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Aquatic environments are often contaminated with MRR chips in drug
biopersistent pharmaceuticals, such as the f-blocker metoprolol. The solutions
quantitative determination of such pollutants is crucial for environ- uncoated

mental monitoring. Therefore, a highly sensitive integrated photonic
biosensor for the detection of minute concentrations of metoprolol is \\/

sensitivity enhancement

presented here. The sensor is based on a thermally robust ring @0 ’ . comed
resonator with a hydrogel coating for metoprolol adsorption. coated with Zo02 s
Hydrogels consisting of gelatin methacryloyl enabled an increase in hydrogel /5

the concentration of metoprolol ions in the vicinity of the photonic <ol

chip, resulting in high sensitivity of the sensor setup. Compared to an L—/‘ 0

uncoated chip, an increase in sensitivity of up to a factor of 20 was o (ol aml)

observed. In combination with software-implemented signal process-
ing, the setup showed a detection limit of less than 1 X 10™* ymol
mL™". The combination of functional coating, thermally insensitive design, and applied digital signal postprocessing makes the
system introduced here an attractive approach toward sensor-based wastewater analysis and monitoring.

photonic device(s), micro ring resonator, hydrogel, gelatin methacryloyl, adsorption

Further improvement of the limit of detection (LoD) of
sensors based on integrated photonic waveguides can be
realized via functionalizing the waveguides with functional
elements, such as biomolecules™ or functionalized polymers
with a high affinity for the target analytes. In order to achieve
waveguide functionalization, the functional elements are
immobilized on the surface of the photonic waveguide chips,
mainly by covalent bonds or by strong physical interactions.
The functionalization process usually consists of the following
steps: First, the surfaces of the photonic chips are cleaned and
activated. Then, the surface is primed to allow bonding of the
functional elements, for example, by silanization. In the last
step of the functionalization, the functional elements are
applied as a coating that interacts with the target analytes and
leads to an enhancement of the analyte concentration within
the coating compared to the surrounding environment.'”"!
Due to this concentration enhancement in the immediate

Biosensors based on integrated photonic waveguides are of
great interest for the detection of a number of different
analytes in the environment. Quantitative analysis used for
monitoring of the components of aqueous samples from, e.g.,
wastewater, is a field in which the use of compact photonic
biosensors is in high demand. The potential of such sensors for
sensitive, scalable, and highly compact point-of-care diagnos-
tics is an advantage compared to commonly used analytical
methods, which are time-consuming and require expensive
laboratory equipment as well as trained operators. Due to the
interaction of the propagating evanescent field with the
waveguide’s surroundings, small changes of the top cladding’s
refractive index (RI) cause a proportionally modified phase
velocity. By extracting the phase at the end of the sensing
waveguide, using, e.g, a resonator, photonic crystal, or
interferometer, it is possible to determine the RI of the
cladding material that commonly represents the analyte.'~* RI

changes below 1077 refractive index units (RIU) can be April 16, 2025
detected by state-of-the art integrated waveguide sensors.””’ June 30, 2025
However, they require sensitivity-optimized photonic wave- July 2, 2025

guide structures, low noise, and accurate measurement
equipment as well as isothermal conditions, thus sacrificing
the simplicity of the system.
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Figure 1. Experimental setup consisting of the photonic chip coated with the GM hydrogel for metoprolol concentration enhancement on the
sensor surface. The coated photonic chip is connected to uncoated glass fibers through which the laser light wave is guided. After passing the
waveguide, the output power is measured over the experimental wavelength range. When metoprolol is present in the solution, it adsorbs on the
GM hydrogel due to electrostatic interaction. For a more detailed view of the hydrogel, see Figure S1, Supporting Information.

surroundings of the waveguide, the evanescent field sees an
effectively larger concentration that correlates linearly with the
RI.

Functional coatings consisting of (bio)polymers have been
successfully applied as sensitive elements for optical
sensors.'”"” In contrast to sensors functionalized with a
monolayer of immobilized antibodies, functionalization with a
three-dimensional polymer coating can offer increased binding
capacities as well as flexibility regarding the binding of
analytes.'* For example, Hoppe et al. functionalized a dual-
mode interferometer (DMI) with a thin layer of imprinted
poly(MMA-co-EGDMA) for the detection of L-Boc-phenyl-
alanin anilid (L-BFA)."> The functionalization led to a
pronounced phase shift due to selective L-BFA adsorption on
the imprinted polymer and thus to enhanced sensitivity of the
chip. The study also showed that even a nonimprinted
poly(MAA-co-EGDMA) coating led to an enhanced phase shift
compared to the nonfunctionalized DMI, which was attributed
to nonspecific adsorption of the analyte on the polymer
coating. Nonspecific interactions of the analytes with func-
tional building blocks of the polymer can thus be used as an
alternative to specific interactions.

Hydrogels, polymer networks that are swollen in water,'® are
promising candidates as functional coatings for sensing in
aqueous solutions. Hydrogels have already found application in
sensing,”’18 as adsorbers,"”*° and also in fields like drug
delivery”' =’ or tissue engineering.”*** The easy diffusion of
analytes throughout the polymer network™® combined with the
relatively easy introduction of building blocks with certain
functionalities”’ ~*° enables the enrichment of analytes in the
hydrogel bulk. For example, by incorporating building blocks
with positively or negatively charged groups in the polymer
network, the adsorption of charged analytes is possible. The
adsorption of various analytes on hydrogels has been the object
of various studies and has been accurately described by known
adsorption models, like Langmuir or Freundlich.**~** Exam-

ples include the adsorption of metal ions’>** of organic

dyes®>*° and of common drugs like diclofenac and
metoprolol.””~*” Despite the numerous studies on analyte
adsorption on hydrogels, most of them are focused solely on
the materials as adsorbers and not on the effect that the analyte
enrichment has on the material properties and the possible
applications that arise from that.

The significant increase of analyte concentration in the
hydrogel leads to changes of key physical properties of the
hydrogels that are crucial for sensing applications.”’ As
mentioned, an important physical property with regard to
optical sensors based on photonic structures is the RI. It is thus
important to correlate the concentration enhancement of
analytes in the hydrogel caused by adsorption to refractive
index changes. Previous work has shown that the Langmuir-
type adsorption of the drugs diclofenac sodium and metoprolol
tartrate on functionalized poly(ethylene glycol) diacrylate
(PEG-DA) hydrogels led to a defined increase of the refractive
index of the hydrogels of around 107 RIU with increasing
drug concentration in the hydrogels.”® In that work,
concentration enhancement factors >1000 were observed for
diclofenac and >10 for metoprolol, highlighting the importance
of the material choice to maximize potential sensor response.

In the present work, we demonstrate the sensitivity
enhancement of photonic biosensors based on a functional
coating. For this purpose, a gelatin methacryloyl (GM)
hydrogel is used that is able to interact with the target ionic
drug metoprolol. Metoprolol is one of the most frequently
detected f-blockers in the environment with concentrations up
to 3 X 10™* ymol mL ™" in wastewater influents.*' For material
characterization, metoprolol adsorption in bulk GM hydrogels
is measured. Subsequently, a micro ring resonator (MRR) in
the 250 nm silicon nitride technology that serves as sensitive
photonic device is coated with a GM hydrogel, as shown in
Figure 1. For reliable measurement, the MRR is designed for a
thermally insensitive operation. The uncoated and coated
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MRR were calibrated by measuring aqueous metoprolol
solutions with different concentrations. A comparison of the
results enables computation of the enhancement effect induced
by the used GM hydrogel coating. Also, a digital signal
processing algorithm of the detected signals is demonstrated
for further sensitivity improvement.

Metoprolol tartrate (>98%), methacrylic anhydride (>94%), lithium
phenyl-(2,4,6-trimethyl benzoyl)phosphinate (LAP), 4-morpholine-
ethanesulfonic acid (>99%, MES), 4-morpholineethanesulfonic acid
sodium salt (>99%, MES-Na), and trifluoroacetic acid (suitable for
HPLC, >99%, TFA) were purchased from Sigma-Aldrich (Darmstadt,
Germany). Gelatin type B (232 blooms) was donated by Gelita
(Eberbach, Germany). (3-Methacryloxypropyl) dimethyl chlorosilane
(92%) was purchased from abcr GmbH (Karlsruhe, Germany).
Acetonitrile (ROTISOLV HPLC gradient grade) was purchased from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Ethanol
(absolute, >99.5%, EMPLURA, Supelco) was purchased from VWR
International GmbH (Darmstadt, Germany). Deionized water was
obtained through a TKA X-CAD ultrapure water purification system
from TKA Wasseraufbereitungssysteme GmbH (Niederelbert,
Germany). MES buffer (20 mM) for HPLC was obtained by
dissolving 10 mmol of MES and 10 mmol of MES-Na in water in a 1
L volumetric flask.

The photonic devices were fabricated on 150 mm silicon substrates
with 3 ym buried oxide and a 250 nm-thick silicon nitride layer by
IMS CHIPS (Stuttgart, Germany). The device patterns were
transferred by electron beam lithography and dry etching processes.
First, the grating layer was exposed to a positive tone resist and etched
160 nm deep into the nitride layer. Then, the waveguides were
patterned using a negative tone resist and etching 250 nm deep to the
buried oxide. Every processing step was followed by a subsequent
inspection for process control monitoring and wafer cleaning routines.
After waveguide patterning, a 1080 nm-thick cladding oxide was
deposited by using low pressure chemical vapor deposition. The
cladding oxide was then back-thinned to 100 nm using hydrofluoric
acid.

The photonic devices were characterized by the setup illustrated in
Figure 1. The optical signal is coupled from the laser (Agilent 81682A
TLS in 8164B mainframe) into a single-mode fiber (SMF 28). The
laser is tunable in a spectral range from 1460 to 1580 nm with a
spectral resolution up to 0.1 pm. A subsequent polarization controller
(Thorlabs model FPCO031) enables a defined setting of polarization.
Over grating couplers, the optical signal is diffracted from the fiber
into the waveguide layer of the photonic chip. Therefore, the fiber is
uncoated and spliced at its open end. A self-made holder enables the
alignment of the diffraction angle between the fiber and the chip that
is designed to around 15° for a wavelength of 1550 nm. With the
same chip-to-fiber interface, the light is guided to the powermeter
(Agilent 81619A Powermeter in 8164B mainframe) that is triggered
to the laser source and connected to a computer with a GPIB
interface. The temperature is controlled by a TEC Controller Starter
Kit SKT-1165 from Meerstetter with an accuracy of 0.01 K.

GM was synthesized as described before.*>** Briefly, 100 g of gelatin
were dissolved in 1000 mL of ultrapure water at 40 °C. After adjusting
the pH to 7.25 using an automatic titrator, 53.96 g methacrylic
anhydride were added slowly and the mixture was stirred for S h. The
amount of added methacrylic anhydride corresponded to a 10-fold
molar excess compared to the amino groups of gelatin.*’ After the
reaction, the pH was adjusted to 9.5, and the mixture was filtered
using a bottle top filter and stored at 4 °C for 2 days. The pH of the
mixture was adjusted to 9.5 again, and the mixture was purified using
cross-flow filtration. Subsequently, the solution was lyophilized and

the degree of methacrylation was determined by 'H NMR
spectroscopy using the method described by ClaaBen et al.** In the
present work, GM with degrees of methacrylation of 0.87 + 0.03 and
1.14 + 0.02 mmol g~ was used. The corresponding "H NMR spectra
are shown in Figure S2 in the Supporting Information.

The hydrogel precursor solutions were prepared by dissolving
appropriate amounts of GM and the photoinitiator LAP in ultrapure
water. The obtained solutions contained 10% (w/w) GM and 0.05%
(w/w) LAP. In detail, 2 mg of LAP were mixed with 3.598 g of
ultrapure water and shaken. To this solution, 0.400 g GM were added.
The mixture was shaken at room temperature until all components
were dissolved. Hydrogels for batch adsorption experiments were
prepared by pipetting 750 uL of the precursor solution in cylindrical
molds with a diameter of 30 mm and a depth of 1 mm, covered with a
quartz glass pane and cured for 7.5 min in a UV chamber (Sol2, Dr.
Hoénle AG, Germany) at an intensity of 50 mW cm™. The cured
hydrogels were removed from the molds, and smaller samples with a
diameter of 8 mm each were punched out. The hydrogel samples were
weighed for the mass my; and subsequently washed in ultrapure water
for 24 h to remove any unreacted components.

Prior to using the GM hydrogels as sensor coatings, the adsorption
behavior of metoprolol on the GM hydrogels was characterized by
batch adsorption experiments. For this purpose, each hydrogel under
test was submerged in a metoprolol solution with volume V; = 4 mL
and a given initial concentration ¢, for a defined adsorption time £,4,.
It should be noted that all metoprolol concentrations in this
contribution pertain to the metoprolol ion, of which one mol of
metoprolol tartrate contains two moles. The adsorption was carried
out under gentle agitation on a shaker at 45 rpm at 25 °C. The
supernatants were then collected and the metoprolol concentrations
Cmee (in the supernatant) and ¢, were measured by high-performance
liquid chromatography (HPLC), a common analytical method used
for both quantitative and qualitative analysis of solutes.** For this, a
Shimadzu Prominence HPLC-System (Shimadzu Deutschland
GmbH, Germany) with a ReproSil Gold 120 C4 column (S um,
150 X 4.6 mm, Dr. Maisch GmbH, Germany) was used. All
measurements were conducted at 40 °C with an isocratic flow of 1 mL
min~". The eluent consisted of 30% acetonitrile and 70% 20 mM MES
buffer (pH = 6.0). The evaluation of all chromatograms was carried
out by integrating the metoprolol peak resulting from UV absorption
at a wavelength of 274 nm. The metoprolol concentrations were
calculated using a previously prepared calibration curve. The amount
q of adsorbed metoprolol was calculated by the following equation:

— (CO - Cmet)‘/()
my (1)

First, adsorption kinetics measurements were conducted with ¢, =
0.292 pmol mL™" and t,4, between 0 and 4320 min in order to
determine the adsorption time f, when the equilibrium values c, and
qe of ¢ and g, respectively, were reached. After that, the adsorption
isotherm was measured by submerging the hydrogels for ¢, = 72 h in
metoprolol solutions with various values of ¢, (0.146, 0.292, 0.584,
1.168, 2.336, and 4.381 pumol mL™"). The resulting c, values were
used to calculate the respective g, values by using eq 1.

The calculated values were fitted using an extended Langmuir
model for adsorption, which takes the aqueous phase in the hydrogel
into account™ under the assumption that the metoprolol concen-
tration in the aqueous phase within the hydro;el is the same as the
equilibrium concentration in the supernatant:*

¢ Py K-c,
qm
P 1+ Kee, (2)

9. =

¢y is the volume fraction of water in the hydrogel and py; is the
density of the hydrogel. Since the GM hydrogels consist mainly of
water, it is approximated that the density is similar to water (py=1¢
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mL™"). A water volume fraction of ¢h; = 0.9651 was determined using
the equilibrium degree of swelling (see eqs S2 and S3, Supporting
Information). The fit parameters g, and K, are the maximum
adsorption capacity of the hydrogel and the ratio of the adsorption
and desorption rate constants, respectively. K, is a measure of the
affinity of the solute for the hydrogel.

Using the determined g, values, the enhancement factor E that
describes the ratio of the ideal and the real partition coeflicients can
be calculated using*®

oy 3)

Prior to coating, the ring resonator chips were functionalized with a
silane that enables covalent bonding of the GM. For this purpose, the
chips were cleaned with acetone, isopropanol, and ultrapure water and
dried using nitrogen gas. Subsequently, the wafers were placed in 60
mL of ethanol containing 300 uL of (3-methacryloxypropyl)-
dimethylchlorosilane and shaken for 1 h at 45 rpm. Subsequently,
the functionalized chips were washed with ethanol and dried using
nitrogen gas. The ring resonator chips were coated with 1.5 yL of the
10% (w/w) GM solution containing 0.05% (w/w) LAP, as described
above, using an air displacement micropipette. For this, the chips were
placed under a microscope, and the GM solution was pipetted over
the ring resonator and directly cured using a UV flashlight (Alonefire
SV13, 1S W, 365 nm) for 25 s. In addition to the waveguide chips,
unstructured silicon chips (without waveguides) were also silanized
and coated in order to determine the ideal adsorption equilibrium
conditions for the coatings.

In order to determine the effect of the GM coating on the measured
shift of the waveguide spectrum, the coated chip was immersed in
solutions containing different metoprolol concentrations. First, the
chip was immersed in 20 mL of ultrapure water. Multiple spectra were
recorded for a period of 20 min to ensure that an adsorption
equilibrium is reached. Afterward, the water was removed and the
waveguide chip was immersed in 20.2 mL of a 0.087 pmol mL™
metoprolol solution and the spectra recorded again. Subsequently,
appropriate amounts of a metoprolol stock solution (cgoq = S5.841
umol mL™") were consecutively added in order to obtain a solution
with a specific metoprolol concentration (listed in Table SI,
Supporting Information). After each addition, the spectra were
recorded for 20 min. Samples with the same concentrations were
prepared at the same time for accurate determination of the
concentration via HPLC. The same process was repeated with a
waveguide chip without a GM coating.

In this study, an MRR manufactured in a 250 nm silicon
nitride photonic device platform enables the analysis of
metoprolol concentrations in aqueous solutions. Due to their
compact dimensions, MRRs are particularly well-suited for
integration into highly dense and complex arrays. Its
fundamental principle is illustrated in Figure 2a. First, a wave
couples via a grating coupler into the waveguide. Upon a
direction coupler with a transmission coefficient of ¢, the
electric field is partially coupled evanescently into the
waveguide of the ring. After a round-trip, the electric field
magnitude is damped to a,, before it passes the coupling
section again. In the stationary case, its transmission 7, i.e., the
output power P, divided by the input power P, results in

out

(a)
Pin K Pout
(b) , ,
B =20 F 1
_30 ! 1 1
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Figure 2. (a) The functionality and a micrograph of a ring resonator

in all-pass configuration. (b) The measured spectral transmission of
an MRR that is coated by the GM hydrogel.

£+ 05,2 - 2tarcos(27”neffL)

2 2 2
E, 1+ t'a — Ztarcos(%neffL) (4)

Dependent on the phase that composes of the geometrical
length of the ring L, the wavelength 4, and the effective
refractive index n., resonances occur in the transmission
spectrum. A change in the metoprolol concentration of the
waveguide cladding will result in a corresponding alteration of
g This, in turn, will induce a shift in the phase and a
movement of the resonances across the wavelength. Figure 2b
shows an exemplary measured spectral transmission of an 800
pum-long Si;N, ring resonator with a 1 ym wide slab waveguide
that is coated by a GM hydrogel.

A crucial figure of merit of an MRR is represented by the
bulk sensitivity. It defines the sensor response caused by
changes of the analyte concentration ¢ in the cladding material:
_ /1 aﬂeff

Se
n, dc (5)

g

with n, being the group index of the guided ring mode. In
general, the larger the evanescent field of the guided mode, the
better the sensitivity. However, in the present device, we
implemented a 100 nm-thin passivation between the sensitive
sensing waveguide and the hydrogel that reduces the
evanescent fields and thus the sensitivity by a factor of 0.6.
The reason for the passivation is the reduction of the thermal
influence. Fluctuations in temperature affect the device in the
same way as the concentration changes: a spectral shift
dependent on the thermal sensitivity.
5 = 2

n, 0T (6)

While silicon nitride and silicon dioxide have thermo-optic
coefficients (TOCs) of 2.4 X 10~° RIU/K and 0.8 X 1073
RIU/K, respectively, water shows a negative TOC of —1.1 X
10~* RIU/K.*°

Therefore, a geometry should be found with matched
evanescent and confined field parts that effectively suppresses a
thermal impact.
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Figure 3a illustrates a simulation for a water-cladded, a SiO,-
cladded, and a 100 nm-thin- silicone dioxide-water-cladded

() ' ; ' ;
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Figure 3. (a) The simulation of the thermal sensitivity S; dependent
on the waveguide width. (b) The thermal characterization of an MRR
with a 100 nm passivation between the 1 ym wide slab waveguide and
the GM hydrogel.

slab waveguide with different waveguide widths by an
alternating temperature around 24 °C for TE polarization. A
thermal insensitive waveguide can only be reached with a
passivation in the aspired monomodal slab waveguide
geometry. According to simulation, this athermal geometry is
at a width of 1.150 ym. The width of 1 ym was selected on the
basis that the properties of the gel are only approximate to
those of water. A thermal characterization of the fabricated
MRR in Figure 3b implies a thermal sensitivity of S; ~ 1 pm/K
that matches with the simulation in Figure 3a. Consequently,
temperature fluctuations of AT during the measurement result
in undesired wavelength shifts of STAT. Together with the
spectral resolution of the tunable laser p; a measurement
uncertainty can be determined. This, in turn, affects the most
crucial parameter of a sensor, namely, its limit of detection:

V(SIAT) + 9}

S 7)

LoD =3

After designing the photonic device for sensing, the next step
toward building the sensor prototype shown in Figure 1 was to
identify a suitable coating material for metoprolol concen-
tration enhancement. Gelatin methacryloyl is a versatile
biopolymer obtained through collagen hydrolysis that has
been used extensively in fields like bioprinting and tissue
engineering,”' > drug delivery,”>* and also biosensing,'”>®
Its chemical and physical properties, such as the cross-linking
mechanism and rheological properties, have been extensively
described in the literature.**™>* As first reported by Nazarova
et al. and then by Van Den Bulcke et al, GM is obtained
through the reaction of the amine and hydroxyl residues of
gelatin with methacrylic anhydride.””*” Depending on the

available amount of methacrylic anhydride during functional-
ization, the degree of modification can be adjusted. If
methacrylic anhydride is offered in a high molar excess during
functionalization, then a GM with a high degree of
modification is obtained. In this case, all amine residues are
substituted and the net charge of GM is negative in near
neutral aqueous solution due to the carboxyl groups present on
gelatin.® GM hydrogels, obtained through photoinduced
cross-linking of the methacryloyl groups are thus good
candidates for the adsorption of positively charged analytes
such as metoprolol.””

The hydrogels were prepared by irradiating GM solutions
containing the photoinitiator LAP with UV light, as described
in the experimental section. The cross-links were formed
between the methacryloyl groups through a radical polymer-
ization. The success of the cross-linking was confirmed by the
average yield of the obtained hydrogels which was 106.8 +
4.5% (see eq S4, Supporting Information). The high yield
indicates a quantitative incorporation of all of the polymer
present in the solution into the polymer network through
cross-linking. The average yield being higher than 100% can be
attributed to residual water which was not removed during the
drying process. Similar yields have been obtained in the past
for hydrogels prepared with GM with similar degrees of
methacrylation.”® The successful conversion of the methacry-
loyl groups was also determined by comparing Raman spectra
of the cross-linked hydrogels to spectra of pristine GM, which
are shown in Figure S3 and discussed in the Supporting
Information.

In order to determine the way the GM interacts with the
ionic drug metoprolol tartrate and to describe the response of
the hydrogel, the adsorption behavior of metoprolol was
investigated by batch adsorption experiments. Adsorption
kinetics measurements showed that a stable time-independent
metoprolol concentration ¢, in the supernatant was reached
between 48 and 72 h adsorption time t,4, indicative of
adsorption equilibrium (see Figure S4, Supporting Informa-
tion). The adsorption isotherm of the GM is shown in Figure
4a. The adsorbed amount of g, of metoprolol increased with
increasing equilibrium concentration c.. At low c,, the increase
of g, was steeper, whereas at higher c,, a flattening of the curve
was observed, while no plateau was reached in the observed
range of equilibrium concentrations. Under the assumption
that all adsorption sites in GM are accessible and thus available
for all metoprolol ions and that each metoprolol ion can
adsorb only on one adsorption site, the data was fitted with the
modified Langmuir model of adsorption given by eq 2.
Through the fit, parameters q,,, and K; were determined. The
obtained values were q,, = 79.7 umol g~ and K, = 0.56 mL
umol ™. The enhancement of metoprolol in the GM hydrogels
was significant, as indicated by the calculated enhancement
factors E, shown in Figure 4b. The highest enhancement
factors with values above 60 were calculated for low amounts
of adsorbed metoprolol, whereas with increasing q. the
enhancement factor values decreased, which is in accordance
with the used Langmuir model of adsorption given by eq 2.
The high enhancement at low drug concentrations is crucial
for the use of the GM as a material for sensing. Another crucial
aspect is the ability to regenerate the material for repeated
sensor use. This is the case for GM hydrogels, for which high
desorption rates have been achieved.” It has been shown that
the adsorption of charged drugs like metoprolol on other
polyelectrolyte hydrogels based on PEG-DA lead to defined
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Figure 4. (a) Adsorption isotherm of GM hydrogels with the solute
metoprolol. The individual data points are the measured equilibrium
concentrations ¢, of metoprolol in the supernatant at a certain
concentration g, of metoprolol within the GM hydrogels. The data
was fitted with the extended Langmuir model of adsorption (eq 2).
(b) Enhancement factors E of the GM hydrogels as a function of c,.
The blue curve was calculated with eq 3 with the fit parameters
obtained from the Langmuir model of adsorption.

changes of the refractive index in the hydrogel with E values
around 10.** Given the higher E values for the GM hydrogels,
their use as functional coatings for sensitivity enhancement of
photonic devices, whose working principle is based on RI
differences in the cladding, should be possible. The Langmuir
adsorption model, which in this case describes the response of
the hydrogel to the presence of metoprolol in an aqueous
solution, can be used to correlate the concentration in the
hydrogel to the phase changes detected by the photonic device.

In contrast to the adsorption experiments described above with
macroscopic hydrogels with a dimeter of 8 mm and a thickness
of approximately 1 mm, the GM hydrogel sensor spots had a
much smaller volume of 1.5 yL. This was expected to lead to
two main differences: First, the amount of adsorbed
metoprolol per spot will be much smaller, leading to a very
small concentration change (Ac = ¢, — c.) of the supernatant
solution. Second, the time to reach equilibrium conditions will
be much shorter due to smaller diffusion lengths through the
gel matrix.”

Concerning the concentration change, for using the
envisioned system as a sensor, it is crucial that Ac is as small
as possible in order to avoid a large influence of the sensor on
the measured solution. The magnitude of Ac can be estimated
by combining eqs 1 and 2 and solve for ¢, with a given ¢, and
Vy together with the fit results of the adsorption isotherm.
With a realistic parameter set (¢, = 0.292 gmol mL™", V, = 20
mL) for the sensing experiments below, this would result in c,
= 0.291 umol mL™". This corresponds to a very small Ac of
0.001 gmol mL™", and such a small change is expected to be
under the limit of detection of common methods, such as

HPLC and UV—vis spectroscopy. In order to further elaborate
on this, coated unstructured silicon chips were tested
experimentally by HPLC under the given conditions. As
Figure S shows, no trend in the measured metoprolol
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Figure S. Supernatant metoprolol concentrations ¢, as a function of
adsorption time t,4, obtained with GM-coated unstructured Si chips
in contact with a metoprolol solution of the concentration ¢, = 0.292
umol mL™" and volume V, = 20 mL. For comparison, the line that
represents the highest metoprolol concentration ¢, used for the
experiments is also shown.

concentration in the supernatant was observed, and the
measured concentrations stayed close to ¢,. Thus, we conclude
that the spot size is sufficiently small to allow sensor usage also
in relatively small sample volumes.

The small Ac however also means that it is not possible to
use HPLC to measure the necessary time to reach equilibrium.
However, ensuring that all measurements are conducted in
equilibrium is a prerequisite to accurately describe the
relationship between changes in the transmission spectrum of
the photonic device and the metoprolol concentration in
solution. Therefore, the time to reach equilibrium conditions
was measured directly with ring resonator chips (see
description in the next section). This showed that after 20
min of adsorption time a stable state was reached, which leads
to the conclusion that equilibrium conditions were achieved.
These observations led to the experimental method for the
sensor prototype calibration used in this work.

As the next step, the photonic chips were coated with the
GM precursor solution and cured for 25 s using a UV
flashlight. After curing, a GM hydrogel coating in the shape of
a circular spot was obtained (see Figures SS and S6,
Supporting Information). Through surface modification with
silane, the GM spot was covalently bound on the chip. The
covalent bond was stable, as the coating did not detach after
the chip was placed in water, even after several days of shaking.
Measurements with a digital caliper showed an average
thickness of the swollen coatings of 153 + 12 um, while the
dried coatings had a thickness around 30 um (Figure S6,
Supporting Information).

For the determination of the effect that the hydrogel coatings
have on the phase of the wave coupled in the waveguide and in
turn on the resonances in the obtained transmission spectra, a
calibration of both coated and uncoated MRR chips with
different metoprolol solutions is crucial. For this, the
previously characterized MRR chip was placed — first uncoated
and then coated with a GM hydrogel — in ultrapure water and
various metoprolol solutions with defined concentrations. The
obtained transmission spectra of both uncoated and coated
chips showed a shift of the resonances toward higher
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wavelengths in the presence of metoprolol (see Figure S7,
Supporting Information). With increasing metoprolol concen-
tration, the shifts observed in the spectra measured with the
coated MRR chip were notable. The shifts measured with the
uncoated chip were overall lower, especially for the solutions
with very low metoprolol concentrations, as shown in Figure
6a. The comparison between the obtained wavelength shifts
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Figure 6. (a) The measured wavelength shifts A4 as a function of the
equilibrium concentration of metroprolol c, in the surrounding of the
MRR’s evanescent field and (b) the resulting gain factor g of the GM
hydrogel.

A for coated and uncoated chips illustrates the enhancement
effect of the GM hydrogel coating. For the uncoated chips, a
linear relationship between AA and ¢, was observed, as
expected for low concentrations, which can be described by the
following equation:*>*’

AL = Sce, ®)

The slope S, of the measured, green curve corresponds to
the concentration sensitivity, which we determined by linear
regression to be S, = 15 pm ml ymol™". The measured shift
data of the coated chip form a curve similar to the adsorption
isotherm measured for GM hydrogels (Figure 4(a)). Such a
behavior confirms that the working principle of the functional
coating is based on the described adsorption behavior of the
GM hydrogels. At low concentrations, a steep, almost linear
increase of the concentration of metoprolol in the hydrogel
coating takes place. As the adsorption sites get consecutively
occupied by metoprolol ions with increasing metoprolol
concentration in the surrounding medium, there are less sites
available. This leads toward a saturation in the hydrogel, which
in turn leads to smaller changes of its optical properties and
thus to lower spectral shifts. In the tested concentration range,
no full saturation was achieved, as evidenced by both the
adsorption isotherm and the obtained shifts. Thus, a detection
of unknown metoprolol concentrations should be possible in
the tested concentration range with the proposed sensor
prototype. For this, a function that describes the sensor’s
response to a metoprolol solution concentration can be set up.

If the MRR is coated, the waveguide sees the metoprolol
concentration in the hydrogel, which compared to the solution
concentration is enhanced by factor g:

AL = S-ge, )

The gain factor g is indicative of the enhancement effect the
GM coating has on the wavelength shift, and it is thus also
dependent on the metoprolol adsorption. This is also evident
upon comparison of the obtained curve, shown in Figure 6b to
the curve obtained for the enhancement factor E (Figure 4b).
However, g cannot be directly compared to E. The highest
obtained g values were just below 20, which is 3-fold lower
than the obtained values for E. These discrepancies suggest
that even though metoprolol adsorption has a major effect on
the spectral shifts, there are also other adsorption-adjacent
effects that determine the values of g. Possible reasons for the
observed discrepancies could be deviations at room temper-
ature or curing. We hypothesize, however, that the major
reason is a change of the equilibrium degree of swelling of the
GM spots as a function of metoprolol adsorption. It was
reported previously for example that the refractive index of a
polyelectrolyte hydrogel did not change much upon diclofenac
adsorption, and the authors attributed this to a difference in
swelling.”®

Taking the functionalization into account, the LoD for the
concentration of metoprolol results in

Y (STAT)Z + Pj
g5 (10)

With a minimal spectral step size of the laser source of 0.1
pm and a thermal stability of AT = 0.01 K of the used TEC,
the LoD is enhanced from 0.02 gmol mL™' to 0.001 gmol
mL™! due to the enhancement of the functionalization.

LoD =3

To further improve the performance of the system, a better
resolution of the measurement equipment or a larger sensitivity
of the photonic device is required that, e.g., can be achieved by
other waveguide cross sections like slot waveguides or
sublambda structures. We propose a preprocessing of the
measured data.’” First, the measurement data is processed by
filtering, ﬁtting,é3 and scaling to a constant value of —10 dB.
Then, the free spectral ranges FSRy of the resonances are
extracted. As the next step, an envelope is generated by
sampling the calibrated measurement data. The selected
discrete sampling wavelengths can be described as a frequency
comb with a free spectral range FSRg. A further consideration
is the shift of the envelope rather than the shift of the
resonances. This reveals a larger wavelength shift that is
enhanced by the factor of

_ FSRy _ FSRy
"~ IFSRy — FSRJ  AFSR (11)

Figure 7 shows a demonstration. The measurement of a
small wavelength shift of 15 pm, see Figure 7a, serves as the
initial point. Dependent on these extracted FSRy, a digital
frequency comb is constructed with the free spectral range of

FSRg = FSRy — AFSR (12)

This comb is shifted in the spectra so that it perfectly
overlaps with an arbitrary chosen resonance at 1537.964 nm of
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Figure 7. (a) The detected 15 pm spectral shifted resonances for
different solutions of metoprolol that can only be seen with a zoom-in.
(b) The DSP-generated envelope functions with a sensitivity
enhancement factor of 346.

the reference spectra. The sampling comb is now multiplied to
each spectrum, yielding the mentioned envelopes. In Figure
7b, an offset of AFSR = 10 pm is chosen, yielding an
envelope’s wavelength shift of 5.19 nm. This corresponds to an
enhancement factor of 346 compared to the observation of the
spectral resonance shift. The issue of the spectral resolution is
circumvented. Nevertheless, any type of spectral shift,
including a thermal shift, is enhanced. Thus, the thermal
sensitivity limits the achievable LoD to 1 X 10™* ymol mL™".

With the assumption that the simulated bulk sensitivity S, of
the photonic MRR (~120 nm RIU™") matches with extracted
uncoated concentration sensitivity S, of 15 pm ml ymol™, a
refractive index regarded limit of detection can be estimated to
LoD, = LoD, X S./S, ~ 2 X 107® RIU. This is a common
metric for biosensors. Together with the material platforms
and sensitivities, the presented device can be classified in the
state-of-the art selected photonic integrated refractometers
operating in the C-band. Table 1 gives an overview of the
properties of current state of the art devices used for the
detection of solutes such as salts and biomolecules, along with
the properties of the devices presented in this work. Well-
known photonic devices in the silicon-on-insulator (SOI) and
SiN platform are listed as Mach—Zehnder interferometers
(MZIs), bimodal waveguide interferometers (BMlIs), Bragg
gratings, and MRRs. Different methods enable the enhance-
ment of the sensitivity. Impressive numbers of over 50.000
nm/RIU or 60.000 rad/RIU are demonstrated. It has to be
mentioned that the different units are legitimized by the fact
that either the spectral shift or the change of output power at a
single-wavelength were used for detection. Despite those huge
values, the limit of detection can be equal or even better for
devices with lower sensitivities but better noise suppression.
Especially the thermal effect limits the performance. We
combined both approaches — a thermally robust architecture
and a gaining functional cladding as well as a DSP yielding in a
state-of-the-art device. It is important to note that the DSP

Table 1. State-of-the-Art Selected Integrated Refractometers
Operating in the C-Band”

S, LoD,
sensor (method) platform  (RIU™") (RIU) ref.
MZI (noise suppression) SiN  4200rad 14x107° 5
MZI (noise suppression) SOI 13,051 rad 2.7 X 107 64
BMI (slow light) SOl 62900 rad 6.6 X 10 65
BMI in MZI (Vernier) SOI 51,871 nm 66
BMI (sublambda SOI 2270 nm 2 X 107° 67
waveguide)
Sidewall grating (Bragg) SOI 491 nm 68
MRR (noise suppression) SOI 113 nm 25X 10 64
MRR (sublambda SOI 490 nm 2x107° 69
waveguide)
MRR (Vernier) SOI 24,300 nm 70
MRR (athermal) SiN 120 nm 2.5 X 107 this work
MRR (athermal + DSP) SiN 41,520 nm 2 X 107®  this work

“MZI: Mach—Zehnder interferometer, BMI: bimodal waveguide
interferometer.

effect is the only factor considered in the enhancement of
sensitivity, which has undergone a substantial increase from
120 nm/RIU to 41,520 nm/RIU. It is hypothesized that if the
gain of the functional cladding is also taken into account,
sensitivities well surpassing all values collected in Table 1 may
be attained.

In this study, the effect of a hydrogel functional coating on the
sensitivity of a silicon nitride photonic chip with an integrated
MRR was investigated. As a first step, the adsorption of the
drug metoprolol on gelatin methacryloyl hydrogels was
characterized. The interaction of metoprolol with the hydro-
gels, which was described with a modified Langmuir model of
adsorption, led to high enrichment of the drug. The
characterized hydrogels were thus used to coat the MMR.
Characterization of the photonic chip showed high thermal
stability. A limit of detection of 0.02 umol mL™', which
corresponds to 2.5 X 107® RIU can be achieved without any
hydrogel coating, where the resolution of the laser source sets
the limitation. The achieved LoD was found to be similar to
LoDs reported for similar devices elsewhere. By calibrating the
sensor consisting of a hydrogel coated MRR chip with
metoprolol solutions of different concentrations in the range
of 0—3 umol mL™" a significant enhancement of the spectral
shift up to a factor of approximately 20 was observed compared
to the shifts of the uncoated chip. In this case, a LoD of around
0.001 umol mL™' is achieved. Utilizing digital signal
processing, even a LoD of 1 X 107* ymol mL™" can be
expected. This value corresponds to an LoD of 2 X 107® RIU,
which represents the current state-of-the-art with regard to
similar photonic devices. The proposed sensor, with its low
LoD, represents a straightforward and promising component
for the detection of metoprolol, a molecule prevalent in aquatic
environments. It is thus contributing to the development of
compact sensors that can be used for environmental
monitoring purposes.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.5c00149.
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