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a b s t r a c t

Droplet manipulation on an open surface has great potential in chemical analysis and biomedicine engi-

neering. However, most of the reported platforms designed for the manipulation of water droplets cannot

thoroughly solve the problem of droplet evaporation. Herein, we report a shape-reconfigurable micropil-

lar array chip for the manipulation of water droplets, oil droplets and water-in-oil droplets. Water-in-oil

droplets provide an enclosed space for water droplets, preventing the evaporation in an open environ-

ment. Perfluoropolyether coated on the surface of the chip effectively reduces the droplet movement

resistance. The micropillar array chip has light and magnetic dual-response due to the Fe3O4 nanoparti-

cles and the reduced iron powder mixed in the shape-memory polymer. The micropillars irradiated by

a near-infrared laser bend under the magnetic force, while the unirradiated micropillars still keep their

original shape. In the absence of a magnetic field, when the micropillars in a temporary shape are irradi-

ated by the near-infrared laser to the transition temperature, the micropillars return to their initial shape.

In this process, the surface morphology gradient caused by the deformation of the micropillars and the

surface tension gradient caused by the temperature change jointly produce the driving force of droplet

movement.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Droplet manipulation on an open surface is a unique tech-

nique of droplet microfluidics [1]. It retains the advantages of tra-

ditional microfluidic chips, such as low sample consumption, and

high mass and heat transfer efficiency. Besides, it has some other

advantages of simple preparation and easy integration. Individual

droplet manipulation on open surfaces has attracted wide atten-

tion because of its potential application in chemistry, environment,

and biomedicine [2]. Electrowetting-on-dielectric [3], thermocapil-

lary force [4,5], surface morphology gradient [6,7], and magnetic

force [8] have been used for droplet manipulation on open sur-

faces. No matter what strategy, the directional transport of droplets

is realized by directly or indirectly utilizing the imbalanced surface

tension of droplets.

Shape memory polymer can be restored from temporary pro-

grammed shape to original shape under the stimulation of the ex-

ternal environment (such as temperature, electric field, magnetic

field, and light) [9]. The microfluidic chip made of shape mem-

ory polymer has stimulus-response, which makes it a carrier as

well as an actuator. There are a few studies on stimulus-responsive

polymers used in microfluidic chips, mainly focusing on switch-
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able wetting [10–13] and fluid manipulation [6,7,14–16]. However,

the deformation process of most stimulus-responsive microfluidic

chips is irreversible, and the programming of temporary shapes

often requires external pressure, which will inevitably limit the

popularization of stimulus-responsive materials in the field of mi-

crofluidics. Two-way shape memory polymers can reversibly and

spontaneously switch between temporary shape and initial shape

with the change of external conditions, and they have potential ap-

plication value in biomedicine, sensors, actuators, and other fields

[17,18]. Both semi-crystalline polymer and liquid crystal elastomer

exhibit reversible shape memory based on temperature response

[17]. Generally speaking, the trigger temperature of the reversible

shape change of these two-way polymers is either too high or too

low, which limits the application range of shape memory polymers.

Magnetically responsive shape memory polymers have broad

application prospects because of their advantages, such as re-

mote non-contact control, fast response speed, and strong pene-

trating power [19,20]. In this work, we fabricated a shape-memory

micropillar array chip for droplet manipulation using ethylene-

vinyl acetate copolymer (EVA) with photothermal and magnetic

responses. The perfluoropolyether coating on the surface of the

micropillar array chip can effectively reduce the droplet move-

ment resistance for readily manipulating the water droplets and
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Fig. 1. Microscopic images of bent micropillars. (a) Bent micropillars after irradi-

ated by NIR in the magnetic field (bottom) and unchanged micropillars without

irradiation (top). Scale bar, 300μm. (b-d) Micropillars with different bending angles

obtained by controlling NIR laser irradiation time.

oil droplets. The micropillars in a specific area can be shaped by

near-infrared light irradiation in the magnetic field to construct

the droplet control path. The NIR laser triggered micropillar defor-

mation has the advantages of non-contact and flexible adjustment

driven by light, and its essence is the thermal response. Water-in-

oil (W/O) droplets can avoid the droplet damage caused by temper-

ature rise. The droplet movement path can be flexibly constructed

on the chip surface, and the chip can be reused.

Fe3O4 NPs are among the most widely used magnetic particles

because of their biocompatibility, non-toxicity, ease of large-scale

synthesis, and strong magnetism [21]. In addition, they are also

used as a photothermal material for tumor treatment [22]. In this

study, the EVA micropillar array chip was doped with Fe3O4 NPs

and reduced iron powder. The Fe3O4 NPs are uniformly distributed

in the whole chip, while the reduced iron powder only exists in

the micropillars. Before thermoforming, the PDMS micro-pit array

mold was filled with reduced iron powder (Figs. S1a and b in Sup-

porting information). In the first stage of thermoforming (135 °C),
EVA composites melted and flowed into the micro-pits to wrap the

reduced iron powder. In the second stage (200 °C), high tempera-

ture triggered dicumyl peroxide to release free radicals to induce

EVA crosslinking (Fig. S1c). After cooling and demoulding, a mi-

cropillar array with the reduced iron powder was obtained (Fig.

S1d), and the magnetic response ability of the micropillars was en-

hanced. Thus, the micropillar array prepared with the EVA com-

posite has both photothermal response and magnetic response.

The micropillars will not be deformed by magnetic force in the

magnetic field without irradiation. When NIR laser irradiated the

micropillars in the magnetic field, the temperature of the micropil-

lars rose to the transition temperature and the micropillars became

soft. Then the micropillars bent under the action of magnetic force.

The magnetic field was maintained until the micropillar tempera-

ture dropped below the transition temperature, and the micropil-

lars was fixed in a temporary shape. When the curved micropillars

were irradiated with NIR laser again, the micropillar temperature

rose to the transition temperature and the micropillars returned to

their original shape (Video S1 in Supporting information). Fig. 1a

shows that the micropillars bend when irradiated by NIR laser in

the magnetic field, while the micropillars in the unirradiated area

remains unchanged in shape. In addition, the bending degree of

the micropillars can be controlled by changing NIR laser irradia-

tion time (Figs. 1b–d).

Perfluoropolyether is a lubricating oil with low surface energy

and good chemical and biological inertness for preparing liquid-

infused surfaces (LIS) [23]. In this work, LIS was constructed by

coating perfluoropolyether on the surface of the micropillar ar-

ray for reducing the friction between droplets and the surface

[24] (Figs. 2a and b). Then, the droplet motion path can be con-

structed by scanning the chip surface with a NIR laser in the mag-

netic field. Then the NIR laser scans the curved micropillars again

Fig. 2. Schematic diagram of droplet manipulation. (a) EVA micropillar array chip.

(b) Coating perfluoropolyether as a lubricating layer on the surface of the EVA mi-

cropillar array. (c) Constructing the droplet motion path by irradiating the micropil-

lar array with NIR laser in a magnetic field. (d) Driving the W/O droplets through

NIR laser irradiation to restore the shape of the micropillars.

along the path, and the droplets are driven by means of the recov-

ery of the microcolumn shape (Figs. 2c and d). In addition, perflu-

oropolyether is immiscible with water and organic solvents, so oil

droplets or water droplets can be driven on the micropillar array

chip without loss. The magnetic response performance of micropil-

lars mainly depends on the content of reduced iron powder in mi-

cropillar. The reduced iron powder was pre-filled in the micro-pits

of the PDMS mold and transferred to EVA micropillars during the

thermoforming. Considering that the iron powder content in each

micropillar is not entirely consistent, we investigated the consis-

tency of the magnetic response of the micropillar array in Support-

ing information.

Droplet manipulation on an open surface usually requires a lu-

bricating layer coated on the chip surface. The wettability of the

lubricating layer should be superior to that of the working liquid,

and the lubricating layer and the working liquid are immiscible

with each other [24]. In this work, the wettability of water, paraffin

oil, and perfluoropolyether on the surface of the micropillar array

chip coated with the PVA layer was tested after silanization. Un-

like water and paraffin oil, perfluoropolyether can wet the surface

of the silanized micropillar array (Fig. S2 in Supporting informa-

tion). Therefore, perfluoropolyether was coated on the surface of

the micropillar array as the lubricating layer.

We demonstrated the manipulation of water droplets on the

surface of the micropillar array. Fig. S3a (Supporting information)

shows the 2 μL blue water droplet moving along a straight line

driven by light (Video S2 in Supporting information). The move-

ment speed of the water droplet is about 0.25mm/s. Most of the

existing discrete droplet manipulation platforms are designed for

water droplets, while the research on oil droplet manipulation is

less at present. Some chemical reagents or biological samples need

to be dispersed in organic solvents, the surface tension of which

is much lower than that of water. The contact angle difference

between the two sides of the oil droplet induced by the surface

morphology gradient is small. A stronger driving force is needed

for oil droplets to overcome the contact angle hysteresis [25]. In

this strategy, the droplet driving force includes not only the im-

balanced surface tension but also the Marangoni force caused by

the temperature gradient. The lubricating oil on the chip surface

avoids the friction caused by the contact between oil droplets and

micropillars. Therefore, even if the surface tension of liquid paraf-

fin is small (about 26.2× 10−3 N/m), the oil droplet can still be

driven. Fig. S3b (Supporting information) shows the light drives the

2 μL yellow paraffin oil droplet to move in a straight line at about

0.1mm/s (Video S3 in Supporting information). The droplets con-

taining fluorescent dyes were driven on the micropillar array chip,
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Fig. 3. (a) Images of W/O droplets movement and fusion on the micropillar array chip. Scale bar, 1.5mm. (b) Temperature change of the lubricating coating around the NIR

laser irradiation point. (c) Temperature change of the W/O droplet driven by the NIR laser over time.

and the solutes in water droplets and oil droplets were Rhodamine

B and Nile red, respectively. There is no fluorescence in the droplet

motion paths. In other words, the solutes in the droplets did not

remain on the surface of the chip. This phenomenon is mainly due

to the low surface energy of perfluoropolyether coated on the chip

surface. (Fig. S5 in Supporting information).

The evaporation of aqueous droplets needs to be avoided since

the temperature increases during the light driving. To avoid evap-

oration of water droplets, we encapsulated water droplets in oil

droplets to form double-emulsion droplets with paraffin oil as ex-

ternal phase and water as internal phase (W/O droplets). 0.2% span

80 was added to the paraffin oil to stabilize the double-emulsion

system. The oil layer acted as an isolation layer providing a closed

environment. We compared the evaporation of aqueous droplets

and W/O droplets in an open environment. With the increase of

time, the volume of water droplets decreased due to evapora-

tion, while the volume of droplets in W/O had no obvious change

(Fig. S6 in Supporting information). The micropillar array chip was

placed on an electric heating film. After the W/O droplets were

kept at each temperature for 3min, the temperature of the internal

water droplet was measured by a thermocouple thermometer, and

its diameter was recorded by a microscope. As shown in Fig. S7

(Supporting information), there is no noticeable change in droplet

diameter between 37.1 and 55.1 °C. The outer oil layer can also

effectively prevent the evaporation of water droplets at a higher

temperature. The results show that the external oil layer prevented

the evaporation of water droplets. Fig. 3a shows a white W/O

droplet moving in a straight line and merging with a blue W/O

droplet on the micropillar array, and a new W/O droplet formed,

demonstrating the ability of the proposed platform for manipulat-

ing W/O droplets (Video S4 in Supporting information). As shown

in Fig. S4 (Supporting information), 0.5 μL W/O droplets are driven

to fuse with 5 μL W/O droplets, and then the fused droplets are

driven to move along the direction of arrows. The deformation of

the micropillar array was based on temperature changes, so the

droplets will also be accompanied by temperature changes dur-

ing movement. We measured the temperature changes of lubricat-

ing coating and W/O droplet with a self-made thermocouple ther-

mometer at an ambient temperature of 25.7 °C. The type T ther-

mocouple wire with a diameter of 200μm was fixed on the three-

axis manual sliding table (Zolix), and the position of the thermo-

couple was controlled by micrometer. The transition temperature

of cross-linked EVA was confirmed to be about 50 °C in our previ-

ous work [6]. The temperature of lubricating coating on both sides

of the NIR laser irradiation point was measured respectively. As

shown in Fig. 3b, the temperature change trend on both sides of

the zero point is symmetrical. The highest temperature at the irra-

diation point is 36.9 °C, and the temperature drops rapidly within

2mm. At 4.5mm, it is equivalent to room temperature. For W/O

droplets (Fig. 3c), the temperature of the outer oil droplets and the

inner water droplets increased rapidly within 10 s and reached a

Fig. 4. (a) Image of the moving droplet. (b) The effect of imbalanced surface ten-

sion on oil droplet motion. The droplet moved spontaneously from the boundary

between vertical micropillar and curved micropillar to the curved micropillar re-

gion. (c) Influence of Marangoni effect on oil droplet motion. Scale bars, 1mm.

stable level after about 20 s. The stable temperatures of outer layer

and inner layer are 33.5 and 30.7 °C, respectively. The temperature

of the outer oil droplets at the temperature sensing point is always

higher than that of the inner water droplets because the outer oil

phase slows down the effect of photothermal on the inner water

droplets. To sum up, the temperature of lubricating coating, outer

oil droplet, and inner water droplet decreased sequentially, and the

lubricating coating and outer oil droplet reduced the influence of

chip surface temperature changes on inner water droplets.

When the NIR laser scans again along the constructed path, the

droplets are driven, and the curved micropillars return to a verti-

cal state after the temperature rising to the transition temperature.

The micropillar returning to the vertical state locates at the reced-

ing contact angle (RCA) of the droplet, while the micropillar at the

advancing contact angle (ACA) is still in a curved state. There is a

morphological gradient difference between the micropillars on the

two sides of the droplet, resulting in the difference of the contact

angles between the two sides. Fig. 4a is a high-speed camera (i-

speed TR, Olympus, Japan) shot of a moving droplet, and the ACA

(β) of the droplet is from 50° to 54° and the RCA (α) is from 50°
to 46°. The surface morphology gradient breaks the surface ten-
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sion balance of oil droplets. Thus the oil droplets move forward

driven by the imbalanced surface tension [26,27]. Marangoni effect

is another droplet driving force owing to the temperature gradi-

ent on the chip surface and droplets during droplet manipulation.

The temperature gradient will lead to surface tension gradient, and

the fluid will flow from low surface tension to high surface ten-

sion [28]. In Video S5 (Supporting information), the left side of

the oil droplet containing calcium carbonate powder was irradi-

ated by NIR laser, and a temperature gradient was formed from

left to right. The convection movement of the fluid in the droplet

occurred while the droplet moved forward. In addition, the per-

fluoropolyether on the chip surface will also generate temperature

gradient due to laser irradiation. As shown in Fig. S8 (Supporting

information), under the action of the surface tension gradient, the

perfluoropolyether coated on the chip surface will diffuse around

the laser spot, and the calcium carbonate particles on its surface

will move along. Therefore, the flow of the perfluoropolyether on

the chip surface can also promote the movement of droplets.

Imbalanced surface tension and Marangoni force exist simul-

taneously during droplet manipulation. In order to further reveal

their effects in droplet driving, we separately investigated their ef-

fects on droplet motion. The paraffin oil droplet was added upon

the dividing line between the curved micropillars and the vertical

micropillars. Only imbalanced surface tension caused by the mor-

phological gradient of the micropillar worked without NIR laser

irradiation. In this case, the droplet spontaneously moved to the

curved micropillar region under the action of the imbalanced ten-

sion, and then stopped after the whole droplet reaching the curved

micropillar region (Fig. 4b). Because the surface tension of the oil

phase is much smaller than that of water, the paraffin oil droplet

moves more slowly than the water droplet (Fig. S9a in Supporting

information). When NIR laser irradiated the paraffin oil droplet on

the vertical micropillar array, only the Marangoni effect induced by

the temperature gradient worked as the driving force. As shown in

Fig. 4c, at 0 s, the wetting ridges on the two sides of the droplet

were formed by the out-of-plane component of the droplet surface

tension acting on the lubricant [29]. With NIR laser irradiation, the

perfluoropolyether on the irradiated side diffused, causing the dis-

appearance of the wetting ridge (at 2.1 s). The ACA (ϕ) of the paraf-

fin oil droplet is from 45° to 47° and the RCA (θ ) is from 45° to

43° because of the Marangoni effect. Short displacement of paraf-

fin oil droplet occurs, and the same phenomenon happens to wa-

ter droplet (Fig. S9b in Supporting information). Either imbalanced

surface tension or Marangoni force alone can overcome the resis-

tance to drive the droplet, and they have almost equal effects on

the droplet movement.

Surface-enhanced Raman spectroscopy (SERS) is widely used in

chemical and biological analysis because of its advantages of non-

destructive, in-situ, sensitive, and rapid detection. We combined

the droplet manipulation platform with a Raman spectrometer to

explore an analytical method for minute samples. Rhodamine 6G

(Rh6G) was used as the target and AuNPs as the SERS substrate.

AuNPs droplets were fused with Rh6G droplets through the pro-

posed droplet manipulation technique. As shown in Fig. 5, due to

the accelerated evaporation of water droplets caused by laser irra-

diation, the concentrations of Rh6G and AuNPs in water droplets

increases, and the SERS signal of Rh6G in water droplets gradu-

ally rises. However, the SERS signal of the W/O droplets is rela-

tively stable due to the protection of the outer oil layer (Fig. S10 in

Supporting information). The combination of droplet manipulation

platform and SERS has potential for the analysis of tiny samples.

In summary, we fabricated a magnetic/light dual-response

shape-memory micropillar array chip for droplet manipulation. The

micropillar array has favorable reusability and good consistency in

magnetic response. NIR laser irradiation was used to shape the mi-

cropillars in the magnetic field to construct the droplet movement

Fig. 5. SERS spectra of Rh6G in water droplet (a) and W/O droplet (b) collected at

different time.

path. NIR laser re-scanning along the path induced the micropil-

lar array to form surface morphology gradient and the droplet to

form temperature gradient, and thus the imbalanced surface ten-

sion and Marangoni force drove the droplet movement together.

The lubricating layer coated on the chip reduces the resistance of

droplet movement. This strategy realizes reversible deformation of

the micropillars and flexible droplet manipulation. We compared

the current common droplet driving methods based on light and

magnetic fields and summarized the specific parameters in Table

S1 (Supporting information). Our droplet control platform can ma-

nipulate not only water droplets but also oil and W/O droplets.

In addition, the platform can manipulate tiny droplets (as low as

0.5 μL) because the W/O droplets can prevent the evaporation of

small water droplets. The droplet manipulation platform is partic-

ularly suitable for micro-reactions involving heating, such as PCR.

And it has great potential in constructing bioanalysis systems for

tiny samples by combining with a Raman spectrometer or a fluo-

rescence microscope.
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