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a b s t r a c t

We present a biopatterning technique suitable for applications which demand a high degree of surface
cleanliness, such as immobilization of biological recognition elements onto label-free biosensors. In the
case of label-free biosensing, the mechanism of signal transduction is based on surface bound matter,
making them highly sensitive to surface contamination including residues left during the biopattern-
ing process. In this communication we introduce a simple, rapid processing step that removes 98% of
the residues that often remain after standard parylene lift-off patterning. Residue-free parylene biopat-
terning is combined with microfluidics to localize biomolecule immobilization onto the sensing region
iosensors
abel-free detection
icrofluidics

urface chemistry

and to enable multiplexed biopatterning. We demonstrate the applicability of this method to multi-
plexed label-free detection platforms by patterning nucleic acid capture probes corresponding to the
four different serotypes of Dengue virus onto parallel 1D photonic crystal resonator sensors. Scanning
electron microscopy (SEM) and atomic force microscopy (AFM) are used to quantify surface cleanliness
and uniformity. In addition to label-free biosensors, this technique is well suited to other nanobiotech-
nology patterning applications which demand a pristine, residue-free surface, such as immobilization of
enzymes, antibodies, growth factors, or cell cultures.
. Introduction

Label-free biosensors are a promising class of biomolecular
etectors because they bypass the need for a fluorescent, radio, or
nzymatic label. Dependence on such a label to detect a biomolecu-
ar interaction often adversely impacts device performance, either
y interfering with the binding event (false negative) or by non-
pecific adsorption of the labeling molecule (false positive) [1].
here are a number of emerging techniques that permit direct
abel-free detection of bound target biomolecules [2], including
ptical [3–5], electrical [6], and acoustic sensors [7]. While the
ethod of signal transduction varies between the different label-

ree techniques (i.e. a change in local refractive index for optical

iosensors, resonant frequency for mechanical biosensors, or cur-
ent/impedance for electrical biosensors), the principle of detection
s uniform in that they all respond to surface bound matter.
abel-free techniques are therefore highly sensitive to surface con-
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tamination. Fig. 1 illustrates several mechanisms by which surface
contamination can hinder the performance of label-free biosensors.

While there are a number of published reports on the design
and fabrication of ultrasensitive nanobiosensors, there remain chal-
lenges in patterning biomolecular recognition elements in ways
that both confine the immobilization to the sensing element and
result in a pristine, residue-free surface. Microarray and inkjet
printing are widely used biopatterning techniques, but their res-
olution is limited to a spot size between 10 �m and 100 �m.
Additionally, the potential for capillary flow along micro- and
nanofabricated topography makes these techniques less suitable
for confinement of immobilized biomolecules. Microcontact print-
ing offers biopatterning on the scale of several micrometers, but
the stamp can foul the surface, affecting device sensitivity as
described above [8–10]. Parylene biopatterning has proven to be
an effective means to immobilize biomolecules onto surfaces on
the micrometer scale or smaller [11–14]. Unfortunately, it has been
observed that a “grassy” parylene residue often remains on the sub-
strate after lithographic processing. This residue may be a result
of contaminants from within the coating chamber incorporating

within the parylene thin film during deposition. Metal contam-
inants embedded within the parylene thin film can form stable
complexes with oxidized parylene [15], which are then resistant
to complete etching. The origin of the residues notwithstanding,
we have observed that extending the etch time does not reduce

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:de54@cornell.edu
dx.doi.org/10.1016/j.colsurfb.2009.10.041
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r remove the residues. Because parylene is biocompatible and has
ow intrinsic fluorescence, such residue may not affect performance
f biosensors that use a fluorescent or enzymatic label in their
ignal transduction. However, in the development of label-free
iosensors, surface contamination reduces signal intensity which
dversely impacts device sensitivity [16].

It has been suggested that photooxidation of parylene may
esult in low molecular weight oxidation products [15]. Indeed,
ong-term UV irradiation has been reported to affect the optical,
hermal, and electrical properties of parylene thin films [17]. UV
rradiation of polymer surfaces generates carbon radicals, which
re then subject to attack by atmospheric oxygen. Pruden et al.
18] characterized photooxidation products of Parylene-C follow-
ng various levels of UV exposure at 254 nm. Using Rutherford
ackscattering in combination with secondary ion mass spectrom-
try, they concluded that UV oxidized Parylene-C contains a range
f oxygenated moieties, including carboxylic acids, with the major-
ty of these oxidation products occurring in the top 300–500 nm of
he UV exposed surface.

It was our hypothesis that parylene residues that remain after
ithographic patterning could be oxidized by UV irradiation to base-
oluble low molecular weight oligomers. In this communication we
resent a rapid, facile technique to eliminate surface residues that
ften remain after parylene biopatterning, making it suitable for
atterning onto label-free biosensor transduction elements. The
echnique is developed using clean, unstructured silicon wafers.

e then demonstrate this technique by patterning nucleic acid
apture probes onto parallel 1D photonic crystal resonators fab-
icated via E-beam lithography out of silicon-on-insulator (SOI).
he design, fabrication, characterization, and biosensor function of
hese photonic biosensors are the subject of other papers [5,19].

. Materials and methods

.1. Materials

MicroPrime P-20 was purchased from MicroPrimeTM (Phoenix,
Z, USA). Microposit S1818® positive photoresist was purchased

rom Rohm and Haas (Marlborough, MA, USA). AZ300-MIF pho-
oresist developer was purchased from AZ Electronic Materials
Somerville, NJ, USA). Aminopropyltrimethoxysilane (APTMS) was
urchased from TCI America (Portland, OR, USA). Generation
.5 polyamidoamine (G(4.5) PAMAM) carboxyl terminated den-
rimers were purchased from Dendritech, Inc. (Midland, MI,
SA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was
urchased from G-Biosciences (Maryland Heights, MO, USA). N-
ydroxysuccinimide (NHS) was purchased from MP Biomedicals,
LC (Solon, OH, USA). Polydimethylsiloxane (PDMS, Sylgard 184)
omponents were purchased from Dow Corning (Midland, MI,
SA).

DNA probes that have been optimized to capture the four
erotypes of Dengue virus [20–24] were synthesized by Operon
iotechnologies (Huntsville, AL, USA). Capture probes were 5′ mod-

fied with an amine functionality and 3′ modified with TAMRA-Q
uorescent dye. All probes were diluted to 300 �M in 0.1 M phos-
hate buffer, pH 8.5, containing 1 mM ethylenediamine tetraacetic
cid (EDTA) and 0.01 wt% sodium azide and stored at −20 ◦C until
se. All other reagents were laboratory grade or better and were
sed as received.

.2. Surface patterning
Clean silicon wafers were used to quantitatively characterize
he presence of parylene residues after various treatment condi-
ions using AFM. Once an optimal treatment was identified, the
mproved parylene biopatterning technique was demonstrated on
B: Biointerfaces 76 (2010) 375–380

the photonic crystal biosensors, the design and demonstration of
which are the subject of separate papers [5,19]. The chemistries and
biopatterning techniques described herein perform equally well on
unstructured silicon wafers and SOI photonic crystal biosensors. In
order to prepare the silicon substrates for capture probe immobi-
lization, silicon substrates were submerged in piranha solution (3:1
mixture of concentrated sulfuric acid and 30% hydrogen peroxide)
for 30 min, followed by rinsing in copious Milli-Q water in order
to clean the surface and generate surface silanol (Si-OH) groups.
A 1 �m film of Parylene-C was vapor deposited onto clean silicon
substrates using a model PDS-2010 Labcoater 2 (Specialty Coating
Systems, Indianapolis, IN). MicroPrime P-20 was spun on the sub-
strates at 3000 rpm for 30 s to ensure proper adhesion of photoresist
to parylene. Microposit® S1818 positive photoresist was then spun
at 3000 rpm for 30 s to a thickness of approximately 2 �m, followed
by a 60 s prebake at 115 ◦C. When the parylene patterning was con-
ducted on structured SOI photonic crystals, the parylene stencil was
aligned using alignment marks present on both the photonic crys-
tal substrate and the stencil photomask. Substrates were exposed
through a photomask for 4.5 s at 405 nm using an HTG System III-HR
Contact Aligner, after which they were agitated for 90 s in AZ300-
MIF developer, rinsed in deionized water, and finally dried under
nitrogen. Following a 10 min oxygen plasma chamber clean and
a 10 min platen cool down, the exposed parylene was etched for
7 min in a Plasmatherm SLR-720 reactive ion etcher (30 sccm O2,
60 mTorr, 150 W).

Grassy parylene residue was removed by treating the etched
substrates in a UV cleaner (Samco, Inc., Sunnyvale, CA) and dis-
solving the photooxidized residue product in an alkaline solution.
Various UV/base conditions were tested, from which it was deter-
mined that one minute exposure (10 mW/cm2, 254 nm), followed
by 1 min rinsing in deionized water adjusted to pH 12 by sodium
hydroxide provided the desired result without impacting the bulk
parylene. Following UV/base treatment, substrates were rinsed in
ethanol to remove residual photoresist. Etched parylene substrates
rinsed for 1 min in neutral deionized water served as control. Sur-
face topography of parylene patterned substrates was evaluated by
scanning electron microscopy (SEM) and atomic force microscopy
(AFM, DI-3000, Veeco Instruments, Inc., Woodbury, NY) with and
without UV/base treatment. Roughness values and effective sur-
face areas (n = 4, two samples on each of two independent chips)
were calculated from atomic force micrographs using Gwyddion
SPM data analysis software.

2.3. Surface functionalization and immobilization of nucleic acid
probes

After parylene patterning and UV/base treatment, silicon sub-
strates were surface modified and DNA capture probes were
covalently linked to the patterned, functionalized substrate. Pary-
lene patterned SOI photonic biosensors were shaken in 2% APTMS
in 95% ethanol for 5 min, followed by rinsing in ethanol and water,
and drying under air. APTMS-functionalized substrates were baked
at 80 ◦C for 1 h for silane curing. Generation 4.5 carboxylic acid ter-
minated dendrimers were covalently bound to aminated substrates
using water-soluble carbodiimide chemistry, to generate carboxy-
functionalized surfaces. Detail about the surface chemistry used
in this communication is available in Goddard and Erickson [25].
Substrates were shaken for 2 h at room temperature in a solution
of 10 �M dendrimer in 0.067 M phosphate buffer, pH 7.4, contain-
ing 14 mM EDC and 0.7 mM NHS, followed by rinsing in deionized

water and drying under air. Subsequently, amine-terminated DNA
capture probes were bound to the carboxyl-functionalized SOI
photonic biosensor surfaces via the two-step water-soluble car-
bodiimide chemistry [26]. Briefly, surfaces were first shaken for
15 min in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer,
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Fig. 1. Effect of surface contamination on sensitivity of label-free biosensing techniques. (a) Uniform immobilization of biological recognition element, no contamination
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resent; (b) some biological recognition elements are non-covalently coated ove
educing device sensitivity; (c) contaminants reduce the number of covalently bou
nteractions; (d) contaminants that delaminate from the sensing surface during dete

H 6, containing 50 mM EDC and 5 mM NHS, followed by rins-
ng in water and drying under air. In order to separately address
arallel resonators such that a different capture probe could be

mmobilized on each resonator, a microfluidic functionalization
echnique was employed (Fig. 2). Soft lithography fluidics were pre-
ared by casting a 1:10 mixture (curing agent:base) of PDMS over
positive relief master [27]. After punching inlet and outlet ports,
DMS microchannels were placed over the EDC and NHS activated
endrimer functionalized surface, and secured with a custom plex-

glass housing. Amine-terminated DNA probes, which were stored
n pH 8.5 buffer as described above, were diluted to 150 �M in 0.1 M

ES buffer, pH 5.0 (final conjugation buffer was pH 7.0). Probes
ere withdrawn through microchannels for 2 h at room tempera-

ure, followed by in-channel water rinsing. SOI photonic biosensors

atterned with nucleic acid capture probes were then removed
rom the plexiglass housing, PDMS microchannels and parylene
lm were peeled off the substrate, and the substrate was rinsed

n deionized water and air dried.

ig. 2. Microfluidic functionalization of multiplexed label-free biosensors. (Top)
xperimental setup: parylene patterned substrate and PDMS microfluidics are
eld together by custom polymethyl methacrylate housing. (Bottom) Schematic of
icrofluidic targeting of individual SOI photonic sensors by parylene patterning

ombined with PDMS microfluidics.
aminants, extending biomolecular interaction further from sensing surface, thus
ological recognition elements, thus limiting the number of potential biomolecular
assay result in a signal that suggests less bound mass than before baseline readings.

3. Results and discussion

3.1. Uniformity of patterned silicon substrates

SEMs of control and UV/base treated parylene patterned sub-
strates were taken to elucidate the effect of UV/base treatment
on uniformity and cleanliness of parylene patterned substrates, as
well as the ability to target separate nucleic acid capture probes
over the parallel SOI photonic biosensors (Fig. 3). As described
above, surface contaminants such as parylene residue can reduce
the signal transduced by a given biomolecular interaction, either
by extending such an interaction away from the high sensitivity
region of the sensor surface (Fig. 1b) or by limiting the number of
potential interactions (Fig. 1c). In addition, contaminants present
during functionalization that are removed from the surface dur-
ing the detection assay result in confusing signal, indicating an
apparent reduction in bound biomolecule (Fig. 1d). Indeed, since
nanometer-scale coatings have been reported to cause significant
red-shifts in optical devices [28], device sensitivity will be affected
by any residue. Exposure of etched parylene to UV irradiation for
1 min, followed by 1 min rinsing in deionized water adjusted to pH
12 by sodium hydroxide effectively removed the residual parylene
(Fig. 3b). It was experimentally determined that longer etch times
degraded the integrity of the bulk parylene such that it could not
be removed intact. Shorter etch times and lower pH rinses were
ineffective in removing all of the residues, and higher pH rinses
were avoided to prevent etching of the SOI photonic nanostruc-
tures.

After UV/base treatment and immobilization of four nucleic
acid probes over parallel resonators (details on probe immobiliza-
tion follow), the parylene remained intact and was fully removed
(Fig. 3c). Immobilized capture probes appear slightly darker due
to differences in charging effects during SEM imaging between the
biopatterned region and the unfunctionalized SiO2 substrate. For
reasons described above, it is important to note the absence of
observable parylene residues or other contaminants on the final
patterned device (Fig. 3c).

Atomic force microscopy (AFM) was employed in order to better
quantify the effect of the UV/base treatment on changes in surface
roughness (Fig. 4). The UV/base treatment utilized here reduced
the root mean square roughness from 69.7 ± 5.4 nm to 1.3 ± 0.1 nm.
This final roughness is similar to root mean square roughness values

of cleaned Si substrates, which are reported to range from 0.5 nm
to 2.0 nm [29]. UV irradiation is reported to penetrate 300–500 nm
into the surface of parylene [18]; it therefore follows that residues
of the observed roughnesses (69.7 ± 5.4 nm) would be fully oxi-
dized by UV irradiation, and subject to base dissolution, while the
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Fig. 3. SEM of parylene etched optical nanostructures, (a) without UV/base treatment, and (b) with UV/base treatment. (c) SEM image after removal of parylene. Darkened
spot shows location of probes (see also fluorescence image in Fig. 5). The photonic crystal resonator measures 450 nm in width, 6.5 �m in length.
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ig. 4. Representative AFM images of etched parylene (a) without UV/base treatme
n Z.

ulk parylene (film thickness of 1 �m) would remain intact. It is
nteresting to note that in addition to the nearly two log reduction
n surface roughness, the treatment also improved surface unifor-

ity, as indicated by deviation of roughness values. As described
bove, surface contamination adversely affects label-free biosen-
or performance both by the height of the residues, as well as
he surface coverage. Effective surface area was also calculated

o quantify the effect of the UV/base treatment. Effective surface
rea is a calculation which accounts for the three dimensional
ature of a topographical substrate, such as when residues are
resent. For example, a pristine two-dimensional surface measur-

ng 5 �m × 5 �m would have an effective surface area of 25 �m2.
d (b) with UV/base treatment. Both images are 5 �m × 5 �m in X and Y and 300 nm

Increasing the roughness of the surface increases the effective
surface area. The UV/base treatment decreased the effective sur-
face area from 47.2 ± 1.44 �m2 to 25.1 ± 0.02 �m2 (surface area
of a pristine 5 �m × 5 �m spot is 25 �m2). The increased effec-
tive surface area not only reduces device sensitivity for the reasons
illustrated in Fig. 1, but also increases the surfaces available for
non-specific binding, which further reduces device sensitivity. As

with the roughness measurements, effective surface area was not
only significantly reduced in value, but also was made more uni-
form, as evidenced by the lower deviation in treated substrates.
The impact of surface uniformity on device performance becomes
greater as the interrogated region becomes smaller, as in our SOI
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ig. 5. (a) SEM of an array of parallel resonators (scale bar is 3 �m). (b) SEM of
arallel parylene patterned 1D photonic crystal resonators (scale bar is 20 �m). (c)
luorescence micrograph of patterned capture probes after parylene removal (scale
ar is 20 �m).

hotonic crystal biosensors, which each have a surface area on the
rder of ∼5 �m2 [5,19]. While the effect of such deviations can be
veraged out over a larger area, in order to have consistent mea-
urements on the micrometer scale it is critical to minimize not
nly the presence of residues but also deviation of residue rough-
ess and effective surface area, as we have done by our UV/base
reatment.

.2. Biopatterned substrates

After a suitable treatment for removing parylene residue was
eveloped using silicon wafers, we demonstrated the utility of the
echnique on SOI photonic crystal biosensor chips. These chips have
aveguides with adjacent one-dimensional photonic crystal res-

nators. The waveguides and resonators measure 250 nm in height
nd 450 nm in width; each photonic crystal possesses 16 holes
200 nm in diameter) and a central cavity of varying size which
unes the resonant wavelength [5]. After successful removal of trace
arylene residues, SOI photonic biosensors were surface modified
nd DNA capture probes were covalently linked to the patterned,
unctionalized substrates. PDMS microfluidics provide a useful

eans to individually target separate transduction elements within
biosensor allowing for multiplexed detections. After microfluidic

mmobilization of multiple biorecognition elements, the function-
lization fluidics can be removed, and a separate set of detection
uidics can be applied. Unfortunately, uncrosslinked oligomers

rom the PDMS microfluidics can leave a residue on the substrate,
ffecting device performance as described above. By coupling the
uidic functionalization step with parylene biopatterning, the sub-
trate is protected from such contamination by the parylene film,
hich is then removed before the detection fluidics are applied,

eaving a pristine surface with biopatterned regions. Fig. 5 illus-
rates the targeted patterning of four nucleic acid capture probes
ver parallel optical nanostructures. Combining the improved pary-
ene biopatterning technique with microfluidic functionalization,

e are able to immobilize different capture probes over each of four
ifferent resonators, allowing for multiplexed sensing capabilities

n the future.

. Conclusion

In summary, we have established a simple means to reduce
he grassy parylene residue that often remains after standard
arylene biopatterning processing, and immobilized nucleic acid

robes by a silane and dendrimer linkage. One minute UV irra-
iation (254 nm, 10 mW/cm2) followed by 1 min rinsing in dilute
ase solution eliminated 98% of parylene residue. Removal of
esidue and quantification of changes in roughness and surface
niformity were confirmed by AFM and SEM. By using parylene

[

[
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patterning and microfluidic targeting of capture probes over opti-
cal nanostructures, we were able to immobilize four separate
nucleic acid probes over individual photonic resonators, without
cross-contamination between adjacent resonators. Immobilization
of nucleic acid probes by silane and dendrimer linkages was con-
firmed by SEM and fluorescence microscopy. Using this improved
patterning technique along with the demonstrated nucleic acid
probe immobilization chemistry will aid in improving the sensi-
tivity of label-free biosensors by eliminating surface contaminants
that often remain after lithographic processing. Coupling microflu-
idic functionalization with parlyene biopatterning further allows
for multiplexed biopatterning without the deposition of PDMS
residues onto the sensing surface. Although we have demonstrated
this technique in an optical nanosensor application, it is well suited
to a range of nanobiotechnology applications in which surface
uniformity and cleanliness are necessary, including surface immo-
bilized co-cultured cells, enzymes, antibodies, and neural growth
factors.
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