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In this study, we investigate the anti-biofouling properties of graphene oxide (GO) nanosheets with bovine

serum albumin (BSA). These properties are characterized by contact angle hysteresis (CAH) measurements

and contact angle (CA) modification under electrowetting (EW), in order to determine the surface

modification due to BSA adsorption. The experiments show two different behaviors. The droplets

containing only BSA or BSA with low GO concentration exhibit high CAH and irreversible CA

modification under EW due BSA adsorption on the surface. However, in the presence of a high GO

concentration, the CAH is largely lowered and CA modification under EW is reversible, suggesting

preferential adsorption of BSA on GO nanosheets.

Introduction

The miniaturization of diagnostic systems, also known as lab-

on-chip, has led to much more efficient, faster, and sensitive

bio-detection or analysis. The advent of these systems has been

widely reported since the 90s. However, there are still many

barriers to their widespread deployment such as lack of stan-

dardized processes in technology. Despite the various proofs of

concept already made for biological applications,1–3 the major

problem encountered is due to the increased surface to volume

ratio.4 At the microscopic scale, surface effects (capillarity,

viscosity, etc.) are dominant over volume effects (gravity). When

biological or biochemical interactions are considered, the

surface effects become a big advantage because nanometer

sized sensors present a huge surface of contact. However, they

can also give rise to the enhancement of the interaction5

between the uid containing biomolecules and the surface,

which could promote bio-pollution due to nonspecic adsorp-

tion of biomolecules. While this phenomenon appears also at

the macroscopic scale, at this scale it has much more serious

consequences: loss of biomolecules and thus a change of

concentration, cross contamination, modication of surface

properties and even obstruction of microuidic channels.6 It is,

therefore, necessary to monitor the liquid–surface interaction to

limit the uncontrolled adsorption of biomolecules on the

surface. Looking at the microuidic side, nonspecic adsorp-

tion is detrimental to the surfaces and should be avoided. As far

as digital microuidics is concerned, the surface property is

crucial for the physical phenomenon of EWOD (electrowetting

on dielectric), which is largely described in the literature for

pure conductive liquids.7 Briey, the application of a voltage

between a conductive droplet and an electrode, covered by an

insulating hydrophobic layer, leads to the modication of the

apparent contact angle of the droplet. The reversibility of this

modication strongly depends on the surface properties at the

triple contact line of the droplet.8

However, the uids used for lab-on-chip applications are

most of the time complex uids containing ions and macro-

molecules (proteins). Displacing these liquids with EWOD in air

oen leads to the same behavior: non-specic adsorption of

biomolecules, pinning of the triple line and non-reversibility of

the contact angle modication by EWOD. While different

strategies have been developed to balance this non-specic

adsorption (modulation of the applied voltage,8 use of surfac-

tants as core–shell like,9–11 oil as biphasic medium12–14 or

superhydrophobic surfaces15,16), these techniques cannot really

preserve the intrinsic versatility of EWOD because all of them

are focused on the droplet–surface interaction and not on the

liquid itself, preventing or making difficult ligand–target

interactions. In our previous paper,17 we proposed to use gra-

phene oxide (GO) nanosheets as nanocargoes for biomolecules

due to their high binding strength with amino acids18 and

proteins,19 which is already used for various applications.20–22

Although for graphene–DNA interactions, p–p bonding plays a

major role, H-bonding and electrostatic interactions are
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believed to be the main bonds involved in protein–GO interac-

tions. Thus, GO has higher binding affinity for proteins

compared to graphene (or reduced graphene oxide), because of

its high content of oxygen functional groups. We have charac-

terized GO–BSA interactions in aqueous droplets through

contact angle (CA) measurements under evaporation. For a

[BSA]/[GO] ratio of about 0.7, BSA adsorbs preferentially on GO

without any visible surface pollution (droplet triple line slips,

stable CA). Under these conditions, it was possible to perform

long-term displacement of droplets by EWOD.

The present paper is an extension of our previous work and is

focused on the study of GO nanosheets to prevent biofouling in

microuidic systems. The GO nanosheets are mixed with BSA at

different GO/BSA ratios; this protein is chosen as a model for its

high capacity to non-specically adsorb on hydrophobic

surfaces. In order to characterize the anti-biofouling role of GO,

contact angle hysteresis and contact angle under electrowetting

measurements of a droplet containing GO/BSA are performed.

Electrowetting has been selected because it is the most sensitive

technique to non-specic adsorption: surface pollution is

directly linked to the CA modication reversibility. The latter

will be the major indication of surface biopollution. The results

presented here could be applied to other microuidic systems,

either continuous, droplet-based or digital ones.

Materials and methods

Graphene oxide (GO) nanosheets were obtained using the

modied Hummers' method.23,24 The GO nanosheets were

characterized in our previous work25,26 by X-ray photoelectron

spectroscopy (XPS) and atomic force microscopy (AFM). XPS

analysis indicates that the GO nanosheets comprise oxygen

containing groups such as hydroxyl (C–OH), epoxide (C–O–C),

carbonyl (C]O) and carboxyl (COOH). The presence of these

groups on the GO surface confers an amphiphilic character to

GO. GO nanosheets are easily dispersible in polar solvents like

water or alcohols.27 AFM characterization is made on a mica

substrate where droplets containing GO were evaporated. These

measurements show that the characteristic length of the

nanosheets is about 300 nm and their thickness is 0.4–

0.5 nm.25,26 The GO nanosheets are suspended in deionized

water (DI water, r¼ 18.2 MU cm�1) and mixed with rhodamine-

labeled BSA (Interchim, France) through a vortex mixer in order

to obtain a homogeneous solution.

Contact angle hysteresis measurements were performed on a

silicon wafer (h100i, n-doped, resistivity: 5–10 U cm�1, Siltronix,

France) recovered by a spin-coated hydrophobic 30 nm thick

Cytop� layer (AGC Chemicals, Asahi Glass Co., Ltd, Japan).

Electrowetting experiments were performed on a SU-8 spin-

coated silicon wafer (h100i, n-doped, resistivity: 0.009–0.01 U

cm�1, Siltronix, France) recovered by a spin-coated hydrophobic

Cytop� layer.

Contact angles of a 6 mL droplet were measured using a

goniometer (DSA 100, Krüss GmbH, Germany) with its tilting

table and its droplet analysis soware. Contact angle hysteresis

is calculated as the difference, at the triple contact line (TCL),

between the advancing and the receding contact angles just

before the contact line depinning during tilting (0.5� per

second). In some cases when the TCL is stuck on the surface

and the tilting table is set to 90� (vertical position), no droplet

sliding is observed. The CAH is then estimated by the difference

between the advancing and receding angles knowing that this

estimation lowers the real value. This situation is indicated by

the term ‘no droplet sliding’ at a tilting angle of 90�.

EWOD experiments were realized using a classical static

setup with a hydrophobic conductive needle (Fig. 1). The voltage

is generated by a signal generator (AFG320, Tektronix Inc.,

United States) coupled to a 50 dBm high-voltage amplier

(Model 2340, Tegam Inc., United States) and applied between

the conductive droplet through the metallic, hydrophobic nee-

dle, and the conductive substrate. The voltage is a 1 kHz-

squared signal with Veff ranging from 25 to 212 V at the

amplier output.

The CA reversibility under EWOD is studied for BSA aqueous

solutions (195 and 260 ng mL�1), GO aqueous solutions (100 and

500 ng mL�1) and BSA + GO aqueous solutions, using the

following protocol:

(1) A droplet (6 � 0.1 mL) is placed on the surface using a

micropipette, then the needle is placed at the center of the

droplet in order to penetrate sufficiently into the liquid to keep

the contact with the droplet during its spreading;

(2) A voltage (Veff ¼ 200 V) is applied for 0.5 s to the droplet;

(3) The voltage is released aer 0.5 s;

(4) Steps 2 and 3 are repeated ten times at the same voltage;

(5) The droplet is then released;

(6) DI water droplet (6� 0.1 mL) is placed at the same place to

measure the contact angle modication due to BSA or GO

adsorption.

In this experiment, the contact angle is measured every 0.1 s.

The evolution of the contact angle as a function of the

applied voltage (voltage hysteresis) is also investigated using the

following protocol:

(1) A droplet (6 � 0.1 mL) is placed on the surface using a

micropipette, then the needle is placed at the center of the

droplet in order to penetrate sufficiently in the liquid to keep

the contact with the droplet during its spreading;

(2) The contact angle is measured;

(3) The applied voltage is increased by steps of approximately

22 V;

(4) Steps 2 and 3 are repeated until the applied voltage rea-

ches Veff ¼ 212 V;

Fig. 1 Static electrowetting on the dielectric (EWOD) setup.
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(5) The applied voltage is decreased;

(6) The contact angle is measured;

(7) Steps 5 and 6 are repeated until Veff ¼ 0 V.

The EWOD hysteresis (HEW) is then determined by calcu-

lating the maximum difference between the contact angle when

the applied voltage is increased and the contact angle when the

applied voltage is decreased. All the experiments are realized in

triplicate and the mean values and standard deviations are

calculated.

Results and discussion

Wetting properties: contact angle hysteresis

To study the inuence of GO on BSA adsorption on the EWOD

electrode surface, we have characterized the contact angle

hysteresis of droplets of deionized water and droplets contain-

ing either GO, BSA or a mixture of GO–BSA at different ratios.

We measured the CAH for two BSA concentrations (195, 260 ng

mL�1) supplemented with either 0, 100 or 500 ng mL�1 of GO.

Two behaviors can be distinguished from the CAH

measurements (Fig. 2a). For both BSA solutions without GO or

with a low concentration of GO (100 ng mL�1), CAH measure-

ments are estimated to be higher than 25�: CAH cannot be

precisely determined because no sliding droplet can be

observed even with a tilting angle of 90�. The indicated values

are calculated from the difference between the advancing and

receding angles at the maximum tilting angle. In these cases,

there is a strong pinning of the TCL due to the surface

modication by protein adsorption. A different behavior was

observed for both BSA concentrations with 500 ng mL�1 of GO.

The CAH decreased by a factor 4–5, down to 5–7� with standard

deviations of about 2� and 4� for BSA concentrations of 195 ng

mL�1 and 260 ng mL�1 and the tilting angles are equal to 15 � 1�

and 18 � 1�, respectively. These values are lower than the CAH

(10 � 3�) and the tilting angle (25 � 3�) of a deionized water

droplet. This behavior is most likely due to the strong BSA

adsorption on GO. BSA molecules are thus maintained in

suspension inside the liquid droplet and are not transferred

onto the hydrophobic surface.

To conrm the adsorption of BSA at the TCL for both GO

concentrations, we used uorescence to visualize the adsorbed

BSA on the hydrophobic surface once the CAH has been

measured and the droplet released.

Fig. 2b and c illustrate this adsorption for a 195 ng mL�1 BSA

concentration. Fluorescence images are obtained only for

droplets containing BSA with and without 100 ng mL�1 of GO. As

expected, the uorescence intensity is uniform and intense for a

pure BSA droplet (Fig. 2b), and strongly decreases once 100 ng

mL�1 of GO (Fig. 2c) is added with a more heterogeneous

intensity. In that case, the uorescence intensity is linked to the

BSA adsorption level on the surface. For a higher GO concen-

tration (500 ng mL�1), no uorescence intensity can be detected.

From these observations, we can conclude that uorescence is

just related to the BSA adsorption. The addition of a low

concentration of GO reduces BSA adsorption, but there is not

enough free BSA to induce triple contact line pinning. For high

GO concentrations, all BSA is adsorbed on GO and thus no

pinning due to BSA accumulation was observed.

A similar behavior was observed in our previous publica-

tion:17 for a [BSA]/[GO] lower than 0.5, the GO concentration is

sufficient to adsorb BSA and to reduce the interaction between

the liquid and the surface.

Electrowetting properties: reversibility

In order to characterize the inuence of GO concentration on

BSA biofouling, we investigated the reversible behavior of the

liquid droplets of BSA/GO aer 10 EWOD cycles. We dene:

– q0 as the Young angle, contact angle before the application

of a voltage;

– q1 as the contact angle when the voltage is applied for the

rst EWOD cycle;

– q2 as the contact angle when the voltage is released.

In the case of DI water (Fig. 3a), the EWOD effect is, as

expected, reversible maintaining a CA q2, once the applied

voltage is released, equal to q0 (110–112�). A 200 V applied

voltage led to a decrease of the contact angle q1 quasi stable

around 75–80� whatever the number of EWOD cycles.

For a droplet containing 100 ng mL�1 of GO (Fig. 3a), an

overall reversible EWOD effect is observed. Starting with a

Young angle q0 (115
�), 5� higher than that for DI water, during

the rst 6 EWOD cycles, the q1 angle is maintained at 105–107�

with a q2 angle between 75� and 80�. During the seventh EWOD

cycle, a stall curve of about 7� (decreasing down to 70�) is

observed compared to q0. As q2 can be seen as the receding angle

Fig. 2 (a) Contact angle hysteresis as a function of GO and BSA concentrations,

195 ng mL�1 in blue and 260 ng mL�1 in green. For GO concentrations of 0 and

100 ng mL�1, no droplet sliding occurs at a tilting angle of 90� , (b) fluorescence

images after CAH measurements for 195 ng mL�1 of BSA and (c) 195 ng mL�1 of

BSA and 100 ng mL�1 of GO (length scale: 1000 mm). No fluorescence has been

observed for 195 ng mL�1 of BSA and 500 ng mL�1 of GO.

This journal is ª The Royal Society of Chemistry 2013 J. Mater. Chem. A, 2013, 1, 12355–12360 | 12357

Paper Journal of Materials Chemistry A



under EWOD, its modication is assuredly due to the defects

present on the surface. This minor defect may result from the

accumulation of GO at the triple line (cumulative effect aer 6

EWOD cycles on the same location). Nonetheless, it doesn't lead

to a TCL pinning and thus allows a reversible EWOD effect.

For 500 ng mL�1 of GO (Fig. 3a), we observed during the rst

cycle a reversible EWOD effect, identical to the one observed for

the 100 ng mL�1 GO concentration. Modication of q2, the

receding angle under EWOD, appears earlier during the exper-

iment, from the second cycle: the same stall curve of more than

10� with a decrease of q2, which remains between 90 and 95�

and a progressive decrease of q1 from 70� to 58�. These rst

observations show that even the static EWOD cycle induces

most likely GO accumulation at the triple line, and it does not

lead to the pinning of the TCL during EWOD, thus allowing a

reversible EWOD effect.

The next step consists of the addition of BSA to the droplet.

For a BSA concentration of 195 ng mL�1 (Fig. 3b) without GO, the

Young contact angle q0 is equal to 109�. Once the voltage is

applied, the contact angle decreases sharply to q1 equal to 52–

57�, and even if the voltage is released, the contact angle

remains constant. In that case q1 ¼ q2, meaning that the TCL is

pinned due to proteins' adsorption on the surface.

Adding a small amount of GO (100 ng mL�1) for a BSA

concentration of 195 ng mL�1 (Fig. 3b) provokes the same irre-

versible EWOD effect i.e. q1 ¼ q2 and is equal to q2 (57–60
�). In

such cases, the GO concentration is not sufficient to maintain

all the BSA in suspension. BSA molecules that are not adsorbed

on GO stick onto the hydrophobic surface, leading to a strong

TLC pinning.

Increasing the GO concentration up to 500 ng mL�1 changes

the droplet response. For a BSA concentration of 195 ng mL�1,

starting from a Young angle of q0 ¼ 114�, during the 10 EWOD

cycles, q1 remains constant at 70�, while q2 is about 100�. The

contact angle variation, due to the applied voltage, is 30�. In that

case, BSA is adsorbed preferentially on GO sheets and not on the

surface. The EWOD effect is reversible and the TCL is not pin-

ned. At a higher BSA concentration (260 ng mL�1, Fig. S1†) with

the GO of 500 ng mL�1, the EWOD becomes reversible.

Nonetheless, while q1 remains relatively stable at 75�, q2 varies

strongly with a mean value of 95 � 7�. This behavior can be

explained by the fact that the droplet contains a high concen-

tration of BSA compared to the results in Fig. 3a, for the same

GO concentration. Saturation of the adsorption of BSA on GO is

observed in that case, leading to a partial retractation of the TCL

once the voltage is released.

In order to assess the biofouling of the surface, once the 10

EWOD cycles are performed, the droplet is released and a fresh

DI water droplet is deposited on the same place. Then, the

contact angle is measured to detect any surface modication

induced by BSA adsorption during EWOD cycles. The results are

presented in Fig. 4. As expected for a water droplet deposited on

the hydrophobic surface containing BSA and GO (concentration

of 0 or 100 ng mL�1), the measured contact angles are between

60� and 70� for 195 and 260 ng mL�1 of BSA, far lower than the

initial value of the Cytop� surface (Young angle ¼ 112�). As

observed in Fig. 4, for both BSA concentrations (195 and

260 ng mL�1) without and with 100 ng mL�1 of GO, there is a

surface property modication due to protein adsorption,

Fig. 3 10 EWOD cycles @ 200 Veff for a 6 mL droplet containing (a) DI water (blue), 100 ng mL�1 (red), and 500 ng mL�1 (black) of GO; (b) BSA at 195 ng mL�1 without

GO (black), with 100 ng mL�1 (red) and 500 ng mL�1 (blue) of GO.

Fig. 4 Contact angle of a DI water droplet after 10 EWOD cycles vs. GO

concentration, 195 (blue) and 260 ng mL�1 (green) of BSA.
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leading to an irreversible EWOD behavior and to a modication

of the surface wettability. However, when the GO concentration

is signicantly increased to 500 ng mL�1, the contact angle of a

DI droplet, aer 10 EWOD cycles, is equal to 110�, similar to the

initial Young angle of the Cytop� surface. It conrms that no

surface wettability change occurred and that reversible EWOD

behavior can be achieved at this BSA concentration. BSA

adsorption on GO nanosheets prevents BSA adsorption on the

surface and avoids protein biofouling.

It should be noted that beyond the characterization of the

wetting properties under static electrowetting, the overall

objective is to displace biomolecules thanks to a monophasic

droplet based system. As far as EWOD is concerned, the

droplet displacement requires just one EWOD cycle on one

electrode for its motion to the next electrode. Thus, even if the

accumulation of GO nanosheets at the TCL (Fig. 4) led to a

diminution of the CA reversible modication aer the second

EW cycle, it can be considered as negligible within EWOD

based droplet motion.

Electrowetting properties: voltage hysteresis

We have examined the evolution of the contact angle during

EWOD with respect to the applied voltage (Veff). We rst inves-

tigated pure DI water and droplets of water containing 100 and

500 ng mL�1 of GO (Fig. 5a). For DI water, the contact angle

decreases continuously from 113� to 76� when the applied

voltage is increased. Then, when the applied voltage is

decreased, the contact angle increases continuously from 76� to

109�. We dene electrowetting hysteresis (HEW) as the differ-

ence between the contact angles upon increasing and

decreasing the applied voltage for the same value. HEW is

between 0� and 6�. With 100 ng mL�1 of GO, the contact angle

also decreases continuously with an increasing voltage, from

113� to 70�. The contact angle increases continuously from 66�

to 103� upon decreasing the voltage. In this case, HEW is

between 0� and 13�. With a higher GO concentration (500 ng

mL�1), the contact angle varies from 114� to 64� when the

applied voltage is increased. When the applied voltage is

decreased, the contact angle increases from 59� to 96�, corre-

sponding to HEW between 0� and 18�.

We clearly observe an effect due to the presence of GO

nanosheets like the one already reported in Fig. 3a (electro-

wetting cycles). The threshold voltage required to decrease

signicantly the contact angle is lower with GO solutions than

DI water and decreases when the GO concentration increases

(22 V for 100 ng mL�1 and 500 ng mL�1 of GO and 72 V for DI

water). Furthermore, GO allows a larger contact angle variation

at a high applied voltage. However, when the applied voltage is

decreased, a non-monotonous behavior is observed. As

mentioned before, this might be due to the interactions

between GO nanosheets and the surface, inducing a TLC slight

pinning: the receding angle under EWOD is largely modied in

that case.

Concerning the tests with pure BSA liquids, with a 195 ng

mL�1 concentration (Fig. 5b), the contact angle decreases

continuously from about 105� to 55�, when the applied voltage

is increased. However, during the decrease of the applied

voltage, the contact angle remains constant around 57–58�. This

leads to a high HEW (50�) and TLC pinning. With the same BSA

concentration (195 ng mL�1) mixed with 100 ng mL�1 of GO, the

droplet response under EWOD is quite similar to BSA solutions,

except that the resulting hysteresis is a few degrees lower.

Upon increasing the GO concentration, a huge diminution of

the voltage hysteresis is observed. For 500 ng mL�1 of GO and

195 ng mL�1 of BSA, while the contact angle decreases from 116�

to 70� during the applied voltage increase, the contact angle

increases from 70� to 99� when the applied voltage is decreased.

In this case, HEW is between 0� and 17�.

Similar observations have been made for a higher concen-

tration of BSA (260 ng mL�1, Fig. S2 in ESI†). These experiments

conrm the previous results obtained with EWOD cycles.

Without or with a small amount of GO, BSA adsorbs on the

surface than on the GO nanosheets leading to an irreversible

TCL pinning. Nonetheless, with a higher amount of GO, BSA is

preferentially adsorbed on the GO nanosheets; the TCL can be

depinned.

Fig. 5 Contact angle vs. applied voltage for (a) DI water (blue), with 100 ng mL�1 (red) and 500 ng mL�1 (black) of GO; (b) BSA at 195 ng mL�1 without GO (black), with

100 ng mL�1 (red) and 500 ng mL�1 (blue) of GO, solid line for increasing voltage and dashed line for decreasing voltage.
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Conclusion

We have characterized the inuence of graphene oxide aqueous

solution on the surface biofouling by a hydrophobic protein BSA.

In order to qualitatively determine the pollution level, wetting

and electrowetting properties were investigated. Indeed, these

properties are largely dependent on the quality of the surface

because a low level of non-specic adsorption usually leads to a

TCL strong pinning inducing a high CAH and a non-reversible

EWOD effect under the applied voltage. Firstly, the CAH

measurements show that the presence of GO sheets with BSA

decreases the CAH to a value inferior to the hysteresis developed

by a water droplet. This suggests the non-adsorption of GO

sheets loaded or unloaded with BSA on the surface. The wetting

properties are clearly enhanced by GO nanosheets. Then, in

order to investigate the electrowetting properties, two tests have

been performed, either by switching the voltage or by the

hysteresis voltage cycle. As expected, aqueous droplets contain-

ing BSA (195 and 260 ng mL�1) exhibit a non-reversible behavior,

synonymous of protein biofouling and triple contact line irre-

versible pinning. Once GO nanosheets are added, an inuence

of its concentration level is observed: above a ratio of [BSA]/[GO]

equal to 0.5, proteins adsorb on the surface and strongly modify

the electrowetting behavior (irreversible TCL pinning), while for

a lower ratio, electrowetting properties are maintained non or

weak biofouling. These characterizations conrm the results

presented in our previous work and prove that GO is an inter-

esting alternative to prevent biofouling, avoiding surface engi-

neering,28,16 not only for EWOD, but for microuidics in general.

In the future work, we will focus on coupling EWOD displace-

ment with biodetection or analysis. Two solutions can be

investigated, either the direct analysis of proteins on the GO by

mass spectrometry, aer an evaporation step, as already

demonstrated by Tang et al.19 or to develop strategies to locally

release proteins from GO in order to operate in line analysis/

detection. For the latter solution, we can mention a specic

interaction of the BSA, in our case, with a high affinity molecule

immobilized on the surface or to modify pH and/or the ionic

strength solution of the droplet in order to enhance the elec-

trostatic repulsion between BSA and GO. The effect of the pH

and ionic strength as well as the chemical composition of GO

(degree of oxidation/reduction) on the surface biofouling is

currently under investigation in our laboratory.
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