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Biocompatible Hydrophilic Modifications of Poly(dimethylsiloxane)
Using Self-Assembled Hydrophobins
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Wettability improvement and bioactive interface designing of poly(dimethylsiloxane) (PDMS) are keen
for its application in biodevices. Herein we developed a fully biocompatible approach for achieving
stable hydrophilic surfaces by modifying PDMS with hydrophobins. X-ray photoelectron spectroscopy
(XPS), water contact angle (WCA), and the force curve measurements demonstrated the conversion of
the surface properties from hydrophobic to hydrophilic. The patterning of antigen molecules and the
following immunoassays illustrated that this method should be a feasible strategy for bioactive surface
modification in biosensing devices.

1. Introduction ultraviolet}*17 plasma treatmen 2° CO, pulsed lasef!
adsorption of polymers on the surfa@é3corona discharg#,

and polymer grafting on PDMS surfaéeThese methods
have demonstrated appreciable wettability improvement for
the PDMS surface, while also revealing that additional efforts

are needed to improve the related important issues including

The designing of a bioactive interface with appropriate
surface wettability is key to miniaturization of biosensors,
clinical immunological assay, and many other research
applications, ranging from mapping the genome and pro-
teome to examining interactions between biomolecules. As

a kind of flexible, inexpensive, and nontoxic polymer, poly-
(dimethylsiloxane) (PDMS) has been widely used in mi-
crofluidic device$ ™ and microcontact printing technology.

the recovery of hydrophobicity by rotation of surface polar
groups StOH into the polymer bulk due to surface energy
minimization?6-2° the physical damage to the surface of

Furthermore, PDMS is known to be transparent down to the PDMS by porgldUCing “cracks” or other microstructures on
wavelength of 280 nm, which makes it suitable for detection the surfacé?3* and limited biocompatibility of the PDMS

of a wide range of wavelengtfis!? However, much effort

has been dedicated to overcoming the difficulties to im-

mobilize biomolecules onto the PDMS surface directly

because of its intrinsic hydrophobicity. A number of methods (14)
have been reported, such as oxidation of the surface by(;s)

surface after chemical treatments.
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Scheme 1. Immobilization Process of Chicken Ig&
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aThe secondary structure model of HFBI is shown in the middle circle.

Recently, modification of surfaces with biomaterials has and isolation of HFBI can be found in the Supporting Information.
been drawing much attention because of their intrinsic PDMS elastomer kit (SYLGARD 184; http://www.dowcorning-
biocompatibility and designable structures. Among the -com/DataFiles/090007b280e2dbb0.pdf) and curing agent were
biomaterials, hydrophobins show unique self-assembling Purchased from Dow Corning. The chicken IgG used as antigens,
behavior due to their remarkable structural characteristics ("¢ fluorescein isothiocyanate (FITC)-labeled anti-chicken 1gG

for pharmaceutical and other medical applicati&hg®
Hydrophobins are a family of small, cysteine-rich and
amphipathic fungal proteins which are highly abundant in
the hyphal cell walls and secreted to the culture medigh.

developed in rabbit, and the bovine serum albumin (BSA) used as
blocking reagent were all purchased from Sigma.

2.2. Fabrication of PDMS. PDMS elastomer and the curing
agent (w/w= 10:1) were poured on the glass substrate after being
mixed sufficiently and cured at 6TC for overnight. After being

The secreted proteins can be self-assembled into amphiphilicpeeled off from the glass substrate, the PDMS substrate was rinsed

membranes at hydrophilichydrophobic interfaces (for ex-
ample, at air-water interfaces or watethydrophobic solid

with water several times and ultrasonicated in water for 10 min,
followed by washing in an ethanol solution (75 vol % ethanol in

surfaces) to convert surfaces from hydrophobic to hydrophilic water) and drying with nitrogeff:

or hydrophilic to hydrophohié?3° The molecular weight of
hydrophobins is about 715 kDa, and the amino acid

2.3. Micropatterning of HFBI on the PDMS Substrates. A
simple method was utilized to pattern HFBI on the PDMS

sequences include very specific hydrophilic and hydrophobic substrates. First, cleaned copper transmission electron microscopy

regions.

In this contribution, an approach is reported to modify the
PDMS surface with a class Il hydrophobin, HFBI (7.5 kDa),
which was distilled from the filamentous funglischoderma
reesei The water contact angle (WCA) and the force curve

measurements demonstrate the significant improvement of

surface hydrophilicity. Furthermore, micropatterning of

(TEM) grids were gently pressed into PDMS surfaces, and then
the surface was incubated in an HFBI aqueous solution (30

mL) at 20°C for 20 min. After being rinsed by pure water and
dried with nitrogen, the patterned surface was immersed in the
solution of chicken 1gG (20@g/mL) for 5 min followed by water
rinsing and N drying. Then the copper TEM grids were peeled
off from the HFBHPDMS surface carefully to avoid damage to
the chicken IgG patterns on the surface. When the substrate was

antigen molecules and the following immunoassays illustrate gried, the HFBPDMS surface was immersed in the BSA solution

the bioactive properties of the modified PDMS surfaces.

2. Experimental Section

2.1. Materials. The hydrophobin HFBI was obtained from VTT
Biotechnology (Finland). The detailed process for the cultivation
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(10 mg/mL) to block the unpatterned areas. About 15 min later,
the substrate was rinsed with phosphate buffer solution (PBS, pH
= 7.4) and purified water three times and dried with nitrogen.
Finally the HFB-PDMS surface was covered with droplets of
FITC-labeled anti-chicken IgG solution (2Q@y/mL, FITC is a
reactive fluorescein molecule, which is typically conjugated to
proteins via primary amines) for 2 min, and then the substrate was
rinsed again with PBS and distilled water for several times. After
being dried with nitrogen, the grid pattern could be observed with
fluorescence microscopy.

2.4. X-ray Photoelectron Spectroscopy (XPS) Measurements.
The modification of PDMS substrate by self-assembled HFBI was

(40) Bernard, A.; Michel, B.; Delamarche, Bnal. Chem2001, 73, 8.

(41) (a) Bernard, A.; Renault, J. P.; Michel, B.; Bosshard, H. R.;
Delamarche, E.Adv. Mater. 200Q 12, 1067. (b) Bernard, A
Delamarche, E.; Schmid, H.; Michel, B.; Bosshard, H. R.; Biebuyck,
H. Langmuir1998 14, 2225.
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Table 1. Elemental Compositions of the Surface of Native PDMS (a) (b)
and HFBI Modified PDMS
C N Si O S

native PDMS 50.09% O 22.30% 27.61% O
HFBI modified PDMS 51.87% 5.80% 13.48% 28.68% 0.18%

confirmed by XPS (PHI-5300, Phi, U.S.A.) employing a mono-
chromatic Mg ka radiation sourcehy = 1253.6 eV). The binding

energy was swept from 0 to 1100 eV, an.d the electron take.off Figure 1. Micrographs of SuL water droplets on (a) the PDMS substrate
angle was fixed at 45 The energy resolution of the analyzer is and (b) the PDMS substrate modified with HFBI.

0.8 eV, and the sensitivity is 80L600 KCPS. The peaks in the

elemental core-level spectra were fitted using UNIX on an Apollo (400 eV) increases from 0 to 5.8%. The Si element only

Domain series 3500. exists in the—Si—CHjz groups of PDMS, and the N element
2.5. WCA Measurements.The WCAs were measured on a 5 gy exists in the-NH, groups of the HFBI protein. So the

uL water droplet under gmblent conditions with an optical contact increase of the N 1s peaks and the decrease of the Si 2p

angle meter (Dataphysics, Inc., OCA20). The WCA values were peaks indicated the originally outwarelSi—CHs groups of

averaged from three measurements at different locations. .
2.6. Atomic Force Microscopy (AFM) Measurements.The PDMS were partially covered by NH; groups of HFBI

force curve measurements were conducted on a multimode atomicPfOteins. Therefore, it could be considered that the hydro-
force microscope (Nanoscope IlIA, Veeco Metrology, U.S.A) in Phobins have been coated onto the PDMS surface with the

an aqueous solution, and the;!§i tips (k = 0.12 N/m, Veeco amino groups exposed outward. Low standard deviations
Metrology, U.S.A.) used in the experiment were immersed in the were observed for all elements when five randomly selected
BSA aqueous solution (10% by weight) for 12 h prior to the force measurement spots were compared, indicating homogeneous
curve measurements. In addition, the root mean square roughnesgoating of HFBI. The AFM characterizations showed the Rq
(Ra) of the film was obtained according to the AFM images by yalue of the modified film was 0.83 0.55 nm, which
using the Nanoscope software. showed the homogeneous film formation by the HFBI

2't7' F|UOI’eSCanC€ '\geas_t‘::et?e”’fihe f!;]g;%%%er&cil measure-  adsorption. In addition, the sectional profile indicated that
ments were periormed wi € ikon -L NIUOTESCENCE the film thickness was around 78 1.1 nm (Figure S3,

microscope with CCD-Rtke (Japan). Supporting Information)

The wettability improvement of the HFBI modified PDMS
substrate was investigated with WCA measurement. Figure

The process for the assembly of HFBI for wettability 1 shows the micrographs ofd. water droplets on the two
improvements and the immobilization of IgG and FITC- types of PDMS surfaces. The WCA of the PDMS surface
labeled anti-chicken IgG for evaluation of biocompatibility shown in Figure la is 123.2 0.7, which indicates that
is illustrated in Scheme 1. The PDMS Surface, after bEing the PDMS surface is rather hydrophobic_ Upon self-as-
coated with HFBI, was patterned with chicken IgG. Then sembling of hydrophobins on the surface, the WCA of HFBI
the patterned surface was exposed to FITC-labeled anti-modified PDMS surface is dramatically reduced to 5%.0
chicken 1gG for immunoassays. The secondary structure.5°, indicating a hydrophilic surface associated with HFBI
model of a HFBI hydrophobin is illustrated in the middle modification (Figure 1b). As illustrated in Scheme 1, the
circle of Scheme 1. The blue part represents dghielix improvement of wettability could be attributed to the
structure of HFBI formed by residues in the middle part of adhering of hydrophobic regions of HFBI to the PDMS
the primary amino acid sequence. In the tertiary structure, surface to minimize the system energy. While the hydrophilic
this a helix lies outside of the protein and forms the region was exposed to the outside of the surface, the
hydrophilic part of HFBI hydrophobin. The red part repre- assembled membrane converted the hydrophobic PDMS
sents thg8 sheet structure of HFBI formed by tybhairpins. surface to a hydrophilic surface.
It is reported that_ m_ost of the hydrophobic patch co_nsists of Ina separate experiment, we employed AFM force curve
two loops of hairpins? and thef sheet structure is the  measyrements to investigate the interactions between a tip
hydrophobic region of the HFBI hydrophobin. It is reasonable 5,4 4 sample surface. The foredisplacement curve reveals
to propose that the hydrophohicsheet structure of HFBI - ¢ cantilever deflection (or force when calibrated using the
should be attached to the hydrophobic PDMS surface ascangjlever spring constant) versus substrate displacement. The
shown in Scheme 1, while the helix was exposed to the  force gt the pull-off point corresponds to the adhesion force
outside to convert the surface to a hydrophilic one.  pepyeen the tip and the sample, which can be applied to the

Table 1 shows the XPS analysis of elemental compositionsqentification of surface properti¢d

of native PDMS and HFBI m(_)d@fied PDMS'O The native The adhesion forces in Figure 2a,b demonstrate a weak
PDMS showed a surface consisting of 50.09% carbon (C), interaction of the BSA modified S\, tip with the PDMS

z;;zi?e%)t(ﬁi?tr(](g)éxildcéi'i’g:{:’pzigﬁ%?] (_?2(’9 v%rggi?ici;:gn surface, while a stronger one was revealed between the tip
S ) and the HFBI modified PDMS surface. Because of the
of HFBI leads to the decrease of the Si signal (103 eV, Figure . a .

S2, Supporting Information) to 13.48%, and the N 1s peak

£

3. Results and Discussion
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Microbiol. Rev. 2005 29, 877. M. Sciencel994 265 2071.




3230 Chem. Mater., Vol. 19, No. 13, 2007 Wang et al.

Deflection (V)
Deflection (V)

(a) &)

50 200 20 40 60 80 100 120 140 160
I

1
(v
Figure 2. Typical force curves on (a) the PDMS surface and (b) the HFBI modified PDMS surface.

effective modification of PDMS surface with HFBI proteins
from a hydrophobic to a hydrophilic nature.

The above results have demonstrated that the HFBI
assembly on PDMS surfaces could improve the wettability
from hydrophobic to moderately hydrophilic. In addition, the
bioactivity of the modified PDMS surface was investigated
by observing the adsorption stability of biomolecules on it.
Figure 4 shows the fluorescent patterns with high contrast
and resolution. The green circles are the patterns of chicken
IgG with blocked FITC-labeled anti-chicken 1gG on the
HFBI-coated PDMS substrates, and the gray dark regions
00 0z 04 06 0B 10 12 14 16 18 20 are the uncovered PDMS surface caused by peeling of TEM

Adhesion Force (nN) grid. Because the FITC-labeled anti-chicken 1gG could be
easily bound with patterned chicken IgG as compared to the
native PDMS, the fluorescence patterns in Figure 4 confirmed
the immobilization of chicken IgG on the solid surfaces with
self-assembled HFBI as the linking layer and clearly showed
the biocompatibility of HFBI modified PDMS substrate.

The high contrast and resolution of the fluorescent images
confirmed the good mechanical stability of the pattern and
little surface diffusion of the adsorbed proteins. Previous
studies have indicated the stability of the hydrophobin films
and the improvement of the protein binding efficiency on
hydrophobin modified surfacé&.4” Our repeated experi-
ments revealed the stability of the adsorbed proteins upon
washing by water solution. Such extended retention time of

_ _ _ N _ the wettability property is also a significant improvement
Figure 3. Histograms showing the distribution of adhesion forces on (a)

the PDMS surface and (b) the HFBI modified PDMS surface. compare_d_ with the preVious_ r_eports. S
In addition, the HFBI modified surface has no indication

hydrophilic nature of the BSA molecules, the stronger of hydrophobic recovery even exposing the modified PDMS
adhesive force between the BSA modified tip and the HFBI syrfaces in air for 20 days. The stability of hydrophobin

modified PDMS surface further demonstrated the enhancedcoating was verified by WCA on modified surfaces, which

hydrophilic properties of the modified surface. This adhesive indicated that WCA on modified surfaces (Figure S4,
force increase may be attributed to the conversion of surfaceSupporting Information) was not changed even after storing
groups from methyl to amine. in air or in distilled water for several days. Moreover, as
Shown in Figure 3 are the histograms indicating the seen in Figure S5 (Supporting Information), the fluorescent
distribution of the adhesion force. Figure 3a,b illustrates the patterns were still observable after more than 10 days, which
distribution map of the adhesion forces on pristine and HFBI showed h|gh|y improved stabilities. We wish to note that
modified PDMS surfaces, respectively. The statistics of the for the future studies, rigorous and quantitative measurements
adhesion force using Gaussian distribution yield an adhesionshould be developed to characterize the strength and durabil-
force on the PDMS surface of 0.30 0.01 nN, which can ity of the binding of the biolayer to the PDMS surface. Also,
be attributed to the weak interactions betweeBOOH or  thjs method is convenient and inexpensive to achieve protein
—NH; groups on AFM tip and the-CHs groups on the  patterning, so the application of this modification method

PDMS substrate. After modification with HFBI, the average could be adapted to a number of related research topics, such
adhesion force is increased to 13.690.36 nN, which is

resulted from the hydrogen bond formation between the BSA (45) Linder, M. B.; Szilvay, G. R.; Nakari-Seté, T.; Saerlund, H.:
modified tip and the amino-functionalized PDMS surface. Penttila M. E. Protein Sci.2002 11, 2257. _

The statistic results are consistent with the above XPS and(46) Carpenter, C. E.; Mueller, R. J.; Kazmierczak, P.; Zhang, L.; Villalon,

: - D. K.; Van Alfen, N. K. Mol. Plant—Microbe Interact.1992 5, 55.
WCA measurements. The investigations demonstrated the(47) Wesseles, J. G. Hinnu. Re. Phytopathol 1994 32, 413.
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Figure 4. Fluorescent images of patterned chicken IgG with blocked FITC-labeled anti-chicken IgG on the PDMS substrate patterned with HFBI. The right
picture is the magnified image of the left one, and the corresponding scale bars are presented in the images.

as microfluidic devices, biosensors, and other clinical im- surface for the development of biosensing devices and
munological assays. immunoassays.
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