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Abstract: The sandwiched material-analyte layer in the surface plasmon resonance (SPR)-Otto
configuration emulates an optical cavity and, coupled with large optical nonlinearity material,
the rate of light escaping from the system is reduced, allowing the formation of a strong coupling
regime. Here, we report an organic pentamer SPR sensor using the Otto configuration to induce a
strong coupling regime for creatinine detection. Prior to that, the SPR sensor chip was modified
with an organic pentamer, 1,4-bis[2-(5-thiophene-2-yl)-1-benzothiopene]-2,5-dioctyloxybenzene
(BOBzBT2). To improve the experimental calibration curve, a normalisation approach based
on the strong coupling-induced second dip was also developed. By using this procedure, the
performance of the sensor improved to 0.11 mg/dL and 0.36 mg/dL for the detection and
quantification limits, respectively.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

A chronic kidney disease (CKD) is defined as a gradual loss of kidney function and can
be diagnosed by monitoring the pathophysiological level of the biomolecule creatinine [1].
Creatinine is produced by creatinine phosphate breakdown and is normally excreted by the
kidneys. Depending on the lifestyle of a person, the normal level of creatinine in the serum is
between 0.6 and 1.2 mg/dL [2]. The current approach for determining creatinine levels is Jaffe
calorimetry. There are two phases to this procedure. The first step is to take blood samples
and mix them with potassium oxalate before diluting them with purified water. Before filtering,
sodium tungstate and 67 percent sulfuric acid are added to create a colourless, protein-free filtrate
(PFF) solution. The PFF solution was then mixed with picric acid in the alkaline solution, causing
an increase in light absorption at 500 nm due to the interaction with the creatinine molecules
[3]. However, interference with other metabolites, as well as the time-consuming and limited
accuracy of Jaffe’s colorimetry, sparked interest in other alternative techniques [4].

A Surface plasmon resonance (SPR) can be induced by coupling the evanescent wave produced
by total internal reflection with the collective oscillation of electrons at a metallic surface.
This coupling action enables wavevector matching between the incident light and the surface
plasmon [5]. At a given angle and wavelength, the resonance condition is fulfilled, leading
in a considerable attenuation of reflectivity. When the local refractive index (RI) near the
metallic surface changes, the aforementioned resonance condition changes and can be utilized
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for a number of sensing applications [6,7]. The standard configuration uses a metallic thin film
functionalized with a variety of sensing materials. The interaction between the analyte of interest
and the sensing material alters the RI and results in a resonance shift [8]. Medical diagnostics [9],
environmental monitoring [10], biochemistry [11], and food safety [12] have all seen widespread
usage of sensors that employ the SPR principle. These sensors commonly utilize varying angle
of incidence approaches to measure RIs, however they frequently have limited sensitivity [13].

Owing to its practicality, many SPR-based sensors were developed based on the Kretschmann
configuration [14]. In this configuration, a sensor chip, which is usually made of a metallic thin
film, deposited on the substrate slide is placed on top of the coupling prism [15,16]. However,
to ensure that the discrepancy between the RI of the prism and the slide is eliminated, the
selection of an index matching gel or fluid is crucial [17]. Another less common approach is the
Otto configuration, which takes advantage of frustrated total internal reflection by coupling the
tail of an evanescent wave at a prism/dielectric interface and the surface plasmon (SP) at the
dielectric/metal interface [18]. Due to the placement of the dielectric or the analyte of interest
in-between the prism and the metal layer, the need for index matching gel or fluid is eliminated
[19].

The Otto-based SPR sensor has recently attracted a lot of attention [20–23]. This is owing to
the fact that with the Otto configuration, considerably thicker metallic films can be employed
compared to the 100 nm thickness constraint in the Krestchmann configuration, which minimizes
optical losses [24]. In addition, the sandwiched structure creates an optical cavity, which increases
the coupling efficiency between the SP and the material excitons [25–27]. As a result of the
Rabi splitting process, the strong coupling regime is formed. In this regime, a hybrid mode
with distinct characteristics compared to the original mode is formed [28,29]. This hybrid mode
can be exploited for sensitivity enhancement in sensor applications [30–32]. The change in the
degree of the interaction between a sensing material and a different concentration of the analyte
could result in the formation of a distinct hybrid mode. This altered the splitting width, which
may be correlated to analyte concentration to establish the sensor’s calibration curve.

The present work reports the exploitation of the strong coupling in an organic pentamer-based
SPR sensor that uses the Otto configuration for creatinine detection. The gold (Au) film SPR
sensor chip was immobilized with different concentrations of an organic pentamer, 1,4-bis[2-
(5-thiophene-2-yl)-1-benzothiopene]-2,5-dioctyloxybenzene (BOBzBT2). Organic materials
have attracted considerable attention in recent years due to their large dipole moments and high
possible density [33]. Material with a large dipole moment is ideal for observing the strong
coupling regime at room temperature because it increases the strength of the excitons-plasmon
coupling [34]. The bis-donor groups in BOBzBT2 enhance two-photon absorption efficiency,
while the extended π-conjugated backbone of BOBzBT2 elongates the charge-transfer network
[35,36]. Subsequently, a normalization procedure that utilizing the strong coupling-induced dip
is proposed to improve the experimental calibration curve.

2. Methods

2.1. Preparation of materials

The synthesis of the BOBzBT2 (see Fig. 1(A)) was carried out via four transition com-
pounds, namely: 1,4-bis(octyloxy)benzene (1); 2,5-dibromo-1,4-bis(octyloxy)benzene (2); 1,4-
bis(thiophen-2-yl)-2,5-dioctyloxybenzene (3); and 1,4-bis(5-bromo-thiophen-2-yl)-2,
5-dioctyloxybenzene (4) following the previous work in [37]. Williamson etherification and
bromination reactions were used to prepare compound (1) and (2), respectively. Later, the Suzuki
coupling reaction was carried out to synthesis compound (3) and compound (4) was prepared via
bromination reaction. By replacing the thiophene boronic acid with benzo[b]thien-2-ylboronic
acid for the latter Suzuki coupling reaction, the 1,4-bis[2-(5-thiophen-2-yl)-1-benzothiophene]-
2,5-dioctyloxybenzene pentamer (BOBzBT2) is prepared.
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Fig. 1. The synthetic route of the BOBzBT2 pentamer via transition compounds.

As a result of functionalization of dioctyloxy-substituents on phenylene moiety, BOBzBT2
pentamer demonstrated good solubility producing a clear orange-coloured solution in common
organic solvents such as chloroform (CHCl3) with their respective maximum solubility limit
of 6.31mg/mL. Additional thiophene moieties alongside the phenyl monomers increase optical
nonlinearity of the pentamer [38]. Different concentrations of the BOBzBT2 were prepared
by diluting it with the CHCl3 solvent. Three BOBzBT2:CHCl3 ratios (mg:ml) were prepared
namely, 1BOBzBT2: 3CHCl3, 1BOBzBT2: 2CHCl3 and 3BOBzBT2: 5CHCl3. The creatinine
solution (5 mg/dL) was prepared by dissolving 12.5 mg of creatinine with deionized water in
a 250 ml (2.5 dL) volumetric flask. A series of different concentrations of creatinine dilutions
were then prepared.

2.2. SPR-Otto configuration

The SPR sensor chip was fabricated by depositing a 50 nm Au layer on a 0.17 mm thick glass
substrate using sputtering machine with 60 mA and 9 nm/min of sputtering current and rate,
respectively. The BOBzBT2 dilution was later immobilized on top of the film by spin-coating 1
mL of the BOBzBT2:CHCl3 dilution at 3,000 RPM for 40 s (Fig. 2(A)). A group of 10 sensor
chips prepared for each BOBzBT2:CHCl3 dilution corresponding to nine different creatinine
solution concentrations - and one blank solution. An SPR measurement based on the Otto
configuration was prepared by first dropping creatinine solution on top of the prism before placing
the bare Au or the BOBzBT2:CHCl3-Au sensor chips on top of the solution (see Fig. 2(B)).

In the Otto configuration, the damping of the system is contributed by the internal and radiative
mechanisms. The former results from the absorption by the metallic film and has a proportional
relationship with the complex dielectric constant. Meanwhile, radiative damping occurs due to
the emission of the SP back into the prism. The coupling of this back wave strongly depends on
the thickness of the spacer, i.e., the gap between the film and the prism [8]. Previously, several
schemes for controlling the gap were proposed, such as using a pre-defined thickness spacer
coating [39], a dielectric polymer spacing layer [40], or dual-resonance fibre [41].

In the present work, an iron block weighing 5 grams was placed on top of the sensor chip
and left for 5 minutes (see Fig. 2(C)). This is to give the excess creatinine solution time to ooze
out of the layer. Moreover, by applying a uniform and consistent load to the slide, a relatively
uniform spacer thickness can be obtained. A DH-2000-BAL Ocean Optics unit supplied the
broadband UV-VIS-NIR incident light. Light is incident through a polariser on the BK7 glass
right-angle prism at an angle of incidence of θ= 18°, and its reflectance was collected by an
HR2000CG-UV-NIR Series High-Resolution Fiber Optic Spectrometer.

At a critical angle, the total internal reflection induces an evanescent wave in the BOBzBT2:CHCl3-
Creatinine layer as depicted in the inset of Fig. 2(C). Due to the presence of the evanescent
wave, BOBzBT2:CHCl3-Creatinine excitons were created. The working principle behind this
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Fig. 2. A) The preparation of BOBzBT2:CHCl3 sensor chip, B) Preparation of SPR
measurement on creatinine solutions, and, C) Schematic of an SPR setup using the Otto
configuration. Inset show the interaction between excitons, SP and the evanescent wave.

is identical to that of total internal reflection (TIR) microscopy [42]. When the metallic film
is brought into proximity to the prism, frustrated total internal reflection occurs and results in
coupling between the associated evanescent wave, the BOBzBT2:CHCl3-Creatinine excitons
and the SP mode. By varying the creatinine concentration, different SP-excitons couplings are
generated. Through this principle, the concentration of an analyte can be quantified.

2.3. Theoretical background

The relation for the wave vector along the surface plasmon propagation can be expressed by:
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where ε′1 and ε′′1 are the real and imaginary term of dielectric function of the Au film. Meanwhile,
ε2 is the dielectric constant of BOBzBT2:CHCl3-Creatinine layer. To evaluate Eq. (1), the value of
dielectric function for the Au is estimated by solving the Drude-Sommerfeld dynamical equation
for a free-electron [43]:

ε1 = 1 −
ω2

p
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p
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ωp and γ are the bulk plasma frequency and the damping term for bulk gold, respectively.
The Drude-Sommerfeld model gives accurate results in the infrared regime but is fails at
wavelengths below 550 nm [44]. In the following analysis, the value ωp = 13.8 × 1015 s−1 and
γ = 1.075 × 1014 s−1 were selected according to the Ref. [45]. These values were determined
using [46] in the near-infrared region - and for a gold film thickness that exceeds the 25 nm
thickness threshold.



Research Article Vol. 30, No. 9 / 25 Apr 2022 / Optics Express 14482

Fresnel analysis at the boundary is then applied, with the tangential component of the electric
field being continuous at both interfaces. The expression for the reflectance of a transverse
magnetic wave is determined as follows [47]:

R =
|︁|︁|︁|︁ r32 + r21 exp(−2kxd)
1 + r32r21 exp(−2kxd)

|︁|︁|︁|︁2 (3)

where we have used the respective Fresnel reflection coefficients r32 and r21 for the BK7 -
BOBzBT2:CHCl3-Creatinine layer (ε3 and ε2) and for the BOBzBT2:CHCl3-Creatinine layer –
Au (ε2 and ε1) boundaries, respectively. By substituting Eq. (1) and Eq. (2) into Eq. (3), the SPR
reflectivity can be simulated.

3. Results and discussion

3.1. Absorption spectrum of BOBzBT2

Two peaks, at 450 nm and 481 nm, were observed using UV-VIS spectrophotometry. Interestingly,
the double-peaked characteristic is similar to that of Rhodamine 6G, an organic material that has
been used to demonstrate strong coupling [48–51]. Increasing the BOBzBT2 concentration in the
dilution, increases the absorbance as shown in Fig. 3(A). This is due to more light being absorbed
as more BOBzBT2 pentamers are present in the system. The double-peaked characteristic was
also preserved, even with the addition of different creatinine solution. Referring to Fig. 3(B), by
using 3BOBzBT2:5CHCl3 dilution, discernible quenching of the absorption spectrum is observed
as the concentration of creatinine increases. This inverse Beer-Lambert Law is due to the gradual
relaxation or inhibition of internal charge transfer between the sensing material and the analyte
[52].

Fig. 3. The absorbance spectra for A) three BOBzBT2: CHCl3 dilutions and, B) 3BOBzBT2:
5CHCl3 dilutions with six concentrations of creatinine.

3.2. Strong coupling regime

With the dielectric layer sandwiched between a prism and a metal layer, the Otto configuration
emulates the optical cavity. Consequently, the radiation leakage is significantly reduced [53].
An exciton-plasmon hybrid system can be formed when the energy-transfer rate between the
exciton and the plasmon is larger than the rate of leakage in the system. This system has distinct
eigenenergies and eigenstates when compared with the uncoupled system and can be represented
by the Jaynes-Cumming model (Fig. 4(A)).

To investigate the existence of a strong coupling regime, SPR measurements using the
unmodified, 1BOBzBT2:3CHCl3, the 1BOBzBT2:2CHCl3, and the 3BOBzBT2:5CHCl3 sensors
were conducted. This is done by performing wavelength sweeping from 300 nm to 1000 nm at a
fixed incident angle. The measurements were first obtained using a blank solution (0.0 mg/dL).
As shown in Fig. 4(B), only a single dip, D1 at 453 nm (denoted by γp) is observed from the
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Fig. 4. A) The Jaynes-Cumming model of exciton-plasmon hybrid. SPR spectra obtained
from unmodified sensor and BOBzBT2-modified sensors using B) blank solution and C)
0.6 mg/dL concentration of creatinine solution. Gold dotted line represents the uncoupled
plasmon resonance, γp. D) The left dip, D1 and the right dip, D2 from the reflectance spectra
of the 3BOBzBT2:5CHCl3 modified sensor.

unmodified sensor. Using the 1BOBzBT2:3CHCl3-sensor, D1 shifted to the lower wavelength of
approximately 447 nm.

By repeating the measurement with higher concentrations of BOBzBT2, namely 1BOBzBT2:
2CHCl3 and 3BOBzBT2:5CHCl3, D1 is shifted to approximately 435 nm. Besides that, a faint
appearance of a right dip, D2 at a proximity of 800 nm, can be observed in the spectra obtained
from modified sensors. The D1 wavelength obtained from the 1BOBzBT2:3CHCl3-sensor
was shifted to 441 nm with the addition of 0.6 mg/dL creatinine solution, whereas both the
1BOBzBT2:2CHCl3 and 3BOBzBT2:5CHCl3 sensors maintained the similar D1 wavelength
of approximately 435 nm (Fig. 4(C)). Moreover, the shifting of γp to approximately 467 nm
is also observed. The D2 becomes more pronounced, especially in the spectra obtained from
1BOBzBT2:2CHCl3 and 3BOBzBT2:5CHCl3 sensors.

Two dips in the SPR measurement can be interpreted in two ways: either by the Long Range
Surface Plasmon (LRSP) or by the strong coupling. Due to the use of a symmetric metal slab
or film, LRSP is inherent in the Otto-SPR setup. Using this configuration, Otto was the first
to observe the LRSP characteristic [54]. However, in LRSP setup, a thin metal film must be
sandwiched by two dielectric layers with a similar RI. Given that the RI of the blank solution is
1.333 and the RI of the glass slide on which the Au film was deposited is 1.523, the resonance
dip obtained from the unmodified sensor (represented by black line in Fig. 4 (B and C) was
the non-LRSP resonance dip obtained from the unmodified sensor. If the LRSP was caused by
the introduction of BOBzBT2:CHCl3, the resonance dip should have a considerably narrower
linewidth than a non-LRSP dip [55]. On the contrary, there was no discernible difference in the
linewidth of the D1 obtained from the modified sensors and the unmodified sensor. Therefore,
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it can be deduced that the two dips observed in the experiment may not have resulted from the
LRSP.

The strong coupling occurs when the Rabi oscillation period is shorter than the damping
time of both SP and the bare excitons [56]. To demonstrate that, the splitting width must be
larger than the linewidth of the absorption line and the uncoupled plasmon line. Referring to
Fig. 3, the linewidth of the absorption line is 0.56 eV with peak energies of 2.74 eV and 2.58
eV, respectively. On the other hand, the linewidths for γp were measured at 0.58 eV and 0.53 eV
with resonance energies of 2.73 eV and 2.65 eV for the blank solution and 0.6 mg/dL creatinine
solution, respectively. Meanwhile, the splitting width, 2g between D1 and D2 is approximately
1.24 eV (Fig. 4(D)), which is larger than the linewidths of the absorption and the uncoupled
plasmon. This indicates that the strong coupling regime is achieved with splitting to damping
ratio (2g/γp) of ∼2.1. Furthermore, the D1 and D2 were observed at resonance energies of 2.85
eV and 1.55 eV, respectively. These energies are the respective energies for the hybrid states
|S1 (the upper polariton) and |S0 (the lower polariton) as depicted in Jaynes-Cumming model
(Fig. 4(A)).

3.3. Strong coupling-induced resonance dip for sensing

The D2 in Fig. 4(D) resulted from the strong coupling regime and can be exploited for creatinine
sensing applications. The corresponding D2 obtained at five different creatinine concentrations -
for the bare Au, the 1BOBzBT2: 3CHCl3-, 1BOBzBT2: 2CHCl3- and the 3BOBzBT2: 5CHCl3
respectively, is shown in Fig. 5. D2 is presence at all BOBzBT2 dilutions and at all creatinine
concentrations. In contrast, by using the bare Au, D2 can only be observed when performing
the SPR measurement using the creatinine solutions with a concentration of 0.7 and 0.8 mg/dL
(see Fig. 5(A)). This is partly due to the increase in coupling efficiency between the excitons and
surface plasmon due to more creatinine molecules being present in the solution.

Fig. 5. The right dip, D2 for A) the unmodified sensor, B) the 1BOBzBT2:3CHCl3-Au
sensor, C) the 1BOBzBT2:2CHCl3-Au sensor, and D) the 3BOBzBT2:5CHCl3-Au sensor.

Varying the creatinine concentrations shifts the resonance wavelength of D2. However, in
the 1BOBzBT2:3CHCl3-sensor (Fig. 5(B)), a negative-shift was observed from 802.4 nm at
a creatinine concentration of 0.4 mg/dL to 800.9 nm at 0.5 mg/dL before shifting to a larger
value of 803.6 nm at 0.6 mg/dL. This was followed by another negative-shift to 797.6 nm at
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0.7 mg/dL, before shifting to 809.9 nm at 0.8 mg/dL. The resonance shifting continues with
the 1BOBzBT2:3CHCl3-sensor, as demonstrated in Fig. 5(C). By increasing the creatinine
concentration from 0.4 mg/dL to 0.5 mg/dL, a negative-shift of ∆λ= 7.6 nm is observed, and
is followed by a positive-shift from 0.5 mg/dL to 0.7 mg/dL before a smaller resonance at a
wavelength of 800 nm is obtained at 0.8 mg/dL.

The shift towards a lower wavelength or a negative-shift in an SPR sensor is not uncommon and
was reported as early as the 1970s [57]. In a material-analyte matrix, the RI can also be influenced
by the damping caused by a chemical reaction. Furthermore, the disproportionate association
between the concentration of the analyte and the RI may account for the contribution of the
tensorial components of the dielectric function. By using a higher concentration of BOBzBT2
(i.e., 3BOBzBT2: 5CHCl3), the positive-shifting was observed with a creatinine concentration
range of 0.4 mg/dL to 0.8 mg/dL (Fig. 5(D)). As compared to lower BOBzBT2 concentrations, the
demonstration of a monotonic relationship between creatinine concentration and the wavelength
shift when using a higher concentration of BOBzBT2 indicates the sensitivity of the BOBzBT2
pentamer towards creatinine molecules.

In addition, there are two partials negative δ− groups on the BOBzBT2 pentamer, namely at an
electron-rich atom such as S at the thiophene unit and O at the alkyloxy side chain. Meanwhile,
the presence of NH and NH2 groups on the creatinine molecule provides two partially positive
polar groups, δ+. The polar interactions are likely to occurred between the S atom and the NH
group in the creatinine molecule, compared to another possible polar interaction of N-H···O.
This is due to the fact that the red-shift in the N-H···S hydrogen-bond is almost twice as large
compared with that for N-H···O [58]. Moreover, the binding energy of the N-H···S complex was
also comparable to that of the indole·benzene complex.

3.4. Theoretical fitting with experimental results

The analysis was carried out by solving Eq. (3) at a fixed incident angle, α, following the
experimental setup (Fig. 2(C)). The changes in the SPR response produced by varying the
relative dielectric constant of the BOBzBT2:CHCl3-Creatinine layer, ε2 are shown in Fig. 6(A).
Increasing the value of dielectric constant, ε2 leads to greater polarization of the medium. This
induces attenuation on the accumulated charges in the vicinity of the resonance. As a result, the
reduction of the net restoring force in the system shifts the resonance wavelength to a larger value.
These conclusions are compatible with the experimental fact that the wavelength shifted as the
RI changed, since the ε2 is correlated to the RI.

The influence of the thickness of the spacer layer, d, on the SPR response is demonstrated in
Fig. 6(B). When the gap is too large (d → ∞), the magnitude of SP excitation has reduced - and
therefore, the resonance will vanish. Moreover, at d → ∞,, the exciton is no longer localized -
and the rate of light escape from the cavity is greater, resulting in reduced coupling efficiency.
On the other hand, as the imaginary term of ε2 increases, the resonance halfwidth is broadened,
as shown in Fig. 6(C) - which is expected since the term itself is associated with the intrinsic
losses of the system.

There was a robust agreement between the D2 observed experimentally and the response
generated theoretically - in the vicinity of the resonance, as shown in Fig. 6(D). It was determined
theoretically that to obtain a similar resonance wavelength to that in the experiment, the thickness
of the BOBzBT2:CHCl3-creatinine layer should be approximately 130 nm. However, the curves
deviated from each other at λ ≫ λsp and λ ≪ λsp, respectively, which is mainly due to the limited
ability of the theoretical model to predict the dynamics of the system at either larger or smaller
wavelengths with respect to the resonance wavelength.

The fitting between the SPR curves obtained experimentally and in theory has enabled the
values of the relative dielectric constant, ε2 to be extracted - for 1BOBzBT2: 3CHCl3-creatinine,
for 1BOBzBT2:2 CHCl3-creatinine and for 3BOBzBT2:5 CHCl3-creatinine. In the presence
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Fig. 6. The SPR spectra modelled using to Eq. (3) by varying A) ε2, B)d and C) iε2. D) A
good agreement between theoretical SPR reflectance spectra with the experimental spectra.

of BOBzBT2 dilution, the dielectric constant, ε2 fluctuated between approximately 49.2 and
approximately 50. These values range between the dielectric constant values of dimethyl sulfoxide
(DMSO) (CH3)2SO, another organosulfur compound, and hydrazine N2H4, at 20°C.

3.5. Sensor performance in quantifying creatinine in an aqueous solution

A typical SPR-based sensor utilizes the change in the local RI of the analyte near the metallic
surface as a result of the direct interaction with the surface plasmon. The sensor’s operating range
was determined by measuring the relationship between analyte concentration and wavelength
shift. In the present work, the addition of BOBzBT2 pentamer to the system enables the formation
of BOBzBT2-creatinine complexes. The BOBzBT2-creatinine excitons are then coupled with the
surface plasmon to induce the strong coupling regime. As the concentration of creatinine varies,
the energies of the hybrid states also vary, resulting in the shifting of the D1 and D2 resonance
wavelengths.

However, as demonstrated in Fig. 7(A), by conducting the numerical analysis using Lumerical’s
FDTD software, it is demonstrated that D2 is more sensitive to the change in RI. The analysis
was performed by varying the wavelength of the source light, oriented at an angle following
the experimental setup. To simulate the excitons, 6 dipoles oriented at a 65° angle with respect
to the horizontal axis were added between the BK7 prism and the Au film (inset of Fig. 7(A)).
By changing the background RI, n, the variation of D2 is more pronounced compared to D1.
Moreover, both the left and right peaks of D1 and D2 varied significantly.

The performance of the 3BOBzBT2:5CHCl3-sensor was investigated using different concen-
trations of creatinine solutions ranging from 0.4 to 0.9 mg/dL. By subtracting the D2 resonance
wavelength obtained from the blank solution from the wavelength acquired at each creatinine
concentration, the calibration plot is created. When measuring creatinine levels with creatinine
solutions, the sensor showed a monotonically falling function (see Fig. 7(B)). On the contrary,
none was observed when performing similar measurements using thiourea solutions with a
concentration range of 0.4–0.9 mg/dL (inset Fig. 7(B)). Thiourea was chosen since it is typically
present in the serum [59]. The finding further validates the sensor’s selectivity for creatinine.
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Fig. 7. A) The SPR spectra obtained using FDTD simulation. B) Experimental calibration
plot (N = 5) of 3BOBzBT2:5CHCl3 sensor. Inset shows the attempted calibration plot for
thiourea solutions. C) The components of the SPR curve involve the derivation of Eq. (4).
D) The improved calibration plot for the 3BOBzBT2:5CHCl3 sensor.

Despite its promising trend, the wavelength variation between 0.4 mg/dL and 0.5 mg/dL is
substantial. By excluding the response obtained from 0.4 mg/dL, the linear regression between
0.5 mg/dL and 0.9 mg/dL is constructed with a correlation coefficient of R2 = 0.946. The sensor’s
sensitivity, which is determined by taking the slope of the response curve, is approximately
evaluated at 4.156 µm dL g−1. The values of 0.32 mg/dL for the limit of detection (LOD) and 0.99
mg/dL for the limit of quantification (LOQ) were determined on the basis of the ICH guideline
[60].

A normalisation procedure was proposed to improve the calibration curve obtained from the
experimental result. This is done by utilizing left and right peaks that accompany D2 (peak Rpp,1
and peak Rpp,2 in Fig. 7(C)) and by plotting the difference between the proportionate coefficient,
∆β obtained from the blank solution following the creatinine concentrations. β is calculated by
using the ratio between the difference in resonance depths and the wavelengths involving both
Rpp,1 and Rpp,2 peaks namely;

β =
∆R1(∆R2 − ∆R1)

∆R2
Ψ (4)

where;

∆Ri =

|︁|︁|︁|︁ Rpp,i − Rsp

λpp, i − λsp,

|︁|︁|︁|︁ , i = 1, 2 (5)

Ψ is obtained by calculating the ∆R2/∆R1 for the bare Au sensor in respect to the corresponding
concentration of creatinine.

As demonstrated in Fig. 7(D)), the correlation coefficient, R2, is significantly improved
compared with the experimental calibration curve (Fig. 7(A)). It shows that the detection range
of the BOBzBT2 modified sensor has been extended to 0.4 mg/dL. Following this formulation,
the sensitivity of the sensor is valued at 0.209 dL mg−1 with a much lower detection limit (LOD)
of 0.11 mg/dL. The LOQ was calculated at 0.36 mg/dL. The performance comparison between
the experimental calibration curve and the modified calibration curve obtained by the formalism
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of Eq. (4) is summarized in Table 1. The improvement was mainly contributed by the additional
parameters to measure the D2. The utilization of SPR peaks also amplifies the faint wavelength
shifting obtained from the direct experimental measurement.

In comparison with other works where, a non-strong coupling SPR sensor for creatinine
sensing was utilized, the present work offers a lower detection range corresponding to the normal
level of creatinine in serum. In [61], by using a commercially available SPR Navi 200 instrument
and despite the addition of the creatininase enzymes, the obtained linear working range is 113.1
to 2261.9 mg/dL, which is beyond the range of normal creatinine concentration in serum. On the
other hand, Arif et al. [62] proposed the SPR sensor chip that was modified with the artificial
creatinine receptor to quantify the creatinine concentration. However, in spite of the complex
sensor chip preparation, the linear working range is between 11.3 and 1130.9 mg/dL, which is
inadequate to measure the creatinine concentration level in serum. With a much lower minimum
working range of 0.4 mg/dL, the utilization of the strong coupling regime proposed in the present
work has improved the sensitivity of the SPR-based sensor significantly without the need for the
enzymes and complex preparation of the sensor.

Table 1. Comparison in terms of sensor performance between the experimental calibration curve
and the theoretical calibration curve (Eq. (7)).

Range (mg/dL) LOD (mg/dL) LOQ (mg/dL) Sensitivitya R2 (a.u.)

Experimental 0.4–0.9 0.32 0.99 415.6 nm L g−1 0.946b

Theoretical ((Eq. 4)) 0.4–0.9 0.11 0.32 20.9 n L g−1 m−1 0.989

aNote that the sensitivity obtained from the experimental calibration curve (Fig. 7(A)) and the theoretical calibration
curve (Fig. 6(C)) are different due to the different Y-axis on the respective calibration curves.
bWith the exclusion of 0.4 mg/dL.

As shown in Table 2, the proposed sensor is compared to reported sensors available in
the literature in the following areas: technique, material used, linear range, sensitivity, and
detection limit. In comparison to the previously proposed creatinine sensors, the presented
strong coupling-based SPR has the advantages of being simple to use, relatively stable, good
sensitivity, and inexpensive. Despite the higher LOD, the performance of the sensor is adequate
for monitoring the normal range of creatinine in serum. Furthermore, as compared to the
fabrication method used in this study, surface enhanced Raman scattering (SERS) and localized
surface plasmon (LSPR) based sensors necessitate advanced ways to regulate the consistency
of the fabricated sensor chip. As the present work aims to provide an alternative to the second
step of the Jaffe method, i.e., monitoring the creatinine level in the PFF solution, exploiting the
strong coupling in Otto-SPR configuration for sensor applications provides both simplicity and
adequate performance.

Table 2. Comparison Comparison of the proposed sensor’s performance to that of existing
sensors.

Technique Material used Range (mg/dL) LOD (mg/dL) Ref.

SERS Thiol-functionalized Ag films - Ag colloid 0.06 - 11.3 Not reported [63]

LSPR GO/AuNPs/MoS2- NPs/CA 0 - 22.6 1.4 [64]

SERS/MOS SPR/AgNPs/PPy film 0.1–11.3 0.002 [65]

Stamping SERS PDMS/NPGDs with Ag-Au alloy 0.001 - 1.1 0.0001 [66]
Strong coupling
based SPR BOBzBT2 on Au film 0.4 - 0.9 0.11

Present
work
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4. Conclusions

We have reported a SPR-Otto creatinine sensor using a novel organic pentamer by exploiting the
strong coupling between the excitons and surface plasmon. The combination of a large optical
nonlinearity sensing material and a sandwiched material-analyte layer to simulate an optical cavity
facilitates the formation of a strong coupling regime. The Au film sensor chip was immobilized
with the organic pentamer 1,4-bis[2-(5-thiophene-2-yl)-1-benzothiopene]-2,5-dioctyloxybenzene
(BOBzBT2). The SPR measurement on different creatinine concentrations, a biomarker for
CKD, was conducted using different concentrations of the BOBzBT2 diluted in CHCl3. The
experimental results were investigated theoretically and show good agreement with the standard
theoretical framework in the near-infrared region. The sensor with the highest BOBzBT2
concentration demonstrates an operating range of 0.4–0.9 mg/dL. The experimental limit of
detection (LOD) and limit of quantification (LOQ) of the sensor were determined to be 0.32
mg/dL and 0.99 mg/dL, respectively. The performance of the sensor was later improved to a
LOD of 0.11 mg/dL and an LOQ of 0.36 mg/dL. This is accomplished by using a normalization
of the calibration curve based on the strong coupling-induced dip. The setup’s simplicity, along
with good sensor performance due to the use of the strong coupling regime, should pave the way
for the development of comparable sensors for a range of biomarkers.
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