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Abstract: This paper presents the study of the performance of a novel SU-8 wave-
guide on a quartz substrate for evanescent fluorescence spectroscopy. The sensitivity
of the sensing platform (SU-8/quartz) was compared to an SU-8 waveguide on silica
fabricated with the standard protocol. The physical properties of the SU-8/quartz wave-
guide resulting from a novel fabrication process allowed for a higher fluorescence cou-
pling and lower optical losses than the SU-8/silica waveguide. The impact of the dif-
ferent indices of refraction of both waveguides on the fluorescence collection efficiency
was calculated with three-dimensional finite-difference time-domain simulations by sim-
ulating randomly oriented and phased dimensionless current dipoles in the vicinity of
their sensing layers. An evanescent fluorescence spectroscopy experiment was per-
formed with different concentrations of Alexa-647 labeled-BSA proteins immobilized on
the two polymer waveguides to compare the sensitivity of both sensing platforms. The
SU-8/quartz waveguide revealed to have a higher calculated fluorescence collection effi-
ciency and also a greater measured fluorescence light output compared to the SU-8/silica
waveguide.

Index Terms: Biotechnology, microfabrication, optical device fabrication, soft lithography,
spectroscopy, fluorescence, optical sensors, biophotonics, optical polymers, finite difference
methods, biosensors, optical waveguides, propagation losses

1. Introduction

Optical sensing by means of fluorescence labeling is widely used to determine the concentration
of analytes with different platforms and techniques [1], [2]. Although sensing using evanescent
waves is also used for absorbance measurements, a higher sensitivity and specificity could be
achieved by combining the technique with fluorescent labeling. Indeed, fluorescence evanescent
wave spectroscopy exploits the evanescent wave of the guided light to excite fluorophore-labeled
analytes in close proximity to the waveguide surface. Optical fibers are popular platforms to be used
for fluorescence evanescent wave spectroscopy for remote or on-site sensing [3], [4]. However to
use optical fibers for evanescent wave sensing has some drawbacks. The cladding of the fiber has
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to be etched to expose the core of the fiber to the sample so that the evanescent wave can reach the
labeled analyte. This renders the fiber structurally fragile and hard to manipulate. Micro-structured
fibers are an alternative to common step index optical fibers for evanescent wave sensing where
the sample could be flowed inside the hollow core, offering a more robust structure [5]. Although
optical fibers offer a long interaction length and are useful for remote sensing, they do not allow
for multiplexing. On the other hand, planar waveguides allow for easy fabrication, multiple analyte
detection for a unique sample, microfluidic integration, and are structurally more robust than optical
fibers. Planar waveguides are usually single mode waveguides where a thin layer of material is
deposited on a substrate of lower refractive index, thus acting as the waveguide core. The coupling of
light to the waveguide is usually accomplished with a prism or grating, where the incoming light has to
be directed to a specific angle for wave vector matching. The components required for light coupling
and signal analysis required to fabricate a functional biosensor with planar waveguides make the
system quite bulky [6]. Miniaturization and integration of optical and microfluidics components
in a single platform is key to develop an integrated optical biosensor that could fit on a chip,
hence the name lab-on-a-chip [7]. Rectangular waveguides, are so far the best candidates for this
function. Indeed, rectangular waveguides have the advantage to be modeled in different designs
and can be matched with more sophisticated integrated optical components for signal processing,
such as Bragg filters, spectrophotometers, interferometers, micro resonators, etc. Light coupling
can also be facilitated with larger rectangular multimode waveguides by direct coupling. Silicon
based materials are the most popular for the fabrication of integrated optics [8] and have also
been used for the fabrication of rectangular waveguides in integrated optical evanescent wave
sensors [9]-[11]. Although inorganic materials make the most of the integrated optical components,
particular properties from polymer materials make them an interesting medium for integrated optics
[12]. Their simpler fabrication process and ease of integration over mineral materials make them
an attractive choice especially for the optical telecommunication industry [13]. Indeed, polymers
can be fabricated with embossing [14] and stamping [15], which offers the possibility for cheap
and high volume manufacturing. Other fabrication methods were also used for polymers as direct
photolithography [16], laser ablation [17], reactive ion etching (RIE) [18], dip-floating [19], electron-
beam writing [20], etc. Also, compared to silica and silicon, polymers have a low thermal conductivity
but a high thermo-optic coefficient, which is ideal for thermal actuation [21]. This property allows for
high performance thermo-optical devices to be developed [22]-[24]. Another interesting property is
that polymeric waveguides have the ability to be flexible. This unique characteristic was justifiably
used to develop flexible optical interconnects [25], [26] or strain sensors [27], [28] with polymeric
materials. Moreover, polymers were used for optical biosensors as the medium to fabricate different
kind of sensing platforms as planar waveguides [29], inverted rib waveguides [30], micro resonators
[31], interferometers [32], rectangular waveguides [33], etc. As for bio sensing assays, the analytes
contaminate the sensing platform after binding and would alter the response of future examinations.
Hence, since polymers are cheap and easy to fabricate, they are ideal for disposable biosensors
[34]. A great variety of polymer materials were suitable for integrated optical devices such as
acrylates [35], polyimides [36], polycarbonates [37], olefins [38] and epoxide [39]. SU-8, an epoxy
based negative photo resist developed in 1989 by IBM, has demonstrated great potential for being
a material of choice for integrated optical waveguides due to its transparency to a wide range of
wavelengths [16], high resolution [40], mechanical resistance [41], and biocompatibility [42], [43]
for bio sensing purposes. For this reason SU-8 will be used in this work as the core material of
the waveguides. Various methods have been developed to increase the sensitivity of evanescent
wave fluorescent spectroscopy of planar or rectangular waveguide such as, gratings [44], micro
cavities [45], surface plasmon-enhanced fluorescence [46], etc. A novel fabrication process for
SU-8 waveguides on quartz developed by Abdul-Hadi et al. [47] has demonstrated lower optical
propagation losses and an increased index of refraction of the SU-8 core, which were exploited to
increase the sensitivity of evanescent wave fluorescence spectroscopy.

Our previous work focused on developing polymer waveguides for low optical losses. This pa-
per aims to evaluate the effect of the novel fabrication process for SU-8/quartz waveguide [47] on
evanescent fluorescence spectroscopy and to compare it with a SU-8/silica waveguide fabricated
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Fig. 1. SU-8 waveguides on (a) silica-on-silicon and (b) quartz substrates.

TABLE 1

Indices of Refractions of the Cores, Substrates, Cladding and Asymmetry Parameters (Along Y Axis)
of the SU-8/Quartz and SU-8/Silica Waveguides for a Fluorescence Light Wavelength of » = 671 nm

Waveguides Index of refraction (A= 671 nm) Asymmetry parameters

Cores Substrates Cladding TE ™
SU-8/quartz 1.587 1.456 1.330 0.88 1.78
SU-8/silica 1.580 1.459 1.330 0.98 1.94

with the standard protocol. 3D FDTD simulations with randomly oriented and phased dimensionless
emitting current dipoles for the SU-8 waveguides on quartz and silica substrates were used to com-
pare the fluorescence coupling of both sensing platforms. Finally, in this work, the SU-8 waveguides
on quartz fabricated with our optimized process [47] are compared with SU-8 waveguides on silica
fabricated with the standard protocol for evanescent fluorescence spectroscopy with Bovine Serum
Albumin labelled with Alexa 647 (BSA-Alexa 647) as the analyte of interest.

2. Design

SU-8 5 photoresist (Microchem, Newton, U.S.A) was the preferred material for the waveguides
cores. An oxidized silicon wafer with a 5-um thick silica layer (Rogue Valley Micro Devices, Medford,
U.S.A) and a 1-mm thick fused quartz wafer (Semiconductor Wafer, Hsinchu, Taiwan) were chosen
as substrates. The width, the thickness, and the length of the waveguides were 10 um, 5 um, and
2.5 cm respectively (Fig. 1(a) and (b)) following the same dimensions as the structures in [47].

The indices of refraction of the SU-8 cores and substrates were previously measured by ellip-
sometry (also in [47]) and presented in Table 1 for the fluorescence light wavelength (A = 671 nm).
Water is used as the cladding for the purpose of this work. The asymmetry parameters (along the
y axis) [48] were calculated accordingly to the waveguides respective indices of refraction.

The indices of refractions of the cores and substrates of the waveguides for the fluorescence
collection efficiency calculations in the remainder of the document are taken from Table 1. The
dimensions and indices of refraction for the SU-8/quartz and SU-8/silica configurations allows for
highly multimodal waveguides for » = 671 nm. With the help of the effective index method it was
numerically solved that for A = 671 nm the SU-8/quartz and SU-8/silica waveguides allows for
approximately 137 and 126 guided (TE or TM) modes respectively.

3. Fabrication and Characterization

The fabrication of the SU-8 waveguides on the silica-on-silicon and quartz substrate was done
by way of UV lithography. However, the processes for each substrates differed. The fabrication
protocol for the SU-8 waveguides on the silica-on-silicon substrate followed the basic guidelines
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Fig. 2. SEM pictures of the (a) SU-8/silica and (b) SU-8/quartz waveguides.
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Fig. 3. Optical propagation losses for the TE and TM polarizations evaluated with the cutback method
for (a) SU-8/silica and (b) SU-8/quartz waveguides.

of the standard protocol. However, the standard fabrication protocol was not suitable for the SU-8
waveguides on quartz. A comparative study performed by Abdul-Hadi et al. [47], gives detailed
explanations about the fabrication process of SU-8 waveguides on a silica-on-silicon and quartz
substrates and the resulting characteristics of both waveguides. The same fabrication steps used
in [47] were used in this work for the fabrication of the SU-8 waveguides on silica-on-silicon and
quartz. Scanning electron microscopy (SEM) images of the SU-8/Quartz and SU-8/Silica are shown
on Fig. 2.

The most important results from [47] are the lower optical propagation losses of the SU-8/Quartz
waveguides compared to the SU-8/Silica waveguides obtained from the optimized fabrication pro-
cess as shown on Fig. 3.

It is obvious from Fig. 3 that the optical propagation losses for both TE and TM polarizations are
lower for the SU-8/quartz waveguide than the SU-8/silica waveguide. A more detailed explanation
about the nature of the optical losses is given in [47]. Lower asymmetry parameters (Table 1) and
lower optical propagation losses (Fig. 3) could advantage the SU-8/quartz waveguide compared to
the SU-8/silica waveguide for evanescent wave fluorescence spectroscopy assays. The remainder
of the document will address this claim with the help of 3D FDTD simulations and a evanescent
wave fluorescence spectroscopy experiment with different concentrations of BSA labeled with Alexa
fluor 647.

4. Theory
4.1 Evanescent Fluorescence Coupling Near a Dielectric Waveguide

A dielectric surface near a radiating dipole, in our case a fluorophore, modifies the angular distribu-
tion of the emitted light [49] and at the same time provokes a back-coupling of the fluorescence in
the dielectric medium [50]. The light propagating in the dielectric is partly under the critical angle,
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Fig. 4. Schematic representation of the fundamental mode propagating through a planar waveguide
with a SU-8 core layer, a PBS cladding, and quartz substrate with BSA-Alexa 647 immobilized on the
SU-8 surface.

termed ‘allowed’ light [51], and partly above the critical angle, termed ‘forbidden’ light [51]. The light
propagating above the critical angle, can be guided if another layer is added as a substrate if its
index of refraction is lower than the dielectric layer, understanding that the dipole is also located in
a medium of lower index than the dielectric layer. This arrangement is called a waveguide (Fig. 4),
where the dielectric layer is acting as the guiding layer for the light. In this work, the fluorophores
are attached to a BSA protein and diluted in a buffer solution (PBS). The buffer solution is mainly
composed of water, hence its index of refraction is around 1.33. Alexa Fluor 647 was chosen as the
fluorescent dye which can be excited with a 635 nm light and has a peak emission at a wavelength
of around . = 671 nm. The BSA molecule, in this work, can be seen as a prolate ellipsoid with
diameters of 14 nm and 4 nm of size [52] with a labeling degree of 4. Therefore, the distance
between the fluorophore and the PBS-SU-8 interface is approximated to be 10 nm. The light in the
forbidden region is guided through, for instance, the SU-8/quartz waveguide formed by the buffer
solution, the SU-8 core and the quartz substrate, Fig. 4. It has been demonstrated that when a
fluorophore is excited near a higher refractive index medium it emits evanescent waves that are
transformed into propagating plane waves by the medium [50].

The emission of the fluorophore couples to the evanescent field of the guided mode(s) (Fig. 4).
This phenomenon is called evanescent coupling and is used to detect labeled biological entities
immobilized on the waveguide by measuring the guided fluorescence light at the output of the
waveguide.

The fluorescence collection efficiency gives the proportion of the light from the sources captured
and guided by the waveguide. A more extensive definition of the fluorescence collection efficiency
can be found in [53], [54]. Although, in this work, the waveguides are rectangular in shape the
same principle applies for the fluorescence evanescent coupling but the modes will be confined in
a 2D geometry instead. The calculation of the fluorescence collection efficiency for sources near a
planar dielectric planar waveguide was already developed by Srivastava et al. [54] with the modal
propagation approach. However, to calculate the fluorescence collection efficiency with the modal
propagation approach for rectangular waveguides will require the use of the effective index method.
The effective index method works better for high width/thickness ratio and low index contrast. Since
the dimensions of the SU-8/quartz and SU-8/silica waveguides are 10 x 5 um and the index
contrast is moderately high. A relative study may be acceptable using this method, but for a more
accurate calculation the FDTD method would be more appropriate.

5. 3D FDTD Modeling of Simulated Fluorophores in the Vicinity of the
SU-8/Quartz and SU-8/Silica Waveguides

The 3D FDTD numerical method was used for an accurate evaluation of the relative difference of the
fluorescence collection efficiencies between the waveguides with a 10-nm Alexa-647 fluorescent
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Fig. 5. Successive steps for the 3D FDTD simulation of a line(s) of dimensionless, randomly oriented
and phased emitting current dipoles on the (a) top, (d) sides and (g) combined fields of the top and sides
of a SU-8/quartz or SU-8 silica waveguide for the evaluation of the guided coupled light propagating
through the waveguide.

layer located on the top or on the sides of the waveguides. Firstly, a study with a 3D FDTD model
of the SU-8/quartz and SU-8/silica waveguides with simulated fluorophores close to the waveguide
surface was performed to evaluate the collection efficiency at the output of the waveguide. Emitting
dimensionless dipoles were used to simulate the Alexa-647 fluorophores. As mentioned above, the
BSA molecule was approximated to a size of 10 nm. The dipoles were then located at a 10 nm
distance from the waveguides and also spaced from one another at a distance of 10 nm. The
simulated fluorophores were uniformly distributed from one extremity to the other for the top and
side part of the waveguides. The simulation was performed with the FDTD software Fullwave from
Synopsis. Covering with simulated fluorophores from the left extremity to the right extremity along
the top and from bottom to the top for the sides of the waveguide would require 1001 and 1002
simulated fluorophores respectively, if spaced from one another at a distance of 10 nm. That amount
of simulated fluorophores exceeded the limits of the software. Only 32 simulated fluorophores are
allowed at once. A series of simulations with each simulation having the maximum number of
simulated fluorophores was performed until fully covering a 10 um line along the top or two 5 um
lines on the sides of the waveguides. For each simulation, the monitor was placed at 60 nm from the
fluorophores and the resulting field was recorded (Fig. 5(a), (d)). Each of the successive resulting
fields from each simulation were then combined as a single source (Fig. 5(b), (e)). The simulation
of this source was then performed and the resulting field was also recorded at a distance of 60 nm
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Fig. 6. Total electric field E , for 32 emitting dimensionless, randomly oriented and phased current dipoles
(a) on the top left and (c) both sides (2 x 16) of the SU-8/quartz or SU-8/silica waveguide facets. Total
resulting field £, from the emitted light from 1001,1002 and 2003 simulated fluorophores on the (b) top,
(d) sides (2 x 501) and (e) top/sides of a 10 x 5 um SU-8/quartz or SU-8/silica waveguide.

(Fig. 5(b), (e)). The last simulation was then performed, for which the resulting field propagated
along the remainder of the 39 um long waveguide (Fig. 5(c), (f)). The resulting fields from the top
and sides of the waveguides were combined and the resulting field was recorded at 60 nm from
it’s initial position (120 nm; Fig. 5(g)). A monitor was placed at 39 um distance from the start of the
waveguide to measure the averaged power at the output (Fig. 5(c), (f), (h)). The ratio between the
measured averaged power between the SU-8/quartz and SU-8/silica waveguides gives the increase
in fluorescence collection efficiency between both waveguides. The dipoles were randomly oriented
only along the x, y or z axis as depicted on the inset of Fig. 5. Also, the phase of each dipole was
randomly generated from 0° to 360°.
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TABLE 2

Average Values of the Ratios of the Fluorescence Collection Efficiencies (F.C.E) for the Different
Distributions of Randomly Oriented and Phased Dimensionless Current Dipoles for the Top, Sides
and Top/Sides Between the SU-8/Quartz and SU-8/Silica Waveguides

Distribution F.C.E Average of Standard
number SU-8/Quartz | SU-8/Silica | Ratio F.C.E ratios deviation
(%) (%) (%)
1 4.04 3.64 10.88
2 3.01 271 1111
o 3 4.42 4.07 8.48 } 103 12
4 3.20 2.90 10.51
FI 1 5.92 5.72 3.44
uorescence
; . 2 6.86 6.52 5.14
Colhle‘ctlon Side 3 7.97 7.74 2.95 } 34 1.3
efficiency
4 7.51 7.36 2.08
1 3.98 3.74 6.32
. 2 3.64 341 6.54
Top/Side 3 193 173 =30 } 5.4 14
4 4.20 4.06 3.42

The total electric field E,, with a view from the waveguide facet, is shown on Fig. 6(a), (c)
for a simulation of 32 simultaneously emitting dimensionless dipoles at the top and sides of the
waveguide. The results of the simulations in Fig. 6(a), (c) displays the electric field emissions from
the configurations (1st image) of Fig. 5(a), (d) respectively. The combined fields of the series of
simulations resulting in 1001 (top),1002 (2 x 501) (sides) and 2003 (top/sides) emitting dipoles are
shown on Fig. 6(b), (d), (e). The results of the simulations in Fig. 6(b), (d), (e) displays the electric
field emissions from the configurations of Fig. 5(b), (e), (g) respectively. The ratios between the
averaged powers from four different distributions of randomly oriented dipoles and phases for the
top, sides and top/sides of the of SU-8/quartz and SU-8/silica waveguides are shown on Table 2.

Itis seen from results from Table 2 that the SU-8/quartz waveguide presents a higher fluorescence
collection efficiency than the SU-8/silica waveguide for any sides of the waveguides. If the rectangu-
lar waveguide is approximated as 2 planar waveguides, the planar waveguide varying in index along
the y axis will have a TE/TM asymmetry parameters [55] of 0.88/1.78 for SU-8/quartz waveguide
and 0.98/1.94 for SU-8/silica waveguide. The asymmetry parameters of the planar waveguides
varying in index along the x axis will be nil. It was shown in [54] that a lower asymmetry increases
the fluorescence collection efficiency. Hence, the higher collection efficiency from the top of the
waveguide. Although, the asymmetry parameters are nil for the sides of the waveguides, the core
index of the SU-8/quartz waveguide is higher than the core of the SU-8/silica waveguide. It was also
shown from [56] that a higher index core increases the fluorescence collection efficiency. Indeed, a
higher core index increases the coupling of the light of the emitting fluorophores by increasing the
confinement of the light near the core cladding interface. While a higher substrate index will drag
more of the power of the modes in the substrate resulting in less power in the cladding, resulting
in lower fluorescence collection efficiency. The SU-8/quartz waveguide fabricated with the novel
process from [47] have both a higher core index and a lower substrate index than the SU-8/silica
making it a better choice for evanescent fluorescence spectroscopy.

6. Fluorescence Evanescent Wave Spectroscopy
6.1 Experimental Setup

The experimental setup used for the detection of the Alexa-647 labeled BSA by fluorescence
evanescent wave spectroscopy is illustrated on Fig. 7. The excitation light source used was a
fiber-coupled laser diode with a 635 nm central wavelength (OZ optics, Westbrook, Canada). A
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%-5-:

Fig. 7. Fluorescence evanescent wave spectroscopy experimental setup. 1) Fiber-coupled laser
(A =635 nm). 2) Single mode fiber. 3) Single mode fiber-to-fiber coupler. 4) 650 nm shortpass fil-
ter. 5) Five-axis stage micro positioners. 6) Fiber holders. 7) SU-8/quartz or SU-8/silica waveguide.
8) Mutlimode fiber (62,5 um core). 9) Multimode fiber-to-fiber coupler. 10) 676-29 nm bandpass filter.
11) Multimode fiber (600 um core). 12) Spectrometer.

1§pectrometer

a. b. .
250

200

Counts

100 1

50 -

340 440 540 640 740 840 940
Wavelength (nm)

Fig. 8. Arrangements of the SU-8/silica waveguide with the immobilized BSA-Alexa 647 (a) with the
650 nm shortpass filter and the 676/29 nm bandpass filter, (b) the resulting spectrum. The components
on a) are 1) 650 nm shortpass filter, 2) laser (A = 635 nm), 3) single mode fiber, 4) SU-8 core, 5) silicon
wafer, 6) silica substrate, 7) multimode fiber, 8) 676/29 nm bandpass filter.

single mode fiber with a 3.6-5 um mode field diameter (Thorlabs, Newton, USA) was connected
to the fiber-coupled laser diode and to the input of a single mode fiber coupler (Thorlabs, Newton,
USA) containing a 650 nm shortpass filter (Thorlabs, Newton, USA). This light source was butt-
coupled to the input of the SU-8/quartz or SU-8/silica waveguide. The excitation light guided through
the waveguide was collected simultaneously with the guided fluorescence light coupled to the
waveguide from the BSA-Alexa-647 by a 62.5 ;um core multimode fiber (Thorlabs, Newton, USA) at
the output of the waveguide. The 62.5 um core multimode fiber was also connected to a multimode
fiber coupler (Ocean Optics, Largo, USA) holding a 676/29 nm bandpass filter (Semrock, Rochester,
USA). Finally, the light was guided through a 600 xm multimode fiber (Ocean Optics, Largo, USA)
to a spectrometer (USB-2000 Ocean optics) to be spectrally analyzed.

The two interference filters were essential to discriminate the guided fluorescence light from the
Alexa-647 fluorophores. The 676/29 nm bandpass filter (Fig. 8(a)-8) was mainly used to prevent
the stray light from the excitation source (635 nm) from entering the spectrometer. Indeed, without
any filters, the stray light caused the excitation of pixels that are not attributed to the specific
wavelength diffracted by the grating. Therefore, the spectrum was saturated and the fluorescence
signal indiscernible. Even only with the 676/29 nm bandpass filter (Fig. 8(a)-8), the fluorescence
signal was not discernible from the spectrum. Hence the addition of a 650 nm shortpass filter
(Fig. 8(a)-1), to the 676/29 nm bandpass filter (Fig. 8(a)-8), which will let through the excitation light
(635 nm) but block the light with a higher wavelength than 650 nm to allow the fluorescence light
(~671 nm peak) to be apparent (Fig. 8(b)). The polarization of the light at the output of the input
fiber (Fig. 8-3), was measured to be 41° from the plane of the substrate surface.

6.2 SU-8 Autofluorescence

It was already shown that SU-8 shows a strong fluorescence at visible wavelengths [57]. Bleaching
of the SU-8 autofluorescence can be achieved with a long illumination [58]. Before proceeding with
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Fig. 9. Intensity (counts) of the SU-8 autofluorescence in function of time from a 635 nm laser light
guided through the SU-8 core of a SU-8/silica waveguide. Inset: spectra of the SU-8 autofluorescence
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Fig. 10. Schematic of the immobilization steps. (a) Functionalization. (b) Silanization. (c) Glutaraldehyde
treatment. (d) BSA-Alexa 647 immobilization.

the evanescent wave spectroscopy, a complete photobleaching of the SU-8 waveguides was done
to get rid of the fluorescence background with the help of the 1 mW laser light (» = 635 nm) guided
through the waveguide. The spectrum of the output signal of a SU-8 waveguide on a silica-on-silicon
substrate was taken at different time, Fig. 9, with continuous illumination until no change was visible
in the intensity of the spectrum.

The photobleaching of the SU-8 cores for both the SU-8/silica and SU-8/quartz waveguides was
complete after around 55 min of illumination, Fig. 9. Fading of the fluorescence was permanent.
Indeed, the photobleaching was effective even weeks after the illumination session.

Vol. 10, No. 6, December 2018

3901515



IEEE Photonics Journal Polymer on Quartz Waveguide Sensing Platform

110 -
100 - { ,,}— .
32
< 90 A .’
= g
a, 80 - 2
-‘5 /I’I if"‘}t—‘
o 70 A y
5 Vo
2 60 - ;¥
: A
_c 50 . // /'/’
05) 40 - /I/ I e SU-8/Quartz
S vy + SU-8/Silica
E 30 7 // /
’5 ~— = LOD:0.24nmol/L 7 ,3
Z 20 {----- LOD: 0.69 nmol/L///
— 10 e
B "1 < 3.76-37.90 nmol/L . N
FoE :_f_'_:_——f”'} }‘ ’ 2.85-40.45 nmol/L 1 Linear ranges
O T T T T T TTr7 T T T T T T1T1T7 T T T T T TTIrT T T rrrrrrn
0.1 1 10 100 1000

x, BSA-Alexa 647 concentration (nmol/L)

Fig. 11. Calibration curves for the fluorescence evanescent spectroscopy of BSA-Alexa 647 fluor im-
mobilized on SU-8/Quartz and SU-8/Silica waveguides.

6.3 Immobilization of BSA-Alexa 647 on SU-8/Quartz and SU-8/Silica Waveguides

The immobilization procedures were identical for both SU-8 waveguides on silica-on-silicon and
quartz substrates. Firstly, the chips were rinsed with acetone and isopropanol. After drying with a
nitrogen jet, the chips were exposed to oxygen plasma for 20 seconds to functionalize the surface
with OH groups (Fig. 10(a)). After, the chips were silanized by immediate immersion in 1% (v/v)
APTES-ethanol solution for 1 hour at room temperature (Fig. 10(b)). The chips were then rinsed
with ethanol and DI water, dried with a gentle nitrogen flow and kept in oven at 100°C for 10 min.
After cooling down to room temperature, drops of 1, 2% (v/v) glutaraldehyde-PBS (glutaraldehyde-
Phosphate buffered saline) solution were placed on the SU-8 waveguides until the entire waveguide
was submerged by the solution (Fig. 10(c)), and kept at room temperature for 2 hours in a sealed
petri box with a water-soaked paper to prevent the drying of the solution. The waveguide was then
flushed with PBS and DI water. After drying with a nitrogen jet, the SU-8 waveguides were exposed
to different concentrations of ready-to-use Alexa 647 labeled BSA (Thermofisher Scientific) with
PBS as solvent (Fig. 10(d)). The chips were kept at room temperature in a sealed petri box with
a water soaked tissue overnight. The waveguide was finally rinsed with PBS and was always kept
wet (with PBS over the entire length of the waveguides).

6.4 Fluorescence Detection From BSA-Alexa 647 Immobilization

After complete photobleaching of the SU-8 cores for both the SU-8/silica and SU-8/quartz waveg-
uides, a comparative study was performed to evaluate the fluorescence output of each waveguide
with different concentrations of BSA-Alexa 647 immobilized following the steps on Fig. 10. All the
waveguides were cleaved so that they were 2.5 cm long. The cleaving techniques were similar to
those described in [47], i.e., scratching the edge of the silica-on-silicon wafer and applying pressure
on both sides of the scratch to obtain a sharp fissure. For the SU-8/quartz waveguide, the quartz
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wafer was diced from the back while leaving 50 m of material and cleaved by applying pressure
on both sides of the dicing line.

Fluorescence evanescent spectroscopy was performed with concentrations of BSA-Alexa 647
varying from 0.15 nmol/L to 15 nmol/L. The responses of the waveguides are expressed as the nor-

malized fluorescence power output, I', which is defined as I" = —Pff;fax with P}, referring to P4 from
wg

[54], but including optical losses and Pj;max the measured fluorescence output for SU-8/Quartz at

saturation (75.20 nmol/L). Since the experiment is a ligand binding assay, the experimental data

for the SU-8/quartz and SU-8/silica waveguides were fitted with the commonly used 4 parameters

logistic regression model [59]:
(A-D)
B
(1+®°)

Where Y is the response, A the lower asymptote, D the upper asymptote, B the slope factor, C the
analyte concentration at the inflection point of the calibration curve, and x the analyte concentration.

This led to the following equations: I' = ((3.68 — 105.20)/1 + (7)"'%) + 105.20, R? = 0.9889

and = ((2.78 — 79.22)/1 + (555)"?"°) + 79.22, R? = 0.9953. The linear dynamic ranges for each
waveguides were evaluated as an interval going from 20% to 80% of the value of D — A
[60]. The linear ranges corresponds then to 2.85—-40.45 nmol/L and 3.76—-37.90 nmol/L for SU-
8/Quartz and SU-8/Silica waveguides respectively. The linear regression equations were adjusted
to ' =25.92Inx —9.63, R?>=0.9985 and I' =22.15Inx — 16.45, R? =0.9982. The limits of
detection were determined as the analyte concentrations at the blank+ 3¢ (where o is the standard
deviation of the blank signal) [61], which were 0.24 and 0.69 nmol/L for SU-8/Quartz and SU-8/Silica

waveguides, respectively.

Y=0+ (1)

7. Discussion

Many parameters can affect the fluorescence evanescent coupling spectroscopy between the
SU-8/Quartz and SU-8/Silica waveguides. The dimensions of the waveguides can be affected by
the fabrication process. As shown from [47], the width of the SU-8/Quartz waveguide (~10 wm)
is around 10% greater than the SU-8/Silica waveguide (~9 um) due to the different fabrication
protocols. Although the fluorescence collection efficiency is not affected by the width difference for
highly multimode waveguide [56], the larger width offers a greater area that would accommodate
more labeled analyte leading to a higher fluorescence coupling. This characteristic will result in
an increase in the fluorescence light output that should be taken into account when comparing
the calibration curves of both waveguides. The thicknesses of the waveguides should not affect
the fluorescence output since they are similar, as seen in [47]. It was seen from the calibration
curves, Fig. 11, that the sensitivity of the SU-8/Quartz waveguides was greater than the SU-8/silica
waveguides. The enhancement in sensitivity can be determined by the ratio of the slope of the linear
regression equations, which gives 17% enhancement in sensitivity. Also, the limits of detection were
evaluated as the analyte concentrations of the blank signal + 30 (where o is the standard deviation
of the blank signal) [61], which were 0.24 and 0.69 nmol/L for the SU-8/Quartz and SU-8/Silica
waveguides, respectively. As explained above, the lower asymmetry and optical losses due to the
choice of substrates and the particularities of the fabrication processes that led to different indices
of refraction resulted in a greater fluorescence evanescent coupling and less optical losses from the
guided fluorescence light. This led to a higher fluorescence output for the SU-8/Quartz waveguide
for a similar labeled analyte concentration. Although the linear ranges should be similar since the im-
mobilization protocols were similar for both waveguides, the small difference observed in the linear
ranges of both waveguides was probably due to experimental errors. According to [47], the optical
propagation losses, for both waveguides, determined for the TE polarization, differed from the ones
evaluated with the TM polarization. Taking this into consideration, and the fact that the light polariza-
tion at the input of the waveguides was measured to be 41° from the plane of the substrate surface,
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the guided light output should be 48% higher for the SU-8/quartz waveguide by calculating the op-
tical losses for both waveguides with the values from Fig. 3 with respect to the measured input light
polarization. Also, from the 3D FDTD simulations the average value of the ratio of the 4 distributions
(with randomly phased and oriented simulated fluorophores) for the total fluorescence collection
efficiency for both waveguides was evaluated to be 5.39 + 1.42% (error = standard deviation),
Table 2.

Taking into consideration the values from above, the fluorescence light output for the SU-8/Quartz
waveguides should be around 63% greater than the SU-8/silica waveguides if, as mentioned above,
10% of its surface is larger, it's lower asymmetry contribute to 5.4 + 1.4% (Table 2) increase,
and the optical propagation losses are 48% lower. For comparison, the average of the ratios
of the averaged values of the relative signal (%) (Fig. 11) between both waveguides gives an
average fluorescence output enhancement of 46 + 18% (error = standard deviation). In brief, the
lower asymmetry parameters (Table 1) of the SU-8/quartz waveguide compared to the SU-8/silica
waveguide contribute to a higher fluorescence output of 5.4 + 1.4% as demonstrated by the 3D
FDTD simulations. Also, if the asymmetry contribution for the fluorescence output is about 5.4
+ 1.4% and the average fluorescence output enhancement is 46 + 18% it could be understood
that the enhancement from the lower optical propagation losses of the SU-8/quartz waveguide
(Fig. 3) should be of 41 4+ 18% or 31 + 18% taking into account the 10% greater area of the SU-
8/quartz waveguide. Interestingly, it is the first time that fluorescence spectroscopy was done with
direct coupling on a SU-8 on quartz rectangular waveguide. The SU-8 core and quartz substrate
being both transparent to visible light could offer the possibility to perform fluorescence microscopy
from the bottom of the substrate at the same time than fluorescence spectroscopy. This could be
convenient if microfluidics are bonded on the top of the chip. Also, the fabrication process used for
the SU-8/quartz waveguide [47] conveniently increases the core index of refraction and smoothes
the side walls of the waveguide, which is favorable for evanescent wave fluorescence spectroscopy
as shown is this work. This fabrication process could also be applied to other photo resist materials
for rectangular waveguides for evanescent wave fluorescence spectroscopy. That being said, the
fabrication process could be greatly improved if other parameters, such as temperature and humidity
were controlled. These parameters could particularly influence the solvent concentration within the
photo resist during the long soft bake specific to the SU-8/quartz waveguide fabrication process
which is a crucial factor to obtain smoother waveguide walls as stated in [47]. Therefore it could
modify the optical propagation losses from time to time. Hence, also the guided fluorescence light
output.

8. Conclusion

A comparative study was done to evaluate the performance of a SU-8 rectangular waveguide
on a quartz substrate fabricated with a novel process with a SU-8 waveguide on a silica-on-
silicon substrate fabricated with the standard protocol for fluorescence evanescent spectroscopy. A
3D FDTD analysis was performed to evaluate the difference between the fluorescence collection
efficiencies between both waveguides by simulating randomly oriented and phased dimensionless
current dipoles acting as fluorophores along the top and sides of the waveguides. Fluorescence
evanescent wave spectroscopy with different concentrations of BSA-Alexa 647 was experimented
on the SU-8/Quartz and SU-8/silica waveguides. The fluorescence biodetection calibration curves
revealed that the SU-8/Quartz waveguides showed a 17% enhancement in sensitivity compared to
the SU-8/Silica waveguide fabricated with the standard protocol. Also, the limits of detection went as
low as 0.24 nmol/L and 0.69 nmol/L for the SU-8/Quartz and SU-8/Silica waveguides respectively.
A higher sensitivity could probably be attained if control over the temperature and humidity was
available during the fabrication processes. An optimization of these parameters could results in
smoother waveguide sidewalls. Also, the 3D FDTD analysis to evaluate the fluorescence collection
efficiency for fluorophores in the vicinity of a rectangular waveguide could be extended to different
fluorophores and rectangular waveguides with different dimensions and indices of refraction.
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