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Abstract. The cell concentration in cultures is an old topic not solved yet, in order
to fix this problem a new technique for cell counting has been implemented. Using a
multiple internal reflexion (MIR) device and a white light source we can determine the
cell concentration as far as 38.4 + 0.5 keell/mL, in other words 53 & 1 cells, we are also
able to recognize between dead and live cells until 6.7 4= 0.3 % of dead cells.
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1. Introduction

Huge interest to optical sensing has been devoted due to its high sensitivity, in
combination with chemical and microfluidics we have the so called photonic lab on
a chip systems. Two main approaches of photonic lab on a chip systems can be
found in the literature: performance enhancement, which means the development
of High-throughput systems (HTS) for multiparametric detection [!]; or accuracy
enhancement, being the most significant example the use of optical tweezers for single
cell analysis and manipulation [2]. Due to technological complexity, the low cost
assumption is generally not fulfilled in both approaches. Additionally, since the optical
manipulation is a serial process, the processing rate is very low. Both the processing
rate and the low cost is generally associated with the use of polymers, and specially
poly(dimethylsiloxane) (PDMS), using soft lithographic methods [3]. Considering its
excellent optical and structural properties, it can be monolithically defined microfluidic
and photonic elements. The integration of photonic elements also allows removing
the bulky inverted microscope and the external filters [1] from the experimental setup,
having hence an in-plane configuration with much higher accessibility. Finally, its
biocompatibility and its low cost make of this material the most suitable for meeting
the previously mentioned requirements.

Phase and wavelength changes are known to provide with the highest sensitivity.
Nevertheless, they are also prone to have more interference from small fluctuations [7]
from light sources, temperature, etc. Therefore, Intensity-based photonic lab on a
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chip generally is the selected method by many researchers, and examples of such are
fluorescence [6], absorbance [7] and scattering [8].

When the particles crosses the light beam, the light-particle interaction allows
determining its optical properties [8]. If we use a fluorescent-labeled (FL) cell, one
can detect antigen/antibody reactions, enzymatic activity, etc. Nevertheless, the
labeling adds an additional step on the cell preparation and fluorescence emits in 47w
stereoradians, which causes to have a very small amount of fluorescence light at the
detector if it is positioned away from the excitation region. Conversely, absorbance
measurements can be done without requiring labeling or with a simpler labeling method.

According to the Beer-lambert law [9], the absorbance is directly proportional to
the path length for a fixed concentration. Hence, larger interrogation regions should
provide lower limit of detection for a fixed analyte concetration. This issue was already
solved in a previous work, where it was demonstrated that defining an air mirror on the
vicinity of the photonic lab on a chip substantially improves their performance, resulting
in a reduction of the integration time and at the same time an increasing of the SNR,
which leaded to a higher sensitivity and a lower LOD, allowing us to define the multiple
internal reflexion systems [10].

The MIR structure previously mentioned has been used for two different key
magnitudes in cellular analysis: population and life/dead cell ratio. In the first case, a
single scattering measurement allows determining the population. When using a marker
for death cells, the dead/live ratio can be determined by absorbance.

2. Design

2.1. Optofluidic system design

A schema of the MIR configuration is presented in figure 1. From a fluidic point of
view, the MIR systems consist of a fillable interrogation region directly connected to
fluidic input/output reservoirs. Optically, they form a complex system with a high
degree of monolithic integration, since they comprise self-alignment systems for adequate
positioning of optical fibers, lenses and focusing mirrors, which have been designed
considering only the refractive indices of PDMS (n=1.41), buffer solution (phosphate
buffer, pH 7.4, 10 mM, n = 1.334) and air (n = 1.00). Firstly, the divergence of the
light emerging from the fiber optic is partially corrected through a cylindrical microlens,
which has been defined so as to have parallel beams at the first part of the interrogation
region. Using such lenses and fixing the optical fibers in its focus results in light emerging
from the microlenses with parallel beams in the horizontal direction while it broadens
in the vertical axis. This situation is suboptimal, since it would be more desirable to
have a cross-section correction. Nevertheless, having a focal point instead of a focal
plane could only be obtained with spherical or aspherical microlenses. Such lenses
are are either technologically difficult to obtain [!1] or require non-standard processing
methods [12], with the consequent cost increase, which is opposite to the aim of the



Polymer optofluidic systems 3

4 \]
-
7
/i
|
I(
{ ‘\?(n:t'&ﬁé)
A
A\
\1
b
) 9
Air (n=1.00) /) |
7 /)
y
y
H ¢
§
\\ \
N
I\
// \
a7
l\k J/.f PDMS (n=1.41)
(a) ray tracing simu- (b) Experimental setup

lation for PDMS-PBS-
Air used materials.

Figure 1: The photonic lab on a chip system.

present work.

Figure 1(a) also shows the ray tracing propagation inside the MIR system. After
crossing the cylindrical microlens, beam divergence is partially corrected, having parallel
beams in the horizontal axis. Light is injected in the interrogation region and reaches
the PBS-PDMS interface. At this point light is transferred from a media with low
RI (n = 1.334) to PDMS, which has a higher RI (n = 1.41). Hence, most of the
light is coupled to the PDMS. When the light reaches the air mirror (air, n = 1.00)
with the appropriate incidence angle, Total Internal Reflection (TIR) at the PDMS-
air layer is obtained, resulting in a complete back reflection of the light towards the
PDMS. Considering the refractive indices of the media involved (PDMS and air) and
using the Snell’s law, the critical propagation angle is 0.ppyrs_air = 45.17°. All the
propagation angles 6 > 6.ppars_air satisfiy the TIR conditions and are reflected back
to the PDMS, reaching again the interrogation region. In this back reflection the TIR
conditions can be calculated again (considering the RI of PDMS and PBS), being in
this case the critical angle 0.pprs_ps = 70.60° The optimal situation is when the
propagation angles match the TIR regime at the PDMS-air region, but do not at the
PDMS-PBS interface. Otherwise light could remain confined at the PDMS and would
not be transferred to the interrogation region. After this first reflection, light is re-
injected into the system and reaches the second air mirror, which reflects again the light
while focusing it on the vicinity of the collecting optical fibers. Thus, light propagates in
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the system following a zig-zag path (green line in figure 1(a)). Hence, with the air mirrors

the optical path can now meaningfully lengthened without dramatically decreasing the
SNR [13].

2.2. Cell culture and labelling

Human monocytic cell line THP-1 (ECACC No.88081201) was maintained in RPMI
1640 medium (Gibco) with 20% FBS (Gibco) at 37°C in 5% CO,. For light scattering
detection, living cells were rinsed twice in PBS tempered at 37°C. To obtain a cell death
population, a simulation was performed, fixing monocytes with 4% paraformaldehyde
in PBS for 10 minutes. Immediately, cells were stained with trypan blue in PBS (1 : 1)
for 5 minutes and rinsed twice in PBS to ensure good labelling exclusively inside the
cells. Both populations were diluted to obtain all the desired concentrations.

3. Fabrication

The production of the device is based on standard soft-lithography.

Focusing on the low cost issue, a cheap 700 um-thick soda-lime glass is used as a
substrate and structures defined with SU-8 photoresist (MicroChem, Corp., Newton,
MA, USA) are used as a master. After its cleaning, a dehydratation process has been
made at 200°C for 1 h, a double adhesion promoter layer is applied so as to obtain
better mechanical stability and robustness, together with an increase of the durability
of the fabricated masters. Afterwards a Cr layer is sputtered. Then we dehydrate the
substrate at 150°C for 1 h before spin an adhesion layer of SU-8 at 3000 rpm for 60 s,
obtaining a 4 um thickness layer. After 10 min drying at 95°C it is exposed without
mask to 75 mJ/cm? of UV light and then a post-exposure bake (PEB) of 5 min at 200 °C
is made.

Once the adhesion layer has been made, a single spin-on process using SU-8 50 (400
rpm for 30 s) is done, achieving a thickness of 250 ym. After 3 h drying at 95°C, an
exposure of 750 mJ/cm? is made. Then the wafer is placed for 20 min at 95°C.

The last step is to develop the master with propylene glycol methyl ether acetate
(PGMEA, MicroChem, Corp., Newton, MA, USA).

The PDMS (Sylgard 184 elastomer kit, Dow Corning, Midland, MI, USA) pre-
polymer has been obtained mixing the curing agent with the elastomer base in 1 : 10
ratio (v:v). Controlled volume of this mixture is dispensed over the master and cured
for 20 min at 80°C. Afterwards, the cured PDMS was peeled off from the master and
the fluidic ports were opened. Then, both the PDMS and a second sodalime glass
substrate were exposed to an oxygen plasma [1] in a barrel etcher (Surface Technology
Systems, Newport, UK). Immediately afterwards, both surfaces are brought in contact,
causing its irreversible sealing. This covalent bonding between the PDMS and the soda-
lime glass ends the fabrication process. Considering the master thickness and the MIR
dimensions, the total interrogation volume is 1.43 pL.
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4. Experimental Results

4.1. Experimental setup

Light emitted from an broadband light source (Ocean Optics HL-2000, Dunedin, FL,
USA) is coupled into a multimode optical fibers with a diameter of 230 um, which is
located inside the self-alignment system and it is pushed until it reaches the constriction.
This constriction is located at the position where, in accordance to the RI of the
materials, parallel beams are obtained after the microlens. The readout comprises an
identical optical fibers, which is also inserted on the output self-alignment system and
carries the signal to a spectrometer (Ocean optics HR4000, Dunedin, F1, USA) with
a spectral resolution of 0.2 nm and an integration time of 30 ms. Measurements have
been done at room temperature in a temperature-controlled lab.

To avoid non desired cell death and minimize non controlled variations in the optical
measurements, all the experimental section was carried out with the minimum required
time and keeping the monocytic cell line under culture conditions (37°C in 5% COy)
until the measurement.

Figure 1(b) shows the photonic lab on a chip with the optical fibers positioned and
ready to be used in accordance to the previously described protocol.

4.2. Live cells: scattering

The absorbance spectra as a function of cell concentration are shown in figure 2(a).
As expected, due to the diameter of such cells (between 7 and 15pum), a nearly flat
absorption band can be observed for all cell concentrations (at low and high wavelengths,
the decrease of the absorbance is associated to the limitations of the halogen lamp). It
can also be seen how an increase of the cell concentration only causes an increase of the
maximum absorbance; the spectral behavior of the system remains unchanged.

The most significant difference of the proposed photonic lab on a chip with these
previously presented is that instead of measuring the absorbance at a fixed wavelength,
with the proposed MIR systems, the whole cell spectral response is obtained in a single
measurement which only requires 30 ms. This analysis method allows simultaneous in
situ detection of different analytes by choosing the appropriate working wavelengths.
Once the spectral response is obtained for different cell concentrations, the absorbance
as a function of the cell concentration can also be determined, obtaining the expected
linear behavior. Interestingly, the linear fits allow determining the sensitivity and the
LOD of the MIR at a fixed wavelength. From them, it is possible to determine which
is the working wavelength that provides with higher sensitivity and/or lower LOD,
optimizing the response of the photonic lab on a chip.

The results of this optimization for live cells can be seen in figure 2(b), where the
sensitivity and the LOD are plotted as a function of the wavelength. From this figure,
it can be seen that a plateau of maximal sensitivity is obtained at wavelengths between
580 and 700 nm, which simultaneously corresponds to a LOD minimal, with values
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Figure 2: Experimental results for scattering working regime.

between 60 &+ 1 keell/mL and 38.4 £ 0.5 kcell/mL. Considering that the system has a
volume of 1.43 uL, these LODs correspond to the detection of 86 +1 and 54.940.7 cells,
respectively.
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4.3. Dead cells: scattering+absorption/absorption

When using a vital stain or a dye for cell labelling, two effects simultaneously occur:
absorption and scattering. Generally, it is quite challenging to uncouple them, especially
if measurements at a single wavelength are done. This issue is addressed and solved with
the proposed system: as it is shown in figure 3(a), the absorbance as a function of the
wavelength plot for 2000 kcell/mL shows the clear Trypan blue peak at 580 and the
scattering band in the wavelength range studied. In section 4.2 it was determined the
absorption band for such cell concentration (also shown in figure 2(a) for clarification).
Hence, simply by substraction of both spectra, the Trypan blue absorption band can be
isolated.

Interestingly, the MIR-based photonic lab on a chip system allows working in three
distinct regimes: scattering, scattering+absorbance or absorbance. In the second case,
the procedure is identical to that presented in the section 4.2: Several wavelengths
have been taken from the reference spectra and the absorbance as a function of the
cell concentration has been linearly fitted. The results of these fits are presented in
figure 3(b). As expected, due to the strong trypan absorption band, the maximum
sensitivity is obtained at 580 — 600 nm. At such range, a minimum LOD between 53 + 1
and 61 £ 1 cells is obtained. It is also noticeable that the scattering band causes to
have a significant sensitivity at longer wavelengths, which allows having LODs of some
hundred cells in the NIR range. Although such configuration could be interesting for
some applications, sometimes it is required to have very high specificity for a given
labelled cell. In this case the absorbance measurements are advantageous. The results
obtained in the previous section have been taken as reference and subtracted from the
spectra, as previously discussed. Again, several key wavelengths have been taken, and
their linear fit is shown in figure 3(b). Since only the trypan blue band is obtained, this
figure only shows the linear fits of interest, with a minimum LODs of 105+ 4 cells. The
comparison between both methods can also be seen. Although the absorbance method
has a slightly smaller sensitivity it provides a much higher specificity since outside the
trypan blue region, LODs higher than 350 cells are obtained.

Up to now, we have shown that the proposed photonic lab on a chip is able to work
in three different regimes: scattering, scattering+absorption and asorption, obtaining
comparable sensitivities and LODs. As a final test, labelled and non-labelled cells are
mixed for a fixed concentration, and afterwards injected in the MIR. The idea is to be
able to determine the dead/live cell ratio in a single 30 ms measurement. The results
of such experiment are presented in the next subsection.

4.4. dead/live ratio measurement

The absorbance as a function of the wavelength for different dead/live cell ratio is
presented in figure 4. As it can be observed, the behaviors of such spectra range from
scattering without absorption (0% of dead cells) to a very sharp absorption peak (100%
of dead cells). In figure 5 can be observed that the values above the 70% of dead cells
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Figure 3: Experimental results for absorption and absorption + scattering working regimes.

do not match the tendency. To understand this effect, the same cell dilution was placed
in a Neubauer cell counter, and the results of the counted number of cells as a function
of the % of dead cells are presented in table 1.

From these data, it can be seen that dilutions above 70% have a significant cell
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deficit, which explains the unexpected decrease of the absorbance in this range. This
point is also noteworthy, since this behavior can be understood as a self-test system: if
the experimental value falls outside the calibration curve, a cell deficit is likely to have
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Table 1: Dead cell concentration results with a Neubauer method.

| 0% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% | 100%

(keell/mL) | 1970 | 1715 | 1970 | 2067 | 1853 | 1565 | 1883 | 1577 | 1323 | 1205 | 915
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Figure 6: Sensitivity an LOD as function of key wavelengths using different dead/live ratios.

Once it has been clarified the values above the 70%, they have not been used for
determining the sensitivity and the LOD. Similar to the previous section, these spectra
have been analyzed with two methods; scattering+absorption and absorption. As it
can be observed, the highest sensitivity corresponds to the trypan blue region (580-600
nm), decreasing sharply both for longer and shorter wavelengths. Since a fixed cell
number (within experimental error) has been used, the scattering band should remain
at a fixed value. Variations of this band also provide information regarding how distinct
two populations are. Also due to this fixed population, it is clear why when we plot
the sensitivity and the LOD as a function of the % of dead cells, no scattering effects
are observed and only the wavelengths where the trypan blue absorbs are of interest,
having a LOD of 7.7 + 0.4 % of dead cells.

Due to the constant population level, the absorption measurements are suitable to
provide with lower LODs. The procedure has been similar to that previously presented
and the results are shown in figure 6. In this case the experimental and statistical errors
of the scattering+absorption measurements make difficult to compare their specificity,
although the thinner FWHM of the sensitivity for the absorption method may suggest
that this protocol has a slightly higher specificity. Again, a decrease of the sensitivity
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is obtained, although the LOD for absorption has been experimentally measured to be
6.7+ 0.3% of dead cells.

5. Conclusions and future work

In this work a photonic lab on a chip has been fabricated with PDMS. The photonic lab
on chip has some desirable characteristics such as, low cost, high degree of monolithical
integration, standard fabrication technology and biocompatibility.

In order to perform the experiments is not needed to use any expensive benchtop
equipment and the complete setup requires just a white light source, optical fibers and
an spectrometer. The device is able to act as a cell counter in continuous and can also
detect the dead/live ratio. The preparation of the samples to be measured can be made
in some minutes in standard concentration, spending just 1.43ulL of volume.

The next step will be functionalization of the inner face of the PDMS in order to
obtain an integrated bioreactor, allowing expanding the possible applications, such as
detection of enzymatic reactions or metabolic activity.
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