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The present work demonstrates for the first time patterning of a ready-to-use biosensor with several
different biomolecules using Dip-Pen Nanolithography (DPN) for the development of a procedure
towards more rapid and efficient multi-sample detection. The biosensor platform used is based on

a Surface Acoustic Wave (SAW) device integrated with a parallel-channel microfluidic module, termed
as “microfluidics-on-SAW” (“uF-on-SAW?), for reproducible multi-sample analysis. Lipids with
different functionalized head groups were patterned at distinct, microfluidic-formed rectangular
domains with sharp edges all located on the same sensor surface; pattern quality was verified using

a fluorescent microscope. The functionality of the head groups, the efficiency of the patterning method,
and the suitability of DPN for the surface modification of the acoustic device were subsequently
examined through acoustic experiments. The pF-on-SAW configuration was used to detect specific
binding between the pre-patterned functionalized lipids with their corresponding biomolecules. The
achievement of an improved sensitivity (5-fold compared to previous acoustic configurations) and
reduced preparation time by at least 2 h clearly indicates the suitability of DPN as a direct patterning
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method for ready-to-use acoustic sensor devices like the pF-on-SAW towards integrated, rapid-

analysis, multi-sample biosensing microsystem development.

Introduction

Well-established biosensor technologies, irrespective of their
detection principle, are gradually evolving from single- to multi-
sample platforms providing benefits to a vast range of applica-
tion fields such as cancer diagnostics, biomarker detection (e.g.,
cardiac markers for early assessment of cardiovascular risk),
early-stage identification of genetic anomalies, high throughput
analysis of new drugs and investigation of emerging
biomarkers.! In this direction, acoustic sensors follow the
multi-analyte trend with a recently emerged concept based on
microfluidics. Contrary to the traditional approach, according to
which Surface Acoustic Wave (SAW) or Quartz Crystal Micro-
balance (QCM) sensing elements are placed one next to the other
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to form an array,*® the “microfluidics-on-SAW” (“pF-on-
SAW?”) concept utilizes a series of parallel microfluidic channels
in order to compartmentalize the total surface of a single sensor
(standard configuration) into discrete domains, each hosting an
individual experiment (Fig. 1(a)).”® Advantages of this setup
over classic SAW sensor arrays are: (i) cross-domain reproduc-
ibility as high as 90%, (ii) utilization of the same measurement
instrumentation used for the standard configuration, and (iii)
versatility in the number of tested samples, since three-, four-, or
five-channel modules are interchangeable, depending on the
number of desired analytes. A series of applications have
demonstrated the reliability of this setup in multi-sample sensing
in protein detection® and cardiovascular risk assessment.

Typical experimental protocols followed in biosensors impose
some in situ steps prior to the detection of the actual analyte,
mainly for the immobilization of a specific receptor, e.g., strep-
tavidin/NeutrAvidin, or protein G adsorption for subsequent
binding of biotinylated molecules or antibodies, respectively. As
they are a part of the actual experimental procedure, these steps
inevitably increase the overall analysis time, cost, and sample
consumption, an effect that is maximized when multiplicity is
considered.

Applying ex situ biomolecule patterning as a biochip prepa-
ration process is a promising means to overcome the aforemen-
tioned drawbacks and render the entire detection procedure
more automated, shortening the required time and promoting
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Fig. 1 (a) Real image of a dual-SAW-device biochip with the “foot-
print” of the four microfluidic channels (CAD design appearing in black
colour) and the formed domains. One of the two devices was used for the
experiments. (b) Zoomed domain with a schematic of the direct-write
concept for filling the area with small lipid rectangles using the 26-probe
array; each probe patterns one small rectangle. (c) Fluorescence
microscopy image (4x) of biotin lipids patterned via the direct-write
concept, resulting in sharp side edges but also in empty patches and non-
uniform overall pattern. (d) The patterning approach based on spreading
of lipid blobs; the dashed lines indicate the uniform pattern upon merging
of the spread blobs.

more efficient multiplicity. Surface patterning techniques such as
micro-contact printing,'*!? inkjet spotting,** lithography-related
techniques and other emerging methods'>'¢ are already used
for immobilization of biomolecules on a substrate in patterns of
various shapes and sizes; different molecules can, thus, be
patterned with high accuracy, spatial resolution and multi-
plexity, promoting the multi-sample analysis.

In the present work surface patterning was achieved by means
of Dip-Pen Nanolithography (DPN), a technique that uses
a molecular ink coated Scanning Probe Microscope (SPM) tip to
directly deposit materials on a surface with lateral resolution well
below 100 nm.'""** DPN operates under ambient conditions, and
has even been demonstrated under water,?® which is extremely
advantageous for biomolecular patterning as it does not require
harsh environments like vacuum, UV radiation or wet chemicals.

Being a direct-write method, DPN permits the drawing of
arbitrary patterns at will, unlike photolithography-based tech-
niques and micro-contact printing, which are less flexible and
versatile since a mask is required. Importantly, DPN is

advantageous over other types of patterning methods as it is
a constructive printing method where many different chemical
functionalities can be integrated onto a single surface without the
risk of feature cross-contamination induced by selective
adsorption methods. Moreover, for large-scale patterns, like
those required in this work, DPN carried out in parallel with
arrays of cantilevers over centimetre length scales accelerates the
patterning step surpassing the alleged “slowness” of direct
writing.?!?

The DPN process has been demonstrated for a variety of inks
(self-assembled monolayers, DNA, proteins, ezc., with sub-100
nm resolution®*?%) and substrates (silicon, glass, metals, poly-
mers, etc.). Lipids are particularly well suited for parallel and
multiplexed DPN on a variety of different surfaces.*** DPN has
been used in specific interaction studies,? in the investigation of
a material’s suitability for biocompatible/mimetic applications
and cell-substrate interactions,? in the fabrication of nanoscale
biomolecular arrays*” and complex multi-functional (nano)
structures,?® as well as in lab-on-a-chip applications.? In all
cases, however, DPN has been utilized on wafer pieces or slides
of arbitrary size, but never for direct patterning of a ready-to-use
biosensor chip that imposes specific pattern features based on the
biosensor operational requirements, like in our case.’® On the
other hand, SAW devices have never been subjected to biomol-
ecule patterning before, especially via DPN. Moreover, all DPN
demonstrations to date aim at the minimization of the pattern
size towards nanoscale features, but hardly any references exist
targeting spatially continuous (i.e., not spot-like) hundred-
micron-sized patterns, tailor-made for specific purposes and
under particular geometrical restrictions.

To demonstrate the convergence of DPN and SAW devices,
and particularly in the multi-analyte configuration facilitated
through the pF-on-SAW, various lipid types were used as inks
for DPN. Lipids were chosen based on the availability of various
functional head groups, which allows for patterning of several
different receptors. Moreover, lipids are the basis of biological
membranes and they can simulate the cell membrane, with the
proper integration of other functional species such as membrane
proteins. The selection of the patterning strategy and the opti-
mization of the procedure to achieve compatibility with the
pF-on-SAW requirements are discussed. The patterned lipids
with the different functional head groups and the interactions
with their specifically bound molecules were monitored with the
pF-on-SAW platform and fluorescence microscope, verifying in
both ways the efficiency of DPN patterning at the micro-scale
and the functionality of the head groups. Achieving the reduction
of the device preparation steps, this proof-of-principle of
merging DPN with the pF-on-SAW is promising for the devel-
opment of a competitive, integrated, multi-analyte detection
platform.

Experimental
Multi-analyte acoustic microsystem

The biosensing component of the microsystem comprises a dual
SAW device biochip based on a quartz piezoelectric substrate
that supports the acoustic wave. The rotated Y-cut (42.5°)
z-propagating crystal allows shear horizontal wave polarization,
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rendering the device suitable for liquid-based sensing applica-
tions. Two sets of Au interdigital transducers (IDTs) are
photolithographically patterned at the two edges of the substrate
with an Au layer between the two sets. The Au is deposited to
prevent acoustoelectric interactions (Au thin film thickness is 100
nm with a 20 nm thick intermediate Cr adhesion layer). The
overlap between the IDT fingers (acoustic aperture) is 1.6 mm
and defines the width of the active sensing area; a poly-
methylmethacrylate (PMMA) layer, covering both IDT sets and
the sensing area, was spin-coated (P6700, Specialty Coating
Systems Inc.) on top of the sensor for sensitivity enhancement?!
leading to the Love wave mode configuration.®> A 14%
(gpMMmA/gsolvent) SOlution in  2-ethoxyethyl acetate (>99%,
Aldrich) was used, followed by thermal treatment for solidifi-
cation (180 °C for 2 h). Operational features of the devices are:
IDT periodicity 32 pm; frequency 155 MHz; PMMA thickness
0.70 pm; penetration depth ~50 nm within the sensing medium.

The fluidic component of the microsystem comprises a four-
parallel-channel microfluidic module, made of poly-
dimethylsiloxane (PDMS, Dow Corning Corp.) by means of
rapid prototyping and replica molding (soft lithography??®). The
microchannels cross the acoustic propagation path (device’s long
axis) perpendicularly upon assembly on the biochip, giving rise
to four distinct sub-area domains (Fig. 1(a)) with 1.76 mm?
surface area each. More details on the design considerations and
limitations can be found in previous work.” The biochip and
micromodule are reversibly assembled via mild pressure so as to
achieve reusability of the platform. The PMMA layer was dis-
solved in acetone after each experiment and a new layer was spin-
coated prior to reuse.

Measurement principle and instrumentation

The IDT electrodes transform the input electric signal into
a propagating acoustic wave, and back to an electric output signal,
owing to the piezoelectric effect. Any process taking place on the
sensor surface causes a change in the phase (APh) and amplitude
(AA) of the acoustic wave.** In biomolecular interactions (surface
adsorption, specific binding, efc.) APh is mainly related to the
amount of bound mass, whereas AA to viscosity changes in the
sensing medium.*s Although both parameters are often needed for
sophisticated acoustic measurements (such as investigation of
molecular conformation changes**3® and/or biofilm viscoelas-
ticity/complex shear modulus evaluation®**°) only APh is probed
in this work in order to verify the quality of the patterning and
functionality of the patterned species through specific binding. A
network analyzer was implemented for the acoustic measurements
allowing the real-time monitoring of the interactions with data
acquisition every 14 s. A syringe pump was used to provide steady
flowat 5 uL min—!. The microchannels were used in a serial, instead
of simultaneous, manner in order to avoid signal interference.”

DPN patterning platform

The DPN patterning was carried out with a commercially
available DPN 5000 system (Nscriptor, Nanolnk Inc., USA).
The temperature and humidity of the chamber were constantly
monitored and were rapidly changed and reset by the user
according to the desired application.

A one-dimensional array of 26 cantilevers (Fig. 1(b)) was
used for the patterning (type F multi-probe array A-26,
Nanolnk Inc.). The scan range of the piezo was 80 x 80 pm,
and the distance between neighbouring tips was 35 um, so that
an area of 910 x 80 um was patterned using the piezo actuator.
For further patterning the probe array was removed from the
surface, forwarded to another initial spot and approached
again. The actuation of the cantilever array was followed on
screen by means of a camera. The coordinates of the initial
patterning point as well as the “route” of the probe array were
preset by the user in the software so that the entire patterning
procedure was automated. The final optimized procedure is
described in Results and discussion as the patterning conditions,
dimensions and methodology were part of the actual investi-
gation process.

Ink wells of type W4 and IWL-0021-01 (Nanolnk Inc.) were
used and filled with a chloroform solution of the phospholipid
ink (1 mL, 10 mM, doped with 1 mol% of the dye-labeled lipid in
the case of doped inks). The solvent was allowed to evaporate for
atleast 1 h in vacuum (50 mbar) before dipping the tips in the ink
wells; the latter were then stored in a desiccator chamber (25%
humidity). All probes of the array were dipped into the same ink
well for their functionalization and four different probe arrays
were used.

DPN fluorescence microscopy

An inverted TE 2000 fluorescence microscope (Nikon) was used.
Green (FITC) and red (Texas Red) filters were used for the
fluorescence. The exposure times were kept as low as possible (a
few seconds) to avoid bleaching. The microscope was also used
for the inspection of the tip array intactness prior to every
patterning procedure, as well as for the precise mounting of the
microfluidic module on the biochip prior to the acoustic exper-
iments (taking into consideration a +100 pm placement error due
to manual alignment).

Biomolecules

The lipids used in this work were purchased from Avanti Polar
Lipids, USA: (i) DOPC (1,2-dioleoyl-sn-glycero-3-phosphocho-
line); (i) DOGS-NTA-Ni {1,2-dioleoyl-sn-glycero-3-[(N-(5-
amino-1-carboxypentyl)iminodiacetic  acid)succinyl]  (nickel
salt)}; (iii) biotinylated phospholipid (1,2-dipalmitoyl-sn-glyc-
ero-3-phosphoethanolamine- N-(cap biotinyl) (sodium salt)); and
(iv) dinitrophenyl (DNP)-lipid (16 : 0 DNP Cap PE antigenic
lipid {1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[6-
[(2,4-dinitrophenyl)amino] hexanoyl] (ammonium salt)}).

Fluorescent lipids: (i) rhodamine lipid [2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (18 : 1
lissamine rhodamine/PE)] and (ii) fluorescein lipid [1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(carboxyfluorescein) (ammo-
nium salt)].

Monoclonal anti-DNP IgE antibody (SPE-7) was purchased
from Sigma-Aldrich, Germany. Histidine-tagged green fluores-
cent protein (his-GFP) was provided by N. Theilacker, Dr M.
Franzreb, Institute for Chemical Technology, KIT.* Fluo-
rescently labeled (Cy3 dye), streptavidin and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich.
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All solutions were prepared in phosphate buffered saline (PBS,
Invitrogen) at pH 7.4, and the washing buffer was the same.

Results and discussion

Establishment of the DPN patterning methodology on pF-on-
SAW; process characteristics

The design of the multi-analyte acoustic microsystem imposes
some operational and geometrical limitations to the patterning
procedure. At first, the acoustic wave is a plane wave, so it is
desirable that it propagates through patterned species with line-
edged borders parallel to the wavefronts.” If the patterns’ borders
are of arbitrary shape it is highly likely that the wavefronts will be
distorted (diffracted) and the output signal will not be repre-
sentative of the surface processes. It should also be taken into
consideration that each sensor domain (defined by the micro-
fluidic channels) covers a surface area (1.76 mm?) much larger
than the tip array can pattern in a single step (0.073 mm?).
Therefore, it is impossible to achieve the desired pattern within
each rectangular domain with a single pass of the probe array,
but only through sequential steps (i.e., detach and re-approach).
As the desired domain width is covered by the total writing width
(910 pum) of the array, the latter does not need to be shifted
laterally. On the other hand, as the array patterns 80 pm in the
forward direction it has to be moved 20 times in order to
complete the 1600 pm required (Fig. 1(b)).

The result of these DPN steps reveals a patterned domain with
indeed sharp edges at the borders (Fig. 1(c)). Sharp edges are
desirable for SAW sensors in order to minimize scattering of
acoustic waves at the edges, and would be difficult to achieve
with other microarray methods such as inkjet printing or micro-
pin spotters.*! This procedure, though, is quite time-consuming
because of the many small rectangles that should be added to
complete the sub-area domain. Indicatively, approximately
10 min were required for an 80 x 910 pm? pattern area (at 5 um?
s~! average writing speed), while approximately three hours for
one domain (without accounting for the time needed to
frequently re-dip the tips in the ink wells due to the ink
consumption and gradual decrease of pattern quality). Even
though this procedure could in principle be accomplished in an
automated way, it would still require a long time for the complete
patterning of a domain, not to mention the entire sensor surface.
Moreover, in the case of insufficient inking or misalignment of
one or more probes, the above approach would be reflected on
the pattern as one or more missing lipid stripes (Fig. 1(c)), which
would have severe impact on the uniformity of the pattern and
the wave propagation.

An alternative approach is based on the experimentally veri-
fied observation that, under particular humidity conditions,
patterned lipids exhibit a rather fluidic behaviour and spread
laterally on the surface to form supported lipid bilayers when
hydrated on hydrophilic surfaces.*"2>42** This spreading effect is
further enhanced by the non-covalent but physisorptive inter-
action between the lipids and the surface. Thus, a large lipid spot
or “blob” for example can spread into a circular-shape, single- or
multi-stack bilayer structure if the proper humidity conditions
exist (there is usually a distribution of single- and multi-layer
lipids, depending on the humidity and writing speed

conditions®!). Following this approach, one entire sensor domain
(Fig. 1(a)) was patterned within only 10 min as the detach-redip—
reapproach procedure was repeated far less times than the
previous option (two to six times, depending on the lipid case, see
the following section for details). In addition, closely patterned
blobs (as close as neighbouring tips allow) can spread enough as
to merge and eventually form a uniform structure with linear,
sharp edges parallel to the wavefront (Fig. 1(d)). In the present
approach the lipid blob array was patterned in the same direction
as the microchannel axis. If necessary for practicality in
manufacturing, this approach could be carried out using parallel
DPN arrays."*

Patterning design and conditions

In order to pattern multiple species, the optimum patterning
conditions (e.g., dipping and inking time, number of lipid blobs,
etc.) were investigated for four different lipids: (i) a mixture of
DOPC with DNP-lipids (10 mol%, doped with rhodamine); (ii)
a mixture of DOPC with DOGS-NTA-NIi lipids (30 mol%, doped
with fluorescein); (iii) a mixture of DOPC with biotin-lipids (4
mol%, doped with fluorescein) and (iv) fluorescein-labeled
DOPC for control acoustic experiments. The optimum amount
of each kind of functional lipids mixed with the DOPC carrier
was defined as the mol% at which saturation of the fluorescent
signal of the bound biomolecule occurred.?

For the inking process, humidity is a key factor to efficient tip
coating with lipids.?' At 70% relative humidity lipids behave like
liquid crystals and can coat tips once in contact with the ink well.
For the first dipping, the tips were left for 25-30 min in contact
with the ink, whereas the subsequent re-dippings lasted 5-7 min
for DNP lipids, biotin-lipids and DOPC, and 10 min for NTA-Ni
lipids, all taking place at 70% humidity. Right after inking the
probes could write a uniform array of spots (or “blobs”). The
writing duration (Ze., the contact time between the tip and
the surface) did not vary much within the different types: 5 s for
the DNP lipids and DOPC, 10 s for biotin lipids, and 15-20 s for
NTA-Ni lipids, which is tremendously faster than the time
required during the initial, direct-write patterning approach. This
resulted in an overall printing time of 10 min (including the redip
steps) for each domain.

For lipid patterning itself, the general applicability of lipid
spreading has been shown in previous work.?'=* Each lipid type
exhibits its maximum spreading at different humidity conditions,
which also depends on the lipid chemistry and the used substrate.
The latter is the same surface (PMMA) for all cases in our work
but the chemistry of the lipids differs, so ideally each lipid type
needs to be stored at different humidity conditions to achieve its
maximum spreading. This, however, is impossible since all
different lipids are patterned on the same device, which is then
stored at specific humidity conditions (overnight in desiccator at
25% humidity) so in principle they will not spread the same.
Therefore, an investigation of the extent of spreading under the
given storage humidity conditions was carried out and conse-
quently a definition of the proper pattern design for each lipid
type (i.e., how many arrays and how big spacing between them)
so that they all result in uniform, 900-1000 um wide structures.

A single array from each lipid type was initially patterned on
PMMA in order to investigate the extent of spreading. After
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overnight storage in the desiccator the spreading was symmet-
rical on both sides of the initial array; the following values
represent the spread pattern width (Fig. 2): (i) 950 + 50 pm for
the DNP-lipids, (i) 330 + 30 pum for the NTA-Ni lipids, (iii)
580 £ 50 pm for the biotin lipids and (iv) 1050 + 50 pum for the
DOPC lipids. The dimensions were measured under the fluo-
rescence microscope with 4x magnification and the average
values and standard deviations derived from at least four
patterns of the same lipid type. Based on these findings it was
possible to optimize the distance between adjacent pattern
arrays, considering that: (i) the width of the spread pattern(s)
should be such that neighbouring different lipid types do not
overlap (i.e., each lipid type should not exceed the width of its
corresponding domain after spreading), and (ii) there should be
no gap between spread patterns of the same lipid type within the
domain; on the contrary, overlapping is acceptable. Conclu-
sively, the pattern of the entire SAW device included fourteen
arrays all together (the following seven in duplicates symmetri-
cally above and below the device horizontal axis) so that the
entire 1600 um acoustic aperture is covered with spread lipids:
one DNP-lipid array in pF4; three NTA-Ni-lipid arrays 300 um
apart in uF3; two biotin-lipid arrays 300-350 pm apart in pF2;
one DOPC array in pF1 (Fig. 2).

Acoustic experiments

Once the patterned acoustic biochip was removed from the
desiccator, the microfluidic module was assembled on it under
microscope inspection. The biosensing experiments included the
following injections (Fig. 3(a)): (i) PBS for rinsing excessive lipid
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Fig. 2 Top: schematic of the design and arrangement of the four
different lipid arrays on the sensor. Bottom: fluorescent microscope
images (4x magnification) of the four patterned lipid types at the
domains corresponding to the schematic of the top figure.
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Fig. 3 (a) Schematic distribution of the patterned lipids and their cor-
responding biomolecule analytes in the four sensor domains. (b) Acoustic
sensogram of the probed interactions between the patterned functional-
ized lipids with their corresponding biomolecule analytes: (i) anti-DNP
IgE on DNP lipids, (ii) his-GFP on NTA-N.i lipids, (iii) streptavidin on
biotin lipids, (iv) anti-DNP IgE on DOPC, (v) his-GFP on DOPC and
(vi) streptavidin on DOPC. The concentrations in all cases were
100 pg mL~". BSA blocking and PBS rinsing steps are not marked for
simplicity reasons. Some signal spikes are due to the syringe pump.

multilayers until stabilization of the acoustic signal, (ii) BSA
(I mg mL™") as a blocking agent to prevent non-specific inter-
actions of analytes and fill possible gaps (non-patterned regions)
on the biosensor domain, followed by PBS wash step and (iii)
analyte binding (100 pg mL"), followed by a PBS wash step.
This procedure was repeated in all microchannels in a sequential
way for the following analytes: anti-DNP IgE in puF4, interacting
with DOPC/DNP lipids via an antibody—antigen-like interaction;
his-tagged GFP in pF3, interacting with patterned DOPC/
DOGS-NTA-Ni lipids via the histidine residues that bind
a bivalent cation (e.g., Ni*") complexed with an N-nitrilo-
triacetate (NTA);** streptavidin in uF2, interacting with
patterned DOPC/biotin lipids via biotin—avidin bond; all three
mentioned proteins sequentially in pF1, interacting with pure
DOPC as control experiments. The acoustic response appears in
the sensogram of Fig. 3(b), where only the specific interaction
(and control) steps appear for simplicity reasons (the BSA-
blocking steps have been omitted). In previous experimental
procedures with the pF-on-SAW where the receptor adsorption
was accomplished in situ in a flow-through manner, the experi-
mental time was longer by at least 30 min per microchannel,’ i.e.,
at least 2 h for the entire biochip. This duration was even longer
when two-step immobilization was needed, namely, protein
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G and antibody, for the subsequent specific binding of cardiac
markers.'®

The interactions of anti-DNP IgE with DNP-lipids and
streptavidin with biotin-lipids were clearly detected (APhyg =
2.5 & 0.3 deg, APhgepe = 1.2 & 0.2 deg), whereas the his-GFP
interaction with NTA-Ni lipids was slightly above the detection
limit of the sensor (APhy; grp = 0.3 £ 0.2 deg). Indicatively for
the streptavidin interaction, Fig. 4(a—c) shows the fluorescent
images of the patterned biotin-lipids (green), the bound strep-
tavidin (red) and their overlap as a verification of the interaction.
Control experiments were carried out in pF1 where DOPC with
no functional groups was patterned. No phase change was

—
QD
~—

1000 pm

—
(®))
~

1000 ym

—
o
~—"

1000 um

Fig. 4 Fluorescent microscope images of streptavidin (100 pg mL~")
binding to patterned biotin lipids on the acoustic sensor: (a) biotin-lipids,
(b) streptavidin and (c) overlay of (a) and (b). In all cases the images were
taken at 4x magnification and the dashed lines indicate the borders of the
area domain on the sensor, as defined by the microchannel walls.

detected after injection of anti-DNP IgE antibody, streptavidin,
or his-GFP, implying negligible non-specific binding between the
analytes and the lipids without functional head groups.

To understand the low acoustic signal observed during his-
GFP binding to NTA-Ni lipids on the biochip, the interaction
was additionally investigated off-biochip, with green fluorescent
labeled his-GFP binding to non-labeled NTA-Ni lipids (the latter
being non-labeled prevents overlap with the green-labeled his-
GFP); the fluorescence microscope images verified the efficient
binding (data not shown). Based on previous work where Neu-
trAvidin (neu) adsorbed on a 20 nm sputter-coated Au layer on
PMMA, it was noticed that the Au film acts as an additional
waveguiding medium and enhances sensitivity by two-fold.** In
the present work the Au layer was not used in order to avoid
quenching of the fluorescent dyes. Based on the above, the barely
detectable signal of the his-GFP interaction with NTA-Ni lipids
is primarily attributed to the lack of the Au layer (note that
fluorescence microscopy was used here only as a means of quality
control of the patterned lipids, thus, it is in principle not neces-
sary for the acoustic experiments; the Au film will be used in the
future without raising any issue). Besides, in previous studies
employing an Au layer, biotinylated molecules of the same
molecular weight as his-GFP biotinylated protein G (~30 kDa)
were clearly detected by the same pF-on-SAW configuration
(APh = 1.0 deg) upon specific binding to NeutrAvidin.® This
observation also suggests that the weaker interaction between
his-tagged proteins and NTA-Ni lipids compared to the avidin—
biotin interaction** can also affect the acoustic signal and justify
the observed poor response.

To assess the sensitivity of the DPN-patterned pF-on-SAW
setup, the current results are compared with previous acoustic
experimental work where streptavidin specifically interacted with
biotinylated lipids deposited on the Au surface through vesicle
fusion, a commonly used method for modifying surfaces with
lipid bilayers.*® Experiments carried out on a standard SAW
configuration utilizing the total surface area modified with
biotin-lipids through vesicle fusion showed that a full-coverage
streptavidin layer resulted in APh = 1.4 £+ 0.1 deg. Comparison
of the APh absolute values and suitable normalization concern-
ing (i) sensitivity differences between the implemented sensors
(Au layer, operating frequency), and (ii) surface area differences
between the total area of the standard configuration and the sub-
area domains of the pF-on-SAW clearly indicate that, apart from
the faster analysis procedure that was established, a 5-fold
sensitivity increase of the DPN-patterned pF-on-SAW setup was
achieved in comparison with the vesicle-fusion lipid deposition
and the standard acoustic configuration used.

Conclusions

The present work is the first demonstration of multiplexed
patterning of an acoustic device with DPN for multi-sample
measurements. Compatibility issues between the patterning
method and the pF-on-SAW microsystem were investigated as
there are only a few reports on DPN being implemented on
a ready-to-use biosensor platform. Four lipid types with different
functional head groups (including control) were uniformly
patterned on discrete domains of a single acoustic sensor by
means of lipid blob arrays exploiting their spreading properties

This journal is © The Royal Society of Chemistry 2012

Analyst, 2012, 137, 3076-3082 | 3081


http://dx.doi.org/10.1039/c2an35156k

Published on 20 April 2012. Downloaded by Michigan Technological University on 19/10/2014 06:06:23.

View Article Online

under suitable humidity conditions. The specific interaction
between the patterned lipids’ head groups with target analytes
was successfully detected by the pF-on-SAW acoustic platform,
saving at least 2 h of experimental time due to less on-chip
experimental steps compared with in situ lipid deposition in
a flow-through manner. As for the sensitivity, it is better by at
least 5-fold when compared with normalized results derived by
the authors in the past under lipid vesicle fusion, and can be
further increased when the optimum SAW device configuration
is used. The proof-of-principle of this approach renders the pF-
on-SAW configuration much more competitive compared to
existing technologies and opens the way for its direct utilization
in the micro-analytical field since, with the pre-patterning of the
capturing species, the actual analyte detection can now be
accomplished in a single step. Together with the label-free nature
of acoustic sensors, this platform combined with DPN can
potentially be developed into a competitive diagnostic tool.
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