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Accepted 00th January 20xx This paper presents a novel sensing polymeric platform based on microring resonators with a direct microfluidic

addressing scheme employing a flow-through approach. The fabrication of a hole placed in the centre of the ring allows a
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precise analyte dispensing with an efficient transfer rate to the ring surface. The devices are exploited for biosensing
www.rsc.org/ experiment with bovine serum albumin (BSA) based solutions. The measured resonance peak shift shows a linear
behaviour up to 200 nM. The sensor response time is measured by flowing 20 nM BSA solution at two different flow rates
and in two different flow-through configurations. A reduction of more than one order of magnitude of the sensor response
time, as compared with the standard flow-over approach, is obtained with the proposed flow-thorugh approach thanks to
an improved transport kinetic of the analyte. The proposed device architecture, in its intrinsic simplicity, gives numerous

advantages related to time responses and multiplexing of different analytes, selectively addressed to the ring resonators,

for a

Introduction

Recently, microring resonators have received much attention in
chemical and biological sensing, thanks to the ability of label-
free probe the interaction with a specific analyte under test [1-
4]. Microring resonators support wave resonant modes that
recirculate along the ring, allowing a repeated interaction with
the
interaction length is no more limited by the sensor size, but it is
related to the quality factor Q of the resonator, enabling very
The resonant

surrounding sample medium. This means that the

high sensitivity with very small devices.
wavelengths are strongly influenced by the effective refractive
index of the guided mode and, hence, by the refractive index
(RI) changes near the sensing surfaces. This effect can be
exploited in two different ways: either changing the RI of the
test solution (bulk sensing) or depositing multiple layers on the
sensing surface (surface sensing). In the bulk sensing, the
analyte flows on the surface and the RI variation can be
appreciated by the resonance peak shift. The surface sensing,
instead, involve the binding mechanism of biomolecules on the
sensor surface which modify the effective refractive index of
the guided mode.

This sensing approach permits a label-free detection with
several advantages such as short turn-around time, real time
analysis and simultaneous detection of different targets [5-8]. In
recent years, different techniques have been investigated for
label-free detection, such as surface plasmon resonance sensors
[9-10], liquid core ring resonator [11-13], microsphere [14-16],
microtoroid [17-18] and micro-bottle [19-23]. Many of these
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label-free biosensing.

techniques require an accurate positioning of fragile tapered
fibres or complex scaffolding structures for the resonant mode
excitation. On the contrary, planar microring resonators offer
easy of
fabrication by lithographic or imprinting technology, and

different advantages such as mass production,

reduced dimensions without losing in detection limit and output
signal [24].

Microring resonator based on polymer materials, differently
from standard silicon, turned out as a very promising photonic
sensor thanks to the low costs, high versatility of material
properties, and possibility of being processed by micromilling
machine [25-26].

However, the overall performances of biological and chemical
sensors are strongly related to the effective integration between
the microfluidic parts and the optical detection system. In
particular, an efficient transport kinetic, characterized by
convection and diffusion of the analyte to the sensing area, is a
key challenge for the realization of high performances
biosensing system [27]. Typically, in microfluidic sensors, the
liquid sample flows in a microchannel parallel to the sensor
surface, the so called “flow-over” approach. In this case, at low
concentration, the binding of the analyte to the sensor surface
induces the formation of a depletion zone, where only few
analyte molecules are available for sensing. In this case, the
inefficient transport of the analyte to the sensing area greatly
increases the detection time or strongly reduces the limit of
detection [28]. A possible solution to improve the transport rate
of the molecules on the sensing area is represented by the
increasing of the analyte flow rate, with a consequent increase
of material consumption, not always available.

As it has been recently demonstrated, a straight benefit offered
by the so-called “flow through” approach [29-31], in which the
analyte flows orthogonally to the sensor surface. In this case, a
high transfer rate is ensured by the microfluidic convective
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flow which results in an active transport of the analyte and a
consequent improvement of the biosensor response time. The
“flow-through” scheme has been implemented in a several
label-free sensors. Mainly, surface plasmon nanoholes array
and suspended plasmonic nanoholes have been fabricated and
tested [29, 31]. Improvements of four times of the sensor
response times and a wide detection concentration range have
been demonstrated. However, the nanometer hole size limits the
applications of these sensors to the detection of small
molecules.

In the present work, a novel flow-through sensing platform is
presented. In the proposed approach, microring resonators are
fabricated onto a polymeric substrate. In the centre of each ring,
a hole has been fabricated that allows us the single ring fluidic
addressing in a flow-through configuration. This structure
enhances the transport of analyte towards the sensor surface
with a strong reduction of the response time.

We demonstrate the biomolecule sensing capability of our
resonator using BSA protein. We observe a linear response up
to 200 nM BSA concentration and a saturation regime at higher
contents. Moreover, the sensor response time is evaluated in
both flow-over and flow-through approach for two different
hole diameters. An improvement of more than one order of
magnitude of the sensor time response is obtained in the flow-
through approach as compared to the flow-over one, so
enabling real-time detection for rapid diagnosis. The platform
has been realized using standard polymeric materials such as
poly(methyl methacrylate) (PMMA) as substrate and SU-8 as
waveguiding material. The processing feasibility of the
polymeric materials with mechanical micromilling systems,
allow a very simple and precise definition of the hole placed in
the centre of the ring resonator, enabling the fabrication of a
low cost disposable biosensing platform [32-33]. Moreover, the
hole size, of the order of few hundreds of microns, could extend
the sensing applications of the proposed device from small to
big molecules, like virus and bacteria. In fact, the slow
diffusion rates of such big molecules often limit the transport
toward the sensor surface, leading to impractically high
detection time.

Sensing platform design and fabrication
Platform layout

The proposed sensing platform structure is reported in figure
la. The sensing device consists of a SU-8 based ring resonator
evanescently coupled with a bus waveguide. A hole drilled in
the centre of the ring open-up a microfluidic pathway for the
fluid flowing from the top to bottom of the substrate. The
analyte molecules adsorb onto the microring resonator sensing
surface, constituted by the outer rim, the top surface and the
inner wall, with a consequent modification of the effective
refractive index of the guided mode.

Figure 1b and 1lc show a schematic of the device in a flow-
through (fig.1c) compared to a conventional flow-over
configuration (fig.1b). A microfluidic channel with inlet and
outlet has been fabricated in poly-(dimethylsiloxane) (PDMS)
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Fig. 1 a) Schematic of the optofluidic ring resonator with a hole drilled in the
center. lllustration of (b) flow-over and (c) flow-through configurations.

and placed on the top of the chip. In the standard flow over
approach the solution flows from inlet 1 to outlet 2 (fig.1b).
Instead, in the flow-through configuration the sample injected
from the inlet 1 is steered through the ring resonator toward the
outlet 3, so enhancing the convective transport of the analyte to
the sensor surface (fig.1c). This configuration can be easily
replicated in an array format with a single inlet and multiple
outlets, enabling the possibility to microfluidically address the
single ring resonator via the hole drilled in the polymeric
substrate.

Device fabrication and experimental set-up

The polymeric ring resonators are fabricated by using the direct
laser writing photolithographic process. Rib SU-8 microring
resonators are realized on 3 mm-thick PMMA sheet. The
substrates are cleaned with isopropyl alcohol (IPA) and dried
on a hot plate at 70°C for 30 minutes before using. SU-8 2002
(Microchem Corp.), is diluted in cyclopentanon (1:9 volume
mixing ratio, 3 wt% solid content), stirred at room temperature
for 20 min, and spin-coated at 3000 rpm to achieve ultrathin
SU-8 films (250nm).

After pre-baking, a maskless UV lithography process is
followed to realize the slab region. A second SU-8 thin film is
deposited on the top of the slab layer, by spin-coating 2 um
thick layer of SU-8 2002 at 3000 rpm. Finally, the ring
resonator with a diameter of 280 um, coupled to a straight bus
waveguide 3 pum wide and 2 pm height, is realized by direct
laser writing.
High precision computer numerical control (CNC)
micromilling machine is employed for the realization of 140
um and 240 pum diameter holes in the centre of the ring
resonators. The polymeric ring resonators are sealed on the top
by a PDMS microchannel with width of 500um and height of
100pm connected to inlet/outlets.

Figures 2a and 2b show the microscopy image of an array of
two 280 pum diameter ring resonator, each one drilled in the
centre with a hole diameter of 140 pm (figure 2a) and 240 um
(figure 2b), respectively.

A fibre coupled tuneable laser (emitting power P;,=10 mW)
over a range of wavelengths 1545-1565 nm, is used to
interrogate the ring resonators. The output of the bus waveguide

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 a) Microscopy image of microresonators realized onto PMMA substrate
with the drilled hole in the centre. Two different diameters of the single hole are
performed: a) 140um and b) 240um. The darker halo represents the 500um hole
for tubes connection. Scale bar is 100 pm.

Microfluidic
tubes

Optical
fiber

Fig. 3. Optical image of the experimental setup realized. The PMMA substrate is
sealed on the top by the PDMS microfluidic channel. The connection tubes can
be employed to switch from flow-over to flow-through configurations.

is butt coupled into a single mode optical fibre, sent to an
InGaAs photodetector and analysed by means of an
oscilloscope.

Syringe pumps are used to dispense precise amount of analytes
by means of polytetrafluoroethylene (PTFE) tubing. The tubing
are connected to the chip by steel needles, with an outer
diameter of 500 um and inner diameter of 260 um, glued to the
inlet and outlets. The figure 3b shows the experimental setup
for sensing experiments, constituted by the polymeric ring
resonator top-sealed by the PDMS microchannel connected to
inlet/outlets. On the bottom of the substrate, two connection
tubes are associated to two different ring resonators and can be
addressed to implement the flow-through or the flow-over
schemes.

This journal is © The Royal Society of Chemistry 20xx
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Bulk sensing measurements are performed by using
water:ethanol solutions prepared by mixing ethanol in water at
different volume concentrations (8%, 16%, 26%, 46%)
corresponding to refractive index of n=1.3381, n=1.344,
n=1.3495, n=1.3604, respectively. All the refractive indexes are
measured by an Abbe refractometer.

For biosensing experiments, different bovine serum albumin
(BSA, molecular weight 66 kD) based solutions are prepared by
dissolving BSA powder in deionized (DI) water and stirred for
20 min at ambient temperature before using.

Results and discussion

Figure 4(a) shows an example of the optical transmission
spectrum of the ring resonator. The highest Q factor, estimated
by measuring the linewidth full width at half maximum of the
Lorentzian-shaped dips, is about 5.7 x 10°. This value is mainly
influenced by the roughness on the ring sidewalls due to the
direct writing system.
Figure 4(b) illustrates the calibration curve for the estimation of
the bulk sensitivity obtained by filling the PDMS microchannel
with different concentrations of water:ethanol mixtures. The
peak wavelength shift, at around 1565 nm, versus RI changes is
reported in figure 4(b). A bulk sensitivity of 28 nm/RIU is
obtained from the linear fit.
In order to evaluate the surface sensitivity, biosensing
experiments are performed with different BSA solutions, with
concentrations ranging from 10 nM to 1 puM [11]. These
solutions are pumped through the PDMS channel. The zero
concentration represents the DI water condition. Figure 5 shows
the equilibrium resonance peak shift as function of the BSA
concentration.
The analysis of the measurements indicates that the sensor
response is sensitive to low BSA concentrations, with a linear
behaviour up to 200 nM. At higher BSA concentrations, the
resonant mode shift tends to saturate due to the fully coverage
of the sensing surface with BSA molecules, which form a
compact layer on the SU-8 surface. The sensitivity for surface
mass detection can be estimated as the ratio between the peak
shift at the saturation condition AA and the surface density of a
molecular monolayer o,

AL
Sm=— (1)

Op

The estimated value from figure 5 is AA=132 pm, while the
surface density of a molecular BSA layer is 0,=2.96 ng mm~
[34]. The evaluated mass sensitivity is then S,, = 44.6 pm ng’
mm?. In order to estimate the sensor resolution R, we follow the
convention of using three times the standard deviation (3c) of
the baseline noise. For the experimental measurements of our
resonators, R is equal to 2.4 pm. The surface mass detection
limit is given by the following relation:

= (2)

L, = s,
and hence the measured detection limit is L,=53 pg mm™.

Having confirmed the feasibility of our approach, we study the
sensor response in the flow-over and flow-through conditions at
different flow rates. The experiments are performed by using 20
nM BSA solution with flow rates of Q; = 0.025 puL min™ and
Q, =6 puL min”. With rapid surface reaction kinetics, the flux
of analyte to the sensing surface is a function of the Peclet
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Fig. 5 Resonance peak shift in transmission spectra of the ring resonators for
800 different aqueous solution of BSA. A linear behaviour is observed up to 200 nM
— 7 with saturation at higher concentrations.
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=
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z conditions with a flow rate of 0.025 uL min™' and for 140 pm
8 400 A hole diameters.
Q The evaluated sensor response times, defined as the rise time to
3 move from 10% to 90% of the equilibrium value, are 11.8 min
% 200+ n for the flow-through compared to 46.2 min of the flow over
5 approach. The analysis indicates an improvement factor,
3 04 defined as the ratio of flow-over format to flow-through format
o response times, of 3.9. The measurements have been repeated
increasing the flow rate to 6 uL min™ (see fig.6b)). In this case
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Fig. 4. a) Transmission spectrum of the microring resonator. The Lorentzian fit of
the resonance reveals a linewidth of 270 pm corresponding to optical Q of
5.7-10°. b) Resonance shift as a function of the refractive index of water:ethanol
solutions. The slope of the linear fit gives a bulk sensitivity of 28 nm/RIU.

number P., defined as the ratio of the total convective flux of
molecules to the diffusive flux at the sensing surface:

__Q
Pe = W (3)

where Q is the flow rate, D is the diffusion coefficient (equal to
7.3 10" m? s7! for BSA molecules [35]) and, W is the channel
width. If the P, number is greater than 1, the convection
dominates over the diffusion and only a smaller fraction of the
analyte is delivered on the sensor surface.

For the considered flow rates, the corresponding Peclet number
are 11 and 2.7-10%, for Q, and Q, respectively. Hence, for both
flow conditions, the advection dominates over diffusion. In the
flow-through and flow-over configurations, the produced flow
stream is very different: in the flow-over configuration most of
the analyte solution swept over the sensor without reaching the
sensor surface, while it is driven into the micro hole in the
flow-through configuration. In the former case, an active
transport of the molecules is achieved which enables a greater
number of analyte molecules to reach the sensor surface, so
reducing the time response. In figure 6a) are reported the
responses of the peak resonance shift as a function of time for

4| J. Name., 2012, 00, 1-3

the response times of the flow-through and flow-over are 4.1
min and 14.8 min respectively, with an improvement factor of
3.6. These results can be ascribed to an improved transport
kinetic of the analyte to the sensing area in the flow-through
scheme as it has been observed in the nanohole approaches
[30].

The influence of the hole diameter on the response times is
explored by increasing the diameter from 140 pm to 240 pm,
only 40 pm below the ring diameter. In figure 7 the time
evolution of the resonance peak shift in the flow-over and flow-
through conditions for the 240um hole is reported. As
summarized in table 1, the response times significantly
decrease respect to 140 pm hole diameter. Moreover, the
improvement factor became 12.8 and 8.7 for Q, (Fig. 7a) and
Q; (Fig. 7b), respectively.

The analysis of the above results indicated that, independently
of the hole diameter and the flow rate, the flow-through
configuration reduces the sensor response time with respect to
the standard flow-over configuration, so confirming the
improvement of the sensor performances. Moreover, the
increasing of the drilled hole diameter and, hence, the reduction
of the distance between the hole and the ring resonator further
improves the response time.

In order to compare the flow-through scheme respect to
standard flow-over one, finite element method (FEM)
microfluidics simulations by using COMSOL Multiphysics
software are performed. Because of the flow-through approach
has mainly implications on the transport mechanism respect to
the binding kinetics [29], we determined the steady state flow
profile for both flow schemes by solving the incompressible
Navier—Stokes equation by using a 3D model. We assumed a

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Response times of microring resonator with 140 pm drilled hole for
detecting 20 nM BSA solution, in flow-over (dark square) and flow-through (red
circle) experiments with a flow rate of a) 0.025 plL min*and b) 6 uL min™.

100pm height and 500pum width microchannel, with a total
length of 500 pm. The left side channel is used as inlet in order
to inject a water based solution (density p =1000kg/m®) with a
flow rate of 6 pL min"" The outlet was set to fixed-pressure
boundary condition. Three dimensional steady state solutions of
the wvelocity distributions and flow direction for both
conventional and flow-through schemes are shown in Fig. 8a)
and 8b).

As expected, in the flow over scheme the simulations reveal the
formation of a parabolic flow profile parallel to the sensor
surface with a fast convective flow in the centre of the
microchannel and a very slow flow near the sensing surface. In
the flow-through scheme, instead, the sample solution is stirred
towards the bottom, flowing through the hole, which in turn
causes an increasing of the convective flow rate around the
sensing surface (Fig. 8b). As a consequence, the analyte is more
efficiently collected by the active area of the sensor respect to
standard case, in which a great part of analyte exits from fluidic
microchannel without reaching the sensing surface.

Figure 8c and 8c report the z component of flow velocity in x
and y direction, respectively. In the flow-through configuration,
the analysis of the simulated results shows an estimated flow
velocity of about 110 m/s affecting the microring resonator,

This journal is © The Royal Society of Chemistry 20xx

40-
354

= N N W
a o o o
1 1 1 1

Flow over
* Flow through

104

Resonance peak shift [pm]
(4]

o
1

0 20 40 60 80 100 120 140
Time [min]

—_
[«}]
—

40
35
30

hift [pm]

25
20
15
10 *  Flow over

5_' *  Flow through

0]

S

Resonance peak

T " T ¥ T ¥ T E T

20 30 40 50
Time [min]

o -
-
o

(b)

Fig. 7 Response times of microring resonators with 240 pum drilled hole for
detecting 20 nM BSA solution in flow-over (dark square) and flow-through (red
circle) experiments with a flow rate of a) 0.025 pL min*and b) 6 uL min™.

that is represented by the small teeth of figures 8c and 8d. This
velocity component around the sensing surface, compared with
the zero velocity in the flow over, demonstrate an active
transport mechanism that overcomes the mass transport
limitation. As results, the response time of the flow-through
scheme is significantly reduced with respect to the standard
approach, as experimentally demonstrated.

Table 1. Sensor response time in flow-over and flow-through conditions at
different flow rates for the two hole configurations.

Hole Flow Flow Response
diameter  configuration rate time
(m) (usmin) __(min)
140-240 Over 0.025 46.1
140-240 Over 6 14.8
140 Through 0.025 11.8
140 Through 6 4.1
240 Through 0.025 3.6
240 Through 6 1.7
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\ (d)
y microring resonator

Fig. 8. 3D steady state flow profile for both a) flow-over and b) flow-through
profile obtained by solving incompressible Navier-Stokes equations. Contour
plots of the flow velocity z component in the flow-through approach in c) xz
direction and d) yz direction.

Moreover, the z component of the flow velocity decreases by
increasing the distance from the hole. This behaviour can
explain the experimental results on the different improvement
factors observed for 140um and 240pm hole diameters. The
different intensity of the flow velocity generates a different
distribution of the fluid near the sensing area and, hence, a
modified transport kinetic of analyte.

Conclusions

In this work, the feasibility of a novel sensing platform for
flow-through approach in an all polymeric ring resonators is

6 | J. Name., 2012, 00, 1-3

Journal Name

presented. The hole dimensions, in the order of few hundreds of
microns, open the way to the sensing of big analytes keeping
the sensor time response low, thanks to an optimized transport
kinetic respect to the standard flow-over configuration. Here,
biosensing experiments, based on the employment of BSA
protein, are performed. The response times associated to the
flow-through and flow-over configurations at different flow
rates and for two hole diameters are investigated. The analysis
indicated that, in any configuration, the flow-through approach
led to a reduction of the sensor response time respect to
standard flow-over one, reaching in the best case more than one
order of magnitude. This timing performance improvement can
be ascribed to an optimized molecule binding rate onto the ring
resonator due to the steady state flow profile near the sensing
surface, as demonstrated by numerical simulations. The
proposed approach, in its intrinsic simplicity, allows the
reduction of the time responses up to few minutes, as showed in
the performed experiments. Future work will be devoted to
study the kinetic mechanism for bigger molecules like viruses
and bacteria. Considering the encouraging preliminary tests
with small BSA biomolecule, we can reliably suppose that by
increasing the analyte dimension, the optimized active transport
overcomes the low diffusion rates, which became the
predominant limiting mechanism for large analyte sensing.
Moreover, the wide versatility of this all polymeric sensing
platform allows the immobilization of different biomolecule for
other biosensor purposes, opening the way to real time
investigation.
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