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ABSTRACT: A capillary microﬂuidics-integrated sensor system is developed for rapid assembly of bionanoreceptor interfaces
on-chip and label-free biosensing. Genetically engineered Tobacco mosaic virus (TMV) virus-like particles (VLPs), displaying
thousands copies of identical receptor peptides FLAG-tags, are utilized as nanoceptors for antibody sensing. Controlled and
accelerated assembly of VLP receptor layer on impedance sensor has been achieved using capillary action and surface evaporation
from an open-channel capillary microﬂuidic system. VLPs create a dense and localized receptor monolayer on the impedance
sensor using only 5 μL of VLP sample solution (0.2 mg/mL) in only 6 min at room temperature. The VLP-functionalized
impedance sensor is capable of label-free detection of target antibodies down to 55 pM concentration within 5 min. These results
highlight the signiﬁcant potentials of an integrated microsystem for rapid and controlled receptor−transducer interface creation
and the nanoscale VLP-based sensors for fast, accurate, and decentralized pathogen detection.
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■

INTRODUCTION
Outbreaks of contagious diseases caused by viral and bacterial
infections have escalated due to rapid mutation of pathogen
and the convenience of global transportation.1−3 In order to
contain the spread of diseases at early stages, diagnostic
technologies need to be adapted and further developed to
achieve reduced response times and improved accuracy. One
direction in the eﬀort toward rapid diagnoses is to perform
decentralized (point-of-care) pathogen detection and disease
control4,5 using miniaturized biosensors. Biosensors are
analytical devices that utilize the integration of biological
sensing receptors with physical sensors. Their transduction
mechanisms convert biological target molecule binding events
into measurable electrical signals to quantify target molecule
concentration.6 Miniaturized biosensors are increasingly
implemented in point-of-care pathogen detection due to their
extraordinary portability, versatility, and low cost.7−9 They
provide fast and reliable alternatives to central analytical
© 2017 American Chemical Society

facilities. One challenge associated with biosensor miniaturization is achieving high receptor density while maintaining a
limited footprint, ensuring both suﬃcient sensitivity and a low
device proﬁle. To address this challenge, biological receptors
such as peptides, antibodies, enzymes, aptamers, and cells with
inherent biodetection selectivity have been integrated into
sensors through microfabrication processes.10,11 However, low
receptor density and complex surface chemistry in the
immobilization of receptors on transducers are common
bottlenecks in biosensor development, adding to the cost,
complexity, and time for sensor preparation. Meanwhile,
ﬂuctuations in the environmental conditions during conventional microfabrication processes also aﬀect the stability of
bioreceptors. Therefore, new sensing receptors and sensor
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Figure 1. Transmission electron microscopy (TEM) images of (a) VLP nanorods formed in an E. coli bacterial cell and (b) VLP nanorods after
puriﬁcation from the cell residues. (c) Three-dimensional schematics of a VLP formed by helical arrangements of identical CPs expressing cysteine
residues and FLAG-tag sequences.

antibody is studied as a model system to understand the
performance of the VLP-functionalized sensor.

functionalization protocols that can simultaneously simplify
sensor preparation and maximize sensor performance are
desired for next generation portable biosensors.
In nature, macromolecules oﬀer a rich library of new sensing
receptors with enormous variety in their structures and
properties to address the aforementioned challenges.12−16
Particularly, the Tobacco mosaic virus (TMV) virus-like particle
(VLP), one of the emerging biological macromolecules
comprising both nanoscale structures and biorecognition
elements, is a superb candidate for bionanoreceptors in
portable biosensors. A wide variety of programmable receptor
peptides can be genetically expressed on the thousands of
identical coat proteins (CPs) on a single TMV VLP surface,
yielding extremely high receptor density at the molecular
level.17−19 Meanwhile, surface-attachment-promoting cysteine
residues can also be engineered into the CP genetic code,
facilitating self-assembly of VLPs on device surfaces without
any additional chemical surface modiﬁcations.20,21 Previously,
TMV VLPs have been successfully demonstrated as receptors
in impedimetric and electrochemical sensors for biological or
chemical detection.22−24 However, challenges such as long VLP
self-assembly time (3−18 h) and low VLP assembly density
restrain the performance of VLP-based biosensors.
This work utilizes microsystem solutions to integrate VLP
bionanoreceptors, capillary microﬂuidics, and impedimetric
microsensors for rapid sensor functionalization and enhanced
biosensing. As a model system for biomolecular detection, a
VLP construct genetically modiﬁed with a C-terminal FLAGtag peptide sequence and an N-terminal cysteine residue is
implemented as the nanoreceptor (VLP-FLAG), and antiFLAG IgG serves as the target molecule. The binding event
between the VLP-FLAG bionanoreceptor and the target

■

MATERIALS AND METHODS

Genetically Engineered TMV VLPs as Bionanoreceptors. The
VLP-FLAG nanoreceptors are self-assembled from TMV CPs that
have been genetically modiﬁed to assemble into nanoscale rods, like
wild-type TMV, but without the genomic RNA (genetic modiﬁcations
are detailed in the Supporting Information). They are thereby inherit
the high surface-to-volume ratio and helically arranged structures of
TMVs while being noninfectious. This indicates that VLP can carry
2130 identical CP units in a nanorod structure with 18 nm in diameter
and 300 nm in length. The VLP CP was expressed in a bacterial
expression system and self-assembled into rodlike structures hundreds
of nanometers long containing thousands of identical copies of CP
(Figure 1a). In a surface area of 1 μm 2, VLPs can arrange 125 560
CPs. By cell lysis and ultracentrifugation in 25% sucrose gradient,
VLPs can be puriﬁed from the host bacterial cells. Figure 1b shows the
VLP nanorods with the lengths of 200 nm−1 μm after puriﬁcation
process. The maximum concentration of VLPs can reach 4 mg/mL in
0.1 M sodium phosphate buﬀer solution (pH = 7). The puriﬁed VLPs
can be diluted using 0.1 M sodium phosphate buﬀer down to 0.2 mg/
mL but still ensure eﬀective assembly on gold surfaces.22,23,25,26 The
dependency between antibody-sensing eﬃcacy and VLP concentrations (0.2, 2, or 4 mg/mL) utilized in sensor functionalization
processes will be analyzed. All chemicals used in buﬀer preparation
were obtained from Fisher Scientiﬁc, Waltham, MA. The solutions are
based on deionized (DI) water (resistivity equals 18 MΩ·cm) from an
E-Pure ultrapure water puriﬁcation system. The genetic modiﬁcations,
culture of the bacterial host, and puriﬁcation procedures of VLPs were
reported in detail previously.19 The functionalities of VLP-FLAG as a
bionanoreceptor come from the expressions of a receptor peptide
epitope and a cysteine residue on each CP (Figure 1c). The FLAG-tag
peptide (DYKDDDDK) showing high aﬃnity to the target anti-FLAG
antibody is expressed on the C-terminus of the VLP CP. On the N8472

DOI: 10.1021/acsami.6b14045
ACS Appl. Mater. Interfaces 2017, 9, 8471−8479

Research Article

ACS Applied Materials & Interfaces

Figure 2. (a) 3D schematic showing the design of the sensor microsystem composed of open-channel capillary microﬂuidics and impedance sensor.
The exploded views show (left) interdigitated electrode of the impedance sensor in the sensing module and (right) the details of the stop valve and
triggering channel designs in the control module. Cross-sectional schematics show the experimental procedure for (b) VLP-FLAG (genetically
expressing peptide antigen sequence) surface functionalization and (c) target anti-FLAG antibody sensing in capillary microﬂuidics.

Figure 3. Scanning electron microscopy (SEM) images show (a) the overview of the microfabricated sensing microsystem containing sensing,
control and venting module, (b) the interdigitated electrodes of the impedance sensor in the sensing module, and (c) the capillary stop valve in the
control module. Optical proﬁlometry images show (d) liquid sample ﬁlling in the sensing module before triggering of stop valves and (e) trajectories
of microbeads in the capillary microﬂuidic subsystem after the triggering of stop valves.
microﬂuidic system utilizes open-channel capillary pumps (arrays of
rounded rectangular pillars) and stop valves (sharp nozzles) to achieve
rapid, controlled and localized VLP nanoreceptor assembly on an
impedance sensor. The localization of VLPs is realized by autonomous
delivery of the VLP-containing buﬀer solution onto the sensor
electrode surface and conﬁnement using capillary stop valves. The
capillary micropump in the sensing module can autonomously deliver
the VLP-containing solution onto the impedance sensor through
capillary action. Owing to a large micropump area and open top
surface, the VLP-containing solution will be rapidly evaporated from at
the micropump area. This will contribute to inhanved attachment of
VLPs to the impedance sensor surface through both thiol-gold
interactions and van der Waals forces. The control module contains
capillary stop valves and a triggering micropump with the channel
direction perpendicular to the sensing and venting micropumps. The
theoretical analysis of capillary microﬂuidic channel and principle of
operation of the sensing microsystem is included in the Supporting
Information.
During sensor functionalization with VLPs, 5 μL of 0.1 M sodium
phosphate buﬀer solution containing VLPs at concentrations of 0.2, 2,
or 4 mg/mL were pipetted in the sample inlet. Because of capillary

terminus of each VLP CP, a cysteine residue is expressed to promote
the binding between VLP nanoreceptors and gold impedance sensor
electrodes via its thiol group. A diﬀerent construct of the VLP (VLP1cys), which shares the similar nanorod structure of VLP-FLAG but in
the absence of FLAG-tag peptides, is utilized in the control
experiments.
Open-Channel Capillary Microﬂuidics and Sensor Platform.
The integrated sensing microsystem is composed of capillary
microﬂuidics and an impedance sensor, aiming at autonomous liquid
sample delivery, receptor localization, accelerated sensor functionalization, and real-time label-free sensing of target molecules. Figure 2a
shows the schematic of the integrated sensing microsystem. According
to the diﬀerent functions, the system components can be catalogued
into three essential modules: sensing, control, and venting. An
impedance sensor and a capillary micropump comprise the sensing
module. The impedance sensor spans a 2 mm × 2 mm area with
interdigitated electrodes of 4 μm width and spacing. Capillary
microﬂuidic subsystem uses capillary action and surface energy
changes to manipulate the ﬂow of liquid samples in a microﬂuidic
channel27−29 and has recently been exploited as an autonomous liquid
sample delivery component in biosensors.30,31 Here, the capillary
8473
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Figure 4. SEM images of the VLP-FLAG functional nanoreceptor layer assembled through autonomous delivery and enhanced evaporation in the
open-channel capillary microﬂuidics. The morphology of VLP nanoreceptors assembled using (a) 0.2 mg/mL VLP-FLAG in 0.1 M phosphate buﬀer,
where the enlarged view (b) and cross-sectional view (c) show the VLP nanorod assembled in parallel with the impedance sensor surface, forming a
ﬂat arrangement of nanoreceptors. The morphology of VLP nanoreceptors assembled (d) 4 mg/mL VLP-FLAG in 0.1 M phosphate buﬀer, where
the enlarged view (e) and cross-sectional view (f) show the VLP nanorods form clusters and piled up on the impedance sensor electrode due to van
der Waals force or electrostatic interactions.
action, the VLP solution was automatically distributed on the
impedance sensor surface. The stop valves conﬁne the VLP solution
to the left sensing module due to the local energy barrier induced by
the sharp change in the sidewall geometry. The VLP concentration
above the impedance sensor increased as the solution evaporated,
promoting high-density assembly of VLPs on the sensor through both
thiol−gold binding and van der Waals forces (Figure 2b).
During antibody sensing, 1 μL of 1X Tris-buﬀered saline (TBS) was
introduced from the triggering channel after the antibody-containing
buﬀer solution ﬁlled the entire sensing module, which broke the
barrier of the stop valves and induced continuous ﬂow of test samples
from the sensing to the venting module (Figure 2c). The sensor was
ﬁrst rinsed twice with 5 μL of 1X TBS solution to remove
nonspeciﬁcally attached VLPs from the sensor surface. Then, the
target anti-FLAG antibodies with increasing concentration from 10
ng/mL to 100 μg/mL in 5 μL of 1X Tris buﬀer were added from the
sample inlet. The electrical impedance on the sensor was measured in
real time during both VLP sensor functionalization and target antibody
binding. Speciﬁcally, an AC signal at 100 Hz with amplitude of 50 mV
was applied between the IDT electrodes using a VSP-300 potentiostat
(Bio-Logic Science Instruments SAS, France) to analyze the VLP
assembly dynamics and quantify the target molecule concentration.

the KMPR microﬂuidic layer surface to render the microﬂuidic
sidewalls hydrophilic with the contact angle of 6° (Figure S7).
The ﬂow regulation function of the stop valves before
triggering, and the ﬂow distribution in the system after the
triggering of stop valves, were characterized using optical
interferometry. A 5 μL water sample containing polystyrene
microbeads of 10 μm diameter were loaded from the sample
inlet. These microbeads were conﬁned in the sensing module
due to the presence of capillary stop valves. The movements of
the microbeads due to the initial ﬁlling in the channel and the
Brownian motion distorted the water/air interface, creating a
diﬀerent reﬂection patterns compared with water. The
trajectories of these microbeads were recorded using vertical
scanning interferometry in optical proﬁlometry operating at a
low scan rate of 1 μm/s. The optical proﬁlometry image in
Figure 3d shows that the microbeads suspended in DI water
were conﬁned only in the sensing modules on the left of the
stop valves, leaving both triggering and venting modules
unﬁlled. This reﬂects the circumstances present when the VLPcontaining solution is introduced during the sensor functionalization process. Figure 3e demonstrates the distribution of
ﬂow in the microsystem after triggering of the stop valves. The
liquid sample that contains polystyrene microbeads ﬂew
through the sensing module and left an evenly distributed
trajectory pattern of the microbeads. This even distribution
enabled the delivery of target molecules on the full area of the
sensor and thus maximize the use of assembled VLPs toward
sensitive antibody detection. Further ﬂow distribution analysis
using the image tool ImageJ is available in the Supporting
Information.
VLP Assembly in Capillary Microﬂuidics. The surface
morphology of the VLP nanoreceptor assembled through
evaporation in the capillary microﬂuidic device was studied
using scanning electron microscopy (SEM). Palladium
activation and electroless nickel coating were performed on
the VLP-assembled device to enhance the SEM imaging
contrast. Figure 4a shows the uniform coating of VLP-FLAG
nanoreceptors on the impedance sensor IDT electrodes and the
sidewall of the microﬂuidic channel using 0.2 mg/mL VLPs in
the buﬀer solution. The enlarged view in Figure 4b shows ﬂat

■

RESULTS AND DISCUSSION
Capillary Microﬂuidics Fabrication and Characterization. The surface morphology of the microfabricated
sensing system was characterized using scanning electron
microscopy (SEM) and optical interferometry. Figures 3a−c
are the SEM images showing the fabricated capillary stop valves
and the micropumps in the sensing and triggering modules.
The KMPR 1050 negative photoresist shows high-aspect-ratio
pillar structures with smooth sidewalls. KMPR micropillars
show good adhesion on the impedance sensor IDT electrode
area (Figure 3b). The stop valves change the initial liquid
meniscus−sidewall angle to more than 150°, forming sharp
nozzle shapes and a localized free energy barrier (Figure 3c).
Optical proﬁlometry was utilized to further inspect the
geometric dimensions of the microﬂuidic layer. The depth of
each channel in the capillary micropump is measured as 60 μm
(Figure S6), while the minimum channel width is 15 μm at the
stop valves. A 5 min O2 plasma treatment was performed on
8474
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electrode and silicon surfaces. The zoom-in pictures (Figure
5b,c) show that signiﬁcantly larger numbers of VLP rods
assembled on the gold surface compared to the silicon surface.
This validated the eﬀect of covalent binding between the gold
and thiol groups on the cysteine modiﬁed VLPs. To further
analyze the nonspeciﬁc assembly of VLPs on silicon surface, the
original SEM images (Figure 5b,c) with 4 μm2 total area were
processed using the image processing software ImageJ. The
original images were ﬁrst processed through proper threshold
value setting, which marks the dark areas that were not covered
by any VLPs. Then the images were converted into binary
images where the white color represents VLP and the black
color represents uncovered areas (Figure 5d,e). The VLP
coverage can then be calculated using the average gray value of
each image. Table 1 summarizes the average gray values and

and dense attachment of VLP-FLAG nanoreceptors on the IDT
electrode surface, forming a thin VLP functional layer. When
the concentration of VLPs is increased to 4 mg/mL, the VLPs
form clusters due to the nonspeciﬁc binding caused by van der
Waals forces and electrostatic interactions (Figure 4d). These
clusters of VLP nanoreceptors increase the total volume of
VLPs available in the sensor system; however, a closer view of
the VLP morphology on the electrode also shows that the high
concentration VLPs result in the aggregation of these
nanoreceptors with random orientation (Figure 4e). Overall,
with both low and high VLP concentrations, the density of the
assembled VLPs on the impedance sensor through evaporation
in the open capillary microﬂuidics is much higher compared to
that previously achieved in a closed chamber.31 The crosssectional SEM images of the VLP-assembled sensor electrode
show distinct diﬀerence in the VLP layer when diﬀerence VLP
concentrations are utilized in the assembly process. A low VLP
concentration (0.2 mg/mL) resulted in a low VLP layer
thickness of 0.53 μm (Figure 4c). And, a high VLP
concentration (4 mg/mL) in the assembly process formed a
thick VLP layer of 1.78 μm (Figure 4f, more than 3-fold of that
achieves using a lower VLP concentration).
Figure 5a shows the original SEM images and the processed
images of the VLP-FLAGs assembled on gold impedance

Table 1. Analysis of VLP Coverage on Gold and Silicon
through Image Processing
surface
material

image
source

average gray value (1−255)

calculated VLP
assembly
coverage (%)

gold (speciﬁc
assembly)
silicon
(nonspeciﬁc
assembly)

Figure 5d

232

91

Figure 5e

105

41

calculated VLP coverage from analyzing the images of Figure
5d,e. In the image analysis, all the pixels of Figure 5d,e have
been counted in evaluation of the average gray values. The
speciﬁc VLP assembly on gold reaches 91% while the
nonspeciﬁc assembly of VLP on silicon is 41%. The nonspeciﬁc
assembly of VLP may result from van der Waals force during
evaporation-assisted assembly process.
Real-Time and Label-Free Antibody Sensing Using
VLP-Functionalized Impedance Sensor. The electrical
impedance between the interdigitated electrodes was measured
every 10 s during both VLP assembly on-chip and antibody
sensing. The percentage impedance change (imaginary part of
the complex impedance) at 100 Hz was utilized to analyze the
VLP and antibody attachments on the electrode surface. When
biological particles (relative permittivity of 4−13) attach to the
electrode surface, they displace water (relative permittivity of
∼80) on the electrode/liquid interface. This lowers the eﬀective
dielectric constant on the electrode surface and reduces the area
(and thus the associated capacitance) of the ionic double layer
deﬁned by the electrode/electrolyte interface. Therefore, an
increase in the amplitude of impedance (imaginary part) is
expected as biomolecules attach to the electrodes.
Figure 6a shows the evolution of the relative impedance
during the assembly of VLP on the sensor’s IDT electrodes. It
is shown that using the open capillary microﬂuidic device as
delivery platform, the impedance between the IDT electrodes
increased by more than 120% and saturated within 6 min after
introducing a drop of 0.2 mg/mL VLP-FLAG nanoreceptors. In
contrast during the control experiment, the impedance changed
less than 2% when only buﬀer solution was delivered. In
previous work that utilized VLP self-assembly, the VLP could
saturate the electrode surfaces in 18 h. The accelerated VLP
assembly process using the capillary microﬂuidic system may be
due to the local increase in VLP concentration as buﬀer
evaporates and more solution is drawn in via the capillary
pump. These results show not only the capability of using

Figure 5. Analysis of VLP-FLAG assembly coverage on gold (speciﬁc
binding) and silicon (nonspeciﬁc binding) using scanning electron
microscopy images and the image processing tool ImageJ. SEM images
of (a) VLP-assembled gold and silicon surfaces, (b) VLP on gold, and
(c) VLP on silicon. (d) and (e) are processed binary images from (b)
and (c), respectively.
8475
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Figure 6. (a) Real-time percentage changes in the impedance (amplitude of imaginary part) between IDT electrodes during VLP assembly. (b)
Impedance magnitude and phase responses of the sensor to TBS buﬀer and antibody targets in TBS buﬀer. (c) Percentage impedance changes when
antibodies were introduced to the VLP-functionalized impedance sensors. Complementary receptors and targetsVLP-FLAG and anti-FLAG
IgGwere utilized in the sensing experiments. In the two control experiments, nonspeciﬁc receptors (VLP-1cys at 0.2 mg/mL) or nonspeciﬁc target
antibodies (anti-rabbit IgG) were used. Experiments with the same conditions have been repeated independently on multiple sensors (n = 3). The
error bars represent the standard deviations.

was observed (real-time impedance responses are available in
the Supporting Information). At the maximum target antibody
concentration of 100 μg/mL, the impedance sensor functionalized using 0.2 mg/mL VLP-FLAG showed an impedance
increase of 29.6% while the one functionalized using 4 mg/mL
VLP-FLAG only showed an increase of 21.2%. This substantial
diﬀerence in the sensor performance may be a result of the
signiﬁcant diﬀerence in the VLP morphology achieved by using
diﬀerent VLP concentrations during assembly. A higher VLP
concentration leads to a thicker VLP layer, which kept the
subsequently attached antibodies away from the electrode
surface, thereby decreasing the sensor sensitivity. Using a lower
VLP concentration, the VLPs assembled as a closely packed ﬂat
monolayer on the electrode surface, allowing the attached
antibodies to directly impact the double layer capacitance, thus
increasing the sensitivity of the system. Therefore, among all
the tested VLP concentrations (0.2, 2, and 4 mg/mL), the 0.2
mg/mL is the most favorable sensor functionalization condition
to achieve a better antibody sensing. The maximum sensitivity
calculated from Figure 6c is 4.12% impedance change per
log(ng/mL) antibody concentration. The error bars in Figure
6c were calculated from the standard deviations of three
independent experiments for each experiment condition using
new sensors. The resolution of the VLP-functionalized sensors
was calculated to be 3.9% impedance change (3 times the
standard deviation when measuring buﬀer solution (negative
control)). Therefore, the detection limit of the VLP-FLAG
functionalized sensor is 8.84 ng/mL (equivalent to 55 pM antiFLAG IgG). The results showed great potential of using VLPfunctionalized impedance sensors to perform rapid label-free
biosensing in real time.

impedance sensors in studying the dynamics of nanoreceptor
assembly on sensors but the great advantage of using openchannel capillary microﬂuidics to accelerate the assembly
process through enhanced evaporation as well.
After the accelerated VLP assembly, the target anti-FLAG
with increasing concentrations was sequentially applied onto
the VLP-functionalized impedance sensors surfaces. Compared
to negative control experiment using Tris buﬀer, the impedance
amplitude of VLP-functionalized microsensor showed clear
increase after exposing to the target anti-FLAG IgG at the
concentration of 100 μg/mL. At 100 Hz, the decrease in the
phase (>3.2°) further validated that the increase in impedance
amplitude is majorly resulted from a lower capacitance from
biological targets binding (Figure 6b). Figure 6c shows the
resulting percentage change in imaginary impedance of the
VLP-functionalized sensors. Impedance shifts from nonspeciﬁc
bindings were studied in two control experiments. In the ﬁrst
control experiment, nonspeciﬁc VLP-1cys nanorods at 0.2 mg/
mL concentration were used to functionalize the sensors, which
generated the impedance changes of less than 7.8% at the
maximum anti-FLAG concentration of 100 μg/mL. In the
second control experiment, the sensors functionalized by VLPFLAG at 0.2 mg/mL responded to nonspeciﬁc binding antirabbit IgG with the maximum of 5.7% impedance changes. On
the other hand, the impedance sensors functionalized using
VLP-FLAGs at various concentrations all showed signiﬁcantly
larger impedance increases. This indicates that VLP-FLAG is a
highly selective biosensing probe with respect to the target
antibody. Interestingly, when the impedance sensor was
functionalized using the lowest concentration of VLP-FLAG
(0.2 mg/mL), the highest sensitivity during antibody binding
8476
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Figure 7. (a) Impedance responses to increasing target anti-FLAG concentration on a sensor before and after surface regeneration. (b) SEM image
showing the morphology of the metalized VLP-coated surfaces after cleaning with 2% NaOH cleaning at room temperature. The white dots are VLP
disk-like subunit residues on the gold surface.

Sensor Regeneration. In the experiments, we have ﬂushed
the microﬂuidic devices with 5 μL of 2% NaOH solution for 5
min for sensor regeneration. In our previous work, it has been
demonstrated that the rodlike VLP coat protein structure
responses to base solution (pH > 7) and disassembles from rod
to disk subunits.19 Therefore, using NaOH solution to wash the
VLP-based sensor surface can cause VLP disassembly and
regenerate sensor surface. The impedance responses from the
same sensor before and after surface regeneration are compared
in Figure 7a. With either new sensor or regenerated sensor, the
impedance responses were similar to the increasing target
antibody concentration from 10 ng/mL to 1 μg/mL, and the
maximum impedance increase was of around 7%. However, the
new sensor showed more stable and continuous impedance
increase compared with the regenerated sensor. However, as
the antibody concentration increased further to 1 μg/mL, the
new sensor showed higher impedance change of 15% compared
with lower than 10% from the reused sensor. We have
investigated the VLP-assembled gold surface after washing with
2% NaOH using SEM imaging. The SEM image in Figure 7b
shows that over 95% of the gold previously assembled with
VLPs has been cleaned using NaOH solution, and around 5%
of the area is still covered by VLP disklike subunits (white
round particles on the SEM image). The impedance ﬂuctuation
in the regenerated sensor may attribute to the detachment of
VLPs on the surface due to degraded VLP binding strength on
the surface. The new sensor also showed slightly larger
impedance increase compared with the regenerated one.
Though there are diﬀerences in the sensor characteristics due
to the regeneration, the VLP-functionalized regenerated sensor
can still be utilized to perform label-free antibody sensing and
quantify the concentration of the target molecule. Therefore,
NaOH wash in the integrated sensor system can serve as a
viable means to make most of the VLP-based receptors detach
from the sensor surface without sacriﬁcing the device integrity.
In our previous work, we have also tested the FLAG-tag
modiﬁed VLPs and anti-FLAG IgG binding in the human
whole blood using impedimetric sensor with the limit of
detection down to 150 nM.33 Our published work validated
that the blood or serum sample will not degrade the VLP
binding aﬃnity to the target antibodies, nor will the media
cause disassembly of VLPs from the sensor surface. Therefore,
we believe, by modifying our current capillary microﬂuidic
device design to include additional sample preparation units
such as blood ﬁlter, the system will be suitable for detection of
antibodies in the blood sample. At the current stage, we are

more focused on using preprocessed pure sample and buﬀer
solution to characterize the VLP-based sensor performance.

■

CONCLUSION
In summary, an integrated microsystem was developed and
tailored toward accelerated, enhanced, and controlled microsensor surface functionalization with TMV VLP bionanoreceptors. A capillary microﬂuidic system composing passive
micropumps and stop valves was utilized as preprogramed and
autonomous mechanisms to achieve rapid, dense, and localized
nanoreceptor assembly on the sensor. An impedance sensor
was integrated on the platform to study the dynamics of
biological sensing probe assembly on the sensor surface and
monitor the impedimetric responses during antibody−antigen
binding events in real time. The impedance change showed that
utilizing the developed open-channel capillary microﬂuidics, the
VLP sensing probe can be rapidly assembled on the sensor as a
biorecognition layer within 6 min, a signiﬁcant reduction in
time compared with the previous 18 h process.32 The
functionalized sensor was capable of label-free sensing of the
target antibodies in 5 min with the detection limit of 55 pM. To
the best of our knowledge, it is the ﬁrst time that open-channel
microﬂuidic devices are utilized to autonomously manipulate
the biological nanoreceptor distribution and create a functional
interface on the transducer surface. This lead to 180× faster
VLP assembly time, 200× smaller VLP sample volume, and
1.5× higher coverage on the electrode compared to our
previous work.32 Also, the improvement in receptor layer
eventually leads to higher sensitivity and contributed to labelfree antibody sensing that can only be achieved using full
immunoassay with labeling.32 We believe that by combining
genetic modiﬁcation of TMV-VLP and microﬂuidic-assisted
assembly method, the TMV-VLPs can be utilized as fast and
programmable bioreceptors in fast-response biosensing applications
This work leveraged the genetic modiﬁcation capabilities of
the VLP bionanoreceptors and the controllability of the
microsystem for rapid, on-demand, and label-free biosensing.
It provided a system-level solution to improve both the
eﬃciency and quality in sensor functionalization through (1)
expression of high-density binding peptides in the molecular
scale (∼1.26 × 105 binding peptides per μm2, assuming a full
exposure of VLP peptides) and (2) creation of densely
arranged macromolecules in the system scale (91% surface
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