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Abstract

A novel virus-like particle (TMV-VLP) receptor layer has been integrated with an optical
microdisk resonator transducer for biosensing applications. This bioreceptor layer is
functionalized with selective peptides that encode unique recognition affinities. Integration of
bioreceptors with sensor platforms is very challenging due their very different compatibility
regimes. The TMV-VLP nanoreceptor exhibits integration robustness, including the ability for
self-assembly along with traditional top-down microfabrication processes. An optical microdisk
resonator has been functionalized for antibody binding with this receptor, demonstrating
resonant wavelength shifts of (44,) of 0.79 nm and 5.95 nm after primary antibody binding and
enzyme-linked immunosorbent assay (ELISA), respectively, illustrating label-free sensing of this
bonding event. This demonstration of label-free sensing with genetically engineered TMV-VLP
shows the flexibility and utility of this receptor coating when considering integration with other

existing transducer platforms.

Keywords: optical ring resonator, bionanostructure, immunoassay

(Some figures may appear in colour only in the online journal)

Introduction

The detection and identification of biomolecules (e.g. anti-
bodies, proteins, and peptides) is of increasing importance for
a wide range of biological sciences and biomedical applica-
tions. The primary goals and challenges shared by all sensor
systems are to achieve high sensitivity while at the same time
maintaining selectivity. Furthermore, the efficiency and the
speed of detection are criteria of increasing importance due to
the cost of consumables associated with conventional
schemes. There is a strong motivation and incentive to
develop small, low-powered, easy-to-use microsystems to
replace conventional macro-scale sensors for the identifica-
tion of chemical or biological analytes. Miniaturized devices

0957-4484/15/205501+09$33.00

boast a small footprint, low power consumption, and easy
read-out and integration schemes. They benefit from the high
sensitivity and reliability of a wide range of microtransducer
platforms and technologies. However, they often lack selec-
tivity because of challenges associated with the practical
integration of selective receptor layers due to their vastly
different material properties and required fabrication and
synthesis techniques.

Non-organic materials are typically used to fabricate
microtransducers due to established fabrication techniques.
The surface chemistry of these materials, typically without
inherent selective recognition properties, is not easily tailored
for recognition purposes. As a result, an additional receptor
layer is needed to provide the desired recognition capabilities.

© 2015 I0OP Publishing Ltd  Printed in the UK
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Figure 1. Schematic of the integration of TMV-VLP bioreceptor layer with an optical microdisk resonator to realize a biosensor system
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Figure 2. The diagram shows the principle of operation of the sensor system. The assembly of TMV-VLP will induce a shift in resonant
wavelength due to the change in effective refractive index of the waveguide. The attachment of analyte to the TMV-VLP receptors will
induce a further shift in resonant wavelength due to their interaction with the waveguide’s evanescent field.

For biological sensing, biological systems already possess a
plethora of key-lock pairs (complementary DNA strands [1],
antibody-antigen [2], peptide-peptide [3], etc) that can be
used to determine their receptor-analyte recognition proper-
ties. Advancements in protein engineering and phage display
can further expand upon naturally occurring receptors by
engineering bioreceptors that can potentially revolutionize
sensor technologies through the adaptation of unique and
targeted recognition affinities [4]. The potential of these
bioreceptors is currently limited by integration challenges.
Their robust integration with sensor platforms is very chal-
lenging because compatibility needs to be met at multiple
levels, including processing integration and biofunctionality.
Traditional top-down surface and bulk micromachining
processes used to make microtransducers require high tem-
peratures, extreme pH levels, and high vacuum, conditions
that are not favorable for active biomolecules’ survival.
Conversely, biomolecules typically reside in conductive and
corrosive aqueous solutions, which cause significant pro-
blems for high-Q mechanical resonators and electrical inter-
rogation techniques. The challenge is to find a solution for
robustly integrating these two very different domains in order
to realize a highly sensitive and selective biosensing system.

The enabling technology in this work is a highly
robust and genetically engineered bio-nanostructure called a

virus-like-particle (TMV-VLP). TMV-VLPs are high-surface
nanotubes of ~18 nm in diameter assembled from modified
capsid coat proteins (CP) derived from Tobacco mosaic virus
(TMV). The TMV-VLP macromolecule is structurally and
functionally robust and demonstrated its bottom-up assembly
compatibility with limited top-down patterning techniques
[5-7]. Its 3D nanostructure maintains its structural integrity in
both hydrated and dehydrated states. Furthermore, these
biomolecule platforms feature a wide variety of genetically
programmable functional groups [8, 9]. These include
cysteines that facilitate self-assembly onto various substrates
and sites for the display of receptor peptides with high affinity
to target molecules.

The expression of these highly selective TMV-VLP
bioreceptors on the active surface of sensitive refractive index
(RI) optical microresonators results in an ideal versatile
platform for on-chip biosensing (figure 1). The realization of
this biosensor system is used to investigate and perform
enzyme-linked immunosorbent assays (ELISA) for the
detection of Flag antibody as a model system, using an
established model antigen-antibody method. The sensitivity
of this sensor platform has the potential to recognize this
immunoassay in a label-free manner, simplifying traditional
ELISA procedures.
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Figure 3. (a) Schematic showing the conjugation of TMV-VLP, expressing two possible functional groups. The TMV-VLP nanostructure
consists of identical coat protein (CP) subunits assembled into a helical formation. Each CP can be conjugated with a multitude of motifs,
including cysteines (shown in yellow) and antigen peptides (shown in blue) used in this work. (b) AFM images showing self-assembled

TMV-VLP nanorods on a gold coated substrate.

Principle of operation

Optical transduction mechanism

Figure 2 shows a simplified overview of the sensor system’s
principle of operation. A functionalized TMV-VLP layer is
assembled on an optical microdisk resonator to conduct
antibody sensing via ELISA. The transduction mechanism of
a microdisk resonator is based on changes in the cladding
refractive index brought about by the attachment of analytes
on the receptor layer that coats this optical resonant cavity
[10]. These types of sensors provide high sensitivity and real-
time measurement without labeling in both aqueous and dry
conditions. A change in the surface condition of the resonator
due to analyte binding onto this receptor layer will cause a
change in the cladding’s refractive index and thus a change in
the effective RI (n.) of the sensor cavity as a whole. This
optical change induces a measurable shift in the resonant
wavelength (A4,) of the cavity. Acquiring the optical spec-
trum of the resonator and tracking its A4, allows for surface
binding events to be monitored in real time [11-13].

Selective binding mechanism

The selective bioreceptor layer, TMV-VLP (figure 3), takes
advantage of its programmable surface to express high affi-
nity binding probes and colored outer surface peptides. We
have genetically engineered the TMV-VLP bioreceptor to
express receptor peptides from the surface exposed carboxyl
terminus of virus capsid coat proteins, magnified in
figure 3(a), so as to act as a probe for a specific antibody. The
yellow highlighted cysteine amino acid enables the self-
assembly of TMV-VLP onto the substrate surface, and the
blue highlighted functional groups provide the binding spe-
cificity towards the analyte of interest. Furthermore, the TMV
coat proteins have been genetically modified to neutralize
repulsive intersubunit carboxylate residues as a means to

induce the self-assembly of the coat protein without the need
for viral nucleic acid [14].

A traditional method for the detection and monitoring of
antibodies or antigens is through ELISA, a widely used bio-
chemical assay that utilizes a solid-phase enzyme immu-
noassay to monitor their presence in a liquid or wet
environment. More specifically, the typical steps of a sand-
wich ELISA process include (1) immobilization of a capture
antigen on a plate surface, (2) addition of a primary antibody
to selectively bond to the immobilized antigen, (3) introduc-
tion of a secondary antibody, with a color-changing enzyme,
to specifically bind to the primary antibody, and finally (4)
exposing the sandwich chain to a substrate indicator which
causes the enzyme to produce a colored substrate that can be
visualized via optical inspection. Due to the high assay sen-
sitivity, easy colorimetric read-out method, and broad appli-
cations, ELISA’s miniaturization into an on-chip platform
(ELISA-on-a-chip) has been widely studied [15-17]. The
sensitivity of this hybrid bioreceptor optical transducer plat-
form is used to perform traditional ELISA as well as label-
free ELISA to simplify and reduce the number of steps
required for antibody detection.

Design and methods

Optical transducer platform

Optical whispering-gallery mode resonators are designed to
optimize their sensitivity through the maximization of the
wave-to-analyte interaction. The wave interaction with the
analyte is restricted within the evanescent field located on the
surface of the resonator, whose intensity decays exponentially
with increasing distance normal to the surface of the disk.
Optimization of the sensor design is carried out by simulating
the optical mode profiles and obtaining the electric field
intensity of the evanescent field via the COMSOL
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Figure 4. An abridged schematic of the microdisk resonator
fabrication process flow showing (a) E-beam lithography patterning
at the die level, (b) waveguide pattern transfer into the SizNy
waveguide layer, and (c) immobilization of TMV-VLP bioreceptors
onto the surface of the fabricated microdisk resonator.

Multiphysics package for varying dimensions. The simulation
results and fabrication process limitations are used to directly
inform the minimum and maximum waveguide dimensions
and coupling gaps.

The 20 ym diameter and 340 nm thick silicon nitride on
silicon dioxide microdisks are fabricated based on the
abridged process flow shown in figure 4. The structure is
patterned using E-beam lithography to define the optical
waveguide and cavity on a 1.0 um thick oxide mask. Reactive
ion etching (RIE) with fluorine-based chemistry (CHF;, O,) is
used to transfer the para-Methoxymethamphetamine (Micro-
Chem PMMA) resist pattern into the oxide mask and subse-
quently into the silicon nitride waveguide layer. The process
recipes are optimized to produce a vertical and smooth side-
wall in order to decrease optical scattering losses. To mini-
mize optical losses when light is coupled onto and off of the
chip from external instrumentation via lensed fibers, the sili-
con substrate is thinned to ~150 ym to facilitate planar and
more accurate cleaving of the input and output facets.

Bioreceptor layer

The TMV-VLP is a genetic derivation of the Tobacco mosaic
virus. The Tobacco mosaic virus is composed of over 2130
identical coat proteins attached to a helical RNA backbone
forming a nanorod. Each coat protein is a folded chain of
amino acids with both end terminals (¢ and n) expressed on
the outer surface. Each terminus can be genetically con-
jugated to express additional series of amino acids as binding
probes. To realize TMV-VLP, the TMV coat proteins are

further genetically engineered in order to self-replicate and
self-assemble into nanorods in bacterial cells. This modified
system allows the modification of the viral coat protein in the
absence of virus replication and enables protein expression of
TMV coat proteins and self-assembly of virus-like-particles
directly in bacteria. As a result, this addresses problems
associated with recombination and construct instability and
dramatically decreases the synthesis period from 3 weeks to
48 h. The modification allows for TMV-VLP to replicate
without the need for a helical RNA backbone due to the
mutation of repulsive carboxylate residues ES0Q and D77N.
These mutations promote the self-assembly of capsid
proteins into helical nanorods using a codon optimized for
expression in E. coli. A more detailed description of the
synthesis and purification process of the TMV-VLP can be
found in [14].

The TMV-VLP constructs presented here include
TMVIcys-and VLP-Flag. These VLP constructs include the
addition of a cysteine residue at position 2 of the n-terminus.
The addition of the cysteine thiol group (lcys) has been
shown to promote the end-on attachment of the virus particles
to numerous substrates including gold, silicon, polymers, and
even dielectrics [5, 18, 19]. On the outer surface of the helical
nanorod, they have been used as activation sites for noble
metal nanoparticles produced by decomposition of Pt(Il) or
Pd{I) [1, 11]. In addition to the lcys addition, TMVIcys-
VLP-Flag expresses the antigen peptide (DYKDDDDK)
from the c-terminus for the selective binding of Flag anti-
bodies to create a high aspect ratio selective receptor. This
position places the Flag peptide at the outer surface of each
assembled capsid protein. Combined, these modifications
yield a high surface area platform capable of oriented
attachment onto defined surfaces as well as the display of
multiple receptor peptides from each TMV-VLP rod.

Experimental procedure

The resonator’s optical characteristics are evaluated using a
tunable laser (Venturi Tunable Laser TLB-6600) with a tun-
ing range of (1520 nm—1620 nm) synchronized with a high-
speed photodetector (New Focus Model 1811). The laser
signal is coupled onto and off of the chip using lensed single-
mode fibers by coupling the light to the input port and cap-
turing the light from the drop port, respectively. To obtain an
optical spectrum of the resonator under test, the tunable laser
output wavelength is triggered synchronously with the
acquisition photodetector via LabVIEW, where the acquired
signal is then correlated with wavelength. Spectral data can
then be fitted to a Lorentzian curve to determine the quality
(Q) factor and resonant wavelength of the system.

A baseline spectrum is collected from an uncoated
transducer. This is followed by the self-assembly of two
strands of TMV-VLPs (TMV1Cys-VLP-Flag and TMV1Cys-
VLP), via their exposed cysteine, on the bottom of their
nanorod on two different microdisk resonator chips. They
were self-assembled by submerging the devices in a buffer
solution with approximately 0.2mgmL™" concentration of
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ELISA-on-a-chip procedure

Figure 5. Process flow showing ELISA-on-a-chip procedure after the immobilization of TMV-VLP probes on a microdisk resonator.

TMV-VLPs for a 12h period at room temperature.
TMV1Cys-VLP-Flag receptor coating is used to selectively
bind to Flag antibodies, and TMV1Cys-VLP (without the
selective peptide) is used as a negative control to monitor any
unspecific bindings to the surface of the transducer and the
TMV-VLP bio-nanostructure. Both set of chips undergo
identical ELISA procedures (abridged in the following steps
and depicted in figure 5):

(1) The TMV1Cys-VLP decorated optical resonator is
immersed in 5% non-fat milk in Tris buffered saline (TBS)
(50 mM Tris-HCL, 200 mM NaCl, TBS) pH 7.0 for 30 min at
room temperature as a blocking step to block any non-specific
binding sites (blocking agents not explicitly shown in
diagram).

(2) The chip is transferred to a 1/1000 dilution of primary
antibody (depicted in orange) sera in TBS and 5% non-fat
milk solution for 2 h at room temperature. The chip is then
rinsed with TBS and TBS with 0.05% Tween 20 detergent
(TBS-Tween).

(3) The chip is transferred to a 1/5000 dilution of sec-
ondary antibody (depicted in light green) sera, anti-rabbit
alkaline phosphatase, in TBS 5% non-fat milk for an addi-
tional 2h at room temperature. A similar TBS/TBS-Tween
rinse as step (2) is carried out.

(4) Finally, enzyme substrate (color indicator) in sub-
strate buffer is used to catalyze the enzyme, now decorated on
each attached antibody, to a violet color.

The optical spectrum of the resonator is taken before and
after TMV-VLP coating to investigate the An.y due to
receptor coating. The optical spectrum is compared before
and after the ELISA procedure to investigate the response of
the full ELISA procedure. The sensitivity of the platform
allows for the optical monitoring of each stage of ELISA and
exploration of the possibility of simplifying the process by
eliminating the need for labeling with color indicator and/or
secondary antibodies.

The selectivity of the bioreceptor layer is investigated
against non-fat milk solution and non-complementary anti-
bodies (anti-HA and anti-His). Non-fat milk is used because it
contains a multitude of amino acids, proteins, vitamins, and

minerals that could nonspecifically bind to the sensor surface.
His-Tag and HA-Tag antibodies detect recombinant proteins
containing the 6xHis and the HA epitope tag, respectively,
neither of which is present in TMVI1Cys-VLP-Flag or
TMV1Cys-VLP structures.

All optical characterization of the resonator is conducted
in a rinsed and dehydrated state in order to facilitate the
measurement with the optical transducer. The effects of the
rinse and dehydration procedure on the chip are indepen-
dently investigated by conducting ELISA tests on gold-coated
Si chips. The full protocol of ELISA is conducted on two sets
of gold-coated chips. Each set is immobilized with four dif-
ferent concentrations of TMVI1Cys-VLP-Flag receptors:
102mgml™, 10*mgml™, 10°mgml™, and 0 mgml™.
The first set of chips undergoes traditional ELISA, per the
procedure listed, and is used as a control. The second set of
chips undergoes a modified ELISA procedure where a rinsing
and dehydration step is inserted between each biomolecule
assembly step, resulting in a total of three dehydration and
rehydration steps. Final color intensity changes between the
two sets are compared by image analysis, in order to deter-
mine the level of preserved functionality of the dehydrated
and rehydrated biomolecules.

Results

The minimum detectable wavelength shift of the sensor sys-
tem is 16.89 pm, 3 times the standard deviation of the reso-
nant wavelength (6=5.63pm) over a standard sensing
experiment period of 72 h (from pre-TMV1Cys-VLP assem-
bly until post ELISA procedures), which corresponds to a
Aneg of 1.59% 107 refractive index unit (RIU).

Figure 6 shows SEM images of a microdisk resonator
before and after overnight bioreceptor assembly. The post-
assembly image, figure 6(b), shows conformal nanostructure
coverage on the optical waveguide and disk cavity. The
nanostructures are coated with a thin film of metal in this
SEM image to capture their 3D structure and increase ima-
ging resolution. Nanostructures are shown to assemble even
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Figure 6. SEM images showing a microfabricated microdisk resonator (a) pre-TMV-VLP assembly and (b) post-TMV-VLP assembly.

Resonant Frequency Peak Shift

VLP-1cys

VLP-1cys-FLAG

Resonant Wavelength Shift (nm)

[IVLP Self Assembly ~ EVLP Self Assembly + ELISA

Figure 7. Resonant wavelength shift due to the assembly of TMV-
VLPs, followed by conducting ELISA-on-a-chip

in the sub-micron (~114nm) coupling gap. The optical
spectrum taken before and after the 12h TMV-VLP attach-
ment shows resonant wavelength shifts of 2.21 +/— 0.34 nm
and 1.05 +/- 0.23nm for TMVICys-VLP and TMV/Cys-
VLP-Flag, respectively. The 2.21 nm and 1.05nm shifts
correspond to effective refractive index shifts of 2.08 x 10
and 0.99 x 10~ RIU, respectively. Based on SEM imaging,
the morphology of the two types of TMV-VLPs shows a
small variation in TMV-VLP coating density. TMV1Cys-
VLP coating is denser and more uniformly conformal than
TMV1Cys-VLP-Flag’s coverage. The variability in the
wavelength shift within each type of TMV-VLP assembly is
attributed to the randomness of the nanostructure assembly on
the surface of the disk resonator and the variation between
batches of TMV-VLP synthesis and purification. The TMV-
VLP assembly, as observed in the SEM image in figure 6,
shows non-uniform assembly across the surface. The length,
orientation, and density of the TMV-VLP on the surface of
the resonator will influence the propagating wave—receptor
layer interaction and change the effective refractive index
differently depending on these specifics.

Conducting the entire ELISA protocol on both
TMV1Cys-VLP- and TMV1Cys-VLP-Flag-coated microdisk
resonators results in resonant wavelength shifts of —0.08
+/-0.57 nm and 5.95 +/-2.68 nm, respectively, corresponding
to a —3.62% and a +567% relative shift in wavelength

TMV1Cys-VLP-Flag ELISA Detection
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Figure 8. Optical frequency spectra showing the shift in resonant
wavelength due to the assembly of TMV1Cys-VLP-Flag on a
microdisk resonator, the attachment of primary and secondary
antibodies, and the expression of enzymatic substrate (full ELISA
protocol).

compared to the shift caused by their initial TMV-VLP
assembly (figure 7). The —3.62% resonant wavelength shift
produced by the TMV/Cys-VLP—coated sensor suggests that
the primary and secondary antibodies do not bind to the
TMVI1Cys-VLP receptor layer and may disassemble or
denature some of the TMV-VLP structures in the process.
The optical chip immobilized with TMV1Cys-VLP-Flag, on
the other hand, shows a positive wavelength shift of 567%,
resulting from the attachment of the primary Flag antibody,
secondary antibody, and enzymatic substrate precipitate. The
optical spectra, figure 8, show not only a shift in resonant
wavelength but a decrease in optical transmission, quality
factor, and signal-to-noise ratio. The significant difference
between the resonant frequency shifts of the TMV1Cys-VLP-
Flag— and TMV1Cys-VLP—coated resonators demonstrates
the selectivity provided by the expressed Flag antigen on the
outer surface of the TMV1Cys-VLP-Flag.
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After the immobilization of TMV1Cys-VLP-Flag onto
two additional microdisk resonators, primary antibody is
introduced onto one sensor system and primary and second-
ary antibodies are sequentially introduced onto the other.
Neither system underwent the enzymatic substrate reaction
that typically induces the formation of colored precipitates
when visual indicators are needed. It can be shown that the
binding of the primary antibody and primary and secondary
antibodies onto TMV-VLPs caused a shift in the resonator
wavelength of 0.79 +/-0.41 nm (+51%) and 2.10 +/-0.78 nm
(+135%), respectively. These increasing positive shifts cor-
relate with an increase in effective index caused by an
increase in evanescent field interaction with added cladding
material. This corresponds directly to the binding of the pri-
mary antibody followed by the secondary antibody, demon-
strating the ability of the sensor platform to detect the binding
of analyte without labeling or visual indications. The reduced
magnitude in wavelength shifts caused by antibody bindings
further suggests that the 5.95nm shift caused by the full
ELISA procedures is predominantly induced by the enzy-
matic substrate.

An additional experiment is performed to verify the
selectivity of TMV1Cys-VLP-Flag to Flag antibodies against
non-fat milk. A series of microdisk resonators functionalized
with TMV1Cys-VLP-Flag coatings are immersed in a non-fat
milk solution, which contains a multitude of proteins, salt,
and vitamins. Resonant wavelength shifts of —0.021 nm
(=7.09%) and +0.124 nm (41.9%) are observed for the reso-
nator chips immersed in non-fat milk solution and Flag
antibody in non-fat milk solution, respectively. The sig-
nificant difference in the wavelength shift caused by the dif-
ferent solutions demonstrates the ability of the sensor
platform to selectively target analytes in complex biological
solutions without the use of labeling. The microresonators
also show negative shifts in resonant wavelength when the
non-complementary antibodies, antibody His (-and antibody
HA, in milk solution are introduced to the sensors.

The negative shifts in resonant wavelength are most
likely due to the denaturalization or removal of bioreceptors
from the surface of the optical cavity caused by the rinsing
and dehydration stages. This can be seen directly by com-
paring the gold-coated silicon chips. The color intensity of the
enzymatic substrate activity of both sets of gold-coated chips
is acquired and analyzed using ImagelJ software. The results,
figure 9, show that the set of chips that underwent rinsing and
dehydration had an overall lower color intensity compared to
the chips that remained under wet condition during the entire
duration of the ELISA process. The lower color intensity,
across all immobilized TMV-VLP densities as shown in
figure 9(b), indicates less enzymatic substrate reaction on
immobilized TMV-VLP receptors.

Discussion
The microdisk resonators presented in this work are able to

detect antibody binding due to the change in refractive index
of their cladding, but show sporadic results when attempting
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Figure 9. (a) Image showing the color intensity of ELISA conducted
on gold-coated chips under all wet conditions versus rinsed and dried
conditions. (b) Color intensity analysis of the two set of ELISA chips
showing an overall lighter color intensity for the rinsed and dried
samples.

to quantify the number of binding events or precise surface
coverage of the nanostructures. The decrease in Q-factor from
420 to 320 and the overall optical transmission are attributed
to the scattering loss induced by the attachment of nanos-
tructures on the waveguide surfaces and in the coupling gap
between the waveguide and the cavity. The amount of eva-
nescent field interaction with the analyte binding on the sur-
face directly influences the sensitivity of the resonator. This
evanescent field interaction to a bound analyte is non-linear
due to the exponential decay of the field normal to the
waveguide boundary. The varying distribution of the nanos-
tructure across the microdisk and the inevitable non-uniform
distance of the bound analyte to the surface of the disk make
it difficult to quantify the sensing mechanism.

The genetically conjugated TMV-VLP provides for the
selectivity of the transducer, recognizing only targeted anti-
bodies. This is made possible due to the extension of the coat
protein terminal on the outer surface of the bio-nanotube. The
addition of a peptide conjugation on the outer surface of the
nanostructure can create a steric hindrance, which can deter
the attachment of antibodies. During the development stages
of the TMV-VLP synthesis, purification, and extraction, it
was observed that suppression of the antigen expression on a
portion of coat proteins and the insertion of a flexible linker in
addition to the antigen conjugation aided in the optimization
of the TMV-VLP synthesis yield. These modifications to the
genetic mutation give more room for the conjugated coat
protein to self-assemble into helical nanorods and provides
accessibility to the flexible binding sites.

The wavelength shift induced by the TMV1Cys-VLP-
Flag assembly is notably less when compared to that of
TMVI1Cys-VLP. This can be attributed to a difference
between the assembly density of TMVICys-VLP and
TMV1Cys-VLP-Flag on resonator sensors. The additional
Flag antigen, present on the TMV1Cys-VLP conjugation on
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the outer surface, can have unintentional effects on the
properties and functionality of the TMV-VLP nanostructure.
(1) The Flag-tag expression on the outer surface may disrupt
the self-assembly capability of TMV-VLPs due to steric
hindrance, blocking the cysteine binding site on the n-termi-
nus and reducing the probability that TMV-VLPs will bind to
the surface. (2) The TMV-VLPs that are bound to the sub-
strate via the hindered cysteine may possess a weaker bond
strength. As a result, during experimental stages that exert
stresses on the bond, i.e. rinsing and dehydration stages, some
TMV-VLPs can detach from the surface, leaving uncovered
surfaces on the resonator and decreasing the sensor’s effective
sensitivity. (3) Flag-tag expression may also have influenced
the TMV-VLP to form shorter helical rods, assembled from a
smaller number of coat proteins. The immobilization of the
shorter nanorods on the optical resonator results in a thinner
TMV-VLP receptor layer and a reduced interaction cross-
section with the evanescent wave. All these factors may
contribute to the smaller wavelength shift induced by the
TMV1Cys-VLP-Flag assembly compared to that of
TMV1Cys-VLP.

Resonant wavelength shifts due to analyte attachment are
quantified with respect to the resonant wavelength shift
observed by their initial TMV-VLP receptor immobilization.
This measurement quantification results in a relative wave-
length shift percentage, rather than an absolute wavelength
shift:

AﬁAnal te Attachment
e X 100%.

A/lVLP Immobilization

This more accurately describes the binding efficiency of
the receptor layer because it takes into account the number of
available TMV-VLP binding sites participating in the optical
interaction. An absolute measurement would be of sig-
nificance only if the number of binding sites participating in
the optical interrogation can be quantified and made more
consistent between experiments.

The wavelength shift induced by the label-less detection
of primary and secondary antibodies is also considerably
smaller than the wavelength shift induced by proceeding
through the entire ELISA protocol. The absence of colored
solid precipitate, resulting from the substrate enzymatic
reaction in the ELISA protocol, is expected to be the main
cause of the effective refractive index change. The compar-
ison between the induced shifts caused solely by the primary
antibody attachment (+51%) versus the secondary antibody
(+84%) is expected due the larger size of the secondary
antibody.

The negative wavelength shifts observed during certain
experimental stages suggests that there was a negative shift in
the effective refractive index. This phenomenon was attrib-
uted to a negative index change in the cladding (receptor layer
and air) rather than the waveguide itself because character-
ization of the silicon nitride waveguides with no assembled
surface coatings showed no index changes under comparable
experimental conditions. It is hypothesized that the decrease
in the cladding index was due to the detachment of TMV-

VLP from the resonator surface, spurred by the repeated
hydration and dehydration steps in the experiment protocol.
The different discoloration between the two sets of gold chip
experiments, immobilized with the same TMV1Cys-VLP-
Flag receptor layer, supports this claim. The darker chip set
underwent the full ELISA protocol without the additional
hydration and dehydration steps. The darker discoloration
indicates a larger number of enzymatic reactions yielded by a
larger number of Flag-tag receptors. The reduced number of
Flag-tag receptors present on the lighter discolored chip is
caused either by the Flag-tag receptors denaturing during this
process or by the TMV-VLP’s cysteine bond failing, freeing
the receptor from the surface. In an earlier disk resonator
experiment, a negative shift in wavelength (—0.08 nm) was
observed in a control experiment that underwent dehydration
and hydration of a TMVI1Cys-VLP (without the Flag-tag)—
coated chip (see figure 7).This evidence suggests that the
negative shift in wavelength and the lighter discoloration of
the chips are due to the detachment of TMV-VLP from the
surface caused by the dehydration and hydration steps in the
protocol.

The detachment of bioreceptors, which decreases the
sensitivity of the system, is a limitation of the current
experimental setup that requires the microtransducer to be in a
dehydrated state. To circumvent the issue of repeated dehy-
dration and hydration, measurement can be made under
aqueous conditions by integrating a microfluidic system on
top of the microdisk resonator. An integrated microfluidic
system can further enhance the system’s functionality by
potentially using microchannels to assemble specific strands
of TMV-VLP onto targeted resonators for multi-analyte
arrayed sensing.

Conclusion

While previous work has focused on the individual sensor
components presented here, this work addresses the system as
a whole, including the integration of biological molecule
surface assembly and microfabrication utilizing both top-
down and bottom-up techniques. The development of an
optical whispering gallery mode resonator, the synthesis of
genetically mutated bio-nanostructures, and the successful
integration of these biological receptor layers represent
milestones in the field of biosensing. In particular, the results
presented here demonstrate the flexibility of a TMV-VLP-
based receptor layer whose genetically programmable coat
protein can display a unique binding motif on transducer
surfaces for specific antibodies in a wide variety of solutions.
The sensitivity and selectivity of the sensor platform enable
label-free detection, creating new sensing opportunities where
labeling is impractical or impossible. We believe that this
work provides an attractive solution to challenges present in
conventional systems that utilize a wide range of polymers or
metals for nonspecific bindings by utilizing the very specific
nature of biological antibody-binding interactions while
simultaneously increasing the variety of target analytes due to
the programmability of these coatings.
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