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Abstract

Introduction: Plasmonic biosensors provide high sensitivity in detecting the low amount of
biomarkers and pharmaceutical drugs. We studied the mesenchyme cell activity under the treatment
of common sedative drugs of methadone and tramadol using the integrated plasmonic-ellipsometry
technique.

Methods: Mesenchymal stem cells were cultured on patterned plasmonic chips under the treatment
of methadone and tramadol drugs. Three cultured chips were kept non-treated as the control ones.
The plasmonic-ellipsometry technique was applied to study the signaling characteristic of the cells
affected by these two drugs. In this technique, optical information regarding the amplitude ratio and
phase change between p- and s-polarized light was recorded.

Results: This drug treatment could affect the spectral plasmonic resonance and subsequently the
phase shift (A) and the amplitude ratio (¥) values under p- and s-polarized impinging light. A more
significant A value for tramadol treatment meant that the phase split was larger between p- and
s-polarized light. Tramadol also had more prominent absolute A , and ‘¥ . values in comparison
with methadone.

Conclusion: We showed that tramadol caused more contrast in phase shift (A) and amplitude
ratio (¥) between p- and s-polarized impinging light for cultured stem cells in comparison with
methadone. It means that tramadol differentiated more the optical responses for p- and s-polarized
lights compared to methadone. Our proposed technique possesses the potential of quantitative and
qualitative analysis of drugs on humans even on a cell scale.
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Introduction since the dosage should be kept as low as possible due to

There are numerous substitutional sedative drugs with
various side effects on different organs like respiratory and
neural systems."* Among these, methadone and tramadol
are the drugs that are frequently prescribed for killing
the pain or releasing the patients from other addicting
drugs.>* More specifically, these drugs influence different
mental (e.g., pain, awareness, etc)’ and physical parts (e.g.,
skin, cardiac effect, etc).” They sometimes play a role in
reducing cancer pain as well.® Methadone is the agonist
of the p-opioid receptor, which can impact numerous
physiological functions and plays a role in controlling pain
perception and reward properties.>! Tramadol is a partial
opioid agonist, which has more effects on y, 5TH,and a,
nicotine receptors compared to methadone.”!! Prescribing
an effective dosage of these drugs plays an important role

adverse effect of opioids. In addition, their observation in
biofluids (i.e., blood or urine) helps to detect drug abuse
in addicts. One of the strong techniques for drug detection
and its impacts on the cells is plasmonic sensing. Among
optical techniques, the surface plasmon resonance (SPR)
technique is an unlabeled, non-invasive, and actual-time
approach that provides a chemical detection facility at
low concentrations.'*"* The application of plasmonics in
pharmaceutics allows SPR biosensors to detect molecular
binding activities at low concentrations as well as cellular
changes." El-Zahry" has utilized localized surface
plasmon resonance (LSPR) of Ag nanoparticles for
parallel detection of the mixture of antihypertensive drugs
of atenolol and amiloride pharmaceutical dosage forms as
well as urine samples. Their method was based on the UV
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absorption intensities of these mixed analytes. Izquierdo-
Lorenzo et al'® have applied surface-enhanced Raman
spectroscopy and LSPR to detect aminoglutethimide
drug, which is an aromatase inhibitor and is used in illegal
sport doping. Juhasz et al'” have introduced a dynamic
and thermodynamic assessment of a plasmonic biosensor
for a fragmented receptor and a drug. Kampranis et
al'® have investigated the interaction of coumarin and
cyclothialidine drugs (MWt <700 Da) with DNA gyrase,
which was the target of some bacterial agents. They
have demonstrated the residues on gyrase, which were
essentials for drug binding. Su et al' have fabricated
plasmonic capsules of citrate-capped Au nanoparticles for
analyzing the stimulant methamphetamine drug. Mozneb
et al” have used real-time SPR technology to characterize
the contractility of cardiac cells in response to drug
exposure of Blebbistatin and ATP. Jackman et al* have
developed a plasmonic nanohole sensor to trap virus-
like particles and measure the virucide drugs. For this
aim, the size effect of dengue virus particles was studied
without and with the drug benefiting from nanoparticle
tracking analysis and the spectral shift of the plasmonic
resonances. Huang et al”? have synthesized SiO2@Ag
nanoshells with tunable shell structures for diagnostics
and therapeutics. They investigated the distribution of
the drug in blood and the cerebrospinal fluid systems.
They confirmed the role of blood-brain/cerebrospinal
fluid-barriers for pharmacokinetics. Kong et al* have
suggested a plasmonic structure based on an enzymatic
nanoreactor for monitoring the antidiabetic drug. The
glucose was used by glucose oxidase to generate H,0,,
which etched the Ag nanoparticles to circular shapes and
caused the blueshift in the plasmonic absorption band.
Their reported limit of detection was 5 nM for acarbose.
In this study, we fabricated 2D flexible plasmonic chips
and studied the impact of methadone and tramadol drugs
on cultured mesenchyme cells using the optical phase
and amplitude sensitive plasmonic technique without any
time-consuming labeling procedure. The Ellipsometry
technique provides information on both the amplitude
ratio and the phase delay between reflections of light
beams with p and s polarizations. In comparison with
reflections, this technique can detect changes with the
enhanced signal-to-noise ratio.** Although reflection fails
to represent small biological changes, phase interrogation
can reveal small changes in the cells caused by the drug
treatment. In the Materials and Methods section, we
discuss the simulation and fabrication of the sensing
chip, cell culture on the chip surface and the optical
measurement based on the plasmonic-ellipsometry
technique for optical investigation of the effect of
methadone and tramadol sedative drugs on stem cells.
Subsequently, there are results and discussions on the
optical detection of the changes in stem cells.

Materials and Methods

Fabrication of 2D Plasmonic Chip and Simulation

We proposed a 2D flexible plasmonic crystal as a cost-
effective sensing chip for mass production. Using the
soft lithography technique,”® two-dimensional (2D)
patterned poly-dimethyl siloxane (PDMS) substrates
were fabricated. Charge-coupled devices (CCDs) were
extracted from second-hand commercial cameras. These
CCD molds were settled at the base of the petri dishes
with double-sided tapes. The mixture of PDMS and its
curing agent (10:1 aspect ratio) was poured on top of the
molds and the sides were sealed using a glue gun to avoid
leakage. The mold was put in the vacuum chamber for
degassing following the heating step. In the heating step,
the mold was inserted on the heater for 1h (30 minutes
at 50°, 15 minutes at 75°, and 15 minutes at 100°). After
cooling for 24 hours, the patterned PDMS substrates with
the inverse pattern of the CCD were peeled off from the
mold using a sharp scalpel. 30 nm gold was coated on this
layer using a sputtering machine. The fabrication process
is illustrated in Figure 1. Twelve similar chips were
fabricated using this process. Using scanning electron
microscope (SEM) images, the fabricated structure had a
periodicity of 2.16 um and a depth of 0.25 pm, as shown
in Figure 1. We simulated the same structure with 30-nm
gold thickness using Lumerical FDTD solutions. The mesh
size was 2 nm and 10 nm in the z-direction and the X-Y
plane respectively. The unit cell and the simulation results
are provided in Figure 1. Figure 1 shows the comparison of
the ratio of reflections for p- and s-polarized impinging light
(RP/RS) in simulation and experiment. As seen, the main dips
occurred at 483 nm and 547 nm for simulation results and at
455 nm and 526 nm for the experiment. There are 28 nm and
21 nm spectral differences for first and second dips, showing an
acceptable match between simulation and experiment results.

Cell Culture

Mesenchymal stem cells were extracted from the femur bone
marrow of the mouse. We used a scarified mouse from another
study as a donation and only one bone from one mouse was
used. For the cell culture of mesenchymal stem cells, the
protocol from Soleimani and Nadri was followed. The
bone was cut and sterilized, and then the cells were extracted
by syringing bone marrow by using 2 mL cell culture media;
then they were cultured in the same medium. The medium
consisted of RPMI1640, containing 1% antibiotic and 20%
fetal bovine serum (FBS). The medium was changed every
day with the fresh medium consisting of RPMI1640 (10% FBS,
and 1% pen strep) until the cells achieved 80% confluency.
After that, the cells were trypsinized using trypsin 0.25% and
centrifuged with 1000 rpm; then the supernatant was discarded
and the pellet was re-suspended in a fresh medium. The chips
were first sterilized with UV and 75% ethanol before seeding
cells. The confluent cells were again trypsinized as it was
described. They were transferred to the chips in a 24-well plate,
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Figure 1. (A) schematic of the fabrication process for 2D plasmonic chips. The PDMS mixture was poured on the CCD mold, degassed and cured.
The patterned PDMS was peeled off from its mold after 24 h following 30 nm gold sputtering. We carried out the cell culture and drug treatment
on these chips. (B) SEM image of the fabricated structure. The fabricated structure on 1.4 mm PDMS had an average periodicity of 2.16 pm with
hollow semi-cubic patterns. These cubes were apart from each other at the average distance of 1.68 pm (C) Schematic of the simulated unit cell. (D)
Simulation results using Lumerical FDTD Solutions. The main dips occur at 483 nm and 547 nm for simulation results and at 455 nm and 526 nm for
experimental results showing an acceptable match between simulation and experimental results.

and then the extra medium was added. In our previous studies
on mesenchymal stem cells, we performed flow cytometry
for stem cell markers with the same protocol as mentioned in
Moghadam et al” and the functional differentiation test in
the mesenchymal stem cells was performed in Farivar et al.*®
Drug treatment was performed five minutes before the optical
measurement. (For the drug treatment procedure, the readers
are referred to Brawanski et al? and Plantz & Hsu.” Each of
the pills was weighed separately, crushed and powdered in a
mortar, dissolved in distilled water, and filtered to prepare 2uM
tramadol and 2.17uM methadone solutions. From 12 chips,
we had three uncultured chips for air measurement, three
cultured chips with methadone treatment, three cultured chips
with tramadol treatment, and three with no treatment. The
real images of the cultured chips are shown in Figure 2. In this
study, the chips were weakly fixed at the bottom of the plates
and the cell attachment was satisfactory, similar to Saeidifard
et al* so we did not use poly-L-lysine that was used in our
previous study.*!

Optical Setup

For obtaining the reflection of the samples for s- and
p-polarized impinging light, an open-optic setup was
mounted. This setup consisted of broadband halogen fiber
optic illuminator, collimator, lens, Glan-Taylor calcite polarizer
(GT10-A), aperture, sample chamber, rotation stage, and

Ocean Optics spectrometer. By passing the Glan-Taylor calcite
polarizer, the incident light obtained s- and p-polarizations.
These components are shown schematically in Figure 2. The
chips were mounted in the opening of the cubic chamber
in a way that the top surface of the chips encountered the
inside of the chamber, and the reflected light could be
gathered from the backside of the chips. There was a small
hole on the top surface of the chamber from which the fresh
medium could be injected. The stage was rotated to provide
an incident angle of 35°. The reflectance of the back of the
sample at s- and p-polarization depended highly on the
adsorption of biomolecules on the surface.” Ellipsometry
spectroscopy is a non-invasive method for SPR analysis
with high resolution that gives knowledge on the ratio
of the amplitude (V) and the phase shift (A) between
the reflections of s- and p-polarized impinging light.****
The complex reflection coefficient is p=i—”tan e where

=R, »and 5.
¥ =tan R /R, (1)

R, (@)
R (o)

.

Ln

27 f =
8=0,@)-0,@) =~ Pf [

r andr are thereflections for p- and s-polarized impinging
light. The relations between ellipsometric parameters (A,
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Figure 2. (A) Twelve fabricated chips. First and second rows were cultured with mesenchyme stem cells and treated with methadone and
tramadol drugs respectively. The third row was cultured with no treatment. The last row was kept non-cultured for air measurements. (B)
Optical setup for recording the reflections under s- and p-polarized incident light. The components were broadband halogen fiber optic
illuminator, collimator, lens, Glan-Taylor calcite polarizer (GT10-A), aperture, sample chamber, rotation stage and Ocean spectrometer. Glan-Taylor
calcite polarizer provided s- and p- polarizations. The chips were mounted in the opening of the cubic chamber in a way that the top surface of the
chips faced the inner part of the chamber, and the reflected light could be gathered from the backside of the chips.

W) and their extraction technique are discussed in detail
in Saeidifard et al.*®

Results and Discussion

The reflections of all the samples for the incident light
with s and p polarizations were recorded at the incident
angle of 35°, and the ellipsometry parameters of ¥ and A
were extracted. As explained in Sohrabi and Hamidi,* the
plasmonic resonance emerges as a dip in the ¥ parameter
and as a peak in the A parameter. Due to the high signal-
to-noise ratio, the integrated plasmonic-ellipsometry
technique has the capability to demonstrate minor
resonances, which may not be observable in reflection
spectra.® Figure 3 shows the mean values of reflections
and the corresponding A and ¥ parameters. As seen, the
plasmonicresonance dipisnot clear in reflection. However,
this resonance is conspicuous in ¥ and A parameters. The
resonance wavelength emerges at 550 nm for methadone
and 475 nm for tramadol. The plasmonic resonance
is redshifted for the methadone case and blueshifted
for the tramadol case in comparison with the control
sample. Multiple resonances in the control sample were
originated from the diffraction property of the fabricated
structure. Metallic periodic plasmonic crystal supports
LSPR, where charge density oscillation is confined. These
periodic arrays scatter light and produce diffractive
waves with constructive and destructive patterns. The

shape of nanoparticles/holes and the refractive index
of the adjacent dielectric play a significant role in the
excitation of the surface lattice resonances (SLRs). If a
is the polarizability of the single particle (a=Re (a) +Im
(a)) and S is the array factor, the resonance wavelength
of the SLR locates at the crossing of Re(1/a) and Re (S)
that is a function of the distance between the particles.”*
The contrast between the Im (1/a) and Im (S) plays a role
in the robustness and the width of SLR. In this structure,
the interference between two modes occurs at various
wavelengths proportional to the lattice constant. In our
proposed 2D grating structure, the diffractive patterns
and LSPRs can interfere to produce SLR interference
patterns. Drug treatment directly affected the refractive
index of the cells and subsequently the SLR modes.

As shown in Figure 4, for the A parameter, resonance
occurs at [552 nm, 3.74°], [608 nm, 3.88°], and [497
nm, 5.58°] for control, methadone and tramadol treated
cases respectively. For the ¥ parameter, resonance occurs
at [529 nm, 43.7], [571 nm, 46.13], and [480 nm, 30.92]
for control, methadone and tramadol treated cases
respectively. Compared to the non-treated (i.e. control)
case, the spectral position is redshifted for methadone and
blueshifted for tramadol cases. This redshift meant that
the methadone treatment raised the refractive index of
the biosample and tramadol reduced the refractive index
of the biosample. The largest A value was for the tramadol
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Figure 3. (A, B) The mean values of reflections for p- and s-polarized incident light. (C, D) Corresponding ¥ and A parameters. The
plasmonic resonance dip is not clear in reflection, but this resonance is conspicuous in ¥ and A parameters. The resonance wavelength
emerges at 550 nm for methadone and at 475 nm for tramadol. The plasmonic resonance is redshifted for the methadone case and
blueshifted for the tramadol case in comparison with the control sample.
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Figure 4. Ellipsometric A (A) and ¥ (B) Parameters for Three Cases: Non-treated Cells (Control), Tramadol-Treated Cells, and Methadone-
Treated Cells. Compared to the non-treated case, the spectral position is redshifted for the methadone case and blueshifted for the tramadol
case. Drug treatment had a direct effect not only on spectral plasmonic resonance but also on the phase shifts and amplitude ratios. Light-
matter interaction provided bigger phase shifts for the tramadol case in comparison with the methadone case, meaning that the phase
change was bigger between p- and s-polarized light for the tramadol case, but the amplitude ratio underwent more change for methadone.
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case and in comparison, A
(=388 )> Acontrol

tramadol ( 5. 58 )> Amethadone
(=3.74"), and the most significant ¥

Value was for the methadone case as ¥, . (=46.13")>

V. g (543.70°)> ¥ (=30.92°). It meant that drug
treatment had a direct effect on the spectral plasmonic
resonance, A and V. Additional resonances, which
emerged for control and tramadol cases, disappeared for
the methadone case. This might be due to the side effects
of methadone on p-opioid receptors in the cell chains.
Light-matter interaction provided a bigger phase shift
for the tramadol case in comparison with the methadone
case, meaning that the phase change was more between p-
and s-polarized light for the tramadol case; however, the
amplitude ratio underwent more change for methadone.
The rate of phase change might directly depend on the
time required for the de-polarization of cellular activity

under the influence of these two drugs. As shoerl in

A

Figure 5, we defined a new parameter of 4, =
which showed the contrast between A, and Ammml
a better way. Correspondingly, we defined v, = :
as a new parameter to show the contrast between ‘{’
and ¥ . According to the A graph, the tramadol
case had the dip and peak values of [537 nm, -0.43°] and
[460 nm, 1.47°], and the methadone case had the dip
and peak values of [523 nm, -1.03°] and [435 nm, 1.23°].
According to the ¥_ graph, the tramadol case had the dip
and peak values of [480 nm, -0.18°] and [526 nm, 0.13°],
and the methadone case had the dip and peak values of
[489 nm, 0.03°] and [519 nm, 0.04°]. As seen, we had
minor resonances in A  and ¥_ for the tramadol case. In
comparison with the methadone case, tramadol showed a
general redshift. Tramadol had bigger absolute A and ¥
values meaning that tramadol caused more contrast in the
phase delay and amplitude ratio with the control case in

comparison with methadone.

Discussion

Plasmonic sensing is a strong platform for the detection of
the low amount of biomarkers and pharmaceutical drugs.
We treated the mesenchymal cells via the sedative drugs
of methadone and tramadol and investigated the cellular
changes via a highly resolved plasmonic-ellipsometry

- Aeﬁ (methadone)

—— Aeﬁ(tramadol)

700
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}\, (nm)

Figure 5. A _(A) and ¥

eff eff

\Ijg,, _ methadone

(B) or Cultured Chips for Methadone- and Tramadol-Treated Cells. Tramadol had bigger absolute A

technique. From a pharmaceutical viewpoint, methadone
interacts with more drugs than tramadol (649 vs. 532).* In
addition, side disease interaction is higher for methadone
compared to tramadol.* In the literature, there are also
some comparisons from behavioral/sedative aspects or
side effects like anxiety,* cancer pain management,* fatal
poisoning* and opiate withdrawal.” We have shown that
the drug treatment had a direct effect not only on the
spectral plasmonic resonance but also on the phase shifts
and amplitude ratios. Light-matter interaction provided a
bigger phase shift for the tramadol case compared to the
methadone case, meaning that the phase split was larger
between p- and s-polarized light for the tramadol case.
However, the amplitude ratio underwent more changes
for methadone. This rate of phase change might directly
depend on the time required for the de-polarization of
cellular activity under the influence of these two drugs.
For A and ¥  parameters, tramadol showed a general
redshift in comparlson with the methadone case.
Tramadol had bigger absolute A  and ¥ ; values meaning
that tramadol caused more contrast in the phase delay
and amplitude ratio with the control case in comparison
with methadone. In addition, we showed that the ratio of
reflections under p- and s-polarized incident light (R /R ) for
the resonance wavelength in the visible range for simulation
and experiment satisfyingly matched. Although there were
similarities regarding the effect of tramadol and methadone on
the patients besides their similar side effects, we showed that
they caused different optical responses on a cell scale.

Conclusion

In this study, we have shown the effect of methadone
and tramadol sedative drugs on stem cell signaling via
a plasmonic platform. Tramadol had larger absolute A .
and ¥ ; values in comparison with methadone showing
that tramadol differentiated more optical responses for
p- and s-polarized lights compared to methadone. The
proposed technique also has the capability to detect the
concentration of the drug, which can play an important
role in the clinical detection system in which a safe
prescribed dosage of a drug can be tested using optical
techniques on a cell scale.
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meaning that tramadol caused more contrast in the phase delay and amplitude ratio with the control case in comparison with methadone.
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