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Abstract: The creation of label-free biosensors capable of accurately detecting trace contaminants,
particularly small organic molecules, is of significant interest for applications in environmental
monitoring. This is achieved by pairing a high-sensitivity signal transducer with a biorecognition
element that imparts selectivity towards the compound of interest. However, many environmental
pollutants do not have corresponding biorecognition elements. Fortunately, biomimetic chemistries,
such as molecular imprinting, allow for the design of artificial receptors with very high selectivity for
the target. Here, we perform a proof-of-concept study to show how artificial receptors may be created
from inorganic silanes using the molecular imprinting technique and paired with high-sensitivity
transducers without loss of device performance. Silica microsphere Whispering Gallery Mode
optical microresonators are coated with a silica thin film templated by a small fluorescent dye,
fluorescein isothiocyanate, which serves as our model target. Oxygen plasma degradation and
solvent extraction of the template are compared. Extracted optical devices are interacted with
the template molecule to confirm successful sorption of the template. Surface characterization
is accomplished via fluorescence and optical microscopy, ellipsometry, optical profilometry, and
contact angle measurements. The quality factors of the devices are measured to evaluate the impact
of the coating on device sensitivity. The resulting devices show uniform surface coating with no
microstructural damage with Q factors above 10°. This is the first report demonstrating the integration
of these devices with molecular imprinting techniques, and could lead to new routes to biosensor
creation for environmental monitoring.

Keywords: molecularly imprinted polymers; Whispering Gallery Mode optical microresonators;
optical biosensors; nanostructured thin films

1. Introduction

Environmental pollutants, and, in particular, emerging environmental pollutants, such as
agricultural contaminants (pesticides, herbicides, efc.) and veterinary pharmaceutical by-products,
represent one of the largest and most challenging classes of pollutant chemicals that can have a
significant, detrimental impact on human health and the environment. For example, pesticides and
herbicides are classified by Environmental Protection Agency as two of the most toxic classes of
environmental pollutants [1-3]. One of the most dangerous effects of these pollutants is that they
are capable of causing serious health problems, such as bone marrow disease, increased infertility,
and increased instances of immunological and respiratory diseases, at relatively low prevalence [2-5].
Hence, it is essential to have an accurate method that is capable of trace detection of these pollutants
in food and water systems. Currently, the primary method for detecting and identifying these
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pollutants is chromatography, including GC-MS and HPLC, which can accurately detect and identify
these compounds from water samples extracted from the environment [6]. However, there are
significant disadvantages to these methods that can interfere with adequate monitoring: for instance,
the requirement for a library of data from high purity standards of all possible pollutants, the
extensive sample preparation time needed, and the high equipment costs, in addition to the general
lack of portability of these methods. Therefore, significant improvement is needed to address the
ever-increasing complexity and pervasiveness of environmental pollutants in food and water systems.

Recently, biosensors, and in particular, optical biosensors, have been suggested as a possible
alternative to chromatography-based techniques [7-9]. Optical biosensors have shown tremendous
promise for numerous applications in medical diagnostics, and more recently, national security,
and environmental monitoring applications [10-12]. In general, their utility arises from their
non-destructive sample interrogation methods, their ability to perform extremely sensitive detection
in liquid environments, and their high signal-to-noise ratios compared to other signal transduction
methods, due to their relative immunity to the environment or system noise from electrical and
mechanical sources [13]. Traditional optical sensors are typically labeled devices, which detect a label
on the target of interest (such as fluorophores, enzymes, nanoparticles, efc.), rather than the target
itself [14]. Label-free optical sensors can offer better device stability, quicker response, and potentially
enhanced performance, particularly when tracking molecules whose behavior may change due to the
presence of the label. Labels are typically used to increase the signal-to-noise ratio; label-free sensors
have an inherently high signal-to-noise ratio, negating the need for a label. Many label-free optical
sensors are refractometric sensors; that is, they function by detecting small changes in the effective
refractive index of their optical field, which allows them to perform fast detection of minute changes
in the refractive index of the optical field at the sensor surface/sample interface. These sensors, which
include optical fiber sensors, Surface Plasmon Resonance (SPR) devices, and Whispering Gallery
Mode (WGM) devices, have become increasingly popular due their speed, sensitivity, and label-free
sensing properties [15,16]. Recently, a biosensing platform using an ultrahigh-Q microcavity has
been reported for the detection of the Influenza A virus and polystyrene nanobeads. Although this
method used a microtoroid platform, it can be applied to other type of WGM devices, such as silica
microdisks and microspheres [17]. In this study, we focus specifically on silica microsphere WGM
optical microresonators as the device of interest.

WGM optical microresonators are a type of circular resonant cavity device that confines light
around their periphery via total internal reflection. WGM optical microresonators can be fabricated in
a number of geometries, such as spheres, toroids, disks, and rings, both on-chip and free-standing [18].
In this study, we use silica microspheres of approximately 100 pm in diameter as the optical
microresonator. Because of the low sorption of light by silica and their atomically smooth surface,
these devices typically have very low loss, so that when light is coupled into these devices, it can
circulate around these microspheres over 100,000 times [19,20]. While the light is reflected around the
periphery of the device, it is not totally confined, but instead extends into the surrounding environment
through the process of evanescence, allowing the field to interact with both the device surface and
the surrounding environment [20]. Each time the optical field circulates around the device, it has
an opportunity to interact with the environment, resulting in the amplification of the single-pass
sensitivity that would be present if the device was linear. The photon lifetime in the resonator is
measured by the Quality (Q) Factor of the device. A longer photon lifetime results in higher Q Factors.
In sensing, the adsorption of an analyte onto the device’s surface causes the circulating optical field to
undergo a change in its effective refractive index, thus inducing a rapid and measurable shift in the
resonant frequency of the circulating field. This is the fundamental basis for the sensing capabilities of
WGM optical microresonators, as well as their inherently high sensitivity [21].

When these devices are paired with an appropriate recognition element, they are also capable
of high selectivity detection and target identification [21-24]. Typically, these recognition elements
will target a compound of interest through biological molecular recognition processes, such as
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antibody-antigen binding, hormone-receptor binding, etc. Previously, a number of routes to adding
selectivity to label-free optical biosensors, such as WGM optical microresonators, has been explored.
These routes include physical adsorption, the generation of self-assembled monolayers, the use
of covalent binding (or other grafting-type approaches, including the use of inorganic-organic
coupling agents, such as silane molecules, polymer brushes, efc.), and the generation of sandwich-type
attachment using the streptavidin- biotin complex [21,24]. These have resulted in surfaces modified to
present a number of different receptors, including nanoparticles [25-28], polymers [19], and a host of
biological substances, including proteins, antibodies, oligonucleotides, efc. [21,29-32]. These devices,
when integrated with the appropriate recognition element, have performed ultra-low detection of
trypsin, thrombin, DNA, and streptavidin, among many others [24,33]. Recently, another method
that includes a WGM-nanoshell hybrid resonator has been used to detect MS2, which is the smallest
RNA virus. Further, the detection of the thyroid cancer marker, Thyroglobulin, and bovine serum
albumin has been demonstrated with WGM-h microcavities that were created by adding a single gold
nanoshell to the equator of the WGM resonator [34].

However, many biologically relevant compounds, including many emerging environmental
pollutants, do not have correspondingly specific biorecognition elements. Fortunately, biomimetic
chemistries, such as molecular imprinting, allow for the design of nanostructured, artificial receptors,
based on shape, size, and functional group selectivity, that have greater stability than most biological
recognition elements and the potential for very high selectivity [35,36]. The molecular imprinting
technique offers a promising alternative to the use of traditional biorecognition elements, and has
been used extensively for the development of high selectivity optical biosensors [23,35,37]. In general,
artificial receptors created via the molecular imprinting of a target molecule are stable at a wide range
of temperatures and pH, are typically less costly to create than natural biorecognition elements and
easier to process, can be produced for almost any compound, and are significantly more compatible
with the typical inorganic surfaces that comprise most label-free optical sensor surfaces than traditional
biorecognition elements [36].

The first attempt of using Molecularly Imprinted Polymers (MIPs) as a recognition element
for biosensors was made in 1992 [36]. Since that time, MIPs have become an important class of
synthetic, nanostructured material whose ability to selectively adsorb and otherwise interact with a
variety of compounds has seen use not only in sensing applications but also in chemical and biological
separations [38,39]. The term molecular imprinting refers to Fischer’s ‘lock and key concept’ [40], which
explains the specific action of an enzyme with a single substrate, where the lock is the enzyme and key
is the substrate. This theory helps to illustrate the specificity of enzymes towards a certain substrate.
In addition, Pauling’s “production of antibodies in vitro’ [41] and Dickey’s ‘specific adsorbents’ [28]
influenced the initial design of MIPs structures. However, “modern molecular imprinting was clearly
established by Wulff and Mosbach, and their pioneering work has led to the current flourishing of
molecular imprinting” [42]. Since then, the molecular imprinting technique has proven to be an
effective technique for the creation of specific recognition sites in polymeric matrices.

The molecular imprinting technique is accomplished by polymerizing (typically organic)
monomers in the presence of the target compound, which acts as a template around which the
polymer network forms, and with which the network interacts. After polymerization, the template is
removed from the polymer host network, resulting in a three-dimensional, nanostructured, porous
polymeric network that theoretically is capable of reabsorbing the template molecule—and only the
template molecule, due to the strong interactions between the template and host matrix. This process
creates artificial recognition sites that have a high affinity for the template molecule [43].

MIPs created in this fashion can then be prepared in a variety of physical forms [44]. The
traditional approach is to synthesize MIPs in bulk, then grind the resulting polymer and successively
sieve the particles into the desired size ranges according to the specific application. Although this
method is simple, the overall process is time-consuming and often produces non-uniform particles
in terms or size or shape. Moreover, the grinding process might result in the destruction of some
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interaction sites, which reduces the material’s loading capacity [45]. Generally, macro, micro, and
nano-sized interaction sites are formed from the monomers simultaneously as a result of this process.
Therefore, it is hard to optimize the binding properties of bulk MIPs [46]. An alternative approach
is the creation of MIPs in thin layers (such as conformal coatings or thin films). Although both
methods provide an imprinting effect, and result in reasonable specificity, and selectivity, thin layer
MIPs result in significantly better outcomes in all areas [47]. Recently, the literature has reported the
creation of membranes, in sifu prepared monoliths, surface imprinting, and monolayers through a
thin layer approach [48]. Additionally, bulk MIPs are challenging to appropriately integrate with a
high-sensitivity optical signal transducer, which is usually quite sensitive to the impact of surface
treatments on its overall performance. Therefore, if MIPs are to be integrated with a high sensitivity,
label-free optical signal transducer, such as a Whispering Gallery Mode optical microresonator, a
thin layer MIPs procedure will be required to obtain a well-adhered, conformal coating that does
not negatively impact the underlying device performance. Previously, there have been studies
demonstrating the coating of single layer of molecular gain media on WGM optical resonators [49,50].
However, this study represents a coating that is nanostructured and theoretically able to act as an
artificial receptor and therefore able to respond selectively to various target molecules.

However, there are some challenges that exist in terms of integrating surface coatings
with micro/nanoscale, often fragile, optical devices. Surface coatings applied to WGM optical
microresonators may decrease the sensitivity due to damage the coating process may cause to their glass
structure. In general, these devices do not respond well to traditional wet chemistry techniques, which
significantly limits the approaches that may be taken to create a conformal coating of a nanostructured,
polymeric network that can act as a source of artificial receptors. Furthermore, they often require
inorganic-organic linkers in order to be bound to the surface to ensure good adhesion between the
surface and the recognition element or the coating. Hence, in this study, the possibility of creating of
an artificial receptor via the molecular imprinting technique using inorganic silane polymer precursors,
which can covalently bond to the underlying silica device surface, is examined. The expected (and
achieved) result is the creation of nanostructured, inorganic polymer that is compatible with and
capable of good adhesion to the underlying device.

The choice of a target molecule (and, therefore, MIPs templating agent) was based upon the need
to easily confirm its presence or absence using well-accepted techniques, such as microscopy and
spectroscopy, and upon the requirement that it be reasonably sized, such that it can act as a model
target for common environmental pollutants. Therefore, fluorescein isothiocyanate (FITC) was chosen
as the target molecule, as it satisfies the aforementioned conditions. In order to promote adhesion and
conformal coating to form an inorganic polymer network around the template, silane precursors were
used. To ensure high quality coatings, different types of coating methods were examined, including
dip coating by hand and via automation. In addition, different types of extraction methods were
studied to determine an appropriately effective route to template removal. Optical performance of
the devices was measured in term of Q factors, both before and after coating and template removal,
which allowed the quantification of the impact of the coatings on the devices. This study represents
the first example of pairing silica microsphere WGM optical resonators with molecularly imprinted
polymers, and, in particular, an inorganic polymeric network. Therefore, it should serve as an initial
guide for designing appropriate solutions for the detection of emerging environmental pollutants
using artificial receptors.

2. Materials and Methods

2.1. Preparation of Whispering Gallery Mode Optical Microresonators and Control Surfaces

Microspheres were created by gravimetrically melting the tip of a stripped, single-mode optical
fiber with a 25 W CO, laser (Synrad, 48-2) operating at 7%—-10% power. Microspheres should be
above 40 pm in diameter to minimize diffraction losses; typically, they are between 100 and 200 pm in
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diameter. The primary advantage of using the CO; laser for the fabrication of microspheres is that
the resulting microsphere has an atomically smooth surface that is free of defects [51]. To achieve this,
a small section of optical fiber (F-SC, Newport, CA, USA) is sliced to obtain a 4-7 cm length of fiber.
On one end of the fiber, 1 cm of the protective coating is stripped off using a fiber stripper (No-Nik).
The stripped portion is then cut down to approximately 2 mm with using a bare fiber cleaver. The
prepared section of optical fiber is then cleaned with methanol using a Kimwipe to remove any loose
protective coating. The optical fiber sample is then placed vertically into the path of the CO, laser
by attaching the fiber to a 3-axis stage. The fiber is then located in the cameras used to image the
microsphere screen by moving the stage via the Z-axis motor controller (ThorLabs, Newton, NJ, USA).
When the stripped end of the fiber appears in the center of the screen, the laser is fired. Approximately
3 s into the lasing process, the tip of the fiber starts forming a liquid droplet. When the ideal shape is
obtained, and no air bubbles are present inside the droplet, lasing is stopped, and the droplet solidifies
into a microsphere (Figure 1).

Figure 1. Schematic of the CO, laser setup used to produce silica microspheres of approximately
100 pm diameters. A—CO, Laser; B—Mirror; C—Focusing Lens; D—Beam Splitter; E—Sample Stage;
F—Microscope; G—Microscope Alignment Block (2-axis Stage); H—Computer.

The fabricated microspheres are placed into Petri dishes that contain a glass slide prepared for
microsphere storing. Double-sided scotch foam tape is cut and placed horizontally on one end of the
normal-sized microscopic glass slide. The stems of the microspheres are then carefully placed onto the
tape. Since the tape has a thickness about 1.5 mm, the stripped end /microsphere end of the optical
fiber is lifted above the glass surface, preventing the microsphere from touching the container. This
reduces the contamination or surface damage that might occur. The Petri dishes are then covered and
placed in a humidity- and dust-controlled cabinet until further use [52].

Silica-on-silicon wafers served as controls to determine the quality of the resulting thin layer for
techniques that do not work well with silica microspheres, such as ellipsometry. Prior to treatment, the
silica surface was cleaned by submersion in a beaker containing C3HgzO that was placed for 20 min
in an ultrasonic bath (Elma, LC20H); this method of cleaning proved more effective than wiping the
wafers with KimWipes using DDI H,O (Fisher Scientific, Pittsburgh, PA, USA) and acetone (Fisher
Scientific, 99.5%). After this initial cleaning, the silica surface of both the wafers and the as-fabricated
silica microspheres was terminated with hydroxyl groups to improve adhesion and binding to the
MIPs thin layer using literature procedures using either an O, plasma treatment (Plasma Etch, PE-50,
202 mTorr, 15 and 30 min) or a 70:30 HySO4 (fuming, Sigma-Aldrich, St. Louis, MO, USA): HyO,
(30 wt %, Sigma-Aldrich) piranha etch for 45 min [53-55]. Immediately after the hydroxylation step, the
samples were cleaned with DDI H,O (Fisher Scientific, f.w. 18.02) and air-dried at room temperature
for 1-24 h to remove water from the sample surface. Following drying, each silica wafer or microsphere
was coated according to Section 2.3.



Biosensors 2016, 6, 26 6 of 21

2.2. Characterization of the Optical Devices

Evaluation of the effect of the added artificial receptor coating on the device’s Q factor is essential
to determining the utility of coating and the coated device. In order to achieve this, the Q factors
of the devices are measured before coating, after coating, and after template removal. To do this,
light is coupled into the devices from a narrow linewidth, CW tunable laser centered at 980 nm (New
Focus) via a tapered optical fiber waveguide. During testing, the device is monitored simultaneously
with side and top view cameras ((Moticam 1000, 1.3 M pixel) to enable for precise coupling between
the microresonator and the optical fiber waveguide. The device itself is held within a microsphere
holder attached to a 3-axis nanopositioning stage (Optosigma, Santa Ana, CA, USA) used to control
the position of the microsphere relative to the tapered optical fiber waveguide (Figure 2). Resonance
linewidth data that are obtained from this test are recorded using a digitizer/oscilloscope card that is
integrated with the computer; this data are then input into a custom LabVIEW program, which
simultaneously controls the laser system and the oscilloscope. The quality factor of the WGM
microresonator under study is calculated from the recorded data by performing a Lorentzian fit
to the resonance peak and abstracting the center wavelength and full-width at half-maximum from the
peak. The Q factor is then calculated via the formula Q = A/AA. The Q-factor data are obtained three
times for each device: prior to coating, after coating, and post extraction.

-P,
&

Figure 2. A model for the experimental setup used to determine the Q factors of the microspheres.
A—Laser; B—Laser Controller; C—Stage Controller; D—Syringe Pump; E—Photo Detector;
F—Nano-Positioning Stage; G—Taper Holder; H—Taper; [—Computer. Used with permission from
Ref. [56].

2.3. Synthesis of MIPs

The molecular imprinting technique results in the production of a nanostructured, polymeric
network that is formed around the template molecule. This process is composed of three main steps.
The first step includes choosing the monomer based on its potential interactions with a template
molecule. Afterward, these monomers are polymerized in the presence of template molecules as the
second step. The final step involves removal of the template molecule from this complex leaving
the molecularly imprinted polymer with a pocket or binding site of the relative shape and size of
that template molecule (Figure 3). Intermolecular interactions like hydrogen bonding, dipole—dipole
bonding, and ionic interactions between the template molecule and functional groups present in the
final polymer matrix drive the molecular recognition phenomena [45]. Thus, the resultant polymeric
network “recognizes” and binds selectively to the template molecules. Most of the time, acrylate and
methacrylic monomers are used for the preparation of molecularly imprinted polymers [36].

In this study, FITC is used to identify the key points of making the desired artificial receptor that is
compatible with the material, geometry, and transduction mechanism of the proposed sensing system.
The procedure for synthesizing a molecularly imprinted silica network is generally as follows: silica
sol-gels are created by mixing 5 mL ethanol (95%), 440 uL methyltriemethoxysilane (Sigma-Aldrich,
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St. Louis, MO, USA, 99%), 14 uL aminopropyltriethoxysilane (Sigma-Aldrich, 98%), and 25 pL
hydrochloric acid (HCL, 1 M, Sigma-Aldrich, 37%) in a glass beaker; the solution is stirred for 30 min
at room temperature. 1.5 uL of a solution containing the template molecule is prepared by dissolving
1 mg FITC (Thermo Scientific) in 1 mL Dimethyl Sulfoxide (DMSO, Fisher Scientific, 99.9%), is then
added to the solution, which is stirred for additional 1-2 min. The resulting sol is then coated onto
either silica-on-silicon wafers or onto silica microspheres, via manual dip coating or automated dip
coating (Thor Labs). The coating is followed by aging at room temperature, under darkened conditions
(so as to reduce photobleaching) for a certain amount of days, ranging from 1 to 10, to yield a thin
layer of polymer adhered to the surface of either the control wafers or the silica microspheres.
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Figure 3. Molecularly Imprinting Technique using inorganic silanes as polymer precursors, and FITC
as the template molecule. The silane precursors polymerize through hydrolysis and condensation
reactions to form a three-dimensional, interconnected polymer network around the template.

2.4. Optimization of Microspheres

During this study, the sol-gel formation parameters were varied to obtain high quality thin
films on the surface, while minimizing the structural damage to the WGM resonators. The two main
parameters were the coating techniques and the aging times, as shown in Table 1. Two different coating
methods were tested: automated dip coating and manual dip coating. The coating time, 45-50 s, was
kept the same for both coating methods. One dip was used for each method, as multiple dips resulted
in coating thicknesses beyond 100 nm, which has the potential to exceed the thickness of the coating
that enables the entire coating to be within the evanescent tail region of the circulating optical field of
the device.

Table 1. Summary of optimization parameters tested in order to maximize the performance of the

WGM optical resonators.
Optimization Parameters Tested Methods
Coating Automated dip coating Manual dip coating
Aging Times 1-3 days aging 1-10 days aging

Extraction Chemical extraction Oxygen Plasma extraction
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Another important parameter tested was the aging times of the silica sol-gels after they were
coated onto the surface of interest. Fabricated optical devices were placed in Petri dishes as a group
of 5. In the interest of observing the effect of aging time on the quality of the resulting coating on
the devices, a range of aging times, from 1 day to 10 days, was tested. A total of 10 sets of silica
microspheres was fabricated and then coated with molecularly imprinted silica sol-gels. Starting
from day 1, each group was examined daily using Fluorescence Microscopy. Fluorescent images and
measurements were obtained for each set of microspheres to determine the best aging time within the
given range. Normalized Intensity values were obtained by the division of the average intensity value
of the sphere to its area.

2.5. Extraction Procedure

As mentioned previously, the most important property of molecularly imprinted polymers is
having specific binding sites for the target molecule. Typically, chemical extraction is the template
removal method used with MIPs. Several chemical extraction parameters were tested and fluorescence
intensity measurements were used to confirm extraction. Extraction Solution 1 was synthesized by
combining the following chemicals: 4 mL Ethanol (95%), 1 mL Chloroform (Sigma-Aldrich, 99.5%),
and 0.5 mL Acetic Acid (Sigma-Aldrich, 99.7%). An alternative solution (Solution 2) was prepared with
8 mL Ethanol (95%), 2 mL Acetonitrile (Sigma-Aldrich, 99.8%), and 1 mL Acetic Acid (Sigma-Aldrich,
99.7%). As shown in Table 2, two different extraction solutions, Solution 1 and Solution 2, as well as
different stage conditions (stationary versus run on a tilt-tray) were analyzed.

Table 2. Summary of the type of extraction solutions used and the parameters tested for each solution.

Extraction Solution Chemicals Used Extraction Stage Extraction Time
Solution 1 4 mL Ehanol, 1 mL Chloroform, 0.5 mL Acetic Acid Tilt-tray, Stationary 24 h
Solution 2 8 mL Ethanol, 2 mL Acetonitrile, 1 mL Acetic Acid Tilt-tray, Stationary 24h

A total of 4 Petri dishes were used (20 microspheres) in the extraction analysis. For each Petri dish,
a different extraction solution and a stage condition was tested, resulting in a total of four extraction
methods that were examined. Table 3 summarizes this information.

Table 3. Summary of extraction procedure. Dish 10, Dish 21, Dish 18 and Dish 19 were used for this
procedure. Extraction time, 24 h, and extraction temperature, room temperature was kept constant for
all conditions.

Petri Dish ID Sphere Stage Condition Extraction Solution
Dish 10 1-5 Tilt-Tray 1
Dish 18 1-5 Stationary 2
Dish 19 1-5 Stationary 2
Dish 21 1-5 Tilt-Tray 1

It was essential for the tips of the microspheres to be submersed in the extraction solution without
touching the bottom of the container (to avoid microstructural damage). Thus, microsphere holders
were used for stabilizing the positions of microspheres. A microsphere holder was made by inserting 8
very thin metal tubes (1-2 cm length) into a rubber stopper (Figure 4). After inserting microspheres
through this tube, the rubber stopper was placed on top of the Erlenmeyer flask containing the
extraction solution of interest; the flask was covered with aluminum foil.
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Figure 4. Schematic of a microsphere holder holding a single microsphere. This rubber stopper may
then be placed inside a glass jar, suspending the microspheres in the solution without touching the side
of the jars. This minimizes the possibility of damaging the microspheres due to handling. Up to eight
microspheres may be suspended at once, although only one is shown here.

2.6. Characterization of the Surface Coatings

Surface characterization of the coated wafers and silica microspheres was carried out using an
Olympus IX70 inverted fluorescence microscope with an ORCA digital camera (Hamahatsu), before
coating, after coating, post-template removal, and post-re-uptake of the template. Surface roughness
of the thin layers on the wafers was evaluated using a Vecco NT 9109 optical profilometer using a PSI
scan at 40 x magnification and 0.5x field of view. To confirm the thickness of the coating on the wafers,
ellipsometry was performed using a J. A. Woollam ellipsometer. A scan from 500 to 600 nm in intervals
of 2 nm at angles of 65 and 75 degrees was performed; modeling via the Cauchy equations yielded
an average thickness of the layer. Lastly, contact angle measurements were gathered from the wafers
using a Ramé-Hart Model 200 Standard Contact Angle Goniometer for each the cleaned, hydroxylated,
and coated wafers.

Further analysis of the microsphere coatings, and in particular, the loading capacity for FITC, was
made with Ultraviolet-Visible Spectroscopy (Shimadzu, Columbia, MD, USA UV-2401). To be able to
understand the coating chemistry, the initial sol-gel solution containing the template molecule FITC
was analyzed before and after coating the microspheres to determine the concentration of FITC on the
microspheres using the Beer-Lambert relation.

A set of 5 microspheres were fabricated and the silica sol-gel solution containing the template
molecule was also synthesized. The calculated concentration for the MIPs solution containing the
template was 15.2 M. In the first step, 1-1.5 mL of ethanol (Fisher Scientific, 95%) was added to
the reference cuvette and the sample cuvette. This step was needed to create the baseline for the
background, and ethanol was chosen as the baseline due to having a relatively high concentration in
the solution mixture. After the initial spectra of the background solution was obtained, the second
cuvette was emptied, cleaned, and refilled with 1-1.5 mL of the aforementioned MIPs solution. This
step provided the spectroscopic data for the solution prior to coating. Next, the microspheres were
coated using the MIPs solution, and after the coating was complete, MIPs solution that remained after
the coating was analyzed in the second cuvette as before.

3. Results

In this study, we have used a series of microspheres to test different coating parameters and
conditions. Table 4 below, shows a summary of samples utilized and the coating parameters to which
they were subjected.
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Table 4. Summary of spheres used in this study and their identifications along with tested parameters.
All the spheres in a Petri dish were treated exactly the same way as the other spheres in the particular

Petri dish.

Microsphere ID Coating Conditions Extraction Conditions

R Coating Aging Extraction  Extraction  Extraction Extraction

Petri Dish Spheres Method Time Method Solution Stage Time

Dish 1 1-5 Manual 3 days NA NA NA NA
Dish 3 1-5 Manual 8 days NA NA NA NA
Dish 4 1-5 Manual 9 days NA NA NA NA
Dish 5 1-5 Manual 10 days NA NA NA NA
Dish 9 1-3 Uncoated NA NA NA NA NA
Dish 10 1-5 Automated 3 days Chemical  Solution 1 Tilt-Tray 24h
Dish 12 1-3 Manual 10 days O, Plasma NA NA 2h
Dish 13 1-5 Automated 1 days NA NA NA NA
Dish 14 1-5 Automated 1 days NA NA NA NA
Dish 17 1-5 Manual 5 days NA NA NA NA
Dish 18 1-5 Manual 6 days Chemical  Solution2  Stationary 24h
Dish 19 1-5 Manual 7 days Chemical  Solution2  Stationary 24h
Dish 20 1-5 Manual 3 days NA NA NA NA
Dish 21 1-5 Manual 3 days Chemical  Solution 1 Tilt-tray 24h
Dish 22 1-5 Manual 3 days O, Plasma NA NA 15 min
Dish 23 1-5 Manunal 3 days O, Plasma NA NA 30 min

Please note: NA: not applicable.

3.1. Characterization of the Uncoated Optical Devices

The microspheres in Dish 9 were tested to obtain typical Q-factor values of the bare spheres used
in the project; these spheres were considered controls. All three microspheres had a Q factor value of
107 magnitude, as expected, with an average Q factor of 1.241 x 107. An example Q factor result for
Dish 9, Sphere 1 is shown in Figure 5. It is important for optical devices to have high Q factor values
before applying the MIPs coating so that, even if the coating decreases the Q factor, a good Q factor
(typically defined as >10°, the lower limit for performing single molecule detection [57]) can still be
obtained. Note that, with precise control of intrinsic device losses, such as material absorption (which
is set when the wavelength and material are chosen), scattering (based on the quality of the surface
and the presence of scattering sites), radiation (due to the curvature of the devices), etc., intrinsic Q
factors above 107 can be attained [18]. In this study, the extrinsic Q factors devices were in the 107
range, likely due to extrinsic losses from coupling.

3.2. Optimization of Microsphere Coating

Devices fabricated in this study were initially designed to target the FITC molecule. In order to
create artificial receptors for this fluorescent dye, which exhibits a polyaromatic ring structure, we
adapted the well-understood methods that are used to create MIPs for nitroaromatic explosives, which
are of similar size and polyaromaticity. These methods were analyzed and transformed to allow for
the production of inorganic silica sol-gel nanostructured coatings [58,59].

Here, we used two different silane monomers, and we evaluated the impacts of aging time and
coating methods on the resulting quality of the coatings, as determined by Fluorescence Microscopy.
Once the coating method was optimized, the aging time was analyzed. The aging window was
expanded from 1 to 3 days to 1 to 10 days. The best aging time within this range was found according
to the best normalized fluorescence intensity results (normalized as intensity per area under analysis, to
allow for more accurate comparison between spheres and methods), which is discussed in Section 3.2.2.
The template removal procedure was then investigated. Two different removal methods were tested:
chemical extraction and oxygen plasma degradation. While chemical extraction is the typical template
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removal process for MIPs devices, it is a wet procedure, which can damage the microspheres. Template
removal via oxygen plasma degradation, on the other hand, has been shown to work well with these
devices, and does not require wet chemistry techniques [60]. Moreover, since oxygen plasma typically
only degrades the organic molecule for the short time periods we evaluated, it is able to leave the silica
coating intact, although it is likely that it will increase the formation of silanol groups on the surface.
For the chemical extraction procedure, two different stage conditions and two different solutions were
analyzed. Once the parameters were optimized, the best procedures for coating, aging, and extraction
were applied to the control group of microspheres, which were tested at each coating step for their Q
factor, as discussed previously.
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Figure 5. Q factor results of Dish 9 Sphere 1 (uncoated). Q Factors for the Dish 9 Spheres yielding
consistent and high results above 10° Q-factor measurements. The figure depicts a peak with the
Lorentzian fit (red line) used to determine the center wavelength and full-width at half-maximum of
the peak.

3.2.1. Coating Methods

We first evaluated the coating method (automated versus manual dip coating) to determine
which resulted in higher-quality conformal coatings. Interestingly (and unexpectedly), switching from
automated dip coating to manual dip coating led to a significant improvement in the coating results,
as quantified by the optical and fluorescence microscopy images obtained. We surmise this was due
to the rough/jerky start and stop of the coating equipment used, compared to the ability to finesse
the coating by hand. Using manual dip coating, we were able to thoroughly control and consistently
apply a conformal coating to the surfaces of the microspheres.

The results of this method are shown in Figure 6, which displays the uneven coating around
the optical device (Figure 6a). On the other hand, manual dip coating results in a much better finish
and even coating (Figure 6b). Images are taken with Olympus Widefield Fluorescence Microscopy.
Therefore, the manual dip coating provides significantly better coating around the device than
automated dip coating.
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Figure 6. Dip coating methods applied to coat molecularly imprinted solution on the optical
devices. (a) The result of the automated dip coating method, showing uneven saturation, and some
microstructural damage (image from Dish 14 Sphere 30); (b) The result of the manual dip coating
method shows uniform coating around the device (image taken from Dish 20 Sphere 4).

3.2.2. Aging Times

The result of this study showed that the optimum aging times for the microspheres was either
3 or 10 days (Figure 7). The fluorescence intensity measurements were the most important factors to
determine the aging time. It was also observed that the fluorescence intensity generally decreased
over the time until day 7 and then increased thereafter. Three days of aging was selected as the best
parameter, due to its consistency and its shorter time-frame.

0 2 4 6 8 10
_0.90 0.90
2 0.80 0.80
,i A Dish 1
$ 0.70 2 0.70 ‘
5 Dish 2
8.0.60 0.60 @ Dish 3
2 0.50 050 @Dish4
= A Dish 5
< .40 0.40
2 Dish 13
£ 0.30 0.30  Dish 14
"::j 0.20 _ 0.20 % Dish 17
N L Dish 18
= .
£ 010 010" o pish 19
Z. 0.00 : X e 0.00

0 1 2 3 4 5 6 7 8 9 10 11

Aging Time (days)

Figure 7. Normalized intensity vs. aging time. Each analyzed day includes a Petri dish that contains
five coated microspheres. Day 3 and Day 10 shows the optimum results for MIPs coating procedure.
Day 3 was chosen as it resulted in a more consistent normalized intensity and a shorter time-frame.

3.2.3. Template Removal Procedure

It is expected that after the template removal, the fluorescence intensity exhibited by the coated
microspheres will decrease. Early tests using Solutions 1 and 2 showed poor extraction results.
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Therefore, different parameters were tested to determine if the results could be improved. Two
different extraction solutions, as well as two different stage conditions, were analyzed. Dish 10 was
extracted with using Solution 1 and was placed on the tilt-tray (VWR incubating rocker), whereas,
Dish 18, which was placed in the same extraction solution, was kept stationary. Moreover, Dish 21 was
extracted using Solution 2 and was kept on the tilt tray during the extraction time. On the other hand,
Dish 19 was kept stationary while being extracted with Solution 2 as well. Extraction time, 24 h, and
reaction temperature, room temperature, were held constant for all conditions. The results, shown in
Figure 8, suggest that there is an increase in the fluorescence intensity after the extraction procedure,
which indicates that the extraction was not successful. This might have resulted from contamination
that could have occurred during wet chemistry techniques (for instance, the molecules could have
been extracted, and then re-absorbed onto the surface). Any extra residue that cannot be extracted
via extraction solutions can cause increase in the fluorescent intensity. No significant difference was
observed between Solution 1 and Solution 2 extractions.

a b
6.00E-02 m Before Extraction, m Before Extraction,
Solution 1 1.20E-02 Solution 2
g m After Extraction, g - ;\fl'e:_Fx;mdim"
; g Solution2
Solutionl 2 100E02
©
&
S 400E-02 e
o] @ 8.00E-03
{=% o
& &
Z 300E-02 Z
g Z 6.00E-03
o =1
T 2.00E-02 2 4.00E-03
L L
= =1
o g
& 1.00E-02 N 2.00E-03
s =
g g
< =}
Z. 0.00E+00 - Z. 0.00E+00
Dish 10 Dish 10 Dish 10 Dish 10 Dish 10 Dish 21 Dish 21 Dish 21 Dish 21 Dish 21
Sphere 1 Sphere 2 Sphere 3 Sphere 4 Sphere 5 Sphere 1 Sphere 2 Sphere 3 Sphere 4 Sphere 5
Microsphere ID Microsphere ID
c d
1.10E+00 ® Before Extraction, Selution 1 8.00E-01 B Before Extraction, Solution 2
= B After extraction, Solution 1 = cracti fon 2
5 LO0E+00 g W After Extraction. Solution 2
£ .2 7.00E-01
£ 9.00E-01 E
3 £ 6.00E01
S §.00E-01 n
5 &
Q. - )
& 700E-01 £ 500801
k3 4
S 6.00E-01 3
2 & 4.00E-01
= 5.00E-01 >
= 5
& .
g 4.00E-01 5 3.00E-01
2 =
x| =
3.00E-
5 S00EO! T 2o0mm
g |
= 2.00E-01 E
£ 5 1.O0E-01
S 1.00E-01 z
= 4
0.00E+00 0.00E+00
Dish 18 Dish 18 Dish 18 Dish 18 Dish 15 Dish 19 Dish 19 Dish 19 Dish 19 Dish 19
Sphere 1 Sphere 2 Sphere 3 Sphere 4 Sphere 5 Sphere 1 Sphere 2 Sphere 3 Sphere 4 Sphere 5
Microsphere 1D Microsphere ID

Figure 8. Results of the template removal via chemical extraction. Two different parameters, stage
condition, and different solutions were tested. (a) and (b) shows the results for the tilt tray condition
applied to Dish 10 and Dish 21; (c¢) and (d) shows the results for the stationary condition applied
to Dish 18 and Dish 19. Chemical extraction results were not as expected; in fact, an increase in the
fluorescence intensity measurements was observed. Therefore, several extraction parameters and
different extraction methods were analyzed. Please note that, in figures (c) and (d), the pre-extraction
data were so low in comparison, they do not show on the graphs.

The next step was to perform a template removal procedure using O, plasma treatment. During
this treatment, oxygen gas is introduced into the chamber. Like other forms of plasma, oxygen cleans
organics and is capable of surface modification. Fortunately, the template molecule will be able
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to leave the MIPs complex intact, since it does not interact with inorganic surfaces as it does with
organic materials.

Oxygen plasma treatment, on the other hand, yielded better results, with significantly less risk
of microstructural damage. Treatment parameters were varied until the best removal extent was
measured; these parameters are presented in the Materials and Methods section. Figures 9 and 10
show the results of this study. Although some FITC is still present in the template-removed coating,
that is expected, as it is likely that the FITC closest to the sphere in the coating may be difficult
to access via the oxygen plasma treatment, since the network of “pockets” for the template is not
necessarily interconnected. Regardless, removal of the surface FITC will allow open pockets for
template/target reabsorption.

Before Extraction
» After Extraction

0.2 ) 0.2

0.1 0.1

Normalized Intensity (intensity per area micron)

Dish22 Dish22 Dish22 Dish22 Dish22 Dish23 Dish23 Dish23 Dish23 Dish23
Sphere 1 Sphere2 Sphere3 Sphere4 Sphere5 Spherel Sphere2 Sphere3 Sphere4 Sphere5

Microsphere ID

Figure 9. The result of normalized intensity values before and after the Oxygen plasma treatment taken
from two Petri dishes, 22 and 23. Each Petri dish contains 5 spheres that are labeled with numbers for
identification. A decrease in the normalized intensity is observed after the treatment suggesting that
the template has been removed.

(a) (b)

Figure 10. Images were taken from Dish 23 Sphere 3. Visible difference in the fluorescence intensity
between two phases. (a) Pre-extraction; (b) Post-extraction. This particular image showed 59% loss
in the intensity value after the extraction. The average intensity loss for this data set was calculated
as 58%.

3.2.4. Q Factor Measurements

Quality factors of the devices also represent significant evidence about the potential device
performance. Previously, Q-factor values of uncoated spheres are presented which were recorded
to be on average on the order of 10”. Figure 11 represents a sample Q-factor taken from coated
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microspheres both before and after template removal. Both graphs had a Q-factor that was higher
than 10® magnitude. These results show promising data in terms of using these devices in the further
analysis. Figure 12 shows the results over all the spheres tested with the selected “best” parameters,
and the impact of the coating on the Q factors.
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Figure 11. Q Factor graphs taken from a coated sphere before and after the extraction process.

(a) depicts the fundamental peak of a coated sphere with a Lorentzian fit curve; the Q factor obtained

was 1.243 x 10°%; (b) depicts a similar peak on the same sphere following extraction via O, plasma; its
Q factor was 1.006 x 10°. Please note that the values given on the graph represent the direct output of
the fitting and do not take into account the precision of the equipment. Transmission data (mW) were

normalized based on the initial transmission of the laser.
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Figure 12. Q factors of all 10 spheres from Dish 22 and 23 taken as-fabricated, MIPs coated, and after the
extraction process. The inset depicts the fundamental peak of an as-fabricated sphere with a Lorentzian
fit curve; the Q factor was 5.0185 x 107. As you can see the Q factor decreases at with each step in the
procedure; and interestingly with a decrease in Q factor but less deviation after extraction.
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3.3. UV-VIS Analysis

Through calculations of the absorption spectra, it was calculated that there was a 0.0008244-mole
difference between pre and post-coating. This coating procedure involved 10 spheres in total, thus,
the number of molecules ending up in the polymer network coating each sphere was approximately
4.965 x 10" molecules of FITC, which represents the total FITC loading in the coating. On average,
58% template removal was obtained. One particular set, Dish 12, showed 73% template loss, resulting
in uptake capacity of 3.62 x 101
MIPs coating also binds to a small portion of the microsphere stem, and thus the number of molecules
coating each sphere itself would be some factor smaller. From fluorescence imaging, the normalized
intensity could be found for all the parameters including the background intensity of the MIPs coating

molecules of FITC per device. It is important to note that some of the

without the FITC template, the 3 and 10-day aging sets, post extraction, and finally reuptake of the
template. Each set of measurements were averaged and their differences used to draw conclusions
about the behavior and effect of the coating, extraction, and reuptake process (Table 5). This particular
set, Dish 12 was extracted for 2 h using Oxygen plasma treatment.

Table 5. Summary of different fluorescence parameters tested and their results.

Fluorescence Parameters Normalized Intensity
Autofluorescence 0.193
3 Day Aging 0.648
10 Day Aging 0.645
Post Extraction 0.031
Reuptake 0.332

These results show the normalized intensity for each step. Of note is the autofluorescence intensity
from the MIPs solution without the FITC template and then the near total loss of fluorescence after
O, plasma extraction. The reuptake average is much lower than the initial coating measurements;
however the loss of the autofluorescence intensity could be a large factor in this decrease.

3.4. Control Groups—Surface Quality of the Conformal Coatings

Surface roughness was calculated using a Vecco NT 9109 optical profilometer. Tests yielded
consistent results across all parameters with an average surface roughness of 44 nm (Figure 13).
Ellipsometry was performed to confirm the thickness of the coating on the wafers and an average
of 70 nm was observed. Note that any increase in roughness of the microresonator’s surface will
result in a direct decrease in the intrinsic quality factor that can be obtained from that microresonator.
According to the work of Rahachou and Zozoulenko, quality factor reductions from theoretical values
may arise due to geometrical imperfection, inhomogeneity in the microresonator in terms of material
properties, etc. They focus specifically on the impact of surface roughness as an aspect of geometrical
imperfection, showing that in the roughness range we report, high Q resonances will typically decrease
by half an order of magnitude, which is similar to what is seen in this work [61]. Moreover, contact
angle measurements were used and consistent measurements were obtained across all aging and
hydroxylation parameters with an average contact angle of 73.16° + 6.06°.

Piranha treatment has the possibility of being too harsh in terms of temperature and acid strength
with respect to the structural and surface integrity of the devices. As an alternative, O, plasma, which
is typically used for cleaning residue from surfaces, is simple, minimizes device handling, and does
not require post-treatment to remove excess water from the surface. On the other hand, O, plasma
treatment might not yield as high of a surface hydroxyl density as piranha etching, causing a lower
adhesion of the coating to the surface. Therefore, it was important to identify which route is most
compatible. In the end, O, plasma treatment was chosen for such ease as no significant difference in
measurements occurred between it and piranha etching.
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Figure 13. 3D Image is taken using optical profilometry with 40.89 magnification and PSI measurement
mode. Surface statistics for the sample shown: Ra = 50.14 nm, Rq = 75.29 nm, 1192.44 nm.

4. Discussion and Conclusions

Whispering Gallery Mode optical devices fabricated in this study were initially designed to target
the FITC molecule. In order to create artificial receptors for this fluorescent dye, a molecular imprinting
technique was used. Integration of the artificial receptors with WGM resonators was the primary
challenge; therefore, the primary goal of this study was to demonstrate the creation of a thin, uniform
coating on the surface of the microresonators that was templated by and for FITC, while keeping
underlying transducer undamaged. To achieve this goal, a thin film (<100 nm) is necessary to ensure
that the coating, and any sorption interactions that could occur, remain within the evanescent tail of
the device. The active region of the evanescent tail for devices that have a diameter of 50-100 um is
around 100 nm [62,63].

One of the challenges in this study was the selection of appropriate solvents in order to create the
inorganic polymer network. However, by using prior literature results for both the creation of silica
sol-gels and for the creation of organic MIPs for explosives detection, we were able to identify both good
pre-cursors as well as solvents that interacted well and allowed the FITC molecule to still fluoresce.
Once the solvents were selected as silica precursors, molecularly imprinted polymer synthesis studies
were established. Artificial receptors with on-chip silica microsphere WGM resonators are created
by gravimetrically melting the tip of an optical fiber with CO, laser. Two of the most important
key points during the microspheres production were having no air bubbles inside the device and
obtaining a high Q factor. Several parameters were observed and tested during MIPs procedure in
order to acquire the best quality coatings. The results showed that manually dip coating was the
best selection in order to obtain a uniform coating around the sphere. The optimum aging time was
determined as 3 days and 10 days; 3 days was selected due to its shorter time-frame. The template
extraction method that gave the desired results was the oxygen plasma treatment, varying from 15 min
to 2 h. Oxygen plasma treatment successfully removed a significant portion of the template molecule,
which is confirmed by the difference between pre-extraction and post-extraction fluorescence intensity
values. Furthermore, early extraction results suggested that the non-templated MIPs solution tends
to auto-fluoresce. Therefore, it is important to take intensity readings without giving much time for
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the polymerization complex to auto-fluoresce. Otherwise, the extraction result is not verifiable since
post-extraction intensity values might be higher than the pre-extraction values, which indicate that
extraction might have been unsuccessful. Uptake of the template molecule after the extraction was
confirmed via fluorescence intensity measurements. Finally, silica wafers were used as control groups
to support the findings of the optimization studies. The results of the same procedures applied on
silica wafers also proved that selected factors were the most appropriate.

The fundamental goal of this work is the creation of novel, highly sensitive and highly selective
label-free optical sensor platforms that can be used to detect harmful environmental chemicals in trace
quantities. The long-term goal of this work is to develop a generic, robust biosensor platform that can
be arrayed to address multiple environmental pollutants, such as herbicides and pesticides, through
minor adjustments to the artificial receptors.

Acknowledgments: The authors would like to acknowledge Alexander Jurkevich for his assistance with the
Olympus Widefield Microscopy and Cherian Mathai for his assistance with ellipsometry, optical profilometry,
and contact angle measurements. All the fluorescence images, as well as the intensity measurements, were taken
at Molecular Cytology Core at Bond Life Sciences Center, University of Missouri-Columbia.

Author Contributions: H.K.H. and S.A.G. conceived and designed the experiments; G.D.H. and A.L.V. performed
the experiments; HK.H. and G.D.H. analyzed the data; G.D.H., HK.H., and S.A.G. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

MIP Molecularly Imprinted Polymer
WGM Whispering Gallery Mode

FITC Fluorescein isothiocyanate
HCL Hydrochloric Acid

DMSO Dimethyl Sulfoxide

References

1. Barcel, D. Environmental protection agency and other methods for the determination of priority pesticides
and their transformation products in water. J. Chromatogr. A 1993, 643, 117-143. [CrossRef]

2. Simcox, N.J.; Fenske, R.A.; Wolz, S.A ; Lee, 1.C.; Kalman, D.A. Pesticides in household dust and soil: Exposure
pathways for children of agricultural families. Environ. Health Perspect. 1995, 103, 1126-1134. [CrossRef]
[PubMed]

3. Kolpin, D.W,; Furlong, E.T,; Meyer, M.T.; Thurman, EM.; Zaugg, S.D.; Barber, L.B.; Buxton, H.T.
Pharmaceuticals, hormones, and other organic wastewater contaminants in U.S. Streams, 1999-2000: A
national reconnaissance. Environ. Sci. Technol. 2002, 36, 1202-1211. [CrossRef] [PubMed]

4. Dich, ].; Zahm, S.H.; Hanberg, A.; Adami, H.-O. Pesticied and cancer. Cancer Causes Control 1997, 8, 420—443.
[CrossRef] [PubMed]

5.  Stackelberg, PE.; Furlong, E.T.; Meyer, M.T.; Zaugg, S.D.; Henderson, AK., Reissman, D.B.
Persistence of pharmaceutical compounds and other organic wastewater contaminants in a conventional
drinking-water-treatment plant. Sci. Total Environ. 2004, 329, 99-113. [CrossRef] [PubMed]

6.  Yang, G.; White, LM.; Fan, X. An opto-fluidic ring resonator biosensor for the detection of organophosphorus
pesticides. Sens. Actuators B Chem. 2008, 133, 105-112. [CrossRef]

7. Frense, D.; Miiller, A.; Beckmann, D. Detection of environmental pollutants using optical biosensor with
immobilized algae cells. Sens. Actuators B Chem. 1998, 51, 256-260. [CrossRef]

8. Mulchandani, A.; Chen, W.; Mulchandani, P.; Wang, J.; Rogers, K.R. Biosensors for direct determination of
organophosphate pesticides. Biosens. Bioelectron. 2001, 16, 225-230. [CrossRef]

9.  Viveros, L.; Paliwal, S.; McCrae, D.; Wild, J.; Simonian, A. A fluorescence-based biosensor for the detection
of organophosphate pesticides and chemical warfare agents. Sens. Actuators B Chem. 2006, 115, 150-157.
[CrossRef]

10. Fang, Y. Label-free cell-based assays with optical biosensors in drug discovery. Assay Drug Dev. Technol.
2006, 4, 583-595. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/0021-9673(93)80546-K
http://dx.doi.org/10.1289/ehp.951031126
http://www.ncbi.nlm.nih.gov/pubmed/8747019
http://dx.doi.org/10.1021/es011055j
http://www.ncbi.nlm.nih.gov/pubmed/11944670
http://dx.doi.org/10.1023/A:1018413522959
http://www.ncbi.nlm.nih.gov/pubmed/9498903
http://dx.doi.org/10.1016/j.scitotenv.2004.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15262161
http://dx.doi.org/10.1016/j.snb.2008.02.004
http://dx.doi.org/10.1016/S0925-4005(98)00203-2
http://dx.doi.org/10.1016/S0956-5663(01)00126-9
http://dx.doi.org/10.1016/j.snb.2005.08.032
http://dx.doi.org/10.1089/adt.2006.4.583
http://www.ncbi.nlm.nih.gov/pubmed/17115929

Biosensors 2016, 6, 26 19 of 21

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bhatta, D.; Stadden, E.; Hashem, E.; Sparrow, L].G.; Emmerson, G.D. Multi-purpose optical biosensors for
real-time detection of bacteria, viruses and toxins. Sens. Actuators B Chem. 2010, 149, 233-238. [CrossRef]
Long, E; Zhu, A.; Shi, H. Recent advances in optical biosensors for environmental monitoring and early
warning. Sensors 2013, 13, 13928-13948. [CrossRef] [PubMed]

Luppa, P.B.; Sokoll, L.J.; Chan, D.W. Immunosensors—Principles and applications to clinical chemistry.
Clin. Chim. Act Int. |. Clin. Chem. 2001, 314, 1-26. [CrossRef]

Sassolas, A.; Blum, L.J.; Leca-Bouvier, B.D. Optical detection systems using immobilized aptamers.
Biosens. Bioelectron. 2011, 26, 3725-3736. [CrossRef] [PubMed]

Abbas, A.; Linman, M.].; Cheng, Q. New trends in instrumental design for surface plasmon resonance-based
biosensors. Biosens. Bioelectron. 2011, 26, 1815-1824. [CrossRef] [PubMed]

Dudak, F.C.; Boyaci, L.H. Rapid and label-free bacteria detection by surface plasmon resonance (SPR)
biosensors. Biotechnol. J. 2009, 4, 1003-1011. [CrossRef] [PubMed]

Lu, T.; Lee, H.; Chen, T.; Herchak, S.; Kim, J.-H.; Fraser, S.E.; Flagan, R.C.; Vahala, K. High sensitivity
nanoparticle detection using optical microcavities. PNAS 2011, 108, 5976-5979. [CrossRef] [PubMed]
Vahala, K.J. Optical microcavities. Nature 2003, 424, 839-846. [CrossRef] [PubMed]

Nguyen, D.T.; Norwood, R.A. Label-free, single-object sensing with a microring resonator: FDTD simulation.
Opt. Express 2013, 21, 49-59. [CrossRef] [PubMed]

Vollmer, F.; Arnold, S. Whispering-gallery-mode biosensing: Label-free detection down to single molecules.
Nat. Methods 2008, 5, 591-596. [CrossRef] [PubMed]

Hunt, HK.,; Armani, A.M. Label-free biological and chemical sensors. Nanoscale 2010, 2, 1544-1559.
[CrossRef] [PubMed]

McDonagh, C.; Burke, C.S.; MacCraith, B.D. Optical chemical sensors. Chem. Rev. 2008, 108, 400-422.
[CrossRef] [PubMed]

Li, H.; Fan, X. Characterization of sensing capability of optofluidic ring resonator biosensors. Appl. Phys.
Lett. 2010, 97, 011105. [CrossRef]

Fan, X.; White, LM.; Shopova, S.I.; Zhu, H.; Suter, ].D.; Sun, Y. Sensitive optical biosensors for unlabeled
targets: A review. Anal. Chim. Acta 2008, 620, 8-26. [CrossRef] [PubMed]

Charlebois, M.; Paquet, A.; Verret, L.S.; Boissinot, K.; Boissinot, M.; Bergeron, M.G.; Allen, C.N. Toward
automatic label-free whispering gallery modes biodetection with a quantum dot-coated microsphere
population. Nanoscale Res. Lett. 2010, 5, 524-532. [CrossRef] [PubMed]

Himmelhaus, M.; Krishnamoorthy, S.; Francois, A. Optical sensors based on whispering gallery modes in
fluorescent microbeads: Response to specific interactions. Sensors 2010, 10, 6257-6274. [CrossRef] [PubMed]
Li, H.; Guo, Y.; Sun, Y.; Reddy, K.; Fan, X. Analysis of single nanoparticle detection by using 3-dimensionally
confined optofluidic ring resonators. Opt. Express 2010, 18, 25081-25088. [CrossRef] [PubMed]

Swaim, J.D.; Knittel, J.; Bowen, W.P. Detection of nanoparticles with a frequency locked whispering gallery
mode microresonator. Appl. Phys. Lett. 2013, 102, 183106. [CrossRef]

Kim, K.W.; Song, J.; Kee, ].S.; Liu, Q.; Lo, G.-Q.; Park, M.K. Label-free biosensor based on an electrical
tracing-assisted silicon microring resonator with a low-cost broadband source. Biosens. Bioelectron. 2013, 46,
15-21. [CrossRef] [PubMed]

Kirk, J.T.; Brault, N.D.; Baehr-Jones, T.; Hochberg, M.; Jiang, S.; Ratner, D.M. Zwitterionic polymer-modified
silicon microring resonators for label-free biosensing in undiluted humanplasma. Biosens. Bioelectron. 2013,
42,100-105. [CrossRef] [PubMed]

Knittel, J.; Chow, J.H.; Gray, M.B.; Taylor, M.A.; Bowen, W.P. Ultrasensitive real-time measurement of
dissipation and dispersion in a whispering-gallery mode microresonator. Opt. Lett. 2013, 38, 1915-1917.
[CrossRef] [PubMed]

Arnold, S.; Khoshsima, M.; Teraoka, I.; Holler, S.; Vollmer, F. Shift of whispering-gallery modes in
microspheres by protein adsorption. Opt. Lett. 2003, 28, 272-274. [CrossRef] [PubMed]

Vollmer, F.; Arnold, S.; Braun, D.; Teraoka, I.; Libchaber, A. Multiplexed DNA quantification by spectroscopic
shift of two microsphere cavities. Biophys. ]. 2003, 85, 1974-1979. [CrossRef]

Dantham, V.R.; Holler, S.; Barbre, C.; Keng, D.; Kolchenko, V.; Arnold, S. Label-free detection of single protein
using a nanoplasmonic-photonic hybrid microcavity. Nano Lett. 2013, 13, 3347-3351. [CrossRef] [PubMed]
Yano, K.; Karube, I. Molecularly imprinted polymers for biosensor applications. TrAC Trends Anal. Chem.
1999, 18, 199-204. [CrossRef]


http://dx.doi.org/10.1016/j.snb.2010.05.040
http://dx.doi.org/10.3390/s131013928
http://www.ncbi.nlm.nih.gov/pubmed/24132229
http://dx.doi.org/10.1016/S0009-8981(01)00629-5
http://dx.doi.org/10.1016/j.bios.2011.02.031
http://www.ncbi.nlm.nih.gov/pubmed/21419619
http://dx.doi.org/10.1016/j.bios.2010.09.030
http://www.ncbi.nlm.nih.gov/pubmed/20951566
http://dx.doi.org/10.1002/biot.200800316
http://www.ncbi.nlm.nih.gov/pubmed/19288516
http://dx.doi.org/10.1073/pnas.1017962108
http://www.ncbi.nlm.nih.gov/pubmed/21444782
http://dx.doi.org/10.1038/nature01939
http://www.ncbi.nlm.nih.gov/pubmed/12917698
http://dx.doi.org/10.1364/OE.21.000049
http://www.ncbi.nlm.nih.gov/pubmed/23388895
http://dx.doi.org/10.1038/nmeth.1221
http://www.ncbi.nlm.nih.gov/pubmed/18587317
http://dx.doi.org/10.1039/c0nr00201a
http://www.ncbi.nlm.nih.gov/pubmed/20820687
http://dx.doi.org/10.1021/cr068102g
http://www.ncbi.nlm.nih.gov/pubmed/18229950
http://dx.doi.org/10.1063/1.3462296
http://dx.doi.org/10.1016/j.aca.2008.05.022
http://www.ncbi.nlm.nih.gov/pubmed/18558119
http://dx.doi.org/10.1007/s11671-010-9541-1
http://www.ncbi.nlm.nih.gov/pubmed/20672075
http://dx.doi.org/10.3390/s100606257
http://www.ncbi.nlm.nih.gov/pubmed/22219711
http://dx.doi.org/10.1364/OE.18.025081
http://www.ncbi.nlm.nih.gov/pubmed/21164854
http://dx.doi.org/10.1063/1.4804243
http://dx.doi.org/10.1016/j.bios.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23500471
http://dx.doi.org/10.1016/j.bios.2012.10.079
http://www.ncbi.nlm.nih.gov/pubmed/23202337
http://dx.doi.org/10.1364/OL.38.001915
http://www.ncbi.nlm.nih.gov/pubmed/23722788
http://dx.doi.org/10.1364/OL.28.000272
http://www.ncbi.nlm.nih.gov/pubmed/12653369
http://dx.doi.org/10.1016/S0006-3495(03)74625-6
http://dx.doi.org/10.1021/nl401633y
http://www.ncbi.nlm.nih.gov/pubmed/23777440
http://dx.doi.org/10.1016/S0165-9936(98)00119-8

Biosensors 2016, 6, 26 20 of 21

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Li, S.; Ge, Y.; Piletsky, S.A.; Lunec, J. Molecularly Imprinted Sensors: Overview and Applications; Elsevier:
Amsterdam, The Netherlands, 2012; p. 390.

Cheng, Z.; Wang, E.; Yang, X. Capacitive detection of glucose using molecularly imprinted polymers. Biosens.
Bioelectron. 2001, 16, 179-185. [CrossRef]

Mayes, A.; Whitcombe, M. Synthetic strategies for the generation of molecularly imprinted organic polymers.
Adv. Drug Deliv. Rev. 2005, 57, 1742-1778. [CrossRef] [PubMed]

Kryscio, D.R.; Peppas, N.A. Critical review and perspective of macromolecularly imprinted polymers.
Acta Biomater. 2012, 8, 461-473. [CrossRef] [PubMed]

Koshland, D.E. The key-lock theory and the induced fit theory. Angew. Chem. Int. Ed. Engl. 1995, 33,
2375-2378. [CrossRef]

Pauling, L. A theory of the structure and process of formation of antibodies. J. Am. Chem. Soc. 1940, 62,
2643-2657. [CrossRef]

Takeuchi, T.; Haginaka, J. Separation and sensing based on molecular recognition using molecularly
imprinted polymers. J. Chromatogr. B Biomed. Sci. Appl. 1999, 728, 1-20. [CrossRef]

Owens, PK,; Karlsson, L.; Lutz, E.S.M.; Andersson, L.I. Molecular imprinting for bio- and pharmaceutical
analysis. TrAC Trends Anal. Chem. 1999, 18, 146-154. [CrossRef]

Wei, S.; Mizaikoff, B. Recent advances on noncovalent molecular imprints for affinity separations. J. Sep. Sci.
2007, 30, 1794-1805. [CrossRef] [PubMed]

Vasapollo, G.; Sole, R.D.; Mergola, L.; Lazzoi, M.R.; Scardino, A.; Scorrano, S.; Mele, G. Molecularly imprinted
polymers: Present and future prospective. Int. |. Mol. Sci. 2011, 12, 5908-5945. [CrossRef] [PubMed]
Ulbricht, M. Molecularly imprinted polymer films and membranes. In Molecularly Imprinted Materials;
Yan, M., Ramstrém, O., Eds.; CRC Press: Boca Raton, FL, USA, 2004; pp. 455-490.

Schneider, F; Piletsky, S.; Piletska, E.; Guerreiro, A.; Ulbricht, M. Comparison of thin-layer and bulk mips
synthesized by photoinitiated in situ crosslinking polymerization from the same reaction mixtures. J. Appl.
Polym. Sci. 2005, 98, 362-372. [CrossRef]

Poma, A.; Turner, A.P.F; Piletsky, S.A. Advances in the manufacture of mip nanoparticles. Trends Biotechnol.
2010, 28, 629-637. [CrossRef] [PubMed]

Chen, Q.; Ritt, M.; Sivaramakrishnan, S.; Sun, Y.; Fan, X. Optofluidic lasers with a single molecular layer of
gain. Lab Chip 2014, 14, 4590-4595. [CrossRef] [PubMed]

Wienhold, T.; Kraemmer, S.; Bacher, A.; Kalt, H.; Koos, C.; Koeber, S.; Mappes, T. Efficient free-space read-out
of wgm lasers using circular micromirrors. Opt. Express 2015, 23, 1025-1034. [CrossRef] [PubMed]

Kim, D.C.; Armendariz, K.P.; Dunn, R.C. Integration of microsphere resonators with bioassay fluidics for
whispering gallery mode imaging. Analyst 2013, 138, 3189-3195. [CrossRef] [PubMed]

Soteropulos, C.E.; Hunt, H.K. Attaching biological probes to silica optical biosensors using silane coupling
agents. J. Vis. Exp. 2012. [CrossRef] [PubMed]

Donskoi, A.V.; Dresvin, S.V.; Orlova, M.A.; Osovskii, B.B.; Khait, O.D.; Paushkin, E.V. Plasma polishing of
surface of wares made of silicate glass of any composition. Glass Ceram. 1976, 33, 162-165. [CrossRef]
Ljungberg, K.; Jansson, U.; Bengtsson, S.; Soderbarg, A. Modification of silicon surfaces with HySO4:H,O,:HF
and HNOj3:HF for wafer bonding applications. J. Electrochem. Soc. 1996, 143, 1709-1714. [CrossRef]
Chandekar, A.; Sengupta, S.K.; Whitten, J.E. Thermal stability of thiol and silane monolayers: A comparative
study. Appl. Surf. Sci. 2010, 256, 2742-2749. [CrossRef]

Wang, F.; Anderson, M.; Bernards, M.; Hunt, H. Peg functionalization of whispering gallery mode optical
microresonator biosensors to minimize non-specific adsorption during targeted, label-free sensing. Sensors
2015, 15, 18040-18060. [CrossRef] [PubMed]

Zhu, H.; Suter, ].D.; White, LM.; Fan, X. Aptamer based microsphere biosensor for thrombin detection.
Sensors 2006, 6, 785-795. [CrossRef]

Stringer, R.C.; Gangopadhyay, S.; Grant, S.A. Detection of nitroaromatic explosives using a
fluorescent-labeled imprinted polymer. Anal. Chem. 2010, 82, 4015-4019. [CrossRef] [PubMed]

Stringer, R.C.; Gangopadhyay, S.; Grant, S.A. Comparison of molecular imprinted particles prepared using
precipitation polymerization in water and chloroform for fluorescent detection of nitroaromatics. Anal. Chim.
Acta 2011, 703, 239-244. [CrossRef] [PubMed]

Hunt, HK,; Armani, A.M. Recycling microcavity optical biosensors. Opt. Lett. 2011, 36, 1092-1094. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/S0956-5663(01)00137-3
http://dx.doi.org/10.1016/j.addr.2005.07.011
http://www.ncbi.nlm.nih.gov/pubmed/16225958
http://dx.doi.org/10.1016/j.actbio.2011.11.005
http://www.ncbi.nlm.nih.gov/pubmed/22100344
http://dx.doi.org/10.1002/anie.199423751
http://dx.doi.org/10.1021/ja01867a018
http://dx.doi.org/10.1016/S0378-4347(99)00057-2
http://dx.doi.org/10.1016/S0165-9936(98)00092-2
http://dx.doi.org/10.1002/jssc.200700166
http://www.ncbi.nlm.nih.gov/pubmed/17623455
http://dx.doi.org/10.3390/ijms12095908
http://www.ncbi.nlm.nih.gov/pubmed/22016636
http://dx.doi.org/10.1002/app.22112
http://dx.doi.org/10.1016/j.tibtech.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20880600
http://dx.doi.org/10.1039/C4LC00872C
http://www.ncbi.nlm.nih.gov/pubmed/25312306
http://dx.doi.org/10.1364/OE.23.001025
http://www.ncbi.nlm.nih.gov/pubmed/25835862
http://dx.doi.org/10.1039/c3an00328k
http://www.ncbi.nlm.nih.gov/pubmed/23615457
http://dx.doi.org/10.3791/3866
http://www.ncbi.nlm.nih.gov/pubmed/22588224
http://dx.doi.org/10.1007/BF00700954
http://dx.doi.org/10.1149/1.1836705
http://dx.doi.org/10.1016/j.apsusc.2009.11.020
http://dx.doi.org/10.3390/s150818040
http://www.ncbi.nlm.nih.gov/pubmed/26213937
http://dx.doi.org/10.3390/s6080785
http://dx.doi.org/10.1021/ac902838c
http://www.ncbi.nlm.nih.gov/pubmed/20402483
http://dx.doi.org/10.1016/j.aca.2011.07.034
http://www.ncbi.nlm.nih.gov/pubmed/21889640
http://dx.doi.org/10.1364/OL.36.001092
http://www.ncbi.nlm.nih.gov/pubmed/21478993

Biosensors 2016, 6, 26 21 of 21

61. Rahachou, A.L; Zozoulenko, L.V. Effects of boundary roughness on a Q-factor of whispering-gallery-mode
lasing microdisk cavities. J. Appl. Phys. 2003, 94, 7929-7933. [CrossRef]

62. Freeman, L.M.; Li, S.; Dayani, Y.; Choi, H.-S.; Malmstadt, N.; Armani, A.M. Excitation of Cy5 in self-assembled
lipid bilayers using optical microresonators. Appl. Phys. Lett. 2011, 98, 143703. [CrossRef] [PubMed]

63. Hunt, HK.; Soteropulos, C.; Armani, A.M. Bioconjugation strategies for microtoroidal optical resonators.
Sensors 2010, 10, 9317-9336. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.1625781
http://dx.doi.org/10.1063/1.3576908
http://www.ncbi.nlm.nih.gov/pubmed/21544215
http://dx.doi.org/10.3390/s101009317
http://www.ncbi.nlm.nih.gov/pubmed/22163409
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Materials and Methods 
	Preparation of Whispering Gallery Mode Optical Microresonators and Control Surfaces 
	Characterization of the Optical Devices 
	Synthesis of MIPs 
	Optimization of Microspheres 
	Extraction Procedure 
	Characterization of the Surface Coatings 

	Results 
	Characterization of the Uncoated Optical Devices 
	Optimization of Microsphere Coating 
	Coating Methods 
	Aging Times 
	Template Removal Procedure 
	Q Factor Measurements 

	UV-VIS Analysis 
	Control Groups—Surface Quality of the Conformal Coatings 

	Discussion and Conclusions 

