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ABSTRACT. Stress is a natural response of the body to threatening and challenging situations.
Although stress can sometimes have positive impacts, such as enhanced alertness
and improved performance, it can also cause harmful effects, such as sustained
high blood pressure, anxiety, and depression, especially when prolonged.
Continuous monitoring of stress-related molecules, known as stress biomarkers,
could enable early diagnosis of stress conditions and therefore improve recovery
and reduce healthcare costs and long absences from work. We present a highly
sensitive grating-coupled surface plasmon resonance (SPR) sensor for detecting
stress biomarkers. The gold-coated sensor chip operates with a tunable laser within
the wavelength range of 1527 to 1565 nm. This sensing method is based on
detecting a shift of the SPR wavelength, which occurs due to a change in the refrac-
tive index of the medium that is caused by the presence of analytes near the plas-
monic grating. The sensor chip was tested with four stress-related biomarkers:
glucose, creatinine, lactate, and cortisol. With the current version of the sensor, con-
taining no recognition element, the achieved detection limits for these analytes were
5.9,7.1,36.9, and 10.7 mM, respectively, which are close to the physiological values
of these analytes in body fluids, such as sweat. This proof-of-concept work demon-
strates the sensitivity and physiologically relevant detection limits of the presented
compact sensor chip and its potential for future healthcare applications, such as
continuous stress monitoring, when developed further.
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1 Introduction

Stress is a widely spread phenomenon in the modern society. Only work-related stress was esti-
mated to cost U.S. companies more than $300 billion a year in healthcare costs, absences, and
decreased performance.! Work-related stress can cause both acute burnout and chronic stress. In
addition to psychological stress, stress conditions can also be based on physical stress, such as in
overtraining syndrome (OTS). OTS is a common condition among athletes whose prevalence
varies between 5% and 60% during their career, depending on the sport and its intensity.?
OTS is caused by excessive training and deficient recovery, and it leads to exhaustion and deplet-
ing performance.’
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Table 1 Stress biomarker concentrations (mM) in different body fluids.

Biomarker Blood Sweat Saliva Urine Tears
Glucose 4910 6.9 0.06 to 0.11 0.23 to 0.38 2.78 to 5.55 0.05t0 0.5
(Ref. 5) (Ref. 5) (Ref. 5) (Ref. 5) (Ref. 5)
Creatinine 0.05 to 0.1 0.01 to 0.05 0.01t0 0.4 14.1 to 28.9 0.04
(Ref. 6) (Ref. 7) (Ref. 8) (Ref. 6) (Ref. 9)
Lactate 05t02 16 to 30 0.2t0 0.5 0.5t025 1to5
(Ref. 10) (Ref. 11) (Ref. 12) (Ref. 13) (Ref. 14)

Cortisol ~ 0.110 0.8x 10 0.0210 0.4x 103 2.8104.4x10° 0.03t0 0.3x 10 0.01 to 0.11 x 102
(Ref. 15) (Ref. 15) (Ref. 15) (Ref. 15) (Ref. 16)

Early diagnosis of stress conditions is crucial as the conditions are often not fully reversible.
Early detection, improved recovery, and reduced healthcare costs could be achieved with con-
tinuous monitoring of stress biomarkers using wearable devices. Current commercially available
wearable devices can measure various physical properties, such as pulse, body temperature, and
blood oxygenation.’ However, the detection of molecular stress biomarkers is still mostly on the
laboratory scale.* These molecules are present in different body fluids, such as blood, sweat,
saliva, urine, and tears, from where they can be detected with biosensors.* When considering
continuous, non-invasive monitoring, sweat is the most favorable fluid to detect biomarkers
from. Table 1 presents concentrations of four stress-related biomarkers, glucose, creatinine, lac-
tate, and cortisol, in different body fluids.

Both electrochemical and optical sensors, including plasmonic sensors, have been proposed
for detecting glucose, creatinine, lactate, and cortisol in previous literature.!”~'* Although electro-
chemical biosensors are closer to implementation in wearable devices due to their ease of fab-
rication, optical biosensors have recently attracted increasing attention in research.’ Optical
sensors offer high sensitivity, high stability, and fast data collection but can be difficult to imple-
ment into compact wearable devices due to bulky or energy-consuming components.® A solution
to this issue could be in plasmonic optical sensing. Plasmonic sensing is based on plasmons that
are oscillations of electron density in plasma.”® Plasmons occur when electromagnetic radiation
is directed to a plasmonic material, usually a metal, and electrons oscillate with respect to their
positive ions.”” Plasmons are sensitive to physical changes of the surrounding medium, such as
its refractive index (RI), and can therefore be exploited in sensors.”’ Plasmonic sensors enable
high sensitivity, integration into compact and energy-efficient devices, reusability, label-free
detection, and short response time.? Integration of a plasmonic sensor into a wearable device
could enable continuous and non-invasive stress monitoring and, therefore, early detection of
stress conditions.

Regarding plasmonic sensors, a common method for observing changes in the RI of a
medium is surface plasmon resonance (SPR).?! In SPR sensors, a light beam of a certain wave-
length, angle, and polarization is directed to a metal surface to induce plasmons, more specifi-
cally surface plasmon-polaritons (SPPs), which can propagate along a metal surface. Typically,
the momentum of SPPs is higher than that of light in a sample.”” Because of this momentum
mismatch, SPPs cannot form on a smooth metal surface under normal incident light. To over-
come this, various coupling techniques are used to increase the momentum of the light in the
medium to match that of the SPPs. These techniques include high-index prism, grating, optical
fiber, and waveguide coupling.’! Prism-based SPR sensors are widely used for research and
industrial purposes. However, their large form factor limits their use in wearable health mon-
itoring. Smaller-sized grating-based SPR sensors coupled with a compact tunable laser present
a highly desirable solution, showing promise for miniaturized sensors suitable for wearable
applications. Nonetheless, the lower physiological concentration of body analytes necessitates
high sensitivity of SPR sensors for this to happen.

Although plasmonic biosensors have previously been developed to target various analytes,
including metabolites,?> > proteins,zs‘27 and viral DNA,?30 detection of stress biomarkers,
especially with grating-based SPR sensors and tunable lasers, has been relatively underexplored.
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Here, we present a grating-coupled SPR sensor for the detection of four stress-related bio-
markers: glucose, creatinine, lactate, and cortisol.’’*> The method is based on detecting an
SPR wavelength shift due to an RI change of the medium caused by molecules of analytes
in the vicinity of the plasmonic grating. Detection limits and sensitivities of the fabricated
SPR sensor chips were revealed for the measured biomarkers. Deployment of the tunable laser
makes the use of a spectrometer as a detector obsolete, further contributing to the compactness of
the whole sensor. This work represents a proof of concept that demonstrates the sensitivity and
physiologically relevant limits of detection of the sensor for multiple stress-related biomarkers.
With further development, including laser miniaturization and the addition of a recognition
element, the sensor could become a part of integrated sensor wearable devices.

2 Methods

2.1 Fabrication of SPR Sensor Chips

SPR sensor chips were designed using the COMSOL Multiphysics software (COMSOL,
Stockholm, Sweden), considering fabrication limitations and tolerances that constrained the final
design. We chose rectangular grating due to its ease of fabrication using scalable techniques, e.g.,
nanoimprinting. The design model is illustrated in Fig. 1(a). During the design process, we opti-
mized three grating parameters, i.e., period, ridge width, and groove depth, to minimize the full
width at half maximum (FWHM) of the SPR dip within the laser’s tuning range. Therefore, the
figure of merit, defined by the ratio between the sensitivity and the FWHM of the SPR dip, was
maximized. Details of the design are provided in our previous paper.** As an example, simulation
results of the SPR dip wavelength shift as a function of glucose concentration (in an aqueous
solution) and RI change are presented in Fig. 1(b).

Briefly, the SPR sensor chips were fabricated as follows. The master template was fabricated
on a 10-cm silicon wafer by e-beam lithography and etching. It includes 5 mm X 5 mm nano-
grating areas with a ridge height of 55 nm and varying ridge widths and periods. A 10-cm glass
working stamp was manufactured from the master by ultraviolet nanoimprinting lithography
(UV-NIL) and a hybrid polymer material. With the help of the working stamp, the sensor replicas
were manufactured on a 10-cm silicon wafer by UV-NIL and the hybrid polymer material.
Subsequently, the sensor areas were coated with a 150-nm-thick gold layer by thermal evapo-
ration and cut out from the wafer into ~1.5 cm X 1.5 cm pieces. The sensor chips and an illus-
tration of their structure are presented in Figs. 2(a) and 2(b). The chips with a grating groove
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Fig. 1 (a) 2D model of the unit cell of the SPR chip used for the design process in COMSOL
Multiphysics. (b) Simulation results of the SPR wavelength shift as a function of glucose concen-
tration and the RI change.
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Fig. 2 (a) Gold-coated SPR sensor chips. (b) lllustration of the sensor structure (not to scale).

width of 232 nm and a period of 1160 nm showed a resonance dip in the desired wavelength

range (1527 to 1565 nm). A more detailed fabrication process is described in our previous
33

paper.

2.2 Measurement System

The measurement system and the principle of sensing are illustrated in Fig. 3, and the actual setup
is shown in Figs. 4(a) and 4(b). Collimated, linearly polarized light from a tunable infrared (IR)
laser was first directed onto the sample and then to a detector, through optical components, all
purchased from Thorlabs. To record measurement data, an in-house developed LabVIEW-based
software was used. The tunable laser TLX1 Tunable Laser Source (Thorlabs, Bergkirchen,
Germany) emitted short-wavelength IR light in the range of 1527.6 to 1565.6 nm. A biased
InGaAs photodetector (Thorlabs, Germany) registered light reflected from the sensor with
samples.
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Fig. 3 (a) Schematic of the measurement system and (b) the sensing principle.
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Fig. 4 (a) SPR setup. 1: sensor chip, 2: optical setup, 3: tunable laser, 4: detector, and 5: software.
(b) Sensor chip in the optical setup, with the sensing area appearing green.

Optical Engineering 117103-4 November 2024 e Vol. 63(11)



Ranta-Lassila et al.: Stress biomarker detection with a grating-coupled surface. ..

2.3 Sample Preparation and Measurements

Measurements were performed with the four stress biomarkers of interest: glucose, creatinine,
lactate, and cortisol, all purchased from Sigma-Aldrich. Glucose, creatinine, and lactate were
diluted in deionized water, whereas cortisol was diluted in 20% aqueous ethanol solution to
achieve higher solubility. The sample concentrations ranged between 0 and 300 mM.

The sensor chips were taped onto sample holders to ensure the correct alignment of the
gratings in the system. For each measurement, 30 ul of the sample was pipetted on top of the
SPR chip. A 1-mm-thick glass cover was set on top of the sample to achieve an even sample
surface. The cover had an anti-reflection coating on both sides to prevent interference between
the incident and the reflected light. An adhesive tape also worked as a spacer between the sensor
and the glass cover.

3 Results

Experiments were conducted using the four biomarkers and two different sensor chips (1 and 2)
to characterize their sensing performance as well as the effect of fabrication tolerances.
Figure 5(a) presents the SPR signal in the presence of deionized water (concentration 0 mM)
with these two sensor chips, and Fig. 5(b) shows the SPR signal from chip 2 in the presence of
30-mg/ml glucose, creatinine, and lactate.

The SPR wavelength corresponds to the position of the intensity minimum of each curve.
This position depends on the target analyte and its concentration. The SPR wavelength shift is the
difference among the positions of the SPR wavelength at different analyte concentrations.
Different locations of the SPR wavelength among different sensor chips do not affect the accu-
racy of measurements because the SPR technique relies on detecting relative changes in the SPR
wavelength rather than its absolute position.

To analyze the SPR shift for the analytes and the sensitivities of the sensor chips, linear
regressions of the resonance points were compiled. The linear fittings for glucose, creatinine,
and lactate with chips 1 and 2 are presented in Fig. 6. For the regression analysis, the average
resonance points of the three samples for each concentration were calculated. The SPR wave-
lengths were determined using the minimum of the reflectance data, and the corresponding wave-
length shifts were calculated relative to the SPR wavelength at the baseline (0 mM concentration
in deionized water). For glucose, the simulation data are also shown.

Figure 6 shows that the SPR wavelength shifts increase linearly with the sample concen-
trations. The R? values, ranging from 0.93 to 1, indicate an excellent fit of the data to the regres-
sion lines. The simulated data for glucose also aligns well with the experimental results. To assess
the performance of the sensor, limits of detection (LODs) and sensitivities were calculated for the
analytes and the sensor chips. The tested sensor chips, analytes, measured concentrations, sen-
sitivities, and LODs are presented in Table 2 (higher concentrations).
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Fig. 5 (a) SPR signal in the presence of deionized water with the two tested sensor chips. (b) SPR
signal in the presence of glucose, creatinine, and lactate with sensor chip 2 and concentrations of
30 mg/ml.
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Fig. 6 Linear fittings of the SPR wavelength shift in the presence of glucose, creatinine, and lac-
tate (chips 1 and 2). For glucose, a comparison between experimental and simulated data is
shown.

Table 2 Sensitivities and LODs of the SPR sensor for glucose, creatinine, and lactate
(higher concentrations). Higher sensitivity and lower LOD results for each analyte are in bold.

Sensor chip Analyte Measured concentrations (mM) Sensitivity (21 LOD (mM)
1 Glucose 0, 56, 111, and 167 0.030 13.32
2 0.031 17.78
1 Creatinine 0, 88, 177, and 265 0.024 68.76
2 0.026 24.66
1 Lactate 0, 111, 223, and 334 0.008 129.97
2 0.009 8.73x 1078

In Table 2, the achieved LODs are below the lowest tested concentrations of the analytes
(except 0 mM concentration), indicating potential improvement with more precise testing.
Therefore, the concentrations and the wavelength step size were decreased. Concentrations
of 0 to 56 mM, 0 to 88 mM, O to 111 mM, and O to 8 mM were tested with glucose, creatinine,
lactate, and cortisol, respectively. After revealing approximate SPR wavelengths with prior tests,
the wavelength step size was decreased from 1 to 0.1 nm to achieve more accurate results. Linear
fittings of the SPR wavelength shifts with lower analyte concentrations and smaller concentration
gradients are shown in Fig. 7.

With lower concentrations and a smaller wavelength step size, the average SPR wavelength
shifts do not align with their linear fittings as well as with the higher concentration samples.
Although glucose and creatinine are still relatively well-fitted, the R? values of lactate and cor-
tisol are notably lower (0.79, 0.79; 0.42, 0.61). However, for cortisol, the concentrations are
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Fig. 7 Linear fittings of the SPR wavelength shift in the presence of lower concentrations of glu-
cose, creatinine, lactate, and cortisol (chips 1 and 2). For glucose, a comparison between exper-
imental and simulated data is shown.

much lower than for the other analytes due to the low solubility of cortisol in water. The simu-
lated data for glucose also aligns well with experimental results (chip 2).

The tested sensor chips, the measured concentrations, and the calculated sensitivities and
LODs for these lower concentrations are presented in Table 3. With the lower concentrations and
the smaller wavelength step size, the sensitivity and LOD values improved and the variation
among the chips decreased compared with the larger concentrations (Table 2). When comparing
chips 1 and 2, for both smaller and larger concentrations and both sensitivities and LODs, better

Table 3 Sensitivities and LODs of the SPR sensor for glucose, creatinine, lactate, and cortisol
(lower concentrations). Higher sensitivity and lower LOD results for each analyte are in bold.

Sensor chip Analyte Measured concentrations (mM) Sensitivity (2 LOD (mM)
1 Glucose 0, 6, 11, 17, 22, 28, 0.036 8.91
33, 39, 44, 50, and 56
2 0.077 5.89
1 Creatinine 0,9, 18, 27, 35, 44, 0.047 11.47
53, 62, 71, 80, and 88
2 0.029 10.65
1 Lactate 0, 11, 22, 33, 45, 56, 0.013 36.89
67, 78, 89, 100, and 111
2 0.018 41.83
1 Cortisol 0,3,4,6,7,and 8 0.065 10.37
2 0.114 7.09
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results were more often achieved with chip 2, specifically 6 out of 7 times for the sensitivity
values and 5 out of 7 times for the LOD values.

4 Discussion

During the experiments, various fabricated sensor chips and analytes were tested. The simulated
wavelength shift values for glucose corresponded well with the experimental data, showing well-
performed fabrication and experiments. With higher analyte concentrations (~50 to 300 mM),
larger concentration differences within the same analyte (~85 mM), and a larger measurement
step size (1 nm), the SPR wavelengths increased almost linearly with the analyte concentrations.
Expectedly, with lower concentrations (~5 to 100 mM), smaller concentration differences within
the same analyte (~7 mM), and a smaller measurement step size (0.1 nm), the SPR wavelength
increase had a higher deviation from the linear form. This is due to the increased impact of errors,
which becomes more pronounced when working with finer concentration gradients and smaller
measurement increments. When comparing the analytes, the linear model fits glucose and cre-
atinine better than lactate and cortisol. The R? values for the fittings range notably between 0.42
and 0.97.

Both the sensitivities of the SPR chips and their LOD values vary over the chips and the
analytes. Besides the structural differences of the chips, there are some other factors presumably
affecting the results. These uncertainties include possible errors in both sample preparation and
measurements. During sample preparation, errors can occur from analyte impurities, laboratory
device calibration errors, and human errors. During measurements, uncertainties arise from slight
laser instability, alignment of the sensor chip in the setup, and sample heating under laser irra-
diation. In the future, the measurement uncertainties could be diminished using a more stable
tunable laser, ensuring correct alignment of the sensor chip in the setup with mechanical align-
ment and preventing sample heating with thermal stabilization.

When comparing the achieved LOD values with the actual concentrations of stress bio-
markers in body fluids (Table 1), it is evident that some LOD values align with the actual con-
centrations of these analytes in certain body fluids. Specifically, the glucose LOD falls within the
concentration range found in the blood and is very close to that in urine. The LOD for creatinine
is below the concentration range in urine, whereas for lactate, it is near the concentration range
found in sweat. These results highlight the future capabilities of the presented sensor for con-
tinuous body fluid monitoring. Consequently, further development of the sensor will involve
testing with body fluids, starting with artificial samples and later using human-derived fluids.

The LODs of the previously presented SPR sensors in the literature are in the micromolar or
even nanomolar range.”>** Compared with the sensors in previous studies, a significant distinc-
tion of the sensor proposed in this work is the absence of a receptor layer. Considering that the
sensing is solely based on the plasmonic effect of electron oscillations and not on biological
target-receptor binding, the LODs at the mM level are reasonable. In the future, incorporating
an additional sensing element in the sensor structure would notably improve the sensitivity and
also enable selectivity.

5 Conclusions

Here, we demonstrated a grating-coupled SPR sensor for stress biomarker detection. The sensor
comprised a polymeric nanograting on a silicon substrate covered with gold. The sensor was
tested with four stress-related biomarkers: glucose, creatinine, lactate, and cortisol. The presented
sensor showed a visible plasmonic shift with all the tested analytes. For higher (~50 to 300 mM)
and lower concentrations (~5 to 100 mM), a close to linear increase of the SPR wavelength shift
versus concentration was achieved with glucose and creatinine.

Detection limits of 5.89, 10.65, 36.89, and 7.09 mM were achieved for glucose, creatinine,
lactate, and cortisol, respectively. Compared with other sensors previously reported in the liter-
ature for detecting these stress biomarkers, our sensor did not reach similar detection limits,
which can be associated with the absence of the receptor layer. Adding a sensing element to
the sensor structure would increase sensitivity and enable the selectivity of the SPR sensor.
However, the detection limits of our sensor for glucose, creatinine, and lactate reached their
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physiological concentrations in blood, urine, and sweat, respectively. This shows the promise of
our SPR sensor for continuous body fluid monitoring. With further development, our SPR sensor
has the potential for personalized health monitoring and could be used as a tool for diagnosing
stress conditions, such as burnout and OTS.
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