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ABSTRACT: Continuous monitoring of drug dynamics directly in living tissue remains a major challenge, notably in the brain, where
the blood—brain barrier creates distinct microenvironments. Here, we report an implantable fiber optic surface plasmon resonance
(FO-SPR) biosensor coated with aptagel, a split-aptamer-crosslinked hydrogel, for continuous monitoring of a small-molecule drug,
vancomycin. The aptagel undergoes analyte-induced volumetric and refractive index changes, providing a self-contained means for
reversible, label-free optical detection via shifts in the SPR wavelength (Apy) while ensuring sensor stability in complex physiological
matrices. The sensing area was miniaturized to 3 mm” (3 mm length, 300 pm diameter) for cortical implantation while maintaining
sensitivity of >2000 nm/RIU. The sensor performed consistently in vitro across diverse biological media, including blood serum, with
detection limits of 1.7—2.5 pM. Upon implantation into the rat cortex, time-resolved Ay, signals were recorded over several hours
after intravenous vancomycin administration, representing to our knowledge the first demonstration of plasmonic fiber-based moni-
toring of a small-molecule drug directly in brain tissue. Baseline-corrected shifts (AAgpy) captured in vivo drug dynamics, with a
consistent absorption phase but with inter-animal variability in peak amplitude and clearance kinetics. This work establishes a
proof-of-concept platform for continuous optical monitoring in deep tissue and highlights the potential of FO-SPR sensing for
in vivo pharmacokinetic applications.
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C ontinuous and direct monitoring of small molecules,
including drugs, metabolites, hormones, and other biomo-
lecular biomarkers within living tissue, represents a significant
challenge. Particularly in the brain, the blood—brain barrier
(BBB) restricts drug entry and creates distinct pharmacokinetic
microenvironments that blood sampling cannot reliably pre-
dict."* Within the brain, regional variations in BBB permeabil-
ity, cell types, and metabolic enzyme activity significantly
affect drug distribution,? highlighting why local tissue monitor-
ing is important. While immunoassays*™® and liquid
chromatography-mass spectrometry’~” serve as gold standard
methods, these only provide data at discrete times, limiting
the ability to capture continuous changes in living subjects.
Direct access to time-resolved molecular concentrations in tar-
get tissues would enable deeper understanding of drug distribu-
tion and local responses under physiological conditions.'”'! In
this context, implantable sensing technologies offer a promising
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approach for probing tissue-level pharmacokinetic and pharma-
codynamic relationships with high spatiotemporal resolution.'

Various sensing platforms have been explored for continuous
in vivo monitoring. Early approaches utilizing simple fluorescent
dye encapsulation with labeled receptors'*~'* and colorimetric
detection relying on plasmonic nanoparticles functionalized
with affinity-based receptors'>'® lack self-confinement, are
prone to signal loss, and require complex detection or imaging
setups, limiting their suitability for long-term in vivo applica-
tions."”'® Electrochemical aptamer-based (EAB) sensors have
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been successful in in vivo monitoring of drugs or metabolites at
sub-minute temporal resolution through analyte-induced apta-
mer conformational changes that modulate electron transfer
from redox labels, with implantation studies in rodent brains
and veins, enabling continuous pharmacokinetic measurements.'” '
Building on this, recent reports have utilized microneedle arrays
with EAB sensors to enable continuous monitoring of analytes
in interstitial fluid, highlighting strong potential for clinical
translation.”” Although microneedle-based platforms are well
suited for peripheral tissues as wearable sensors, their extension
to direct measurements within deep tissue such as the brain
remains challenging.

In parallel, implantable optical sensors, mainly fiber optic
(FO)-based biosensors, have been widely explored for in vivo
molecular detection, leveraging optical transduction mecha-
nisms that integrate molecular recognition and signal genera-
tion within a single platform.”*~*' Such systems inherently
eliminate the need for reference electrodes and are largely
immune to electromagnetic interference. By utilizing optical
transduction mechanisms such as fluorescence and surface-
enhanced Raman scattering (SERS), in vivo molecular sensing
of proteins such as nitroreductase for tumor or S100p for neu-
roinflammation has been reported.**** However, many imple-
mentations often require exogenous labels and rely on
endpoint analysis rather than stable, continuous monitoring of
molecules. These considerations underscore the need for sens-
ing architectures that combine molecular specificity with robust,
label-free signal transduction for prolonged operation in com-
plex tissue environments, capable of resolving the changing con-
centrations of various-sized molecules.

Across sensing modalities, hydrogels and polymeric coatings
have been extensively employed to improve biocompatibility,
reduce biofouling, and extend operational lifetimes of implant-
able sensors. In particular, protective layers such as agarose,**
antimicrobial coating,>® and hydrogels***” have extended sen-
sor lifetimes from hours to days or weeks in various in vivo con-
texts. Motivated by these advances, we recently developed a
molecularly responsive hydrogel matrix containing aptamers
(aptagel) that integrates molecular recognition with an SPR
readout for direct, continuous monitoring of small molecules.*®
The aptagel architecture embeds abundant receptors within a
3D matrix rather than directly on the sensing surface; therefore,
it enhances stability through ensemble-averaged measurements
and protects aptamers from rapid degradation or fouling. Also,
aptagel undergoes reversible transduction upon analyte binding,
generating measurable refractive index changes, and exhibits
markedly improved stability in biological fluids such as serum
from several days to weeks.

Here, we report an advanced aptagel-coated FO-SPR sensor
designed for stable in vivo biosensing. Our work represents the
first demonstration of a direct, plasmonic fiber sensor capable of
continuous detection of the small-molecule drug, vancomycin,
in the brain of anesthetized rats over a S h period. To enable
cortical implantation in rats, we minimized the sensing area to
3 mm? (3 mm length, 300 pm fiber core), while preserving
the sensitivity of >2000 nm/RIU after aptagel incorporation,
comparable to larger FO-SPR  probes.*”*"*%*  Our
system operates via wavelength-modulated SPR in a compact
lab-on-fiber platform. The sensor performance was validated
in vitro in complex biological fluids, including diluted blood
plasma and whole serum, demonstrating reliable detection at
1—2 pM vancomycin concentrations before in vivo application.
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Opverall, the design of this self-contained, biocompatible optical
probe establishes a platform for minimally invasive, tissue-level
monitoring, supporting future applications in in vivo therapeutic
drug sensing.

Bl RESULTS AND DISCUSSION
Implantable Aptagel FO-SPR Sensor Design

Our proposed sensor architecture, termed aptagel, leverages
split-aptamer pairs that are strategically divided into two seg-
ments that reconstitute their binding function only in the pres-
ence of target molecule, as previously validated and further
illustrated in Figure S1.*"** The split design was selected to
minimize background hybridization while enabling target-
induced assembly through cooperative binding. As reported
previously, the interaction can be described by a two-step bio-
molecular interaction model in which the split segments (S1
and S2) exhibit weak intrinsic hybridization affinity in the
absence of analyte, whereas binding of vancomycin stabilizes
the assembled S1—vancomycin—S2 ternary complex.”* These
split-aptamer pairs are used as structural crosslinkers within
an star-shaped eight-arm poly(ethylene glycol)-norbornene
(PEG-NB) hydrogel network (Figure 1A).*" In this configura-
tion, target-induced ternary complex formation triggers contrac-
tion of the polymer network leading to decreased swelling and
respective increase in refractive index. This mechanism was
experimentally validated in our previous work using angular
SPR measurements, where shifts in aptagel waveguide modes
(probing depths of ~10 pm) directly captured reversible hydro-
gel contraction upon analyte binding and reswelling upon the
analyte dissociation (Figure S2).%*

Unlike the conventional approach to post-functionalize apta-
mers by tethering them within the hydrogel network, the apta-
gel incorporates dithiolated split-aptamer pairs as integral
structural components via thiol-norbornene click chemistry,
achieving exceptionally high aptamer densities (up to 30% of
total crosslinking moieties, 3 mM in final concentration), while
maintaining the network homogeneity.** Upon target binding,
the local refractive index of aptagel (Anaptage]) changes, generat-
ing a corresponding shift in the SPR resonance wavelength
(Ahgpr) that is monitored in real time. The magnitude of
Algpr correlates directly with Anaptagel near the gold surface,
with analyte binding producing a characteristic red shift.

In this study, we translated this planar surface-optimized
aptagel platform to a miniaturized FO-SPR format for implanta-
tion into rat brain (Figure 1B). The in vivo measurement setup
comprises a compact optical configuration designed for contin-
uous molecular monitoring in brain tissue. The FO probe con-
nects to a broad-spectrum light source and spectrometer via a
Y-coupler, enabling real-time signal acquisition during in vivo
PK measurement. The aptagel matrix serves dual functions:
providing an antifouling interface that could potentially mini-
mize tissue inflammatory responses while facilitating selective
analyte recognition through self-contained receptors.*® The
3D hydrogel architecture enhances optical signal transduction
of refractive index changes compared to its monolayer counter-
part without compromising temporal resolution (affected by
analyte diffusion) that is essential for the rapid association and
dissociation kinetics of aptamer—drug complexes enabling con-
tinuous tracking of drug concentration. Additionally, the aptagel
coating aims to improve sensor stability by preserving aptamer
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Figure 1. Schematic of an aptagel-coated implantable FO-SPR sensor for in vivo drug monitoring in the rodent brain. (A) Sensor architecture com-
prises a 300 pm diameter silica core, a 45 nm thick gold layer, and aptagel coating with a 3 mm sensing length. Incident white light propagating
through the optical fiber core generates SPR at the gold-dielectric interface containing the aptagel film. Vancomycin binding to split-aptamer pairs
forms ternary complexes within the aptagel matrix, resulting in hydrogel contraction that decreases the film thickness (d) while increasing the local

refractive index (n

«1), manifesting as an SPR wavelength (Apy) red shift. (B) The optical setup consists of a light source and a spectrometer con-

aptay
nected via the Y-coup%er to the FO-SPR sensor. The hydrogel matrix provides biocompatible, antifouling properties while transducing reversible bind-

ing events into measurable optical signals for continuous PK monitoring.

functionality and shielding the sensing interface from protein
adsorption.

Aptagel FO-SPR Sensor Characterization

Electrochemical sensors designed for minimally invasive
implantation and monitoring of different brain regions in
rodents demonstrated optimal dimensions of <100 pm in diam-
eter with sensing lengths ranging from 3 to S mm.**** In con-
trast, FO-based sensors often require larger dimensions to
assure adequate strength and stability of optical signal transmit-
ted via the fiber core. While longer fiber probes provide
enhanced sensitivity due to increased interaction area with the
surrounding medium,* smaller diameters in multimode fibers
decrease the number of guided optical modes, ultimately
decreasing sensitivity.”” Previously reported FO-SPR sensors
have demonstrated diameters of >400 pm and lengths of
>S5 mm to achieve bulk sensitivity values of ~2000—3000
nm/RIU 293940

To enable implantation in rat brain tissue, we reduced the
sensor probe dimensions to 3 mm in length and 300 pm in
diameter, representing a 2.2-fold reduction in sensing area com-
pared to previously reported multimode FO-SPR sensors. A
schematic representation of the FO-SPR sensor configuration

5860

for continuous in vitro monitoring is presented in Figure 2A.
The FO-SPR probe was positioned in a microfluidic chamber
with a controlled flow and temperature to simulate physiologi-
cal conditions and minimize the effect of diffusion-limited mass
transfer that slows down sensor response kinetics. This con-
trolled environment maintained consistent analyte delivery at
37 °C, enabling accurate sensor validation prior to in vivo
deployment.

Optical characterization of the aptagel FO-SPR sensors
revealed significant changes in spectra compared to bare gold
probes (Figure 2B). Aptagel integration alters the dielectric
properties surrounding the FO-SPR probe, where the higher
refractive index aptagel (naptagel ~1.348) increases the effective
refractive index of the medium and introduces surface plasmon
damping.***® These optical changes affect reflectivity spectra
with encoded SPR. The bare FO-SPR probe exhibited a A
at ~630 nm, which underwent a red shift of ~30 nm upon apta-
gel incorporation due to the increased refractive index. Aptagel
functionalization also reduced the overall reflected intensity and
broadened the SPR spectral linewidth, consistent with plasmon
damping effects.

We then determined sensitivity values by measuring the
Algpr responses to An using a series of sucrose solutions,

https://doi.org/10.1021/acssensors.6c00681
ACS Sens. 2026, 11, 5858—-5868

920z 1snbny 90 uo J8sn SIONI I0S ANIAVOV HOFZD SO ISAH ISN | Aq jpd "bT8900 -920Z -85 /2290T2S9 /8585 /L /TT /4pd -8 |2 11 1€ / [j90se /6o "soe "sqnd //:d 13y wo 4} pspeo jumog


http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.6c00681

ACS Sensors

pubs.acs.org/acssensors

B
In vitro FO-SPR measurement
Light source Spectrometer
9
x
I3
L
Y-splitter ©
Peristaltic Outlet %
22
Waste 40
w w 550 600

Temperature
Sample controller (37°C)

Wavelength, 4 (nm)

C 40
O Bare gold (S: 2324 nm/RIU)
— & Aptagel (S: 2128 nm/RIU)
£ 30
= Ve
< 20+ /8/
E z7
s 5
¢ 10 77
m 8
? &
7/
0
700 750 0.000 0005  0.010  0.015

An (RIU)

Bare gold FO-SPR

Silica core
/’

i Silica core

i Gold layer

Aptagel FO-SPR

Silica core

Silica core ‘
i Silica core

Goldvlayer

200 nm

Figure 2. Aptagel FO-SPR sensor characterization. (A) Schematic of the in vitro measurement setup. Temperature-controlled flow cell maintains
37 °C with continuous fluid exchange. (B) Reflection spectra of bare gold and aptagel FO-SPR sensors showing aptagel-induced Algpy. (C) Bulk
sensitivity (S) determination: Agpy vs refractive index change (An) using graded sucrose solutions. Linear fits yield S values for bare gold and aptagel
sensors. (D) Cross-sectional SEM images of bare gold FO. The silica core is clearly resolved, and a thin gold layer is visible at the surface. The third
image and the higher-magnification view (right) were acquired in backscattered electron (BSE) mode to highlight the gold coating with enhanced
compositional contrast relative to the silica. (E) SEM images showing surface and the cross-sectional views of aptagel FO-SPR. The aptagel layer
is observed on top of the gold-coated silica core. The corresponding high-magnification BSE image (right) reveals the underlying gold layer, confirm-

ing the multilayer structure.

which provide linearly varying refractive indices suitable for bulk
sensitivity (S) characterization.*” Linear regression analysis
yielded S values of 2324 and 2128 nm/RIU for bare gold and
aptagel FO-SPR sensors, respectively (Figure 2C). While apta-
gel functionalization resulted in spectral broadening and a mod-
est 10% reduction in S, these values remain comparable to
previously reported FO-SPR sensors with larger sensing
areas.””?>*" From our experimental S values, we calculated
the n_ .. by determining the ratio of Al to An and then

aptagel
adding the baseline refractive index of water. The calculated

Mapragel VAlue was averaged across three independent aptagel
FO-SPR sensors as 1.3476 + 0.0020 RIU, demonstrating an
excellent agreement with values previously obtained using angu-
lar SPR conﬁguraltions.38 Nevertheless, the modest reduction in
S observed with aptagel-coated sensors can be attributed to the
polymer network that occupies a small fraction of sensing vol-
ume; however, the highly swollen three-dimensional structure
maintains efficient analyte access to the sensing interface.

To validate the fabricated sensor architecture, we examined
cross sections of bare gold and aptagel FO-SPR probes using

https://doi.org/10.1021/acssensors.6c00681
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a scanning electron microscope (SEM), which reveals the mul-
tilayer structure of our sensor. SEM analysis confirmed a sput-
tered gold layer thickness of ~45 nm on the silica core
(Figure 2D), which is particularly visible in backscattered elec-
tron (BSE) mode, enabling enhanced compositional contrast
of the gold coating (the third image and magnified view on
the right). The dehydrated aptagel coating appeared as charac-
teristic surface ripples in the dried state, with measured dry
thickness ranging from 1 to 3 pm (Figure 2E). In the high-
contrast BSE image (the last image), the distinct gold layer is
clearly visible, further confirming the multilayer structure of
the aptagel FO-SPR sensor. Based on the swelling ratio previ-
ously reported,®® we estimated the hydrated gel layer thickness
to range from 9 to 27 pm under aqueous conditions. Notably,
this swollen gel thickness significantly exceeds the effective
probing depth of the evanescent surface plasmon field
(~200 nm), ensuring complete coverage of the sensing region
while maintaining efficient analyte diffusion through the porous
hydrogel matrix.

In Vitro Aptagel FO-SPR Sensing Performance

Following fabrication and optical and electron microscopy char-
acterization, we deployed the aptagel FO-SPR sensor for in vitro
vancomycin monitoring using a continuous flow system with
controlled fluidic exchange. We performed sensing measure-
ments by first equilibrating the sensor in assay buffer, PBS

supplemented with 2 mM MgCl, to promote folding and struc-
tural stability of aptamers during binding assays.*® Then, the
sensor was exposed to decreasing vancomycin concentrations
ranging from 500 to 0.5 pM, with buffer wash steps between
each concentration to test reversibility (Figure 3A). The aptagel
FO-SPR sensors demonstrated excellent reversibility and stable
baseline recovery, confirming robust sensor performance across
multiple analyte exposure cycles.

Dose—response analysis revealed two distinct SPR shift
regimes with apparently different sensitivities (Figure 3B). At
concentrations below ~60 pM, the sensors exhibited a linear
relationship between Algpr and log(c), achieving a limit of
detection (LOD) of 2.1 uM for vancomycin in assay buffer.
Notably, for concentrations above ~60 uM, the sensor response
transitioned to a different, non-linear dependence on log(c)
with enhanced sensitivity but higher measurement variability.
This amplification arises from mechanical contraction of the
hydrogel matrix driven by a ternary complex formation between
crosslinked split-aptamer pairs and vancomycin, enhancing sig-
nal output compared to classical antigen-based binding. This
biphasic response profile demonstrates the enhanced sensitivity
of split-aptamer pairs embedded within the hydrogel matrix, as
previously reported.*® While increased variability due to the
transition between two distinct response regimes occurs at
higher analyte concentrations far from the determined LOD,
the accessible dynamic range aligns well with clinically relevant
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vancomycin concentrations, which typically range from 6 to
30 pM in blood and brain tissue of rodents.>%*>°

To establish sensor performance under physiologically rele-
vant conditions, we evaluated continuous vancomycin monitor-
ing in complex biological fluids prior to in vivo deployment. We
tested our sensors in 20% diluted human blood plasma and
undiluted horse serum, which contain rich spectrum of proteins
(albumin ~60%, globulins ~30%, fibrinogen ~4%, and other reg-
ulatory proteins ~1%),”"** providing assessment of the antifoul-
ing properties of aptagel. Non-specific interactions in complex
biological matrices can significantly compromise sensing perfor-
mance, particularly for SPR-based sensors that respond to surface
mass density variations at the gold-solution interface.™

Continuous vancomycin monitoring in undiluted horse
serum demonstrated robust sensor performance with clear
concentration-dependent responses (Figure 3C). The sensor-
gram shows a gradually increasing response to sequential vanco-
mycin injections from 0.8 to 100 uM, with each concentration
producing distinct SPR shifts followed by reproducible signal
recovery during the decreasing concentration phase. The corre-
sponding calibration curve (Figure 3D) exhibits linearity across
the low concentration range of log(c) with an LOD of 2.5 uM.
Similarly, measurements in diluted human plasma (20%,
Figure S1) achieved an LOD of 1.7 pM, demonstrating pre-
served sensor performance compared to the assay buffer
(LOD: 2.1 pM).

These results confirm that the aptagel coating effectively
maintains sensor sensitivity and selectivity in complex protein-
rich biological matrices, with minimal impact on detection
limits across different physiological media. Next, we also evalu-
ated the specificity of the aptagel FO-SPR sensors against

relevant antibiotics, including bacitracin, rifampicin, and ampi-
cillin, with concentrations adjusted to match the refractive index
of 30 pM vancomycin, confirming the selectivity by showing
negligible responses from all non-target drugs (Figure S2).

In Vivo Vancomycin Monitoring Using Aptagel FO-SPR

Following validation in complex biological fluids, we deployed
the aptagel FO-SPR sensor for continuous plasmonic fiber-
based drug monitoring in live rodent brain tissue. Sensors were
stereotactically implanted into the left cortex via craniotomy,
and Agpy signals were continuously recorded (~3 s resolution)
in anesthetized rats. A saline control experiment was conducted
to characterize baseline drift over 4 h (raw data in Figure SSA).
Injection-related signal was not observed, and the baseline grad-
ually approached a stable plateau after ~3 h, which is signifi-
cantly longer than the 40—60 min stabilization typically
observed in vitro. This prolonged equilibration is attributed to
dry-state implantation of the sensor, requiring in situ hydrogel
reswelling within brain tissue. The baseline was well described
by a two-phase exponential decay (R* = 0.996), which was sub-
sequently used to model and correct the baseline in drug
response analyses. Due to experimental time constraints (6 h),
a shorter stabilization period (1—2 h) was applied prior to intra-
venous tail vein vancomycin administration.

A total of four rats were administered with 75 mg/kg vanco-
mycin, a dose that exceeds standard clinical ranges but is consis-
tent with rodent pharmacokinetic studies of brain extracellular
fluid (ECF) monitoring given the limited BBB permeability of
vancomycin.”’****> Raw Agpy signals and corresponding base-
line fits (applied from implantation to pre-injection) are pre-
sented in Figure 4 with full time-scale data provided in

B
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Figure 4. In vivo monitoring of vancomycin in rat brain using the aptagel FO-SPR sensor. (A—D) Representative Agpy responses from four individual
rats after implantation in the cortex and intravenous tail vein administration of vancomycin (75 mg/kg). Red curves indicate two-phase exponential
fits applied from implantation to pre-injection for baseline fitting. Full time-scale data including pre-injection baseline are provided in Figure SS.
(E) Baseline-corrected wavelength shifts (AAgpy) aligned to the time of injection (¢ = 0) enable comparison of temporal drug response profiles across
animals. All traces exhibit an increase following administration, reaching a peak at ~1 h followed by gradual decay. Data were acquired at ~3 s inter-

vals in anesthetized rats.

5863

https://doi.org/10.1021/acssensors.6c00681
ACS Sens. 2026, 11, 5858—-5868

920z 1snbny 90 uo J8sn SIONI I0S ANIAVOV HOFZD SO ISAH ISN | Aq jpd "bT8900 -920Z -85 /2290T2S9 /8585 /L /TT /4pd -8 |2 11 1€ / [j90se /6o "soe "sqnd //:d 13y wo 4} pspeo jumog


https://pubs.acs.org/doi/suppl/10.1021/acssensors.6c00681/suppl_file/se6c00681_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acssensors.6c00681/suppl_file/se6c00681_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acssensors.6c00681/suppl_file/se6c00681_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acssensors.6c00681/suppl_file/se6c00681_si_001.docx
http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.6c00681

ACS Sensors

pubs.acs.org/acssensors

Figure SS. Across all cases, the baseline exhibits a gradual drift
that approaches stability after ~3 h, with noticeable inter-
animal variability in magnitude (black curves). Despite this var-
iability, a clear response associated with drug absorption in
brain tissue was evident in all animals. The baseline fitting by
the two-phase exponential decay model is presented in red
curves (R* > 0.99).

After baseline correction, Ahgpy signals aligned to the injec-
tion time (Figure 4E) showed a more comparable response
across animals. Algp, increased after administration, reaching
a peak at ~1 h followed by a gradual decline. While variability
in amplitude persists, the overall temporal profiles were repro-
ducible. The average of peak wavelength AAgpy was 0.55 +
0.0S nm at 1 h, corresponding to vancomycin concentration
of ~20 pM based on our serum calibration. This value is
roughly two-fold higher than previously reported brain concen-
trations based on EAB sensor measurements.”*>>> The inde-
pendent vancomycin concentration measured in plasma
samples obtained by mass spectroscopy (MS) at 1 h post-
injection yielded 82.7 + 15.2 uM (n = 2), consistent with prior
reports at comparable dosing levels.” Based on a previous
microdialysis report noting that vancomycin penetration into
brain ECF is typically ~5—10% of plasma levels,*® the present
measurements are elevated twofold as well.

There could be several factors for this discrepancy. The
FO-SPR probe with a relatively large diameter (~300 pm) com-
pared to EAB-based sensors (~50 pm) may induce more pro-
nounced local tissue disruption during implantation causing
minor bleeding, which potentially may increase local drug expo-
sure or affect clearance rate. In addition, although the two-phase
exponential function provides an effective empirical description
for baseline correction, residual uncertainty remains in quantifi-
cation. Accordingly, AAgpy, is interpreted primarily as a measure
of relative drug dynamics rather than exact concentration.

Notably, greater variability was observed during the drug
elimination, which suggests differences in clearance kinetics
across animals. The elimination in blood, unlike brain, is more
rapid and consistently resolved, as reported in earlier stud-
ies,**7 reflecting systemic clearance. Among brain measure-
ments under comparable dosing conditions, differing profile
characteristics were reported depending on the animal model.
Mouse cortex measurements using EAB sensors showed
plateau-like concentration profiles with no clearly resolved elim-
ination phase over the experimental timeframe,”*° whereas rat
studies using simultaneous vein/brain measurements or direct
tissue analysis reported first-order elimination phases.>> Our
rat cortical measurements are more consistent with the latter
observations, exhibiting gradual elimination over several hours
following tail vein intravenous administration. While these
observations are broadly consistent with those previously
reported in different animal models, experimental factors
including the brain compartment region, local diftusion/perfu-
sion conditions, sensor sensitivity, and calibration approach
may also contribute to differences in the observed pharmacoki-
netic profiles.

Although precise pharmacokinetic parameters cannot yet be
reliably extracted due to baseline correction and calibration con-
straints, the FO-SPR platform could resolve relative differences
in in vivo drug dynamics. This work establishes a proof-of-
concept demonstration of FO-SPR-based monitoring of a
small-molecule drug directly in brain tissue, enabling real-time
observation of drug dynamics and inter-individual variability in
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clearance. Future advances, including individual sensor calibra-
tion and extended pre-measurement stabilization (e.g,, chronic
implantation), are expected to further improve quantitative
accuracy.

Bl CONCLUSIONS

We have demonstrated the first implantable plasmonic fiber
optic sensor functionalized with a molecularly responsive
hydrogel matrix (aptagel) for continuous monitoring of vanco-
mycin directly within living brain tissue. By integrating aptagel
with miniaturized FO-SPR probes, we achieved label-free opti-
cal detection of vancomycin in rat brain ECF over 6 h with
~3 s temporal resolution. The compact dimensions of our sen-
sor (3 mm? sensing area) enabled cortical implantation while
maintaining high sensitivity (~2000 nm/RIU). While baseline
drift and calibration constraints currently limit quantification,
the sensor could reproducibly resolve relative drug dynamics
and reveals inter-individual variability in clearance kinetics. With
improved calibration methodologies, reference-compensated
measurement schemes, and further development of chronic
implantation, more robust quantification and long-term monitor-
ing will become feasible, which extends the applicability of
FO-SPR sensing in vivo. This work therefore provides a proof-
of-concept for plasmonic fiber-based biosensing in complex
in vivo environments.

H EXPERIMENTAL SECTION
Materials

Vancomycin hydrochloride, polyethylene glycol (PEG)-dithiol (MW:
3.4 kDa), lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP),
1-dodecanthiol (DDT), and tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP) were purchased from Sigma-Aldrich. UltraPure distilled
water, 10X concentrated phosphate-buffered saline (PBS) pH 7.4
(RNase-free), magnesium chloride, calcium chloride, and sodium chlo-
ride were procured from Thermo Fisher Scientific. HPLC-grade etha-
nol was acquired from Carl Roth GmbH + Co. KG. Eight-arm PEG
norbornene (10 kDa) was purchased from Creative PEGWorks. 1,4-
Dithiothreitol (DTT) (99%) was acquired from Carl Roth GmbH.
The vancomycin-binding P27 ssDNA split-aptamer sequences*' with
§' C6 S-S and 3’ C3 S-S thiol modifiers were synthesized by
Integrated DNA Technologies for hydrogel conjugation to generate
the aptagel, as described previously.”® Vancomycin monitoring was
performed in assay buffer (PBS with 2 mM MgCl, at pH 7.4), horse
serum (Gibco, cat. no. 16050130), and human plasma (from teams
TMI and PTA at BioMed X Institute GmbH).

FO-SPR Probe Fabrication

FO-SPR probes were constructed using multimode, step-indexed opti-
cal fibers (FT300UMT, Thorlabs Inc.) with a 300 pm-diameter pure
silica core (refractive index 1.458, numerical aperture 0.39). The fibers
were cut into 6.5 cm sections using a ruby-bladed fiber optic scriber to
ensure flat end faces. A 3 mm region at one fiber end was designated as
the sensing area. To fabricate FO-SPR probes, the protective coating
was removed using a stripping tool (T16S31, Thorlabs Inc.), and the
Technology Enhanced Clad Silica (TECS) cladding was dissolved in
acetone. The flatness of fiber end faces was verified with a fiber inspec-
tion tool (FS201-SMA adaptor, Thorlabs Inc.). The exposed core of
the fiber tips was sequentially cleaned with isopropanol and ethanol,
followed by drying with a stream of nitrogen gas. Finally, the fiber tips
were coated with a uniform 45 nm gold layer using a sputter coater
(EM ACE600, Leica Microsystems, EMBL Imaging Centre).
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Deposition was performed on a rotating stage at a rate of 0.11 nm/s,
following parameters adapted from Hasler et al.*’

FO-SPR Sensor Setup

The optical fiber sensor setup consisted of a broadband white light
source (HL-2000-LL, Ocean Insight, Orlando, Florida) and a high-
resolution linear silicon array CCD spectrometer (FLAME-T-XR1-
ES, Ocean Insight). Both were connected via SMA 905 connection
outputs to a 1 X 2 (50:50) Y-multimode fiber optic coupler (300 pm
core, Thorlabs Inc.). One arm of the coupler was connected to the light
source, and the other to the FO-SPR probe through an SMA 905 mul-
timode connector (340 pm bore, stainless-steel ferrule, Thorlabs Inc.)
joined with an SMA-SMA mating sleeve to ensure optimal optical
transmission. The sensing end of the fiber was secured in a strain-
free bare fiber terminator (Newport, USA). Incident light in the visible
range (wavelength of 400—1100 nm) was guided to the probe, and the
reflected signal from the metal-dielectric interface was collected
through the Y-coupler to the detector. Prior to measurements, the
reflected light spectrum in air was normalized against the backlight
reflection from the Y-coupler without the probe attached.
Normalized reflectivity spectra R were processed using custom
LabView software.*® The plasmon resonant wavelength (Agpp) was
tracked over time (f) to obtain sensor readout by centroid fitting the
minimum of the spectra at a 20 nm window.

Aptagel FO-SPR Probe

The sensing matrix, aptagel, was prepared by embedding the
vancomycin-binding split-aptamer pair into an eight-arm PEG-NB
hydrogel crosslinked with dithiolated PEG and aptamer segments, as
previously described.®® The optimized formulation contained 3 mM
aptamer with a macromer-to-crosslinker molar ratio of 4. The gold-
coated FO-SPR probes were first incubated in 50 mM ethanolic
DTT for 5 h and then in 50 mM ethanolic DDT for 5 min. They were
then rinsed with ethanol and water and dried under nitrogen. Pregel
solutions were pre-incubated at 37 °C for 2 h and then applied to fiber
tips by submersion for 3 s and crosslinking under 365 nm UV light for
10 s. The coating step was repeated three times to ensure uniform gel
coverage.

Scanning Electron Microscopy (SEM)

To verify gel coating on the fiber tips, aptagel-coated FO-SPR fibers
were cut with a ruby blade to obtain clean cross sections. Three fibers
were prepared, with cuts made ~2 mm above the flat fiber end. Both
bare and aptagel-coated probes were examined using a field-emission
SEM (ZEISS Crossbeam 550, EMBL). Secondary electron and
energy-selective backscatter modes were used to visualize probe archi-
tecture. Cross-sectional images were analyzed with ImageJ to assess
coating morphology and structural integrity.

In Vitro Vancomycin Monitoring

FO-SPR probes were inserted to a 3 mm depth through a 1 mm open-
ing into a vertical flow cell (~24 pL volume) constructed using PDMS.
Inlet and outlet tubing (Tygon, Ismatec, 0.25 mm ID) connected to a
peristaltic pump (Ismatec) maintained a constant flow rate of S0 pL/
min. The flow cell was mounted on a heater and enclosed in a custom
Teflon block to maintain 37 °C. Prior to sensing, aptagel-coated probes
were equilibrated in assay buffer under flow at 37 °C until fully swollen
and a stable baseline Agpp was recorded for >15 min. Vancomycin-
spiked solutions were then introduced to monitor analyte association,
followed by vancomycin-free buffer for dissociation. Measurements
were performed in assay buffer, 20% human plasma, and undiluted
horse serum. Sensor limits of detection (LOD) were determined from
dose—response curves by linear regression, with the LOD defined as
the intercept concentration corresponding to 3X the standard devia-
tion (o) of the baseline. Sensorgrams were analyzed using Origin
2024 (v10.1).
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Aptagel FO-SPR Probe Implantation

Male Wistar rats (320—360 g; Janvier, France) were used for in vivo
FO-SPR implantation. Animals were group-housed under a 12 h
light/dark cycle (lights on at 06:00) in temperature-controlled
(21-22 °C) and humidity-controlled (55—65%) rooms with free
access to food and water. All in vivo procedures were approved by
Regierungspraesidium Tuebingen, Germany, and performed in an
AAALAC (Association for Assessment and Accreditations of
Laboratory Animal Care International)-accredited facility in accor-
dance with the European Convention for Animal Care and Use of
Laboratory Animals.>” For implantation, rats were anesthetized with
isoflurane and mounted in a stereotaxic frame (Kopf Model 1900).
Anesthesia was maintained with 0.2—2% isoflurane throughout the
experiment. After exposing the skull, a craniotomy was performed,
and FO-SPR probes were inserted into the left cortex (stereotaxic
coordinates: AP + 0.5, ML —3.0, DV —3.0 mm from bregma).59

In Vivo Vancomycin Monitoring

Approximately 2 h after probe implantation (equilibration), rats
received vancomycin (75 or 150 mg/kg; iv; 2 mL/kg) or vehicle
(0.9% NaCl; iv.; 2 mL/kg) under continuous sensor recording. At
the end of the experiments, animals were euthanized with sodium pen-
tobarbital (100 mg/kg, ip.). The time-dependent SPR wavelength
shifts (Algpy) were baseline-corrected for drift and converted to van-
comycin concentrations using calibration curves generated in undiluted
horse serum. Calibration was based on log-linear fitting, where the
slope and intercept parameters from the regression were applied to
in vivo Algpr values to reconstruct PK concentration—time profiles.
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