric microbubble is rapidly created in
the microchannel by laser irradiation (power of 0.74 mW) on the
CNCs attached to the inner wall of microfluidic channel. Fig. 3a
and b show the hemispheric microbubble grows over time under
continuous laser irradiation. Limited to the size of the channel
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Fig.2 (a) Optical microscope image of the CNCs attached to the inner
wall of the microfluidic channel filled with deionized water and
transmission electron microscope of a single CNC in left bottom inset.
(b) The Raman shift of the channel with CNCs from the dashed line
area in (a).

Fig. 3 Optical images of the microchannel with a width of 20 um
clogged by the MVMV evolved from the vapor bubble induced by
focused laser irradiation. (a) A hemispheric microbubble immediately
created at the irradiation site by laser irradiation for 0.3 s. (b) An MVMV
developed from the hemispheric microbubble for clogging the
microchannel by laser irradiation for 2 s. (c and d) The MVMV main-
tained to its initial shape for 300 s without supplying energy from laser
irradiation. The yellow dots indicate the irradiation site of the focused
laser beam. The focused laser power is 0.74 mW.

(width of 20 pm, height of 20 pm), the vapor bubble evolves into
a vapor membrane as an MVMV for closing the microfluidic
channel at 2 s after the laser irradiation, as shown in Fig. 3b.
With the increasing of irradiation time, the MVMV is elongated
along the longitudinal direction of the channel as shown in
Fig. 3c. In fact, the heat energy converted from laser beam will be
transmitted to the surrounding liquid along the CNC lengthways
direction due to the excellent thermal conductivity of CNCs. This
suggests that the lengthways size of the MVMV can be adjusted
by controlling the laser irradiation time.

To obtain a stabilized and fixed size MVMV, the laser beam is
removed from the CNCs after the MVMV formed. An interesting
finding is that the MVMYV will not shrink and disappear for 300 s
after removing the laser beam from the CNCs, as shown in
Fig. 3d. It means the channel can remain “closed” state for
a long time without supplying energy.

This phenomenon is different from our previous work that
spherical vapor bubbles in deionized water, i.e. bubbles uncon-
fined by the channel boundaries, begin to shrink obviously when
the laser irradiation is shut off.*® It proves that PDMS channel
benefits to prevent dissipation of thermal energy from the
bubble to the surrounding liquid and the lifetime of an MVMV is
not laser irradiation dependent. The above results mean that the
laser as power source can be separated from the MVMV.

To confirm the function of the MVMYV, the power of laser is
adjusted to 0.95 mW for the larger size channels. Fig. 4a and
b show that a wider microfluidic channel (width of 100 pm) is
clogged by the MVMV evolved from the microbubble. Similarly,
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Fig.4 Microscope images of the MVMVs generated in a wider channel
(width of 100 um). (a) A microbubble is created by 5 s after laser irra-
diation. (b) A microbubble evolves into an MVMV to close the wider
channel by laser irradiation for 50 s. (c) The MVMV without shrinking
for 300 s after removing the laser beam from CNCs. (d) Two inde-
pendent MVMVs generated in sequence to build a sealed channel. The
yellow dots indicate the irradiation site of the focused laser beam. The
power of laser beam is 0.95 mW.

this MVMV still exists without shrinking for 300 s after
removing the laser beam from the CNC, as shown in Fig. 4c.
Then, the laser beam with the same laser power of 0.95 mW was
focused on another site at the inner wall of channel with CNCs.
Another MVMV appears at the new irradiation site and both
MVMVs are independent of each other in a shared channel, as
shown in Fig. 4d. This result demonstrates multiple indepen-
dent MVMVs can be formed in sequence by adjusting the irra-
diation site, which means a sealed channel can be constructed
in microfluidic channel.

All these results imply that the MVMV functions, including
the plug, switch, seal, etc., can be maintained in the micro-
channel for a long time with no need for extrinsic energy source
after MVMYV formed, which is very useful in microfluidic chip,
nanoelectronic devices and micro-electromechanical systems.

Comparing with our previous work,” similar theories are
used to analyze bubble generation, the bubble growth and the
MVMV evolution in the microfluidic channel.

At the initial stage of bubble generation, the dynamics
theories of bubble nucleation suggest that activation energy is
required to squeeze the surrounding liquid in the site of the
heating surface.®® The minimum of activation energy required
can be obtained with the help of external conditions such as
grooves or slits at the heating surface. Analogously, the concave
spaces of spiral CNC act as the grooves or slits of heating
surface, which benefit the formation of bubbles. When the laser
beam is precisely focused on the CNCs, the photon energy of the
beam will be absorbed by CNCs and converted into heat energy
used to vaporize the liquid at the area of laser irradiation. A
microbubble is created on the CNC irradiated by laser beam.

After the generation of bubble, the growth of the bubble and
the evolution of the MVMYV in the microfluidic channel can be
analyzed by the mass and heat transfer theory which is similar
to that used in our previous work.* The specific enthalpy
increment per unit time in vapor bubble is attributable to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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heat transfer and laser irradiation, which could be explained by
the following formula:

dT,
mgcp-gd—[g = _hA(Tg - Td) + 0, 1)

where my is the vapor mass inside the bubble, ¢, is the specific
heat capacity at constant pressure inside the bubble. T, and T4
denote the temperature inside bubble and liquid surrounding
bubble, respectively. & is the surface heat transfer coefficient
and A is the bubble surface area while Q denotes the laser
power. The specific enthalpy increment of liquid is attributable
to the heat transfer from bubble to liquid and the heat
absorption of liquid evaporation. Thus the specific enthalpy
increment in liquid per unit time can be described as below,

mdcp‘d%:hA(Tg — Td) + GmaT, (2)
where myq is the liquid mass, ¢, q denotes the specific heat
capacity of the liquid at constant pressure, ¢, 4 denotes the
evaporation rate of the liquid, and r is the latent heat for
vaporizing liquid. The mass flux transported into the bubble
can be described as

dm,v = MthA(CvO - Cvoc)s (3)

where My, hp, ¢y and ¢, . are the molar mass of the liquid, the
surface mass transfer coefficient, the vapor concentration on
the bubble surface, and the vapor concentration inside the
bubble, respectively. In the case of ideal gas, we get

1o Ny oo 1 Pvo Pveo
0 — Cyoo = — = —|—/— — , 4
“o = ¢ Vo Vi R(Td Tg) ()

where p, is the bubble surface vapor pressure, p,. is the vapor
pressure inside the bubble and R is the molar vapor constant.
Also in eqn (4), gm is given by mass conservation law as

dm, d 7td3pg
—YImd = my = W - a < 6 ’ (5)

where d is the bubble diameter and p,is the vapor density inside
the bubble.

In eqn (1)-(4), the bubble surface area A is crucial to the
development of bubble. The smaller A is, the slower the heat
transfer is. The temperature rise rate inside the bubble is faster
than the outside of the bubble. Higher temperature difference
between the internal and external bubble causes a rapid evap-
oration of the liquid around the bubble and a mass increase of
the gas inside the bubble. Finally, the volume of the bubble
increases gradually with a further increasing of the tempera-
ture. Overall, after the stage of bubble generation, the bubble
will expand with the increasing of laser irradiation time.

The experiments show that the bubble expands with the
increasing of laser irradiation time. When the developing
bubble touches the inner walls of microchannel, a vapor
membrane with surface area A is formed. Moreover, the vapor
membrane keeps elongating along the longitudinal direction of
microfluidic channel under laser irradiation. It means that the
vapor membrane does not reach its maximum size when the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface area of the vapor membrane is A. Thus, the mass and
heat transfer between the vapor membrane and the liquid
surrounding the membrane does not reach a balance. The
bubble temperature T, does not reach the maximum which

N dTg . . .
implies that my Cp’ng in eqn (1) is not equal to zero while

vapor membrane does not reach its maximum size. Since the
liquid surrounding vapor membrane cannot be regarded as
infinite (the four surfaces of the vapor membrane are enclosed
by PDMS channels with good thermal insulation property), the
temperature Ty of the liquid surrounding the vapor membrane
with surface area A will rise and the temperature difference (T,
— Tq4) will decrease gradually under laser irradiation. Therefore,
when the focused laser is shut off, i.e., Q becomes zero, the
absolute value of heat transfer term |—hA(Ty — Tqg)| in eqn (1) is
relatively small since both the area of heat transfer and the
temperature difference between the liquid and the vapor are
relatively small in the membrane case, which means the heat
inside the vapor membrane will not be transmitted to the liquid
quickly, and the temperature and volume of the vapor
membrane will not be changed very quickly over time. Thus, the
vapor membrane is able to exist stably in microfluidics channel
for a long time after removing the laser beam from the CNCs.
In addition, we also found that the vapor bubble shrinks
gradually then thoroughly disappears when the laser beam is
removed from the CNCs, as shown in Fig. 5. It can also be
explained by the similar theories in eqn (1). For vapor bubble in
microchannels, the external environment (the liquid
surrounding bubble in the channel) can be approximately
infinite with respect to the microbubble size. So when the heat
inside the bubble is transferred to the outside of the bubble, the
liquid temperature T4 can be regard as a constant, approxi-
mately. The temperature difference between vapor bubble and
liquid (Ty — Tq) is higher than that between vapor membrane
and liquid. Therefore, when the focused laser is shut off, i.e., Q
becomes zero, the absolute value of heat transfer term |—hA(T,
— Tq)| is relatively large since both the area of heat transfer and
the temperature difference between the liquid and the vapor are
relatively large in the bubble case. In comparison with the vapor
membrane, the temperature and volume of the vapor bubble
will be significantly reduced. This suggests that the micro-
channel is crucial for the lifetime of stable vapor membrane.
Considering the effect of flow rate on the expansion of
hemispherical bubble, we investigate the relationship between
the diameter of the hemispherical bubble and the laser irradi-
ation time within 12 s at various volumetric flow rates. In this
study, we ignore the change of the bubble shape and assume
that the bubble shape is developed approximately from

Shrinking

a
—

Fig. 5 Dynamics of the bubble contraction after removing the laser
beam from the CNCs.
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Fig. 6 Expansion curves of vapor bubble with time under different
flow rates.

hemispherical to spherical during the bubble expansion. Fig. 6
shows that the expansion rate of hemispherical bubble
increases significantly with an increasing flow rate. It is clear
that hemispheric bubbles are easier to expand in fluid with
a higher flow rate. A hypothesis could, thus, be that the
increased expansion rate of bubble with an increasing flow rate
is owing to the fluid flows accelerating the heat dissipation
inside bubble.***”

The fluid flow rate in microchannel does not prevent the
generation of microbubbles, but help the formation of the
MVMV for clogging the channels. The higher the fluid flow rate
is, the shorter the formation time of the MVMV. It is also found
that, at the early stage of nucleation, the higher the flow rate is,
the smaller the radius of the nuclear hemispherical bubble.
Actually, a research on the problem shows that at the early stage
of the bubble generation, the area to volume ratio of the heat
transfer from vapor to liquid is relatively large considering the
small radius of bubble. Higher flow rate corresponds to larger
convective coefficient of heat transfer, i.e., larger & in —hA(T, —
Tq). Therefore, the heat flux from vapor to liquid is increased for
higher flow rate, leading to smaller radius of vapor bubble.
However, for later stage, the flow path (channel) is partially
blocked by a growing bubble, leading to a narrowed flow path
for fluid flow. When the fluid flow through the narrowed
channel, the fluid flow will be accelerated.?® A higher flow rate in
the narrow channel will lower the pressure at the narrowed
channel, which is the outside of the bubble. Bernoulli equation
still works for the fluid flow in our microfluid channels,
ignoring the viscous force (although strictly speaking, Bernoulli
equation works for inviscid flow).*® Thus, the lowered pressure
helps the bubble to grow, which is similar to Bernoulli effect.
Larger inflow induces larger pressure drop, which benefits the
growth of the bubble.

Moreover, the development speed of microbubble is rapidly
fast at the initial stage and then gradually slow down as shown
in Fig. 6, which can also be explained by eqn (1)-(4). The bubble
surface area A is still crucial to the development of bubble.
When the surface area A is small, the heat transfer from the
bubble to liquid is slow and the temperature difference between
the internal and external bubble is relatively large. Therefore,
the liquid evaporates quickly. By contrast, when the surface area
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Fig. 7 Microscope images of an MVMV that can perform “close—
reopen” cycles. (a) The channel at “closed” state after an MVMV
generated by laser irradiation for 1 min (The power of laser beam is
1.08 mW). The yellow dots indicate the irradiation site of the focused
laser beam. (b) The channel at "reopened” state after the flow rate of
0.8 ml min~* with 1 min.

A is large, the heat transfer is fast and the temperature differ-
ence is relatively small. Therefore, the liquid evaporates slowly.

To recover the channel “open” state, the flow rate of liquid is
considered to help the MVMYV shrink. Fig. 7b shows the closed
channel was reopened by increasing the flow rate to 0.8
ml min~" with 1 min. The “closed” and “reopened” states of
channel are realized by the MVMV as shown in Fig. 7. The
flowing liquid accelerates the speed of heat dispersion, which is
beneficial to transfer the heat from the membrane to the liquid
and to lower the internal pressure of the membrane. Therefore,
there is a pressure difference between the inside and the
outside membrane. When the external force acting on the
surface of membrane is greater than the surface tension on the
gas-liquid phase interface, the pressure of the internal and the
external membrane cannot be balanced by the surface tension
and the pressure component acting on the membrane causes
the shape depression and the size reduction of the membrane.*
As the heat dissipation is ongoing, the shaped depression of
membrane is strengthened and the volume of membrane is
reduced gradually (Fig. S4, ESI}). In the meantime, the contact
area between the membrane and the inner walls of channel will
be reduced and the angle between gas-solid line and gas-liquid
line will become smaller. When the angle between the gas-solid
line and the gas-liquid line is smaller than the wetting angle of
membrane, i.e., the separation condition for membrane from
the inner walls of channel, the membrane will be torn off the
inner walls and deformed to the bubble which will shrink
gradually then thoroughly disappear. The channel is opened
again, as shown in Fig. 7b.

Conclusions

We have demonstrated a method to generate a vapor membrane
as an MVMYV in microfluidic channels by laser irradiation. This
experiment is realized by utilizing laser irradiation on the CNCs
attached on the inner wall of the microchannels to generate
a vapor bubble evolving into a vapor membrane for closing the
microchannels. The results show that a laser beam with 0.74
mW power can induce an MVMV for the microchannel with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a width of 20 pm and a height of 20 pm. And the vapor
membrane can be maintained for a long time with no need for
the supplying of laser irradiation. Moreover, the flow rate of the
fluid can accelerate the formation of the MVMV due to the heat
dissipation effect. By changing the laser irradiation site,
multiple MVMVs can be generated in sequence and exists
simultaneously at different sites, independently. The main
advantage of the MVMV generated by the laser irradiation on
CNCs is the elimination of extrinsic energy required to maintain
microfluidic channel “closed” state. This method is significant
to simplify the structure integrated into the microfluidic chan-
nels and fluid control circuitries.

Combined with laser irradiation, CNCs-based MVMVs are
investigated for typical microfluidic channel of the traditional
microfluidic chip for the first time. The CNCs-based MVMV can
precisely control the opening or closing and switching of the
flow channels by laser irradiation. The MVMYV is easy used in
many types of microfluidic channel since the size of MVMV
matched to channels can be controlled by laser power. The
CNC-based MVMV is a powerful tool for the investigations of the
functions of microchannels switching and sealing on the
microfluidic chip in biomedicine, chemical analysis and other
fields. We envision the future use of the CNCs-based MVMV for
blood, sweat, urine, and a variety of chemical reagents condi-
tion. Microfluidic chip with CNCs-based MVMV will be an
effective tool for blood typing, preliminary screening of blood
diseases, rapid screening of tumor cells and rapid nucleic acid
detection performed on the microfluidic chips.
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