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ABSTRACT

We report, to the best of our knowledge, the first Raman sensor for antibiotics spiked in human plasma using silicon nitride waveguides
functionalized with a mesoporous silica top-cladding. Leveraging waveguiding signal enhancement, chemical enrichment, and molecular
sieving, we demonstrate detection of 1 mg/l ceftazidime in plasma within 2 min. Ceftazidime quantification is achieved in plasma over 0,
20, 40, and 60 mg/l, demonstrating its potential for clinical use. Requiring minimal sample preparation, this method has great potential for

point-of-need monitoring for optimal antibiotic therapy.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).

Sepsis is one of the main causes for the morbidity and mortal-
ity in intensive care units (ICUs)." Caused by dysregulated immune
response to infections, sepsis can lead to multiorgan damage and
failure.” Early and adequate administration of antibiotics is con-
sidered a priority in the management of patients with sepsis.
However, it is challenging to maintain optimal antibiotic exposure in
ICU patients due to their rapid and sometimes extreme physiologi-
cal changes. Therefore, the primary focus for success of treatment is
timely dose adjustment of antibiotic therapy.

Current methodologies for quantifying S-lactam antibiotics in
plasma predominantly rely on chromatographic techniques, which
necessitate extensive sample pretreatment and the involvement of
trained personnel. These requirements contribute to prolonged
turnaround times, sometimes up to days, "’ thereby limiting the clin-
ical utility of the results. This delay underscores the pressing need for
a point-of-need analytical platform capable of delivering rapid and

APL Photon. 10, 071302 (2025); doi: 10.1063/5.0278252
© Author(s) 2025

accurate antibiotic quantification directly from blood with minimal
sample preparation.

Raman spectroscopy is an ideal candidate for this objective
since it is capable of label-free molecular fingerprinting. It probes
the molecular vibrations by recording the spectrum of laser pho-
tons scattered inelastically by the analytes. The spectrum allows the
quantification of antibiotics directly from a complicated matrix with
minimal sample preparation.” In contrast to infrared spectroscopy,
Raman does not suffer from a strong water background, making it
suitable for aqueous biological samples. Unfortunately, Raman scat-
tering is an extremely inefficient process where typically only one
out of 10°~10% incident photons are Raman scattered.” Utilizing
the tremendous electromagnetic field enhancement in the vicinity
of metallic nanostructures, surface-enhanced Raman spectroscopy
(SERS) has been successfully demonstrated for the quantification
of therapeutic drugs. However, SERS is very sensitive to the

10, 071302-1

22:91:L1 G20T JoquianoN .|


https://pubs.aip.org/aip/app
https://doi.org/10.1063/5.0278252
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0278252
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0278252&domain=pdf&date_stamp=2025-July-17
https://doi.org/10.1063/5.0278252
https://orcid.org/0000-0003-3990-1634
https://orcid.org/0000-0002-2209-7857
https://orcid.org/0000-0002-5869-5226
https://orcid.org/0000-0002-4468-7620
https://orcid.org/0000-0002-1248-479X
https://orcid.org/0000-0003-1266-1319
mailto:Roel.Baets@ugent.be
https://doi.org/10.1063/5.0278252

variability of the metallic structures,'* and its capability in real
clinical settings has yet to be proved.

An emerging promising approach to enhance the signal is to
tightly confine both the optical excitation and the analyte within
hollow fibers, where a large ensemble of molecules can participate
in Raman scattering and contribute to the signal. Sensitive antibi-
otic sensing in yM concentration range has been demonstrated with
hollow-core fibers filled with analytes.15’16 However, users will have
to fill the fiber core with liquid sample prior to sensing, which is
challenging for point-of-need applications.

More recently, waveguide-enhanced Raman spectroscopy
(WERS) using single-mode silicon nitride (SiN) waveguides on a
chip has gained popularity.'” ' In this approach, the fluid serves
as the cladding for a functionalized waveguide, enabling excitation
of analyte molecules by the guided optical mode. These molecules
subsequently scatter light into both the forward- and backward-
propagating guided modes. The photonic integrated waveguides
avoid the challenges in filling the fibers with sample liquids. Sili-
con nitride, with its relatively high refractive index, when combined
with slot waveguides, enables one to enhance the confinement of
the optical field within the slot region, thereby significantly improv-
ing the Raman efficiency.”” Furthermore, the photonic integrated
waveguides also allow integration with solid-phase extraction media
to trap and concentrate organic analytes from the matrix prior to
Raman interaction.”””" In particular, the waveguides can be coated
with a sorbent layer that locally pre-concentrates analytes based
on their general chemical properties, such as hydrophilicity and
lipophilicity. The Raman signal from analytes within the sorbent
cladding is excited and collected via the evanescent field of the
guided optical mode. This signal is then coupled back into the wave-
guide and propagates in a guided mode. Raman scattering occurs
in both the co-propagating and counter-propagating directions rela-
tive to the excitation laser, allowing spectral analysis to be performed
by collecting light from either end of the waveguide.'”'* Tt is worth
noting that the co-propagated Raman signal exhibits an optimal
waveguide length, beyond which the signal begins to decline. In con-
trast, the counter-propagating Raman signal always increases with
waveguide length. Therefore, the counter-propagating configuration
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Functionalized

is preferred in this work. Leveraging both analyte enrichment and
waveguiding effect, ultrasensitive gas and liquid analyte detection
down to ppm-to-ppb-levels has been demonstrated.”*” However, in
previously reported studies, analytes were typically prepared in sim-
ple buffer solutions free from interfering components. This raises
an important question regarding the applicability of the function-
alized waveguide approach in more complex matrices, where a
diverse array of co-existing molecules will be present and potentially
interfere with analyte detection.

In this work, we investigate the clinical applicability of func-
tionalized SiN waveguides for the quantification of antibiotics in
human plasma. We report the WERS detection of ceftazidime, a
model antibiotic, at therapeutically relevant concentrations rang-
ing from 8 to 80 mg/l. Furthermore, we demonstrate a clear
concentration-dependent Raman response, underscoring the poten-
tial of functionalized waveguides as a viable platform for point-of-
care antibiotic quantification.

The photonic chip is fabricated by IMEC on the BioPIX plat-
form.”” A layer of 300-nm-thick SiN layer is deposited on top of
a 3.3-um-thick buried oxide via plasma-enhanced chemical vapor
deposition (PECVD). The waveguides are patterned via deep-UV
photolithography and reactive ion etching. They have a nominal
cross section of w x h = 600 x 300 nm? with a slot of 150 nm. The
waveguides are terminated with 3-ym-wide strip waveguides for
edge coupling at both ends. The waveguides are covered with a layer
of 2-um-thick top oxide. Part of the top oxide is later removed to
expose an 8-mm-long and 0.5-mm-wide section for sensing. Such
slot waveguides are employed in this measurement due to their
better Raman performance.'”'”** A mesoporous silica coating is
then introduced and functionalized on top of the slot waveguide
section with the technique explained in detail in Refs. 21 and 27-29.
It is noteworthy that the pore size of the coating is adjusted to
4 nm, as confirmed by in situ measurements on chips fabricated
in the same batch for this work,’’ to make sure that large interfer-
ing molecules, e.g., proteins and cholesterol, are rejected from the
coating while the antibiotics can diffuse into it. The cross section of
the sensing waveguide is shown in Fig. 1(b). The coating functions
as a molecular sieve, effectively limiting interference from other

FIG. 1. (a) Schematic representation
of the Raman microscopy setup used
for the characterization of functionalized
waveguides. The arrows indicate the
direction of light propagation within the
system. (b) SEM cross section of the
functionalized slot waveguide. Different
materials are marked in pseudo-color.
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endogenous components. The effective index of the sorbent is 1.39
when filled with plasma, as calculated from Bruggeman effective
medium approximation.”’

Experiments are performed with a confocal Raman microscope
(WITec Alpha 300 R) with a 785 nm pump laser (Toptica XTRA II),
as shown in Fig. 1(a). The polarization of the pump beam is con-
trolled using a half-wave plate to excite the fundamental TE mode
of the slotted waveguide, and the pump power before the objective
is set to 40 mW. The pump laser is coupled to the chip via an objec-
tive (Olympus 100x, NAO0.9), and the backward-propagating Raman
signal is captured via the same objective. The optical chip is held by
using a homemade liquid cell, which holds 0.7 ml plasma sample for
sensing. The coupling loss is measured to be 7.5 dB/facet. The col-
lected Raman signal is sent to a spectrometer (UHTS400 with Andor
iDus 401 camera cooled to —60 °C) for analysis. The integration time
of each measurement is 0.5 s, and the spectra are averaged over 20
measurements.

Ceftazidime antibiotics used for experiments are purchased
from Fresenius Kabi. This antibiotic is widely used in clinical settings
and is characterized by a short elimination half-life of approximately
1-2 h.*? Consequently, rapid point-of-need monitoring is essential
to support timely and effective therapeutic decisions. In this study,
pooled human plasma (Biowest, Product S4180) was used as the
biological matrix. Following dissolution of the antibiotic powder in
plasma, the solution was acidified with hydrochloric acid to a pH
below 5 to maximize chemical enrichment within the waveguide
coating.”

Figure 2 presents the representative Raman spectra acquired
from the functionalized waveguide for water (black dotted curve),
blank plasma (orange curve), and ceftazidime-spiked plasma (blue
curve). To assess the influence of the surface coating, the Raman
spectrum obtained from an uncoated SiN waveguide is also shown
(green dotted curve).

An additional Raman peak at 1600 cm™ is observed superim-
posed on the SiN waveguide background, consistent with previous
reports.*’ This feature is attributed to the functional groups in
the mesoporous coating and proves advantageous for quantitative
analysis. Since antibiotic enrichment is expected to correlate with
the density of functional groups within the coating, the ratio of
the antibiotic signal to the 1600 cm™" peak should remain stable.
This normalization strategy enhances robustness against potential
fabrication-induced variability in the waveguide platform.

Furthermore, the spectral similarity observed between blank
plasma and water suggests a molecular sieving effect imparted by
the sorbent layer.

Upon exposure to ceftazidime-spiked plasma, distinct Raman
features emerge at 1029, 1407, and 1451 cm™!. Peaks at 1586 and
1640 cm ™" are also detected, although they are spectrally close to the
1600 cm ™ peak.

The inset of Fig. 2 provides a detailed view of the ceftazidime
signal in the 1500-1700 cm™" spectral region. Background con-
tributions were removed using polynomial fitting. The resulting
waveguide Raman signal (black curve) was then deconvolved to iso-
late the ceftazidime-specific peaks at 1586 and 1640 cm ™" (solid blue
curve) through peak fitting. The combined fit of these two peaks
with the 1600 cm™ background feature (dotted blue curve) accu-
rately reconstructs the measured spectrum (red curve). Notably, the
1600 cm™ peak, originating from the mesoporous coating, is
employed as an internal reference to normalize spectral variations,
thereby enhancing the reliability of ceftazidime quantification.

To confirm that the observed Raman bands at Fig. 2 are indeed
arising from ceftazidime, we compare the WERS ceftazidime signal
to the free-space reference in Fig. 3. The free-space measurement is
carried out with a concentrated ceftazidime solution at 10 000 mg/1,
because the Raman signal from 200 mg/l of ceftazidime cannot be
readily separated from the solution background.

© Author(s) 2025
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FIG. 3. Background-subtracted WERS
spectra of ceftazidime at 200 mg/l are
compared with a reference free-space
spectrum acquired at 10000 mg/l. The
majority of ceftazidime spectral features
observed in the free-space reference
are present in the waveguide measure-
ments.
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Most of the signature bands at 1029, 1407, 1451, 1586, and 1640
cm ™Y, from free-space reference ceftazidime spectra, can be observed
in the waveguide measurements. It indicates that the deconvolved
WERS signal is indeed induced by ceftazidime. However, some
bands, most notably the ones at 1505 and 1535 cm™', are missing
from the WERS result. This is probably due to the change of the
ceftazidime chemical bond when adsorbed by the silica framework,
which has been observed with other molecules.””

Notably, when measuring a concentration of 60 mg/L of antibi-
otics using both WERS and free-space configurations, under iden-
tical laser power and integration time, the waveguide-based sig-
nal will be ~110 times stronger than that of the free-space setup,
despite the 7.5 dB/facet waveguide coupling loss. This substantial
enhancement underscores the synergy provided by the waveguide
enhancement and the sorbent for relevant antibiotic concentration
range.

To evaluate whether the functionalized waveguide is capable
of quantifying ceftazidime over the relevant concentration range
of 0-80 mg/l, a total of 12 spiked plasma samples are prepared,

1700 1800

each with 0, 20, 40, or 60 mg/] ceftazidime (3 repeats each). For
each sample, its Raman response is recorded with a new chip to
avoid the carryover effect. In each measurement, the chip is first
exposed to water to record the Raman background of the chip
for peak deconvolution. For each plasma result, we first subtract
the background using the polynomial fitting, then deconvolve the
ceftazidime signal from waveguides, and eventually normalize the
ceftazidime spectrum by the 1600 cm™ waveguide background
peak. The average ceftazidime Raman spectrum for each concentra-
tion is shown in Fig. 4(a). First of all, it can be noticed that blank
plasma (0 mg/l ceftazidime) exhibits no discernible peaks, high-
lighting that the mesoporous coating effectively repels interfering
molecules from the waveguide. For plasma samples containing cef-
tazidime, their Raman spectra exhibit two signature peaks at 1586
and 1639 cm ™.

The peak area for the 1586 cm™ band is employed to con-
struct the calibration curve as shown in Fig. 4(b). The calibration
curve has a non-zero intercept, which indicates a non-perfect back-
ground subtraction. Regardless, it is interesting to observe a good

0.08 1
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FIG. 4. (a) Deconvolved ceftazidime Raman spectrum in plasma at various concentrations. The ceftazidime peaks are normalized against the 1600 cm~" waveguide
background. (b) The area under the 1586 cm~" peak is employed for quantification, and the error bar corresponds to quantification variations from different chips.
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degree of linearity between the 1586 cm™ peak area and the cef-
tazidime concentration. The adsorption of ceftazidime in the coat-
ing is typically governed by the Langmuir or Freundlich model.*°
Both models predict that ceftazidime adsorption within the coating
approaches saturation beyond a specific concentration threshold.
The near-linear response in Fig. 4(b) observed across the tested
range suggests that the coating remains largely below saturation,
thereby confirming the functionalized waveguide’s capability to
operate reliably over clinically relevant concentration levels.

The functionalized SiN waveguides demonstrate good repro-
ducibility in quantitative measurements. The relative standard devi-
ations (RSDs) for ceftazidime concentrations of 20, 40, and 60 mg/l
are 17.0%, 4.5%, and 4.6%, respectively. These values are compara-
ble to the acceptance criteria for current chromatographic assays,
which typically require RSDs below 15% for bioanalytical methods.’”
These findings highlight the potential of functionalized waveguides
as a viable platform for TDM applications.

To explore the detection limit of the functionalized waveguides,
we expose the waveguides to 1 mg/l of ceftazidime in plasma. The
normalized and background-subtracted Raman peak before and
after ceftazidime exposure is shown in Fig. 5. The variation from
three waveguides from the same chip, all exposed to the same
plasma, is shown as the shaded area. Although it is not possible
to measure the same plasma sample with and without 1 mg/1 cef-
tazidime, the result still indicates the intrinsic capability of our
method. It is noteworthy that these spectra are recorded with a 2-
min measurement time and smoothed by using a 9-point moving
average filter.

It is noteworthy that the sensor exhibits a very short mea-
surement time, which is essential for effective point-of-need mon-
itoring. In the current demonstration, chip alignment following
plasma injection into the liquid cell requires ~1-2 min. By this
time, the Raman signal corresponding to the antibiotics has already
stabilized, indicating complete diffusion into the coating and the
establishment of equilibrium. Consequently, the total turnaround

0.005 A —— 1mg/L ceftazidime

] ---background
S
o > 0.004
=
O o
& £ 0.0031
© 2
EE 0.002 4
S U
c @©
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© \ ~
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FIG. 5. Deconvoluted 1 mg/l ceftazidime signal from plasma. The variation of the
1 mg/l Raman peak shown as the shaded area is obtained from three waveguides
from the same photonic chip, all exposed to the same spiked plasma.
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time from plasma introduction to result acquisition does not exceed
5 min, representing a substantial improvement over current clinical
practices.’

In this Letter, we showed that WERS produced with functional-
ized SiN waveguides can be a candidate for point-of-need antibiotic
monitoring. The antibiotic signal can be reliably probed by com-
bining (1) chemical enrichment of antibiotics at the mesoporous
top-cladding, (2) exciting and collecting Raman signal along the
entire waveguide, and (3) repelling interfering components from
plasma with the small pore size.

Using the functionalized waveguide platform, we investigated
B-lactam antibiotics spiked into human plasma. Distinct Raman
spectral features were consistently observed at clinically relevant
concentrations, indicating the sensor’s broad applicability across
multiple antibiotic compounds. For ceftazidime, a reliable and
reproducible calibration curve was established using its character-
istic Raman band at 1586 cm™!, with plasma concentrations of 0,
20, 40, and 60 mg/l. Although the mesoporous layer introduces
additional Raman background, it does not hinder quantification.
In fact, the 1600 cm™ peak originating from the coating serves as
an effective internal standard for normalization, mitigating system-
atic variations. These attributes, combined with a rapid turnaround
time of a few minutes and random-access sample handling, position
WERS with functionalized waveguides as a compelling candidate for
point-of-need antibiotic monitoring. We envision the final solution
to be a PIC embedded within a single-use consumable cartridge,
enabling automated and minimal sample preparation. The user
would simply insert the cartridge into a readout device, which then
generates the Raman signal for antibiotic quantification.
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