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a b s t r a c t

Microfluidic devices have become a powerful tool for chemical and biologic applications. To control dif-

ferent functional parts on the microchip, valve plays a key role in the device. In conventional methods,

physio-mechanical valves are usually used on microfluidic chip. Herein, we reported a chemo-mechanical

switchable valve on microfluidic chip by using a thermally responsive block copolymer. The wettability

changes of capillary with copolymer modification on inner surface were investigated to verify the func-

tion as a valve. Capillaries with modification of poly-(N-isopropylacrylamide-co-hexafluoroisopropyl acry-

late) (P(NIPAAm-co-HFIPA)) with a 20% HFIPA was demonstrated capable of control aqueous solution stop

or go through. Then short capillaries with copolymer modification were integrated in microchannels as

valves. With the temperature changing around lower critical solution temperature (LCST), the integrated

chemo-mechanical switchable valve exhibited excellent “OPEN–CLOSE’’ behavior for microflow control.

After optimization of the block copolymer sequences and molar ratio, a switching time as low as 20 s

was achieved. The developed micro valve was demonstrated effective for flow control on microchip.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Microfluidic chip developed from 1990s has been widely used

for sample pretreatment [1,2], immunoassay [3-5], chemical syn-

thesis [6,7], cell analysis [8-10]. Valve, as one of the key function

parts, helps to control microflow in microfluidic device in desir-

able sequence [11,12]. Various types of valves have been integrated

in microchannels, including shut-off valve [13], normally closed

valve [14,15], monolithic elastomer valves [16], and surface ten-

sion plug [17]. Limited to the large size, most of the valves were

difficult to integrate into channels on microscale [13–15]. Surface

tension plug was easy to integrate in microchannel, but it is not

reversible. Recent years, Smart valves have attracted considerable

attentions for dynamically controlling microflow transport [18,19].

Micro/nano structured channels modified with stimuli-responsive

polymers are frequently be designed as switchable smart valves

[20].

Poly(N-isopropylacrylamide) (PNIPAAm) has been reported as

an excellent thermal responsive polymer that owns a lower crit-

ical solution temperature (LCST) [21]. The LCST could be ad-

just as wish when designing different copolymer with PNI-
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PAAm [22,23]. Surface grafted with the polymer could change

its hydrophilicity as the environment temperature changes

[24]. Most studies have focused on surface property change

and drug release [25,26]. However, the design of a practi-

cal switchable valve based on PNIPAAm on microchip for tem-

perature controlling the transportation of microflow remains

challenging.

In this work, we report on a switchable valve integrated on

microfluidic chip by using a thermally responsive block copoly-

mer for temperature controlling the transportation of microflow.

As illustrated in Fig. 1a, a T-shaped microfluidic chip was designed

with two functional switchable valve (Valve 1 and Valve 2) in the

two branch channels. The two branch channels with two individ-

ual valve were positioned on two individual thermoelectric cooler

for temperature control. By adjusting the temperatures of the two

thermoelectric cooler, the injected flow could be controlled to

flow left or flow right only. The results suggested the valve could

switch in short time (20 s). The switchable valve was fabricated

by grafting a thermally responsive block copolymer brush poly-(N-

isopropylacrylamide-co-hexafluoroisopropyl acrylate) (P(NIPAAm-

co-HFIPA)) on the inner side of glass capillaries which were then

integrated in the micro channels (Fig. 1b). As demonstrated in

other reports, PNIPAAm was never hydrophobic whenever the tem-
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Fig. 1. Chemo-mechanical switchable valve on microfluidic chip for flow control.

(a) Illustration of the integrated device with switchable valves. (b) Structure of the

copolymer brush. (c) Valve at the “OPEN” state when temperature was below the

LCST. (d) Valve at the “CLOSE” state when temperature was below the LCST.

perature was above or below the LCST [27]. Therefore, HFIPA was

added to adjust hydrophilicity and hydrophobicity while PNIPAAm

governed the thermal properties. In design, high molecule ratio of

HFIPA would cause a higher contact angel (CA) that mean higher

hydrophobicity. On the modified surface, the C=O and N−H groups

of the PNIPPAm and (P(NIPAAm-co-HFIPA) parts generated inter-

molecular hydrogen bonding with water molecules, which would

enhance the hydrophilicity (Fig. 1b). In contrast, the C−F groups

of the (P(NIPAAm-co-HFIPA) part would result in hydrophobic (Fig.

1b). When the temperature (T) was below the LCST (Fig. 1c), the

polymer brush had a stretched state where the inter-molecule

hydrogen bonding between C=O/N−H and water molecules con-

tributed to the hydrophilic property. As a result, the aqueous solu-

tion could pass the channel easily, where the valve state was de-

fined as “OPEN”. In contrast, at the temperature above the LCST,

the inner surface of the valve became hydrophobic because of the

intra-molecule hydrogen bonding between C=O and N-H while

C=O and N−H group difficult to interact with water molecules.

The valve with hydrophobic inner surface would stop aqueous so-

lution to go through the valve, where the valve state was defined

as “CLOSE” (Fig. 1d). Therefore, the valve state could be controlled

by temperature to control the flow stream in the microchannels.

To graft the P(NIPAAm-co-HFIPA to the substrate, the substrate

(capillary or glass plate) was first cleaned and modified to gener-

ate –OH groups on the surface. Then, the substrate was aminated

by treating with 3-aminopropyltrimethoxysilane (APTMS) and ami-

dated by treatment with 2-bromoisobutyryl bromide (BBiB). In

polymerization process, the substrate was reacted with NIPAAm

solution for 1 h at 60 °C. The reaction would allow to proceed

from another 1 h at 60 °C after addition of HFIPA. The entire poly-

merization details are described in Supporting Information and Fig.

S1 (Supporting information). Energy-dispersive X-ray spectroscopy

(EDX) was used to investigated the surface chemical composites.

Compare to the Energy-dispersive X-ray spectroscopy (EDX) anal-

ysis of bare slide glass (Fig. 2a), the element contents of carbon

and nitrogen (Fig. 2b) increased significantly after amine function-

alization. The peak relative to bromine (Fig. 2c) from BBiB was ob-

served after amidation. After polymerization, the peak relative to

fluorine (Fig. 2d) from HFIPA was observed. The results indicated

that the polymerization of P(NIPAAm-co-HFIPA) on the substrate

was achieved.

To confirm the function of the valve, the surface tension of

polymerization substrate should have sufficient change between

hydrophilicity and hydrophobicity. For achievement of the “OPEN”

state, the water contact angle need to be below 90°. Meanwhile,

the water contact angle need to be above 90° after switch to

achieve the state of “CLOSE”. To improve the switch function of

the valve, HFIPA was added in the polymerization process to en-

sure the water CA to be above 90° when the temperature was

higher than LCST. Before applying to glass capillary, the optimiza-

tion of HFIPA ratio was carried out by polymerize the copolymer

on slide glass substrate. The water CA on the prepared substrate

was measured by a self-assembled system under conditions of sat-

urated humidity (Fig. S2 in Supporting information). A thermo-

electric cooler (ECE-F15P-D12, OHM Electric Co., Ltd., Japan) was

used to control the temperature during measurements. After 5

μL of deionized water was dropped onto the substrate surface

and became stable, Image of the water droplet on substrate were

recorded by a Dino-Lite digital microscope. The water CA were

measured according to half angle formula (Fig. S3 in Supporting

information). For one substrate, the water CAs at different positon

were measured, and the water CA angle of the substrate was de-

termined to be the average.

As shown in Fig. 3a, the water CA of the substrate raised with

the increasing ratio of HFIPA. When the HFIPA ratio reached 20%,

the water CA was below 90° (69.2° ± 1.2°) at 20 °C and above 90°
(96.0° ± 1.1°) at 40 °C. The ratio of HFIPA was optimized as 20%.

Moreover, the response time was also investigated. The substrate

placed on the temperature control plate with a temperature of 20

°C, the water CA was measured. Then, the substrate with droplet

was moved carefully to another temperature plate with a tempera-

ture of 40 °C, and the water CA was recording with different time.

The water CA increased quickly with the passage of time increases,

and reach a maximum after 20 s (Fig. 3b). The results suggested

that the copolymer with 20% HFIPA was suitable for valve man-

ufacture. Satisfactorily, the response time was as short as 20 s,

which was capable of flow control in microchannels.

After optimization of HFIPA ratio, the polymerization was ap-

plied to Square-Miniature Hollow Glass Tubing. The glass capillary

owned a square inner diameter of 500 μm and a square outer di-

ameter of 700 μm (Fig. S4 in Supporting information). The glass

capillaries were modified using the same polymerization as before

a HFIPA ratio of 20%. In the experiment, the modified capillaries

were inserted in water with different temperature. Image was ob-

tained using a digital camera when the height (H) of water in the

capillary became stable.

As shown in Fig. 4a, when the temperature of water was kept

at 20 °C that was lower than the LCST (T < LCST), the water height

in the capillary was higher than the height of the environment wa-

ter. When the temperature of water was kept at 40 °C that was

higher than the LCST (T > LCST), H was negative value because of

the hydrophobic inner surface as we discussed before (Fig. 4a). The

H dropped as raising the temperature of the environment water.

With the decrease of the temperature, the height of water in cap-

illary reached a maximum (1.1 ± 0.2 mm) at the temperature of 20

°C and kept constant (Fig. 4b). The H with positive value mean that

the water could be injected the capillary easily in further experi-

ments. With the increase of the temperature, the height of water

in capillary reached a minimum (−6.1 ± 0.2) at 40 °C and kept

constant then (Fig. 4b). As the temperature increased from 10 °C
to 50 °C, the H changed from positive values to negative values
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Fig. 2. Characterization of the substrate with each polymerization step by EDX. (a) Bare slide glass. (b) Substrate after amine functionalization. (c) Substrate after Amidation.

(d) Substrate after polymerization.

Fig. 3. Optimization of the copolymer on slide glass. (a) Water CA on slide glass

polymerized with different ratios of HFIPA (0, 10%, 20%). (b) The water CA at differ-

ent heating time on a temperature control plate of 40 °C.

(Fig. 4c). The H with negative value mean that the water would

be difficult to be injected into and go through the capillary in fur-

ther experiments. All those results indicated that the capillary with

polymerization of P(NIPAAm-co-HFIPA) was ready for use as valve

in microchannel.

The microfluidic chip was designed with “T” shape. All channels

were with a width of 700 μm and a height of 700 μm. The Mi-

crofluidic chip was fabricated using polydimethylsiloxane (PDMS)

by standard soft lithography and replica molding techniques as

previous report [28]. Before the PDMS layer with channel was ir-

reversibly sealed with another PDMS as substrate layer by oxy-

gen plasma treatment (Electro-technic products, Inc., Japan), two

individual capillaries with polymerization function as valves were

placed in the two downstream microchannels (Fig. S5 in Support-

ing information). The two downstream microchannel parts were

placed on two individual thermoelectric coolers for temperature

control. In all the application experiments, temperature of 20 °C
was used to turn the valve to “OPEN” state, while temperature of

40 °C was used to turn the valve to “CLOSE” state. When the left

thermoelectric cooler was set at 20 °C and the right one was set

at 40 °C, an aqueous solution containing 200 μmol/L Rhodamine

6G at a speed of 1000 μL/h was injected into the microchannel.

The results showed that the injected solution flowed into the left

downstream microchannel which no solution flowed into the right

downstream microchannel (Fig. 4d). Instead, the injection solution

flowed right (Fig. 4e) when thermoelectric cooler was set at 40 °C.
All those results demonstrated that the valve state could turn to

Fig. 4. Conformation of the hydrophobicity and hydrophilicity switch in polymer-

ized glass and application as a valve in microchannel. (a) The height of water (H)

inside the capillary at 20 °C. (b) The height of water (H) inside the capillary at 40

°C. (c) The H at different temperatures. (d) Flow direction when Valve 1 was “OPEN”

and Valve 2 was “CLOSE”. (e) Flow direction when Valve 1 was “CLOSE” and Valve

2 was “OPEN”.

“OPEN” and “CLOSE” conveniently by changing the temperature.

In further applications, the total system will include cell culture

part, valve part, and assay part. Each part can be controlled with

desirable temperature. Therefore, the temperature in the valve part

will not limit the temperature requirements in assay part. The re-

ported valve made from polymer brush, thus it could work for
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limited times in real sample detection because of the adsorptions

of metabolites from cells. The property of the valve depended on

brush density and molecule ratio of HFIPA. By changing the per-

cent of HFIPA, the LCST could be adjusted to meet the require-

ments of different applications.

In summary, we have developed a switchable valve that is capa-

ble of integrating in microchannel for control flow stream using a

thermally responsive block copolymer. The ratio of HFIPA at 20% in

the P(NIPAAm-co-HFIPA) was demonstrated to be optimal. The wa-

ter contact angle changed from 69o to 96o when then temperature

changed from 20 °C to 40 °C. The integrated valve in microchannel

showed excellent performance on flow control. The method pro-

vides a potential approach for valve manufacture on microfluidic

chip, which will be much benefit for integration of various func-

tion parts. In further applications, every channel with valve could

connect with a functional assay channel where different metabo-

lites from cells could been analyzed. The valve channel could also

connect with mass spectrometer. By controlling the valve, metabo-

lites at different time could be collected and detected.
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