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Abstract. We present a numerical study of a nanocoated whispering-gallery-mode (WGM) silica microdisk as
a label-free platform for single-exosome detection and refractive-index–based health-state classification. The de-
vice is modeled as a fiber-coupled silica microdisk in water, functionalized with a thin nanocoating of either
polystyrene (PS) or the metal-halide perovskite CsPbI3. Using full-wave driven-mode simulations in Comsol
Multiphysics, we show that nanocoatings reshape the WGM field distribution and improve sensing-relevant fig-
ures of merit by enhancing surface-field confinement while preserving high-Qf operation. Beyond the field-pull-
ing mechanism provided by polymer coatings, we demonstrate a distinct sensitivity enhancement enabled by
perovskites: spectral alignment of the WGM with an excitonic resonance in CsPbI3 supports a hybrid exci-
tonic–photonic mode that concentrates optical energy at the sensing interface and increases the transduction
of minute effective-refractive-index (ERI) variations into measurable resonance shifts. To connect the exosome
composition to the optical response, we introduce a physics-based workflow to estimate dispersive ERIs of indi-
vidual exosomes from their protein and nucleic-acid content using a Barer-type relation and a core–shell geom-
etry, and we map these ERIs to resonance-wavelength shifts for single exosomes at the sensing position. The
resulting resonance signatures provide separable responses for healthy-like, borderline, and cancer-like exo-
somes, indicating that the proposed excitonically engineered WGM microresonator can not only detect single
exosomes but also classify their health state, supporting a route toward non-invasive liquid-biopsy diagnostics.

Keywords: Whispering gallery mode (WGM) microresonator, Nanocoating, Polystyrene, Perovskite, Exosome
health state, Excitonic-photonic coupling.

1 Introduction

Optical biosensors that enable direct, real-time, non-inva-
sive and label-free detection of bioelements are highly
desired in biological studies. These sensors require ultra-sen-
sitive mechanisms to detect single nanoscale particles and,
when the goal is specificity, should also detect and distin-
guish even small variations in the particle’s composition.
In this regard, optical microresonators, sustaining whisper-
ing gallery modes (WGMs) have been established as ultra-
sensitive sensors and are the appropriate candidates for
such task.

The first demonstrations of using WGM microres-
onators for biosensing emerged in the early 2000s, such as
the 2002 report by Vollmer et al. on protein detection using
a resonant microcavity and the 2003 study by Arnold et al.
discussing the frequency shifts induced by protein adsorp-
tion in microspheres sustaining WGMs [1, 2]. Since then,

interest in using WGM-based biosensors has increased sub-
stantially, and major advances in both sensing mechanisms
and experimental techniques have been made [3–6].

Therefore, WGM biosensing has developed into a cen-
tral platform for label-free biological and chemical sensing,
owing to their ultra-high quality factors (Qf), small mode
volumes (Vmode), and strong electric field intensity at the
sensing location |E|. A wide variety of ultra-high Qf
WGMmicroresonator designs have already been fabricated,
with various geometries including microspheres, microdisks,
microrings, microtoroids, microbubbles, microbottles, and
microcapillaries, presenting ultra-high Qf values in the
range of 104–1010 [3–5, 7, 8].

Comprehensive reviews report applications of WGM
microresonators ranging from bulk refractometry and pro-
tein binding to single virus and nanoparticle detection, as
well as recent progress towards integrated and optofluidic
implementations for clinical diagnostics [3, 6, 7, 9–11]. More
specifically, for single-molecule and single-particle detec-
tion, WGM biosensors have also been applied to sense
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nucleic acids (NAs), antibodies, and extracellular vesicles
(EVs) such as exosomes [12–14]. For EVs and exosomes
in particular, microtoroid WGM resonators have enabled
real-time, label-free single-exosome detection in complex
media [13], complementing other optical platforms such as
interferometric imaging and nanoparticle-tracking-based
methods [15–17]. Collectively, these characteristics estab-
lished WGM-mode microresonators as an attractive plat-
form for single-nanoparticle detection and characterization.

Exosomes are of particular interest for diagnostics
because their molecular cargo reflects the physiological
and pathological state of their parent cells, making them
promising biomarkers for a range of diseases, including can-
cer [18, 19]. This property supports early-stage disease
detection through non-invasive or minimally invasive liquid
biopsies, as exosomes can be isolated from readily accessible
body fluids such as blood, saliva, and urine [20, 21]. Tumor-
derived exosomes often carry altered protein and nucleic-
acid signatures compared with exosomes from healthy cells,
which can manifest as subtle shifts in their effective refrac-
tive index (ERI); such shifts are, in principle, detectable
with WGM-based biosensors and may enable cancer diag-
nosis [22–24]. Nevertheless, direct phenotyping and robust
health-state classification remain challenging due to the
small size of exosomes (typically 30–150 nm) and their
low refractive-index contrast relative to the surrounding
medium [25–27].

Recent optical studies have begun to quantify the ERI
of extracellular vesicles (EVs) and to correlate subtle ERI
variations with differences in biochemical composition [17,
25, 26]. In parallel, a range of hybrid and coated WGM
architectures, including plasmonic-enhanced resonators,
high-index coatings, and polymer microlaser platforms,
have been proposed to further localize the optical field at
the sensor surface and to push detection limits toward the
single-molecule regime [28–30]. Metal-halide perovskites
have emerged as particularly attractive high-index, exci-
tonic materials, enabling high-Qf WGM lasing and strong
exciton–photon coupling in CsPbX3 and FAPbX3 micro-
cavities [31–35]. However, to the best of our knowledge, per-
ovskite nanocoatings have not yet been leveraged to
engineer WGM microresonators specifically for exosome
sensing, nor has ERI-based classification of individual exo-
somes been explored using such hybrid structures.

The goal of this work is to discriminate the health state
(cancerous versus healthy) of single exosomes using coated
WGM microresonators. Realizing this capability would
enable an early-stage, non-invasive, label-free biosensing
approach to cancer diagnostics based on liquid biopsy.
Achieving robust single-exosome classification requires fur-
ther improvements in the sensing limit of optical microres-
onators. A particularly effective strategy is to introduce a
carefully engineered nanocoating with a refractive index
higher than that of the underlying resonator. We have pre-
viously shown that such high-index nanocoatings can
enhance sensing performance by pulling the supported
modes toward the coating region, increasing Qf and |E|,
and simultaneously reducing the effective mode volume
Vmode [36–38]. Results show that, depending on the coating
material, |E| can be amplified by up to a factor of 2.25 rel-

ative to the uncoated microresonator, Vmode can be reduced
by 21%–77%, and Qf can increase from approximately
5 � 104 (uncoated) up to 8 � 107 for the case of Si3N4
nanocoating [36].

In this work, microdisks with tailored nanocoatings are
modeled and simulated using the finite-element method
(FEM)-based simulation platform Comsol Multiphysics.
Full-wave, driven-mode simulations are performed, in
which WGMs are excited in the microresonator via fiber
optic coupling. Although computationally demanding, this
modeling approach allows a comprehensive investigation
of the impact of the nanocoating on the microresonator
characteristics and enables precise calculation of the reso-
nance wavelength shifts induced by the presence of healthy
and cancerous exosomes. A 30 lm silica microdisk in an
aqueous medium is considered, to which a 100 nm-thick
nanocoating of either a polymer or a perovskite material
is added. The sensing performance of the uncoated
microresonator, the polymer-coated microresonator and
the perovskite-coated microresonator is evaluated in terms
of Qf, mode volume, coupling efficiency and electric field
strength at the sensing location.

Additionally, we introduce and implement a novel
approach for determining the effective refractive index
(ERI) of exosomes via numerical simulations. This method
yields a dispersive ERI for healthy and cancerous exosomes,
as well as for exosomes whose ERI lies in the borderline
region between the two health states. These exosomes are
then placed in the near field of the modeled microresonators
and the resulting resonance wavelength shifts are
computed.

Our results show that selecting a suitable perovskite
material with a bandgap around the WGM resonance
wavelengths of the microresonator enables strong pho-
tonic–excitonic interaction between the perovskite coating
and the resonator, leading to a substantial enhancement
of the quality factor. These improvements, in turn, enable
the detection of very small variations in the exosomes’
ERI and thereby the determination of the health state of
individual exosomes.

The rest of the paper is organized as follows. In Sec-
tion 2, the nanocoating concept is discussed in detail and
the choice of nanocoating materials is explained. Section 3
introduces exosomes and our approach to determine their
ERI in different health states; the modeling details and
the resulting dispersive ERIs are presented there. The
microresonator modeling and simulations are described in
Section 4, while the impact of the nanocoating on the
microresonator performance is analyzed in Section 5. In Sec-
tion 6, single exosomes are positioned next to the microres-
onators and the corresponding resonance wavelength shifts
are evaluated. Finally, Section 7 summarizes the main con-
clusions and provides an outlook on future work.

2 The nanocoating

The rationale for introducing a high-refractive-index
nanocoating is to directly engineer the three figures of merit
that determine the resonance shift of whispering-gallery–

J. Eur. Opt. Society-Rapid Publ. 22, 53 (2026)2



mode (WGM) microresonators, namely the quality factor
Qf, the mode volume Vmode, and the local electric field
intensity at the sensing location |E(r)|2. Rather than mod-
ifying the resonator geometry, we add a thin nanocoating
with refractive index ncoat > nSiO2 around the silica
microresonator. An extensive material study among dielec-
trics, polymers, quantum dots, and perovskites, based on
their dispersive refractive indices and, in the cases of quan-
tum dots and perovskites, their bandgaps, showed that
appropriate candidates for our purpose are silicon nitride
Si3N4 and titanium dioxide TiO2 (dielectrics), polystyrene
(PS; polymer), cadmium selenide (CdSe) and cadmium zinc
(CdZn) quantum dots, as well as cesium lead triiodide
(CsPbI3) perovskite. The corresponding dispersive refrac-
tive indices and extinction coefficients of these materials, to-
gether with the refractive index of silica as the baseline,
obtained from Ref. [39, 40], are illustrated in Figure 1.
Among the investigated materials, the PS polymer and
the CsPbI3 perovskite are chosen as the nanocoating mate-
rials in this work.

2.1 Polymer coating (polystyrene)

In our earlier eigenmode analysis of coated silica micro-
spheres, we systematically explored several high-refrac-
tive-index dielectric and polymer materials as candidate
nanocoatings, namely TiO2, Si3N4, and PS, with various
thicknesses [36]. For each coating, the quality factor Qf,
the mode volume Vmode, and the normalized electric field
at the sensing interface j Enorm j¼ Ej jsurf= Ej j uncoatedð Þ

surf were
obtained from our eigenmode models. All three nanocoat-
ings led to an increase in Qf and a reduction in Vmode com-
pared to the uncoated microsphere, confirming the general
effectiveness of the nanocoating concept for improving the
sensitivity. However, the different materials exhibited dis-
tinct trade-offs between radiation-loss suppression and
evanescent-field penetration into the surrounding sensing
medium, i.e., the water in which the exosomes are
suspended.

The highest-index TiO2 nanocoating provided a strong
suppression of radiative leakage and thus a substantial Qf
enhancement, together with a reduced mode volume, but
the WGM was largely confined inside the nanocoating,
which resulted in a diminished electric field at the outer
interface. The Si3N4 nanocoating offered the best purely
optical figures of merit within the eigenmode framework:
it yielded the largest increase in Qf, the smallest Vmode
and an enhancement of the surface field by approximately
a factor of two relative to the uncoated case. PS, on the
other hand, produced a somewhat smaller Qf enhancement,
yet still reduced the mode volume and increased the surface
field by a factor of �2.25, while its refractive index, being
closer to that of water (nwater = 1.3264 + i4.29 � 10�6 in
the corresponding wavelength range), allowed the evanes-
cent tail of the mode to penetrate more efficiently into
the external sensing region [36]. This behaviour was also re-
flected in the radial field profiles, where the PS nanocoating
shifted the mode towards the surface without overly confin-
ing it within the coating.

Beyond these optical metrics, practical fabrication con-
siderations strongly favour polymer coatings for implement-
ing nanocoatings on curved microresonators. High-index
dielectric layers such as TiO2 or Si3N4 typically require vac-
uum-based deposition techniques (e.g. CVD, ALD, sputter-
ing) that can introduce surface roughness and residual
stress, which in realistic devices reintroduce scattering losses
and may compromise the high Qf values predicted by ideal
eigenmode simulations. In contrast, PS can be deposited by
standard spin-coating or dip-coating from solution on silica
substrates, yielding conformal nanocoatings with low sur-
face roughness and good thickness control, and thus pre-
serving the high intrinsic Qf of the underlying resonator.
Taking into account both optical performance and fabrica-
tion feasibility, we therefore selected PS as the polymer
nanocoating material in the present work and use it as
the reference system for comparison with higher-index per-
ovskite coatings.

It is important to note that the initial material screening
in Ref. [36] was performed in an eigenmode setting, which is
ideal for extracting intrinsic Qf and Vmode but does not
explicitly include the excitation and out-coupling configura-
tion. In an eigenmode formulation, the resonator is treated
as a source-free open cavity, yielding complex eigenfrequen-
cies x

�
and hence an intrinsic quality factor

Figure 1. a) Dispersive refractive indices of SiO2, Si3N4, TiO2,
PS, CdSe, CdZn, and CsPbI3 versus wavelength, and b) the
extinction coefficients for CdSe, CdZn, and CsPbI3.
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Qint ¼
R x

�n o

2 I x
�n o ; ð1Þ

together with the corresponding modal field profiles and
Vmode for the isolated structure. This framework does not
capture coupling-induced loading, mode selectivity under
a specific excitation, nor the transmitted-spectrum line
shape. By contrast, our full-wave driven-mode simulations
explicitly launch the single-mode optical fiber (SMF) funda-
mental mode and compute the transmission T of the cou-
pled fiber–microdisk system. The extracted linewidth
therefore corresponds to the loaded quality factor QL,

1
QL

¼ 1
Qint

þ 1
Qext

; ð2Þ

where Qext accounts for external coupling. This driven for-
mulation enables optimizing the coupling gap dx (under-/
critical-/over-coupling) based on T, and it provides
power-normalized field amplitudes at the sensing region
under realistic excitation conditions, which is essential for
quantitatively predicting exosome-induced resonance shifts.
Accordingly, in the present study, these eigenmode-based
design guidelines are validated and extended using full dri-
ven-mode simulations with explicit fiber-optic coupling.
The driven-mode results confirm the qualitative trends
found previously and demonstrate that PS nanocoatings
indeed yield the expected enhancement of the exosome-
induced resonance wavelength shifts under realistic excita-
tion conditions.

2.2 Perovskite nanocoating and exciton–photon
coupling

To further enhance the sensing performance in our
approach beyond what is achievable with purely dielectric
or polymer nanocoatings, we investigated whether an exci-
tonic–photonic coupling between the microresonator whis-
pering-gallery mode (WGM) and an excitonic transition
in the nanocoating can be exploited. The basic idea is to
choose a coating material that supports a pronounced exci-
tonic resonance in the same spectral range as the fundamen-
tal WGM of the silica microresonator, such that the
photonic mode hybridizes with the excitonic mode and
forms mixed exciton–photon states with enhanced field con-
finement and a dispersive response at the sensor surface.

As a first step, we carried out a material screening of
potential candidates for excitonic material systems, focus-
ing on commercially available quantum-dot materials
(CdSe, CdZn-based quantum dots) and metal-halide per-
ovskites. Using reported dispersion data and bandgap ener-
gies (cf. Fig. 1b), we identified materials whose bandgaps lie
in the vicinity of�700 nm, i.e. close to the WGM resonance
of our 30 lm silica microresonator in water. This analysis
confirmed that CdSe and CdZn quantum dots as well as
the perovskite CsPbI3 exhibit excitonic transitions in the
targeted spectral range. In a subsequent eigenmode study,
each of these materials was introduced as a nanocoating
with thicknesses in the range of 100–200 nm around the

silica microresonator, and the resulting resonator figures of
merit – the quality factor Qf, the mode volume Vmode and
the surface electric field |E| – were systematically evaluated.

The quantum-dot coatings, due to their relatively high
extinction coefficients (cf. Fig. 1b), not only failed to
achieve any clear photonic–excitonic coupling but also sub-
stantially degraded the photonic mode of the microres-
onator and, in several cases, prevented the formation of
well-defined resonances. In contrast, the CsPbI3 perovskite
nanocoating led to a distinct photonic–excitonic coupling
and accordingly provided the most pronounced simulta-
neous improvement of all sensing figures of merit. In the
eigenmode simulations, the perovskite-coated resonator
exhibited a substantial enhancement of Qf, a compression
of Vmode and a strong increase of the evanescent field at
the outer interface compared to the uncoated resonator
and the resonators with the best-performing polymer (PS)
and dielectric (TiO2, Si3N4) coatings [41]. The spectral
dependence of the eigenfrequencies and field distributions
indicated that the WGM of the silica core hybridizes with
the excitonic resonance of the CsPbI3 layer: close to the per-
ovskite band edge, the mode is pulled into the coating, the
effective index exhibits a pronounced dispersive feature and
the field intensity at the coating–water interface is strongly
amplified. These observations are consistent with an exci-
tonic–photonic coupling mechanism rather than a purely
geometric or index-contrast effect.

A natural concern when employing excitonic materials
as microresonator coatings is their intrinsic loss: the strong
oscillator strength that gives rise to the excitonic resonance
is accompanied by a non-negligible imaginary part of the
refractive index, which could in principle degrade the
microresonator’s Qf and offset any sensitivity gain. For this
reason, we explicitly compared all sensing criteria of the
CsPbI3-coated resonator against those of the PS and dielec-
tric (TiO2, Si3N4) nanocoatings. Despite its higher material
loss, the CsPbI3 coating was found to outperform all other
options: in the spectral region where the WGM and exci-
tonic resonance overlap, the perovskite nanocoating yields
the highest Qf, the smallest Vmode and the strongest surface
field enhancement, which together translate into the largest
resonance wavelength shift induced by a single exosome.
These eigenmode-based findings, first reported in our earlier
perovskite-coating study [41], are in the present work cor-
roborated and extended by full driven-mode simulations
with explicit fiber coupling. The results obtained within this
fully numerical framework should be interpreted as a pre-
dictive assessment of the sensing performance under realis-
tic excitation conditions, indicating that the excitonic
CsPbI3 nanocoating could significantly enhance the sensing
functionality of silica microresonators.

The analysis presented here focuses on the idealized
optical response of an intact CsPbI3 nanocoating within a
numerical design framework. Long-term chemical stability
of bare CsPbI3 in aqueous or electrolyte-containing biolog-
ical environments is not assumed and remains a separate
materials-engineering challenge. Practical implementation
in biofluids will therefore require appropriate stabilization
and encapsulation strategies for the perovskite shell, along
with careful control of the local chemical environment.
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3 Exosomes

Exosomes are nanoscale extracellular vesicles (EVs), typi-
cally �30–150 nm in diameter, released by most cell types
through the endosomal pathway. They carry a rich molec-
ular cargo of proteins, lipids, metabolites, and nucleic acids
(DNA, mRNA, miRNA), which closely reflects the physio-
logical and pathological state of their parental cells [18, 19].
Because exosomes are abundant and stable in virtually all
biofluids (blood, urine, saliva, cerebrospinal fluid), they
can be collected in a minimally invasive manner by liquid
biopsy and are therefore highly attractive as early-stage
cancer biomarkers [20, 21]. Tumour-derived exosomes exhi-
bit characteristic alterations in their cargo composition – in
particular in protein and nucleic-acid content – and encode
cancer-type-specific signatures that can be exploited for
diagnosis, patient stratification, and therapy monitoring
[17, 23, 24].

From an optical-sensing perspective, these biochemical
alterations manifest as subtle changes in the exosome’s
effective refractive index (ERI), which can in principle be
detected by sufficiently sensitive label-free photonic biosen-
sors [16, 42]. The present work builds on this concept by
linking the protein and nucleic-acid (NA) content of single
exosomes to their ERI and, in a second step, to the reso-
nance response of high-Qf WGM microresonators.

3.1 Core–shell geometric model of the exosome

A single exosome is modeled as a concentric core–shell
sphere embedded in an aqueous host medium and numeri-
cally analyzed in Comsol Multiphysics. The core represents
the lumen, an aqueous solution of proteins and nucleic acids
(NA), while the shell represents the lipid bilayer membrane.
Consistent with electron microscopy and membrane bio-
physics, the outer radius of the exosome is taken as
a = 45.5 nm, and the lipid bilayer shell thickness as tshell =
5 nm, so that the lumen radius is b = a � tshell = 40.5 nm
[43]. The lipid shell is modeled as a non-absorbing layer
with slightly dispersive refractive index around nshell ’
1.48 in the visible/near-IR, in line with spectroscopic stud-
ies of supported lipid bilayers and vesicles [44–47]. The host
medium is taken as water with dispersive refractive index
nwater (k) [48].

Within this framework, the only degrees of freedom that
encode the biological state of the exosome are the lumen
composition (protein and NA concentrations) and, to a les-
ser extent, the detailed lipid composition of the membrane.
In this study we focus on the lumen composition as the pri-
mary contrast mechanism between healthy-like and cancer-
derived exosomes.

3.2 Lumen refractive index from the Barer relation

The refractive index of the exosome lumen is computed in
MATLAB using the classical two-substance (Barer) rela-
tion for aqueous macromolecular solutions [49]. For an
aqueous mixture of proteins and nucleic acids at mass con-
centrations cprot and cNA (in g mL�1), the lumen refractive
index can be written as

ncore kð Þ ¼ nwater kð Þ þ dn
dc

� �
prot

cprot þ dn
dc

� �
NA

cNA; ð3Þ

where (dn/dc)prot and (dn/dc)NA are the refractive-
index increments (RII) of proteins and nucleic acids, respec-
tively. In the visible range at ambient temperature,
robust consensus values are (dn/dc)prot � 0.190 mL g�1

and (dn/dc)NA � 0.170 mL g�1, with only weak dispersion
[50, 51].

Guided by experimental reports that place the effective
refractive index of extracellular vesicles in the range
neff � 1.37–1.40 in the visible [16, 26, 42], we select biolog-
ically plausible concentration bands for healthy-like and
cancer-like exosomes. Healthy-like exosomes are assigned
protein and NA concentrations in the lower part of the
band, while cancer-derived exosomes are assigned elevated
concentrations, consistent with the increased protein and
NA cargo typically observed in tumour-derived EVs [21,
52]. Evaluating equation (3) for these concentration bands
yields three representative lumen refractive indices:
n Hð Þ
core kð Þ for healthy exosomes, n Cð Þ

core kð Þ for cancerous exo-

somes, and intermediate values n Bð Þ
core kð Þ for “borderline” exo-

somes whose protein/NA content lies between the two
regimes.

Figure 2 summarizes the resulting ncore (k) for these
three classes in the wavelength range relevant to our
microresonator WGMs.

3.3 Effective refractive index of the whole exosome

To obtain an effective refractive index for the entire exo-
some (core plus lipid shell), a full-wave driven-mode simula-
tion of the core–shell sphere in Comsol Multiphysics is
carried out. The reason for considering exosomes as core–
shell structures is to increase the sensitivity to the slightest
changes in the core, i.e. variations in the protein/NA con-
tent. Consistent with this modeling objective, variations
in the lipid bilayer are not explicitly included, and the mem-
brane is treated as having fixed thickness and refractive
index. While biologically relevant variations in membrane
composition may also contribute to the overall effective
refractive index of the exosome, this effect is beyond the
scope of the present study and will be addressed in future
sensitivity analyses. Within this framework, the model
can be regarded as conservative, as it isolates the lumen
contribution and enables a clear characterization of
lumen-composition-induced contrast.

The core–shell exosome model described above is illumi-
nated by a plane wave in the 500–900 nm spectral range,
and the electric field E(r) and the electric flux density
D(r) inside the whole exosome volume Vp (core plus shell)
are computed. The effective relative permittivity of the exo-
some is then retrieved via

eeff ¼ D rð Þh i
e0 E rð Þh i ; ð4Þ

where ɛ0 is the vacuum permittivity and h�i denotes a vol-
ume average over Vp. The effective refractive index of the
exosome is then obtained as
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neff kð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
eeff kð Þ

p
: ð5Þ

This procedure is applied to the healthy-like, borderline,
and cancer-like lumen compositions defined above, thereby

yielding three effective refractive indices n Hð Þ
eff kð Þ, n Bð Þ

eff kð Þ,
and n Cð Þ

eff kð Þ.
The retrieved indices are consistent with the expected

extracellular vesicle (EV) optical responses and fall within
the experimentally observed EV index range (�1.37–1.40
in the visible) reported by nanoparticle tracking analysis
and flow cytometry [16, 26, 42, 53].

Figure 3 shows the resulting effective refractive indices
for the three exosome classes at the wavelengths of interest.
Cancer-derived exosomes systematically exhibit a slightly
higher neff than healthy-like exosomes, with borderline exo-
somes (gray shaded area in the Fig. 2) populating the inter-
mediate range. These distinct ERI bands form the basis for
the single-exosome classification strategy pursued in this
work, where the exosomes, modeled as homogeneous
spheres with the retrieved neff, are placed in the near field
of uncoated, PS- and CsPbI3-coated silica microresonators
to calculate the corresponding resonant wavelength shifts.

4 Modeling and simulation

All models are built in Comsol Multiphysics, which relies on
the Finite-Element Method (FEM). The proposed biosensor
is a silica microresonator (microdisk, 30 lm radius) with a
100 nm coating, placed in an aqueous medium. Light is cou-
pled into the microdisk via a single-mode optical fiber
(SMF), consisting of a silica core of 500 nm radius and a
Teflon cladding of 2 lm thickness, designed and optimized
in our previous works [37, 38]. A two-dimensional modeling
approach was used, and the input power applied in the
SMF optical fiber was 1 W/m for all models. A schematic
representation of the modeled microresonator is shown in
Figure 4.

In order to ensure the accuracy of the results and explic-
itly account for the effect of light coupling into the microres-
onator, all simulations are performed in a full-wave driven-
mode configuration. To the best of our knowledge, we are
the first group to demonstrate such full-field driven-mode
simulations of coatedWGMmicroresonators [37, 38]. Three
modeling scenarios are investigated: an uncoated microdisk,
which provides the baseline for all comparisons; a PS-coated
microdisk; and a CsPbI3-coated microdisk. In each case, the
coupling distance dx, the distance from the fiber core to the
microresonator, is optimized to maximize the coupling effi-
ciency. Specifically, we choose a dx that maximizes the
transmitted power T while maintaining a high quality fac-
tor Qf.

For every model, the relevant figures of merit are
extracted, namely the resonance wavelengths kres, the trans-
mitted power T, the quality factor Qf, the mode volume
Vmode, and the electric-field at the sensing location |E|.
These quantities are used to quantify and compare the sens-
ing functionality of the biosensor in the uncoated, PS-
coated, and CsPbI3-coated cases. Afterwards, a single exo-
some is placed in the immediate vicinity of the microres-
onator equator for the three health states – healthy (H),
borderline (B), and cancerous (C) – and the corresponding
resonance wavelength shifts Dkres are calculated. By imme-
diate vicinity, we mean that, in each case, the exosome is
positioned in direct, tangential contact with the microres-
onator boundary at the equator, on the right-hand side of
the resonator in Figure 4. This enables a direct assessment
of the sensing performance of uncoated and nanocoated
microresonators for single-exosome classification.

It is worth mentioning that such multiscale full-wave
driven-mode simulations (microresonator in the micrometer
regime, coating and exosome in the nanometer regime)
require an extremely well-designed and fine mesh, in partic-
ular in the fiber–microresonator coupling region, and
around the coating and exosome. To ensure accuracy and
consistency, the same meshing strategy is used for all mod-
els. This requirement results in 1,766,528 mesh elements

Fig. 2. Computed lumen refractive index ncore (k) for healthy-
like (H), borderline (B), and cancer-like (C) exosomes based on
the Barer relation and protein/NA concentration bands.

Fig. 3. Effective refractive indices neff of healthy-like (H),
borderline (B), and cancer-like (C) exosomes retrieved from the
full-wave Comsol Multiphysics simulations.
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with an average mesh quality of 0.89. Each simulation run
takes about 328 min (approximately 5 h 28 min) on a work-
station equipped with an AMD Ryzen 9 7950X 16-core pro-
cessor, and 96 GB of RAM.

5 Effects of the nanocoating

As a first step, the uncoated microresonator is modeled and
simulated. It is found that the optimal coupling distance
between the core of the optical fiber and the microresonator
is dx,u = 350 nm, for which 85.6% of the incoming power is
coupled into the microresonator. The corresponding reso-
nance wavelength is kres,u = 786.92 nm with a quality factor
of Qf = 1.81 � 104 [38]. The electric-field intensity of this
configuration at kres,u is shown in Figure 5, together with
a zoomed view of the z-component of the electric field that
clearly illustrates the excited mode.

5.1 PS coating

Next, the PS-coated microresonator is modeled and simu-
lated. In this case, the best coupling is obtained for the dis-
tance dx,PS = 400 nm, for which 92.4% of the incoming
power is coupled into the microresonator. The resonance
wavelength is kres,PS = 789.38 nm, and the electric-field
intensity at resonance is shown in Figure 6. It can be
observed that the presence of the coating attracts the opti-
cal mode towards the coating layer and thereby amplifies
the evanescent tail of the electric field in the water region.

The sensing figures of merit for this configuration are
summarized in Table 1. The results show that the PS
nanocoating enhances the biosensor performance compared
to the uncoated case by increasing Qf by about 15%, reduc-
ing the mode volume by 25.8%, and amplifying the electric-

field intensity at the sensing location by a factor of 1.75, as
already reported in [38]. These results demonstrate that the
addition of the 100 nm PS coating significantly improves
the sensing functionality of the microresonator.

5.2 CsPbI3 coating

Finally, the CsPbI3-coated microresonator is modeled and
numerically analyzed. Here, the first and most important
step is to identify the desired excitonic–photonic coupling
between the microresonator WGM and the perovskite
nanocoating. Based on the eigenmode simulations in Ref.
[41], a wavelength range from 886 nm to 900 nm with a step
size of 0.01 nm is explored. It is observed that at
kres;CsPbI3 ¼ 886:60 nm an effective excitonic–photonic cou-
pling between the microresonator photonic mode and the
CsPbI3 coating excitonic mode is achieved. In this configu-
ration, the hybrid excitonic–photonic mode is mainly con-
fined within the nanocoating rather than in the silica
core. However, since the refractive index of the CsPbI3

Fig. 4. Schematic of the biosensor: a 30 lm microdisk with a
100 nm coating in aqueous medium. Light is coupled into the
microdisk via an optical fiber, where the coupling distance dx is
the key coupling parameter.

Fig. 5. Electric-field intensity of the uncoated microresonator
coupled to the optical fiber at the resonance wavelength
786.92 nm, and zoomed mode profiles, including the z-component
of the electric field around the microresonator surface.

Figure 6. The electric-field at the resonance wavelength kres,
PS = 789.38 nm for the PS-coated microresonator coupled to the
optical fiber, with zoomed mode profile of the Ez field near the
microresonator surface.
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coating is not much higher than that of water, the evanes-
cent tail of the electric field still penetrates strongly into the
surrounding medium, and the field intensity at the sensing
location is significantly increased (cf. Fig. 7).

It is worth mentioning that the electric field distribution
|E| for the CsPbI3-coated microresonator looks different
compared to the usual WGM electric field distributions,
observed in both uncoated and PS-coated microresonators.
The reason behind this is the presence of the hybrid exci-
tonic-photonic mode in the CsPbI3-coated microresonator,
which, due to the excitonic mode, does not depict the char-
acteristic teardrop shapes typically present in WGM elec-
tric field distributions. Such teardrop features are visible
in the Ez component resulting from the WGM of the
microresonator; however, in this case, the Ex and Ey electric
field components associated with the excitonic mode of the
CsPbI3 coating modify the electric field distribution |E|.

In the next step, the coupling distance for the CsPbI3-
coated microresonator is optimized, and an optimal value
of dx;CsPbI3 ¼ 350 nm is found, yielding a transmitted power
of 51.9% within the microresonator. Although this trans-
mitted power is substantially lower than in the uncoated
and PS-coated cases, the other sensing-related figures of
merit are markedly improved. As a result, the CsPbI3-
coated microresonator, due to the hybrid excitonic–pho-
tonic coupling, still outperforms the other configurations
in terms of sensing functionality. All key sensing figures of
merit for the three investigated configurations (uncoated,
PS-coated, and CsPbI3-coated microresonators) are calcu-
lated and presented in Table 1. As can be seen, the Qf is
about 2.4 times larger in the case of the CsPbI3-coated
microresonator compared to the uncoated case, which is a
direct consequence of the hybrid excitonic–photonic mode
formation. In addition, the relatively high refractive index
of the CsPbI3 coating reduces the mode volume by about
45% compared to the uncoated microresonator.

A critical figure of merit for quantifying the performance
of our optical biosensor is the electric-field strength at the
sensing location |E|, as this parameter determines the excess
polarizability of the exosome and, consequently, the magni-
tude of the resonance wavelength shift. Figure 8 shows the
electric-field intensity distribution at the respective reso-
nance wavelengths for all three configurations (uncoated,
PS-coated, and CsPbI3-coated microresonators) along the
radial direction, zoomed into a region close to the microres-
onator surface. It is evident that the addition of the
nanocoating shifts the optical mode profile towards the sur-
face, thereby enhancing the field intensity at the sensing
location. Moreover, the results show that the perovskite
nanocoating both confines the mode and amplifies the elec-

tric-field intensity at the sensing location by a factor of 2.11
compared to the PS-coated case and by a factor of 3.68
compared to the uncoated case. This pronounced improve-
ment is directly related to the formation of the hybrid exci-
tonic–photonic mode within our proposed biosensor.

The results summarized in Table 1 further underline the
effectiveness of the CsPbI3 coating compared to both the
uncoated and the PS-coated microresonator.

Since the CsPbI3 coating is lossy, there is a natural con-
cern that absorption in the coating layer could degrade the
microresonator performance. To address this, we evaluate
the absorption within the nanocoating by integrating the
total power dissipation density over the coated region.
Because the model is two-dimensional, the integration is
carried out over a cross-section, and the resulting absorbed
power in the coating region is reported per unit length
(W/m). It is found that the absorption losses in the coating
are generally low, on the order of 10�5 W/m. However, as
shown in Figure 9, the local absorption losses within the
water medium are significantly larger in the presence of
the coating, which is a direct consequence of the larger
evanescent field tails (i.e. penetration depth) into the water
solution.

6 Exosome detection and characterization

The final and decisive figure of merit for evaluating the
CsPbI3-coated microresonator is the resonance-wavelength
shift induced by a single exosome. To this end, healthy

Table 1. Figures of merit for the sensing performance of the uncoated, 100 nm PS-coated, and CsPbI3-coated
microresonators.

dx (nm) kres (nm) Mode no. T (%) Qf Vmode (lm
2) |E| (V/m)

Uncoated 350 786.92 335 85.56 1.81 � 104 73.88 0.87 � 105

PS-coated 400 789.38 339 92.39 2.09 � 104 54.79 1.52 � 105

CsPbI3-coated 350 886.60 321 51.89 6.21 � 104 40.29 3.20 � 105

Fig. 7. Electric-field intensity of the CsPbI3-coated microres-
onator coupled to the optical fiber at the resonance wavelength
886.60 nm. Zoomed views show |E| and Ez near the resonator
surface.
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(H), borderline (B), and cancerous (C) exosomes are placed
in the immediate vicinity of the uncoated, PS-coated, and
CsPbI3-coated microresonators, and the corresponding res-
onance-wavelength shifts are computed for all three sensor
configurations. The resulting shifts are summarized in
Table 2. It can already be seen that the CsPbI3 coating
increases the exosome-induced wavelength shift by more
than a factor of two compared to the uncoated
microresonator.

Figure 10 shows the electric-field intensity distribution
for the three microresonators when a single healthy exo-
some is placed at the sensing position. The field enhance-
ment in the vicinity of the exosome is visibly stronger for
the coated cases, with the CsPbI3-coated microresonator
exhibiting the largest local field intensity. Note that for
the CsPbI3-coated case the color scale (vertical) is adjusted,
as the peak field is almost twice as large as in the uncoated
and PS-coated configurations. The polarization magnitude
|P| inside the healthy exosome is also shown in Figure 10
using the horizontal colorbars. The CsPbI3-coated microres-
onator yields a significantly larger polarization response
inside the exosome, presenting values approximately
3 and 6 times higher than for the PS-coated and uncoated
cases, respectively (see the different color scales ranges).

When the exosome health state is changed (healthy,
borderline, and cancerous), the induced polarization within
the exosome varies. This behavior was observed for all three
microresonator configurations. Figure 11 shows the polar-
ization response inside healthy, borderline and cancerous
exosomes placed at the sensing location for the CsPbI3-
coated microresonator. A monotonic increase in the polar-
ization magnitude is observed, starting from the healthy
case to the borderline case, reaching the largest values for
the cancerous case. This trend is consistent with larger res-
onance wavelength shifts calculated for the borderline and
cancerous cases, as shown in Table 2 for all the three
microresonators.

Results from Table 2 show that compared to the
uncoated microresonator, the PS-coated sensor exhibits
increases of 44.0%, 52.9%, and 46.3% in the resonance-
wavelength shift for the healthy, borderline, and cancerous
exosomes, respectively. Changing the coating material to
CsPbI3 leads to even larger enhancements: the correspond-
ing shifts increase by 138.7%, 132.2%, and 120.4% for the
healthy, borderline, and cancerous exosomes, respectively,
relative to the uncoated case. Thus, both coatings improve
the absolute sensitivity, with the perovskite nanocoating
providing the largest enhancement.

Our main goal, however, is not only to detect the pres-
ence of a single exosome but also to discriminate its health
state. In this context, the separation between the wave-
length shifts associated with different health classes is cru-
cial. For the uncoated microresonator, the difference
between the cancerous and healthy cases is DkC �
DkH = 0.33 pm. This separation increases to 0.50 pm for
the PS-coated microresonator and to 0.59 pm for the
CsPbI3-coated microresonator, i.e. an additional increase
of about 18% in the H–C contrast compared to the PS case.
Similar trends are observed for the H–B and B–C
separations.

These results demonstrate that the presence of the
nanocoating not only increases the absolute resonance-
wavelength shifts but also enhances the contrast between
healthy, borderline, and cancerous exosomes. In particular,
the CsPbI3-coated microresonator offers both the largest
overall shifts and the largest separation between health
states. This validates that our proposed excitonic–photonic
hybrid microresonator is capable of identifying the health
state of a single exosome and therefore supports liquid-
biopsy based, non-invasive, early-stage cancer diagnostics.

In the present work, a single exosome is positioned
at the equatorial region of the resonator to maximize

Fig. 8. Electric-field intensity along the resonator radius at the
resonance wavelengths for the uncoated, PS-coated, and CsPbI3-
coated microresonators. The gray area represents the coating
region for both PS- and CsPbI3-coated cases.

Fig. 9. Power dissipation density profiles for the uncoated,
100 nm PS-coated, and CsPbI3-coated microresonators on the
equator of the microresonator surface.

Table 2. Resulting resonance-wavelength shifts for a
single exosome placed at the immediate vicinity of each
microresonator, for healthy (H), borderline (B), and
cancerous (C) exosomes.

DkH (pm) DkB (pm) DkC (pm)

Uncoated 0.75 0.87 1.08
PS-coated 1.08 1.33 1.58
CsPbI3-coated 1.79 2.02 2.38
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sensitivity, assuming ideal binding and precise placement at
the sensing interface. To assess the impact of non-ideal
placement, a complementary study on the same biosensor
platform was conducted, in which the exosome position
was systematically varied in both radial and angular direc-
tions (see [54]), assuming a 50 nm exosomewith neff = 1.3847
[36]. The results show that, while radial displacement leads
to a pronounced reduction in the sensing response for all
configurations due to the rapid evanescent-field decay, the
CsPbI3-coated microresonator exhibits a markedly reduced
dependence on small angular position variations compared
to the uncoated and PS-coated cases, with an almost
unchanged local electric field (variation � 0.3%), as well
as nearly invariant resonance wavelength shift and induced
exosome polarization [54], as can be seen in Figure 12. This
behavior is attributed to the more uniform near-surface
field distribution associated with the hybrid photonic–exci-
tonic mode supported by the perovskite coating.

From a practical perspective, the reduced angular
dependence of the proposed CsPbI3-coated microresonator,
specifically designed for single-exosome detection, relaxes
the requirement for precise exosome positioning at a single
optimal location and supports more robust sensing under
realistic conditions. At the same time, the results confirm
that maintaining the exosome in close proximity to the res-
onator surface remains essential for maximizing sensitivity,
highlighting the importance of surface-functionalization
strategies for effective exosome trapping [54]. Scenarios

involving multiple simultaneously adsorbed exosomes are
beyond the scope of this study, as the sensing concept is
based on controlled delivery and positioning of individual
exosomes, for example through microfluidic-assisted trans-
port and ligand-based surface functionalization.

7 Conclusion

In this work, we have proposed and numerically demon-
strated an excitonic–photonic hybrid whispering-gallery-
mode microresonator as an ultra-sensitive optical biosensor
for single-exosome detection and health-state classification.
A 30 lm silica microdisk with a 100 nm nanocoating was
modeled in an aqueous environment and excited via a sin-
gle-mode fiber using full-wave driven-mode computational
electromagnetics simulations in Comsol Multiphysics. To
the best of our knowledge, this represents the first full-field
driven-mode study of coated WGM microresonators with
explicit fiber coupling for biosensing applications. In paral-
lel, we developed a physics-based framework to determine
the effective refractive index of individual exosomes as a
function of their protein and nucleic-acid content, combin-
ing the Barer relation for the lumen, a core–shell exosome
geometry, and volume-averaged D/E retrieval from full-
wave simulations. This yields dispersive effective refractive
indices n H;B;Cð Þ

eff kð Þ for healthy, borderline, and cancerous
exosomes and provides, to the best of our knowledge, the
first ERI-based description of exosomes explicitly parame-
terized by health state.

On the photonic side, we systematically compared
uncoated, PS-coated, and CsPbI3-coated microresonators.
The PS nanocoating was shown to enhance the sensing per-
formance by increasing the quality factor Qf by �15%,
reducing the mode volume Vmode by 25.8%, and amplifying
the electric field at the sensing location by a factor of 1.75
relative to the uncoated case. Building on our previous
eigenmode screening [36, 41], we then identified a configura-
tion in which a CsPbI3 perovskite nanocoating exhibits
strong excitonic–photonic coupling with the silica WGM

Fig. 11. Polarization in the healthy, borderline and cancerous
exosomes next to the CsPbI3-coated microresonator.

Fig. 10. Electric-field intensity distribution when a single healthy exosome (H) is placed at the immediate vicinity of (a) the uncoated
and the PS-coated microresonators and (b) the CsPbI3-coated microresonator, plotted together with the polarization magnitude |P|
inside the exosome. The vertical colorbars denote |E|. Note that the color scale for the CsPbI3-coated microresonator is different and
the maximum value is twice as high as in the other cases. The horizontal colorbars indicate |P| inside the healthy exosome. Note the
different magnitude ranges for each plot.
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at kres;CsPbI3 � 886:6 nm. The resulting hybrid mode is lar-
gely confined within the perovskite nanocoating while
maintaining a strong evanescent tail in water. Despite the
intrinsic material loss of the perovskite, this configuration
yields the highest Qf (a factor �2.4 above the uncoated
case), the smallestVmode (reduced by�45%), and the stron-
gest surface field enhancement (electric-field intensity
increased by factors of 2.11 and 3.68 relative to the
PS-coated and uncoated resonators, respectively), while
also establishing a more spatially uniform near-surface field
distribution at the sensing interface. To the best of our
knowledge, this is the first report of an engineered
excitonic–photonic mode coupling in a perovskite-coated
WGM microresonator specifically tailored for biosensing.

Coupling the exosome ERI model to the hybrid
microresonators, we quantified the resonance-wavelength
shifts induced by single healthy, borderline, and cancerous
exosomes placed at the sensing position. Both PS and
CsPbI3 nanocoatings substantially increase the absolute
resonance shifts compared to the uncoated resonator, with
the perovskite-coated device providing the largest enhance-
ment. For example, the healthy-exosome shift increases
from 0.75 pm (uncoated) to 1.08 pm (PS-coated) and
1.79 pm (CsPbI3-coated), corresponding to enhancements
of 44% and 139%. At the same time, the separation between
health states is improved: the difference between cancerous
and healthy exosomes, DkC � DkH, increases from 0.33 pm
(uncoated) to 0.50 pm (PS-coated) and 0.59 pm (CsPbI3-
coated). These results show that the proposed architecture
does not merely detect the presence of an exosome but also
amplifies the contrast between healthy, borderline, and
cancerous ERI values. Taken together, this constitutes, to
the best of our knowledge, the first demonstration of an
optical WGM biosensor that exploits excitonic–photonic
hybridization to both detect and characterize the health
state of single exosomes. Importantly, the hybrid-mode-
induced field redistribution also reduces the dependence of
the sensing response on angular exosome positioning,
thereby enhancing robustness against non-ideal binding
conditions [54].

The presented study establishes a complete, simulation-
based design workflow that links biochemical composition
(protein/NA content) to exosome ERI and ultimately to
measurable resonance signatures in a realistic, fiber-coupled
WGMbiosensor. Future work will focus on translating these
designs into fabricated devices, including the controlled

deposition and stabilization of CsPbI3 nanocoatings on silica
microdisks, and on the experimental validation of the pre-
dicted single-exosome shifts in microfluidic environments.
In this context, controlled delivery and isolation of individ-
ual exosomes, e.g., via microfluidic-assisted transport com-
bined with ligand-based surface functionalization, will be
essential to ensure precise positioning at the sensing inter-
face and to mitigate multi-particle effects, which are beyond
the scope of the present study. Beyond cancer diagnostics,
the proposed framework can be extended to other EV sub-
types and disease markers, and combined with statistical
or machine-learning classifiers to enable robust ERI-based
phenotyping of heterogeneous exosome populations. More
broadly, our results highlight the potential of excitonic
materials as functional nanocoatings for next-generation
photonic biosensors operating at the single-particle level.
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