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MATERIALS SCIENCE

Programmable wettability on photocontrolled

graphene film

Jie Wang', Wei Gao?, Han Zhang', Minhan Zou’, Yongping Chen*?*, Yuanjin Zhao'*

Surface materials with specific wettability play important roles in a wide variety of areas from science to industry.
We present a novel paraffin-infused porous graphene film (PIPGF) with programmable wettability. Because of
graphene’s photothermal property, the paraffin in the PIPGF was in transition between liquid and solid in response
to near-infrared (NIR) light irradiation. Thus, we imparted the film with a dynamic and reversible transition between
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a slippery and a rough surface as the remotely tunable wettability. In addition, with the integration of NIR masks,
the paraffin could melt at corresponding patterns on the PIPGF, which formed special flow pathways for the slip-
ping droplets. Therefore, the PIPGF could provide programmable wettability pathways for the spatiotemporal
droplet manipulation by flexibly changing the NIR masks. We demonstrated these programmable wettability
pathways to not only simplify liquid handling in the microplates and droplet microarrays technology but also to
provide distinctly microfluidic microreactors for different purposes, such as practical blood grouping diagnosis.
These features indicated that the photocontrollable PIPGF would be amenable to a variety of applications, such
as microfluidic systems, laboratory-on-a-chip settings, and droplet manipulations.

INTRODUCTION

Surfaces with specific wettability have attracted remarkable attention
in recent years for their broad technological implications in the areas
of energy, environment, and health (1-9). Inspired by natural orga-
nisms, various functional surfaces with special wettability properties
have been developed by mimicking these natural constructions
(10-15). Among these, slippery liquid-infused porous surfaces (SLIPSs)
could be considered one of the most prominent examples that out-
performed their natural counterparts and provided state-of-the-art
surfaces with stable and defect-free repellency for various simple and
complex liquids (16-20). In particular, SLIPSs with tunable wetta-
bility that can dynamically manipulate the mobility of liquid drop-
lets on surfaces have been achieved by infusing adaptive liquids into
porous elastomer films to further broaden their applications (21-24).
Although with many improvements and the contact-based control
methods have been discovered in existing tunable slippery surfaces,
their noncontact regulation that can provide spatial and temporal
control is unrealized. In addition, a programmable slippery surface
with flexible droplet sliding paths, which would be of revolutionary
significance for microfluidic technology, is difficult to achieve based
on the recent tunable wettability approaches. Thus, functional slip-
pery surfaces with programmable wettability capable of manipulat-
ing droplets spatiotemporally are still being sought after.

Here, we present a novel paraffin-infused porous graphene film
(PIPGF) with desired surface features. As an emerging carbon ma-
terial, graphene and its derivatives have been investigated extensively
for uses in different areas because of their extraordinary electrical,
mechanical, optical, and thermal properties (25-28). Graphene-
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derived three-dimensional (3D) sponges also exhibited porous struc-
tures with high specific surface areas and extraordinary capacity for
photothermal energy transformation (29-32). Thus, it is conceivable
to infuse a porous graphene sponge with paraffin; this could achieve
a reversible paraffin transition of solid and liquid with the photo-
thermal effect of graphene under near-infrared (NIR) light irradia-
tion (Fig. 1A). In this process, the droplets could slide down along
the graphene film when the paraffin was heated to melting, but they
were pinned on the film surface if the paraftin was cooled to solidi-
fication. Thus, the state of matter and the surface wettability of the
PIPGF could be remotely controlled with high stability and fast
reversibility by using NIR light. Attractively, with the integration of
NIR masks, the paraffin could melt at corresponding patterns on
the PIPGF, which formed special flow pathways for the slipping
droplets (Fig. 1B). As the masks could be flexibly changed, the PIPGF
could provide programmable wettability pathways for the spatio-
temporally controllable droplet manipulation and reaction. It was
demonstrated that these programmable wettability pathways could
not only simplify liquid handling in the microplates and droplet
microarrays technology but also provide distinct microfluidic micro-
reactors for different purposes, such as practical blood grouping
diagnosis. These features make the photocontrollable PIPGF versa-
tile platforms for droplet manipulations in different areas.

RESULTS

In a typical experiment, we fabricated the 3D graphene [the main
component was reduced graphene oxide (GO), which was referred
to as “graphene” in this research] sponge film by constructing syner-
gistic interface interactions of ionic bonding with Ca** during the
gelation of a GO aqueous solution, which was reduced with the aid
of hydroiodic acid (HI) and freeze-dried subsequently to form porous
structures. We investigated the surface and cross section of the fabri-
cated graphene sponge film by scanning electron microscopy (SEM)
in Fig. 2 (A and B), which showed honeycomb-like architectures
with high specific surface areas. The hydrophobic surface (Fig. 2E)
and the porous network structure of graphene sponge film made it
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possible to infuse the melted paraffin liquid into the pores of the
sponge to construct a slippery surface. Through capillary forces and
matching chemistry between the paraffin liquid and solid graphene
surface, the paraffin could uniformly cover the graphene scaffold, as
shown in Fig. 2 (C and D). We found both the surface and the cross
section of the graphene scaffold to be coated with paraffin, which
showed apparent wrinkles. This result indicated the uniform coat-
ing of the paraffin on the graphene sponge film.

We found the graphene sponge film to have an extraordinary
capacity for photothermal energy transformation under strong NIR
optical absorption with a wavelength of 808 nm, and we generated
a large amount of heat when the PIPGF was irradiated under NIR
(fig. S1). Thus, the paraffin part that was exposed to NIR would be-
come liquid when the ambient temperature was above the melting
point of paraffin. However, as soon as the laser was switched off, the
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Fig. 1. Schematic diagram of the PIPGF with programmable wettability. (A) Tun-
able wettability of the PIPGF controlled remotely using NIR light. (B) Programmable
wettability pathways on the surface of the PIPGF were formed with the integration
of NIR masks for controllable droplet manipulation.
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paraffin would cool down to the solid state again, showing little dif-
ference to before the NIR irradiation (compare fig. S1, D and F).
These results indicated that the transition of paraffin from solid to
liquid in the PIPGF could be remotely controlled with easy opera-
tion, high stability, and fast reversibility by using NIR light. It is
worth mentioning that although other kinds of carbon materials,
such as carbon nanotube and carbon black, have the NIR photo-
thermal energy transformation property as well, their film forma-
tion is not as good as graphene, which restricts their application in
this experiment.

To investigate the wettability of the fabricated PIPGF with the
NIR switched on/off, we measured the contact and sliding angles of
the water droplet on the PIPGF surface (Fig. 2, E to G). We found
the water contact angle on the surface of the graphene sponge film
to be 110° + 1.4°, which demonstrated the hydrophobic surface
property. After being infused with paraffin, the water contact angle
on the PIPGF surface decreased to 79° + 2.0° with NIR switched on
and 102° + 1.2° with NIR switched off. Besides the effect on the
contact angle, the different condition of NIR also led to significant
changes in the sliding angle of the droplets on the surface of the
PIPGF (Fig. 2, F and G). With the laser switched on, the sliding angle
of the water droplet was only 5°, which demonstrated good slippery
properties. However, the sliding angle of the droplet trended toward
87° after the laser was turned off, and the ambient temperature was
below the paraffin melting point. This was ascribed to the solidifica-
tion of the paraffin, which changed the surface morphology of the
PIPGF. Thus, we pinned the water droplets on the surface when the
graphene film was tilted less than 87°. We further measured the
sliding angles of the PIPGF during 20 cycles with the laser switched
on/off, which demonstrated excellent cyclic reproducibility (Fig. 2H).
Therefore, the PIPGF would present a reversible droplet pinning
feature with NIR switched off and repellence for droplets with NIR
switched on.

Laser cycles

Fig. 2. Microstructures and wettability of the graphene sponge film and the PIPGF. (A to D) SEM images of (A and B) the graphene sponge film and (C and D) the PIPGF.
(A) and (C) are the surfaces, and (B) and (D) are the cross sections of the corresponding film. (E) Measured water contact angles of the porous graphene sponge film, the
PIPGF with laser switched on, and the PIPGF with laser switched off, respectively. (F) Progress of the water droplet sliding down the surface of the PIPGF with laser
switched on; the sliding angle of which is 5°. (G) Progress of the water droplet sliding down the surface of the PIPGF with laser switched off; the sliding angle of which is
87°. (H) Water sliding angle variation of the PIPGF as a function of laser cycle numbers. Scale bars, 10 um.
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Fig. 3. Dynamic control of droplet mobility on a tilted PIPGF surface of 20°.
(A) Progress of a water droplet pinned on the PIPGF at room temperature. (B) Progress
of the water droplet sliding down the surface of the PIPGF with NIR switched on.
(C) Progress of the droplet pinned on the PIPGF after NIR switched off.

The NIR-controlled tunable wettability of the PIPGF provided a
promising means to dynamically manipulate the mobility of drop-
lets on the surface. As mentioned above, the dynamic paraffin-
infused interface provided by the porous graphene film could
reversibly transit between a slippery and a rough surface in response
to NIR. To demonstrate this tunable function, we analyzed the
dynamic wettability of the PIPGF by monitoring the liquid droplets
on the surface, as recorded in Fig. 3 and movie S1. We observed that
the droplet was pinned to the surface of the PIPGF at room tem-
perature (Fig. 3A) but slid quickly down the substrate when exposed
to NIR (Fig. 3B). However, we stopped the droplets and held
them in place again on the surface when the laser was switched off
(Fig. 3C). This novel PIPGF with on-demand tunable and reversible
repellency paves the way for droplet manipulation technologies.

On the basis of their surface tunable wettability features, we further
integrated the PIPGF with NIR masks to provide programmable
wettability pathways for the spatiotemporal droplets manipulation
on the surface, as shown in Fig. 4 and movie S2. The spatiotempo-
rally control of liquid movement on a surface has attracted interest
from science and industry because it plays significant roles in novel
microfluidic systems for droplet harvesting, transportation, and ma-
nipulation technologies (33-38). To construct the liquid movement
pathways, we here used NIR masks to block part of the laser light
while allowing the other part to go through to the PIPGF surface.
The NIR-irradiated paraffin part would melt at the corresponding
patterns and become slippery, whereas the unirradiated part would
remain rough. Thus, special surfaces with patterned wettability and
designed flow pathways for the slipping droplets could be formed in
correspondence with the NIR masks. Attractively, various kinds of
droplet-guiding pathways could be designed depending on the dif-
ferent NIR mask styles, as shown in Fig. 4 (A to C). From the results, it
could be found that the droplet-guiding pathways could change flexi-
bly on the same PIPGF surface, which was of revolutionary signifi-
cance for programmable spatiotemporal manipulating of droplets on
the surface. It is worth mentioning that the surface temperature of the
PIPGF could be monitored with the assistance of an infrared camera
(figs. S2 and S3). This made it possible to find the optimal NIR irradia-
tion conditions such as the irradiation intensity and distance that could
solve the problem of overheating the PIPGF and effectively reduce the
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Fig. 4. Dynamic control of the droplet mobility on the PIPGF surface guided by
designed pathways. (A) Oblique pathway, (B) arc pathway, and (C) S-shape path-
way, respectively.

L

temperature restriction in practical applications. We also investigated
the thickness of PIPGF, the GO concentration, the paraffin volume,
and the volume ratio of paraffin to liquid paraffin, which might influ-
ence the melting and solidification times, in fig. S4. The results showed
that the thickness of the PIPGF had little influence on its melting and
solidification times. However, the GO concentration had a negative
correlation with the melting time and a positive correlation with
the solidification time, while the paraffin volume and the volume
ratio of paraffin to liquid paraffin had a positive correlation with
the melting time and a negative correlation with the solidification
time. Thus, to achieve a better temporal resolution, we required PIPGF
with higher GO concentration, less paraffin volume, and smaller
volume ratio of paraffin to liquid paraffin. Here, considering the
effects of the solubility of GO in water, the manipulability of the
film, and the convenience of experimental operation, we applied an
optimized results of GO (15 mg/ml) and pure paraffin (20 ul/cm?)
to fabricate 300-um-thick PIPGF for the following experiment.

To demonstrate the practical value of the NIR-controlled pro-
grammable wettability pathways, we used the PIPGF for liquid
handling in microplate technology. Microplate technology has been
accepted as the most reliable platform for biomedical areas. Here,
we suggested the PIPGF with programmable wettability for accu-
rately pipetting sample liquids onto microplates (Fig. 5, A and B).
The results showed that PIPGF could repel various sample liquids
with no residue on the surface and guide them to the desired wells
on the microplates along the designed pathways, which greatly sim-
plified the sample pipetting process. Attractively, with designed
NIR masks, different samples could be distributed to the same wells,
as shown in fig. S5A. Thus, the PIPGF could also be used to achieve
gradient concentrations of samples on the microplate wells by con-
trolling the kinds and ratios of the sample droplets (fig. S5B). As the
surface wettability of the PIPGF was reversible and programmable,
the PIPGF was reusable for sample liquid pipetting in microplates,
which reduced the cost of our technology. It is worth mentioning
that multiple pathways can be formed with the designed masks;
thus, pipetting different samples to different wells can be achieved
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Fig. 5. Progress of applying the PIPGF for pipetting droplets. (A and B) Pipetting
droplets into microplates. The same samples were pipetted into different wells in
(A), and the different samples were pipetted into different wells in (B). (C) Pipetting
droplets to form microarrays on the surfaces of the PIPGF.

at the same time, which saves time compared to manual pipetting.
Moreover, by loading samples and changing masks with instruments
automatically, it is possible to achieve high-throughput liquid han-
dling for microplates efficiently. Another typical application of NIR-
controlled programmable wettability pathways is the fabrication
of a droplet microarray on the surface of the PIPGF, as shown in
Fig. 5C. With designed pathways, droplets could be accurately dis-
tributed to the desired sites without cross-contamination. Thus, var-
ious kinds of droplet microarrays could be fabricated on the basis of
different droplet samples, which could be beneficial for gene expres-
sion analysis, high-throughput screening, and so on.

Besides the simple wettability pathways, the PIPGF with compli-
cated droplet-guiding pathways, such as the Y-patterned and Y-Y-
composite channels, could also be programmed, as shown in Fig. 6,
fig. S2, and movie S3. These patterned channels could form distinc-
tive microreactors for controllable merging of different types of
droplets for chemical reactions. As the results show, a clear blue
droplet and a colorless droplet slid down the surface and changed to a
composite blue turbid droplet after mixing with each other (Fig. 6A).
This was because of the formation of a blue turbid copper metal-
organic framework (MOF) in the droplet when the clear blue
copper acetate droplet merged with the colorless niacin droplet.
However, the generated copper MOF could be degraded by sulfuric
acid; thus, the blue turbid droplet changed to a colorless droplet
again after meeting the acid droplet (Fig. 6B). This process indicated
that the PIPGF could be highly promising for a broad range of
applications that were desirable for droplet manipulations and re-
actions, such as microfluidic systems and laboratory-on-a-chip
settings.

To further exploit the value of the PIPGF with complicated
droplet-guiding wettability pathways, we used it for human blood
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Fig. 6. PIPGF with programmed wettability pathways as microfluidics. (A and
B) Dynamic control of the droplet mobility on the PIPGF surface guided by compli-
cated droplet-guiding pathways with (A) Y-patterned and (B) Y-Y-composite channels.
(C and D) Schematic diagram (C) and progress (D) of using the PIPGF microreactor
for grouping the blood sample (A+) by simply monitoring whether the composite
blood droplets slid down or not. The antibodies are anti-D, anti-A, and anti-B from
left to right in (C) and (D).

grouping (ABO and Rh) in practical diagnosis. Blood grouping is a
basic, yet essential, test to be performed before a blood transfusion
to avoid the hemolytic reaction. To our knowledge, the presence or
absence of antigens (A, B, and D) on the surface of a red blood cell
(RBC) is an intrinsic biological property that determines a person’s
blood group. By monitoring the hemagglutination reaction between
the antigens and the antibodies, the person’s blood type could be
detected. However, the traditional blood grouping methods require
observation skills or rely on facilities, as the hemagglutination reac-
tion is not easy to observe. Thus, we presented the use of our PIPGF
microreactor for blood grouping by simply monitoring whether the
composite blood droplets slid down or not, as schemed in Fig. 6C.
During this detection, we guided the blood samples (A+) to mix
with the three kinds of antibody (anti-A, anti-B, and anti-D) solu-
tions, respectively, using NIR masks (the first-level pathways), as
shown in Fig. 6D and movie S3. We pinned the mixed blood drop-
lets on the surface of the PIPGF for seconds to fully perform the
hemagglutination reaction before we subsequently switched on the
second-level pathways. The composite blood droplets with no he-
magglutination reaction would slide down quickly along the second-
level pathways, whereas the droplets would pin on the surface
because of precipitation of the agglutinated RBCs if the hemagglu-
tination reaction occurred. We further demonstrated the effective-
ness of our PIPGF microreactor in blood grouping by testing two
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more types of blood samples (B+ and O+), as shown in fig. S6. We
pinned the clotted blood droplets on the surface while others slid
down, which was in line with expectations for both of the two blood
types. It is worth mentioning that, for this blood grouping applica-
tion, the volume ratios of the blood droplets to antibody droplets
should be limited to the certain range because of its influences on
the hemagglutination reaction time and concentration of the agglu-
tinated RBCs (as demonstrated in table S1). Because of the simple
operation and the significant results, our PIPGF microreactor could
find important roles in clinical blood grouping. It can also be en-
visioned that our PIPGF will be expanded for a larger number of
additional applications by implementing a corresponding droplet-
reaction system, such as biological reactions and diagnostic assays.

DISCUSSION

In summary, we have demonstrated a novel PIPGF with photocon-
trolled programmable wettability. The PIPGF could realize paraffin
transition of liquid and solid in response to NIR irradiation because
of graphene’s photothermal property, resulting in the dynamic and
reversible transition between a slippery and a rough surface as re-
motely tunable wettability. Although other noncontact strategies,
such as applying the magnetic responsive fluid to transit interface
roughness (39) and the ultraviolet-stimulated chemistry and geom-
etry switch of titanium dioxide surface (40), also exhibit tunable
surface wettability, they are usually limited to poor spatial or tem-
poral resolutions. Generally, the magnetic field could affect the en-
tire surface of the magnetic fluid, and thus, it was difficult to achieve
accurate wettability pathways. The titanium dioxide surface fabri-
cated by Hoshian et al. (40) had the spatial resolution that was as
good as 19 pm, while it required minutes of time for switching and
even more for recovering. In comparison, by integrating specific
NIR masks into the PIPGF system, the paraffin would melt at corre-
sponding patterns on the PIPGF and thus formed special slipping
droplet pathways within only tens of seconds. Here, the spatial res-
olution and temporal resolution of the PIPGF system were about
1 mm and 20 s, respectively. Although other approaches could achieve
better spatial or temporal resolutions, the spatiotemporal resolution
in our PIPGF system with the combination of spatial resolution and
temporal resolution was totally unique and outstanding. Thus, the
PIPGF could provide programmable wettability pathways with high
spatiotemporal resolution for droplet manipulation by flexibly chang-
ing the NIR masks.

On the basis of the intelligent PIPGF, we have also demonstrated
that the programmable wettability pathways on the films could
not only simplify liquid handling in the microplate and droplet
microarrays technology but also provide distinct microfluidic micro-
reactors for different applications, such as practical blood grouping
diagnosis. These features indicate that the photocontrollable PIPGF
could open new horizons in constructing intelligent droplet micro-
fluidic systems for multidisciplinary community of chemistry, ma-
terial, energy, health, and so on.

MATERIALS AND METHODS

Materials

The GO solution was bought from Nanjing XFNANO Materials
Tech Co. Ltd. HI, calcium chloride (CaCly), paraffin (melting point,
52° to 54°C), and liquid paraffin were obtained from Aladdin
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Industrial Corporation. Nicotinic acid and sulfuric acid were pur-
chased from Aladdin Industrial Corporation. Copper acetate mono-
hydrate was bought from Alfa Aesar. Anti-A, anti-B, and anti-D
monoclonal blood grouping reagents were from Shanghai Hemo-
Pharmaceutical and Biological Co. Ltd. Water with a resistivity of
18.2 megohm-cm ™" was acquired from a Millipore Milli-Q system.
All other chemical reagents were of the best grade available and used
as received.

Fabrication of the porous graphene sponge film

For a typical experiment, GO solution (15 mg/ml) was added to a
mold (5 cm in length, 2 cm in width, and 800 pm in thickness),
which was prepared with two flat glass slides separated by a rectan-
gle shape spacer and then assembled by the coagulation bath of
5 weight % CaCl, overnight. The fabricated GO film was subse-
quently treated with the chemical reduction of 40% HI at room tem-
perature for 24 hours. The film was washed with water to remove
the residual iodine and acid and freeze-dried to fabricate porous
graphene sponge film.

Fabrication of the PIPGF

The fabricated porous graphene sponge film was immersed in pure
melted paraffin in the vacuum oven with the temperature of 80°C
under vacuum for 2 hours to totally replace the pores in the film
with paraffin. The excess residual paraffin on the surface was span
and removed to construct the PIPGF with pure paraffin (20 ul/cm?).

Patterned flow pathways of the PIPGF

Masks were used between the fabricated PIPGF (around 4 cm in
length and 1.5 cm in width) and the laser to form the patterned flow
pathways on the surface of the film. The laser was uniform for the
3 ¢m x 3 cm irradiation area with a power intensity of 1.6 W/cm?,
Part of the laser could go through the masks to the film surface,
which made the irradiated paraftin melt at the corresponding pat-
tern. By changing different masks, different flow pathways of the
PIPGF could be fabricated.

Blood grouping using the PIPGF

Three blood samples of known types were acquired and stored in
Vacutainer test tubes containing lithium-heparin anticoagulant from
Zhongda Hospital in Nanjing, China. This protocol was approved
by the institution’s Ethics Committee according to the provisions of
the Declaration of Helsinki regarding investigation in humans. Three
kinds of antibody solutions were also added with lithium-heparin
anticoagulant in the experiments. The amount of the mixed blood
samples was kept the same for testing. The porous graphene film
was infused with the mixture of solidifiable paraffin and the liquid
paraffin at the volume ratio of 1:1 in this section. The blood plasma
was removed from the blood samples.

Characterization

The SEM images were obtained using a SEM (Hitachi S-3000N).
Colored photos and videos were taken on a digital camera (Canon
5D Mark II). Water contact angles were obtained by a JC2000D2
contact angle measuring system at ambient temperature. Sliding
angles were measured on a customized tilting stage with a droplet
volume of 6 pl. Static contact angles were recorded with a droplet
volume of 2 ul. The static contact angles were measured at a neutral
tilting angle (0°). The numbers of replicates for the three different
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contact angle measuring groups were all four. The NIR irradiation
(808 nm; Xi Long Tech Co. Ltd.) was used with the power intensity
of 1.6 W/cm®. The temperature of the PIPGF was recorded by the
uncooled handheld infrared camera (FLIR Systems AB).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaat7392/DC1

Fig. S1. Optical images of the PIPGF.

Fig. S2. Recorded temperature of the PIPGF with different pathways.

Fig. S3. Temperature change of the PIPGF during melting and solidification.

Fig. S4. Melting and solidification times of the PIPGF.

Fig. S5. Distributing different sample droplets.

Fig. S6. PIPGF microreactor for grouping the blood samples B+ and O+.

Table S1. Clotting times and sliding properties of the mixed blood droplets with different
volume ratios of blood (A+) to antibody (anti-A).

Movie S1. Droplet mobility on a tilted PIPGF surface.

Movie S2. Programmed wettability pathways.

Movie S3. Manipulating droplet reactions and blood grouping.
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