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MICROFLUIDIC PLATFORMS FOR
OPTICAL BIOSENSING

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is a continuation application of U.S.
Non-Provisional Application entitled “Microfluidic Plat-
forms For Optical Biosensing,” having Ser. No. 14/181,149
and filed Feb. 14, 2014, and claims priority to U.S. Provi-
sional Application Ser. No. 61/764,298, filed Feb. 14, 2013,
both of which are hereby incorporated by reference herein in
their entireties.

BACKGROUND

Optical biosensors are powerful tools used in the analysis
of biomolecular interactions, a key part of the drug discov-
ery process. They can not only provide detailed information
on the binding affinity and kinetics of the biomolecular
interaction, but can also be exploited for the detection of
bacteria and viruses for medical diagnosis, environmental
monitoring, and homeland security.

A biosensor generally comprises a surface coated with
biorecognition elements selected for their specific binding
affinity with a molecule of interest (i.e., the molecule to be
detected/measured). To be detected, binding must result in a
physically detectable change. Optical biosensors are used to
sense the local increase of refractive index that occurs near
the surface as a result of the accumulation of the molecules
of interest.

Optical resonator biosensors use optical resonators that
exhibit sharp, i.e., high Q, optical resonances from their
whispering gallery modes (WGM). Those resonances can be
used for highly sensitive biodetection as they shift when
small amounts of biomolecules attach to the resonator
surface. As compared to planar devices, microresonator-
based detectors take advantage of the recirculation of light,
effectively increasing the interaction length with the sensing
surface, thus yielding higher sensitivity.

Microsphere resonators made of dielectric material are
particularly attractive because they can sustain high Q
resonances and therefore provide more accurate results. In
some cases, microspheres are placed on stems and are
handled with micro-positioners. Unfortunately, it can be
difficult to handle and position a microsphere in a desired
manner in such circumstances because of the small size of
the microsphere and the precision needed for its placement.
In other cases, microspheres are permanently bonded to an
optical substrate or fiber. While this can make it easier to
handle and position the microsphere, such an arrangement is
irreversible.

In view of the above discussion it can be appreciated that
it would be desirable to have a way to easily handle and
position a microsphere for optical biosensing.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood with
reference to the following figures. Matching reference
numerals designate corresponding parts throughout the fig-
ures, which are not necessarily drawn to scale.

FIG. 1 is a perspective view of an embodiment of a
microfiuidic platform for positioning a microsphere for
optical biosensing.

FIG. 2 is a schematic top view of a constriction of a
primary channel of the microfluidic platform of FIG. 1.
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FIG. 3 is a cross-sectional view of the constriction shown
in FIG. 2.

FIG. 4 is a side view of the microfluidic platform of FIG.
1 illustrating a first method for performing optical detection.

FIG. 5 is a side view of the microfluidic platform of FIG.
1 illustrating a second method for performing optical detec-
tion.

FIG. 6 is a graph that shows a typical example resonance
spectrum obtained from a 45 um polystyrene (cross-linked
with divinyl benzene) microsphere trapped in a fabricated
microfluidic platform.

FIG. 7 is a graph that shows a resonance spectrum
obtained using the fabricated microfluidic platform by per-
forming a fine PZT wavelength scan over a selected reso-
nance of mode number 1.

FIG. 8 is a graph that shows a measured resonance
frequency with a noise RMS of 10 MHz at a repetition rate
of 5 Hz.

FIG. 9 is a cross-sectional view of a channel constriction
of an alternative microfluidic platform.

DETAILED DESCRIPTION

As described above, it would be desirable to have a way
to more easily handle and position microspheres for optical
biosensing. Disclosed herein are microfluidic platforms that
can be used for this purpose. In some embodiments, a
microfiuidic platform comprises a microfluidic channel
through which a fluid that contains one or more micro-
spheres can flow. The channel includes a constriction that
can be used to trap a single microsphere in a position that
facilitates optical biosensing. In some embodiments, the
constriction makes three-point contact with the microsphere
and leaves a top portion of the microsphere untouched.

In the following disclosure, various specific embodiments
are described. It is to be understood that those embodiments
are example implementations of the disclosed inventions
and that alternative embodiments are possible. All such
embodiments are intended to fall within the scope of this
disclosure.

The present disclosure describes microfluidic platforms
designed to position stand-alone microspheres at a precise
location within a microfluidic channel of the platform. The
platform is designed for ease-of-use and robustness and
eliminates the need for optical alignment by an end user,
while employing low-cost and disposable microspheres and
removing the need for surface regeneration of the optical
resonator.

FIG. 1 illustrates an example embodiment of a microfiu-
idic platform 10. As shown in this figure, the platform 10
generally comprises an optical substrate 12 on which is
provided a top layer 14 that forms various channels of the
platform. In some embodiments, the substrate 12 is made of
a glass material having a thickness of approximately 900 to
1000 pm and an index of refraction of approximately 1.8 to
1.85. In some embodiments, the top layer 14 is made of a
polymer material, such as polydimethylsiloxane (PDMS),
and has a thickness of approximately 2000 to 3000 um.

Multiple ports are formed in the top layer 14 that extend
from a top surface 16 of the layer to a top surface 18 of the
substrate 12. In the illustrated embodiment, these ports
include a microsphere inlet 20, an analyte inlet 22, a
microsphere outlet 24, and a multipurpose port 26. The
purpose for each of these ports is described below. In the
illustrated embodiment, each of the microsphere inlet 20,
analyte inlet 22, and microsphere outlet 24 are positioned at
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a first end of the platform 10 and each is associated with an
auxiliary channel 28, 30, and 32.

The auxiliary channels 28-32 extend from their associated
ports through the top layer 14 and along the substrate 12 to
a primary channel 34 that extends to the multipurpose port
26 at the other end of the platform 10. In some embodiments,
the primary channel 34 is approximately 100 to 300 pm wide
and 30 to 100 pum tall (e.g., 200 um wide and 60 pum tall). As
shown in FIG. 1, the primary channel 34 includes a con-
striction 36 in a medial position along its length that can be
used to trap microspheres (one at a time) for the purpose of
performing optical biosensing.

FIGS. 2 and 3 illustrate the constriction 36 from top and
end views, respectively. In the embodiment of FIGS. 2 and
3, the constriction 36 has an inverted T-shaped cross section
formed by two opposed inwardly-extending members 38
and 40 that gradually narrow a top portion of the primary
channel 34 to a point at which a microsphere 42 can only
travel along the channel to a specific position along the
channel’s length. In some embodiments, the inwardly-ex-
tending members 38, 40 narrow the channel 34 to approxi-
mately 25 to 300 um. As shown most clearly in FIG. 3, the
inwardly-extending members 38, 40 can be defined by
horizontal lower surfaces 44 and 46 and vertical upper
surfaces 48 and 50 that define 90-degree edges 52 and 54
that contact opposite sides of the microsphere 42 at a point
above its center. In such a case, the microsphere 42 can be
securely held in place with three contact points including the
two edges 52, 54 and the substrate 12. Because the locations
at which the edges 52, 54 contact the microsphere 42 only
minimally overlap the excited optical mode of the micro-
sphere, which is confined to a region near the vertical
equatorial plane of the microsphere, the edges do not affect
the Q-factor of the whispering gallery mode resonances.

As is further shown in FIG. 3, the surface 18 of the
substrate 12 can comprise a low-index separation coating
56. In some embodiments, this coating 56 is approximately
400 nm to 600 nm thick. When the separation coating 56 is
present, the microsphere 42 contacts the separation coating,
which optimizes coupling of light to the microsphere. The
separation coating 56 can be made of a polymeric material
having an index of refraction that matches that of a liquid
(e.g., water) that is used with the platform 10. In some
embodiments, the separation coating 56 has an index refrac-
tion of approximately 1.33 to 1.35, which is close to the
refractive index of water. By way of example, the separation
coating 56 can be made of an amorphous fluoropolymer,
such as Cytop®, which is available from Bellex Interna-
tional, Corp.

When the platform 10 is to be used for optical biosensing,
a liquid (e.g., water) that contains one or more microspheres
that is/are coated with suitable biorecognition elements can
be delivered to the auxiliary channel 28 via the microsphere
inlet 20. If the analyte inlet 22 and the microsphere outlet 24
are both closed, the liquid will flow through the primary
channel 34 to the multipurpose port 26 through which the
liquid can exit the platform 10. Because of the constriction
36 in the primary channel 34, however, a microsphere that
travels along the primary channel 34 because of the liquid
flow will become trapped by the constriction at a location at
which light can be coupled with the microsphere during
optical biosensing. If the liquid contains other microspheres
and the clearing of those microspheres is desired, the micro-
sphere inlet 20 can be closed, the microsphere outlet 24 can
be opened, and liquid can be delivered to the primary
channel 34 via the multipurpose port 26. If the flow is gentle,
the trapped microsphere will remain trapped in the constric-
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tion 36, but any other microspheres in the platform 10 will
be removed via the auxiliary channel 32 and the microsphere
outlet 24.

At this point, the microsphere outlet 24 can be closed and
an analyte fluid that comprises molecules that will bind with
the biorecognition elements on the surface of the micro-
sphere can be delivered to the primary channel 34 via the
analyte inlet 22 and the auxiliary channel 30. Optical bio-
sensing can be simultaneously performed to determine
whether or not the molecules have bound to the microsphere
and, if so, to what degree. FIGS. 4 and 5 illustrate two
example optical biosensing approaches.

Once the optical biosensing has been completed, the
microsphere outlet 24 can be again opened and the contents
of the platform 10 can be flushed by delivering fluid through
the multipurpose port 26. If the flow is strong enough, the
trapped microsphere will dislodge from the constriction 36
and exit the platform 10 via the microsphere outlet 24.
Accordingly, the platform 10 can be described as a trap-
and-release microfluidic platform.

As mentioned above, FIGS. 4 and 5 illustrate example
methods for performing optical biosensing with the platform
10. Beginning with FIG. 4, optical measurements can be
performed using a hemispherical prism 60 by frustrated total
internal reflection. In such a case, a beam of light 62 can be
directed through the hemispherical prism 60 from below the
platform to enable the light to couple with the microsphere
42. In FIG. 5, the microsphere 42 is addressed using an
optical waveguide 64 that is constructed on top of the
substrate 12.

The microsphere used in the microfluidic platform can be
made of one or more of a variety of different dielectric
materials. Example materials include polystyrene and silica.
The size of the microsphere, and therefore the primary
channel and its constriction, can vary depending upon the
particular application and microsphere material. In some
embodiments, the microsphere has a diameter of approxi-
mately 25 to 500 pm.

In some embodiments, the microsphere is a polystyrene
microsphere having a diameter of approximately 30 to 45
um. Such microspheres exhibit sharp resonances and there-
fore hold great promise for highly sensitive biosensing.
These microspheres can be surface modified for affinity-
based assays. Polystyrene microspheres (cross-linked with
divinylbenzene) with diameters of 45 pm have already
shown a good potential for biosensing with whispering
gallery mode (WGM) resonances of Q-factor in excess of
10° and a demonstrated detection limit of 1.5x107% RIU,
equivalent to a surface coverage of 0.7 pg/mm?>. The detec-
tion limit was mostly attributed to frequency jittering of the
scanning laser of about 7 MHz, while the contribution of
intensity noise in the data is merely 300 kHz, corresponding
to a detection limit of 0.023 pg/mm?.

As indicated in Table 1, both the Q-factors and sensitivi-
ties of 45 um spheres are on par with the most sensitive
measurements reported with a 70 pum silica sphere with a
detection limit of 0.028 pg/mm?. However, in the latter case,
substantial efforts were made to improve the stability of
readily available commercial lasers by frequency doubling
of'a 1300 nm DFB laser. It was therefore possible to fit the
position of the Lorentzian peak with a precision on the order
of 460 kHz. With a laser of similar stability, the same
detection limit in terms of surface coverage per unit area can
be achieved with 45 um polystyrene spheres. It should be
noted that the frequency doubling technique used by
Shopova et al. has the disadvantage of reducing the wave-
length scanning range to just 0.1 nm, which is less than the
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free spectral range of the optical resonators. As a conse-
quence, only a few of the fabricated spheres would have
sharp resonances that lie in the accessible spectral range
because of the inherent size variations limited by the fabri-
cation tolerance (for all types of resonators listed).

TABLE 1

6

channel. PDMS was then poured onto the mold, baked, and
released. The PDMS layer was then bonding to the optical
substrate, which comprised a medium refractive index glass
(1.41) having a spin-coated, 580 nm thick coating of Cytop®
with refractive index of 1.34 to optimize optical coupling to

Optical resonator biosensors that have
demonstrated the best detection limit.

noise noise

sensitivity detection  detection single
Loaded (shift in limit, bulk limit, particle
Qin pm per R1 surface detection
Technology Reference water pg/mm?)  sensing coverage noise limit
OFFR [15] 1.2 x 10°  0.145 4 x 107% 0.14 pg/mm?
microtoroid, [14] 108 InfA virus
silica 38:1
SNR-
13 ag DL
microsphere, [10] 2x 10 0.011 15 pg/mm?
silica,
300 pm
microsphere, [17] 106 0.023 4.5 x 107% 0.28 pg/mm? InfA virus
silica, 70 pm 26:1
SNR-
20 ag DL
microsphere, [19] 106 0.02 1.5 x 107 0.71 pg/mm?
polystyrene 4.5 fg

Because of their smaller size, 45 um polystyrene spheres
are more sensitive than 70 um silica spheres to single
particles binding at the equator, with respective shifts of 29
fm and 15 fm calculated for a single InfA virus. By further
reducing the polystyrene sphere diameter from 45 pm to 25
um, which should not affect the Q-factor, it is anticipated
that the sensitivity per uniform mass coverage per unit area
would be improved by two-fold, while increasing the shift
associated with a single particle binding at the equator by a
factor of 5 at 160 fm. Hence, a ten-fold improvement in the
detection limit would be expected as compared to the work
by Shopova et al. for a single particle binding at the equator,
provided a laser system of similar stability is utilized.

The laser used for the optical biosensing can, in some
embodiments, have a lesser stability of about 1-4 MHz when
repetitively scanned over the resonance, yielding a detection
limit of about 0.05 to 0.2 pg/mm? for 25 pum polystyrene
microspheres. By using 25 pum polystyrene spheres, a single
particle mass detection limit of 20 ag should be achievable,
which is close to the best detection limit ever reported in the
range of 13 ag, with the added benefit of using commer-
cially-available tunable lasers together with low-cost and
disposable stand-alone microspheres in a reusable microflu-
idic cell.

Microspheres made from other types of materials such as
melamine and silica are also available. Some manufacturers
offer microspheres made from custom monomers. Perfluo-
rinated polymer microspheres may be of special interest
because of their low material loss and may therefore hold
great promise for obtaining higher Q.

A  microfluidic platform having the configuration
described above was fabricated for testing purposes. During
the fabrication, the various channels of the platform were
formed in a layer of PDMS using soft lithography. In this
process, a mold was first fabricated out of SU-8 resist by
photolithography on silicon. Two layers of SU-8 were used
with double exposure and single development in order to
define the inverted T-shape cross-section of the primary
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the trapped sphere. In essence, this allows the microsphere
to behave as if it is entirely surrounded by water.

The platform was tested to evaluate its trap-and-release
functionality. This testing confirmed that the microsphere
can be securely trapped so that, if excess microspheres
accumulate, they can be flushed from the platform with
gentle flow of liquid in the opposite direction without
dislodging the trapped microsphere. A much stronger flow,
however, was observed to release the trapped microsphere.

The WGM resonances of the microspheres were mea-
sured through the optical substrate by frustrated total inter-
nal reflection, which occurred at the interface between the
high refractive index glass (1.84) and Cytop® (1.34, i.e.
close to the refractive index of water). The optical set up was
similar to what was reported in “High Q Optical Resonances
of Polystyrene Microspheres in Water Controlled by Optical
Tweezers”, Applied Physics Letters, 2007, 91: p. 14116, by
Lutti et al., which is hereby incorporated by reference in its
entirety, with exception of the light source, which was an
externally tunable diode laser (TL 6712 Velocity) emitting
around 780 nm. This enabled spectral scanning without
mode hopping over several free spectral ranges using motor
tuning and fine scanning over a resonance using lead zir-
conate titanate (PZT) scanning.

The optical substrate was placed in contact with an
index-matching cut ball lens that formed a hemispherical
lens. The laser light was focused to a 4 pum spot at the
glass-Cytop® interface with an angle of incidence of
approximately 54°, i.e. in the total internal reflection regime,
thus creating an evanescently decaying electromagnetic
(EM) field in the Cytop® coating and water. When a
microsphere was immobilized on the Cytop® surface in
spatial overlap with the evanescent field, light could be
coupled to the microsphere WGM at resonant frequencies,
decreasing the reflected intensity. Resonance spectra were
obtained by scanning the laser frequency over one or several
resonances. The spot size and angle of incidence were
chosen to optimize coupling to the WGMs from calculation
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and by experimental tuning. Both horizontal (x) and vertical
(y) polarizations, which couple respectively to the trans-
verse-magnetic (TM) and transverse-electric (TE) WGMs,
were simultaneously measured by rotating the light polar-
ization to about 45°. Because resonant frequencies are
different in each polarization, one polarization can serve as
a reference for light intensity when measuring resonances in
the other, thus eliminating noise due to light intensity
fluctuations. Hence, detection uses two photodiodes and an
oscilloscope to measure the difference between the vertically
and horizontally polarized reflected intensities. The WGMs
in the TE and TM polarizations, respectively, appear as dips
and peaks in the reflectivity spectrum obtained by scanning
the laser frequency.

It is noted that the positions of the three contact points of
the channel constriction preserve the integrity of the optical
modes. In the case of a perfectly spherical microresonator,
the resonator modes are degenerate and all modes with the
same azimuthal number have the same frequency. Evanes-
cently coupling light to the resonator at the resonant fre-
quency by Fourier transform infrared spectroscopy (FTIR)
through a prism or by coupling through a fiber excites a
subset of those modes, which are in spatial overlap with the
excitation. If mode matching is satisfied, then the preferen-
tially excited mode is the equatorial mode, for which the EM
field is primarily distributed around a narrow band near the
equatorial plane of the sphere in the plane of incidence.
When the resonator departs for perfect sphericity, the degen-
eracy is lifted, with the arising of several resonant frequen-
cies that correspond to modes being various mixes of the
azimuthal modes. Even in cases in which the asphericity is
not known or controlled, it is more likely that the modes that
can be most strongly excited via evanescent coupling with
the same mode matching condition are those that have the
highest content of the equatorial modes. Therefore, it is
desirable that the equator does not overlap with scattering
elements such as PDMS contact points, which would
decrease the high Q of the resonances.

FIG. 6 shows a typical example of a resonance spectrum
obtained from a 45 pum polystyrene (cross-linked with divi-
nyl benzene) microsphere trapped in the platform in water.
The microspheres were purchased from Polysciences, Inc.
The spectrum was obtained by scanning the laser wave-
length using coarse motor tuning while recording the inten-
sity reflected at the Cytop®i/glass interface, as described
earlier. The spectrum was calibrated using the intensity
measured in the TE polarization only in the absence of a
microsphere, so that an amplitude of -1 corresponds to
complete extinction in the TE (resp. TM) polarization. This
scan enables one to locate the resonances and determine the
microsphere diameter by comparison with theory, which
was determined as 45.8+0.2 um for this microsphere.

FIG. 7 shows a resonance spectrum obtained by perform-
ing a fine PZT wavelength scan over a selected resonance of
mode number 1. Using a Lorentzian line shape, the full
width at half maximum (FWHM) of the main peak was 480
MHz, corresponding to a Q-factor of 0.8x10°, which is a
typical value for the microspheres that we have measured.
This is consistent with typical Q-factors previously mea-
sured for the same type of microspheres while they were
held at a distance from the substrate by optical tweezers,
showing that the trapping method did not significantly
decrease the optical mode quality. For this measurement, the
center wavelength of the resonance was measured with a
noise RMS of 10 MHz at a repetition rate of 5 Hz, limited
by repeatability of the laser wavelength scan (FIG. 8). This
translated into 1.0 pg/mm> for biosensing application.
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Although a particular constriction geometry has been
illustrated and described above, it is noted that alternative
geometries can be used to trap and release microspheres.
FIG. 9 illustrates an example of an alternative geometry. In
this embodiment, a primary channel 72 of a platform 70 has
a triangular cross-section formed by opposing walls 74 and
76 that form a constriction 77. The walls 74, 76 contact the
microsphere 42 at opposing points 78 and 80 on opposite
sides of the microsphere. Like the constriction 36 of the first
embodiment, the constriction 77 does not contact the top of
the microsphere 42 and therefore only minimally overlaps
the excited optical mode of the microsphere.

The invention claimed is:

1. A microfluidic platform for optical biosensing, the
platform comprising:

an optical substrate;

a layer provided on the optical substrate; and

a channel formed within the layer and defined by the layer
and the optical substrate through which fluid can flow,
the channel including a channel constriction defined by
a surface of the optical substrate and two opposed
inwardly-extending members of the layer that extend
inward from opposed lateral sides of the channel in a
manner in which they gradually narrow[s] a width of
the channel along its length to a point at which the
channel is physically sized and configured to trap a
microsphere suspended in the fluid when the fluid flows
through the channel, wherein the optical substrate
surface and the two opposed members together form
three separate contact points of the channel constriction
that are configured to contact the microsphere at three
different points without any part of the channel con-
tacting a top of the microsphere.

2. The platform of claim 1, wherein the channel at the
channel constriction has an inverted T-shape in cross-sec-
tion.

3. The platform of claim, 1 wherein the inwardly-extend-
ing members are defined by lower surfaces and upper
surfaces that form opposing edges that contact opposite
sides of the microsphere.

4. The platform of claim 3, wherein the lower surfaces are
horizontal, the upper surfaces are vertical, and the edges are
90-degree edges.

5. The platform of claim 1, wherein the channel at the
channel constriction has a triangular cross-section and the
opposed inwardly-extending members comprise opposing
walls of the layer that are angled toward each other.

6. The platform of claim 1, further comprising multiple
ports formed in the layer that provide access to the channel.

7. The platform of claim 6, wherein there are multiple
ports provided at a first end of the platform that provide
access to a first end of the channel and a port provided at a
second end of the platform that provides access to a second
end of the channel.

8. The platform of claim 7, wherein the channel is a
primary channel and further comprising auxiliary channels
that extend from the multiple ports at the first end of the
platform to the primary channel.

9. The platform of claim 1, further comprising a separa-
tion coating provided on the optical substrate and contacting
the layer.

10. A microfluidic channel for trapping a microsphere, the
channel comprising:

a channel constriction that gradually narrows in width
along a length of the channel to a point at which the
channel is physically sized and configured to trap a
microsphere having a diameter of approximately 20 to
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500 microns that is suspended in a fluid when the fluid
flows through the channel, wherein the channel con-
striction comprises a bottom surface and two opposed
inwardly-extending members that extend inward from
opposed lateral sides of the channel, wherein the bot-
tom surface and the two opposed inwardly-extending
members together form three contact points that are
configured to contact the microsphere at three different
points without any part of the channel contacting a top
of the microsphere.

11. The channel of claim 10, wherein the channel at the
channel constriction has an inverted T-shape.

12. The channel of claim 10, wherein the inwardly-
extending members are defined by lower surfaces and upper
surfaces that form edges that contact opposite sides of the
microsphere.

13. The channel of claim 12, wherein the lower surfaces
are horizontal, the upper surfaces are vertical, and the edges
are 90-degree edges.

14. The channel of claim 10, wherein the channel at the
channel constriction has a triangular cross-section and the
opposed inwardly-extending members comprise opposing
walls of the layer that are angled toward each other.
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