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ABSTRACT: Whispering gallery mode (WGM) microresonators provide ultrasensitive optical (TR In  womlocked a
fingerprints that are ideal for photonic labels capable of detecting minute variations in size and

refractive index. WGM microresonators can be obtained through convenient self-assembly
protocols, for instance, by loading polystyrene microparticles with colloidal quantum dots.
However, despite their ultrasharp spectral signatures, these resonators exhibit significant
thermal and temporal drifts that limit their applications. We combine experiments and
modeling to show that these drifts originate from the slow, days-long release of residual solvent
trapped within the microparticles, which can be monitored via WGM spectroscopy. We
establish a simple protocol to suppress this instability, locking the resonances into stable, sharply defined modes. This approach
provides a straightforward route for long-term stabilization of WGM microresonators, advancing their reliable use as robust optical
platforms, noninvasive sensors, and precise self-trackers of physicochemical changes at the microscale.

ptical microresonators exploit their symmetry to confine styrene microparticles (PSuPs), offer an ideal host, as they are
light near interfaces. As light circulates along a closed optically transparent in the visible range, chemically inert, easy
loop, constructive interference occurs when the optical path to functionalize, and can be prepared in various, well-
length matches an integer multiple of the circulating controlled sizes.'”"? Coupling QDs to PSuPs via solvent-

wavelength. When this condition is met, sharp resonances,
known as Whispering Gallery Modes (WGMs), arise with
ultrahigh quality factors Q = A/AA and relatively small mode
volumes."” Together, these characteristics provide a platform
of exceptional sensitivity for microscale optical sensing and
spectroscopy. Minute variations in size or refractive index can
produce measurable shifts, making WGM:s ideal for applica-
tions ranging from biosensing®* and microlasing”~” to optical
labeling and anticounterfeiting technologies,g_m where the

assisted loading is straightforward, providing a scalable strategy
14-18 .
with

applications spanning microlasing,””"> optical labeling,"

for the synthesis of active microresonators,

8,20

1 .
enhanced electron or energy-transfers, and environmental

L 14,1617
sensing.

WGMs can act as ultrasensitive, noninvasive real-time
probes of the resonator’s geometry or refractive index, thus

enabling the monitoring of processes such as polymer

dense resonance patterns serve as physically unclonable relaxation,” internal refractive index changes,”” and vapors
spectral fingerprint. Dielectric spheres, rings, toroids, and or solvent uptake.23_25 However, the same exceptional
other more complex morphologies can serve as WGM sensitivity that makes WGMs such powerful probes also
microresonators.”” Despite their potential, practical use of represents a well-recognized practical limitation: minute and
WGM microresonators is often hindered by the complexity of often uncontrolled variations in the microresonator or its local
light coupling into/from the resonator, requiring, for instance, environment can induce substantial spectral drifts, ultimately

carefully approaching a tapered fiber or prism to the surface of
the microresonator. Active WGM microresonators have been
developed to overcome these limitations by embedding a gain
medium guest within the resonator host.' In such systems,
spontaneous emission couples directly to the cavity modes,
eliminating the need for external optics and enabling a
straightforward optical readout while preserving the intrinsic Received: December 6, 2025
sensitivity of WGMs. Revised:  January 22, 2026
Colloidal semiconductor quantum dots (QDs) are partic- Accepted: January 23, 2026
ularly attractive as a gain medium due to their high Published: January 29, 2026
photoluminescence (PL) quantum yield, tunable emission,
and photostability.'" Polymeric microspheres, such as poly-

compromising specificity and long-term stability.”*~>* Under-
standing the physicochemical origin of these drifts and how to
suppress them is therefore essential for enabling reliable
WGM-based technologies.

© 2026 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.jpclett.5c03840
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Figure 1. (a) Absorption (ABS) and photoluminescence (PL) spectra of a QD dispersion in chloroform. (b) Reaction scheme for QD
incorporation into polystyrene microparticles (PSuPs), to obtain QD-PSuPs. (c) u-PL spectra collected from distinct individual QD-PSuPs
(vertically shifted), as imaged on the right of the panel. (d) Comparison between the ;-PL spectrum of the same QD-PSuP as-casted and (e) after
3 days under ambient conditions. Vertical red lines help to identify the individual modes appearing in the spectra. Although the well-resolved WGM
structure makes these spectra ideally suited for photonic barcoding, the observed spectral drift currently hinders their reliable use as photonic

microlabels (right).

Here, we overcome this limitation by demonstrating an
effective route to obtain drift-free active WGM micro-
resonators. We use model hybrid microresonators in which
colloidal QDs are coupled to PSuPs, providing a well-defined
WGM fingerprint that allow us to identify slow solvent
desorption as the dominant driver of irreversible blueshift of
the resonances. Real-time spectral tracking under controlled
environmental conditions directly links solvent loss to the
optical response of the resonator. A thermal activation step
fully suppresses these drifts, locking the WGM pattern into
stable, low-thermosensitivity microresonators as robust and
scalable platforms for secure photonic labeling and real-time
monitoring of physicochemical changes on the nanoscale.

We synthesized CdSe/CdS core/shell QDs following the
literature.”” As reported in Figure la, the QDs exhibit an
absorption spectrum dominated by the CdS shell edge below
550 nm, while the CdSe core excitonic feature remains
discernible at around ~610 nm (Figure S1). Figure la also
shows the PL spectrum, centered at ~625 nm (PL Quantum
Yield 60%), which is compared in Figure S1 with the excitonic
structure resolved in the absorption spectrum. We integrated
these emitters into PSuPs (10 ym diameter) by using a
solvent-assisted self-assembly strate§y adapted from the
literature and illustrated in Figure 1b."® Briefly, QDs dispersed
in chloroform were added to a suspension of PSuPs in
isopropanol while stirring. Chloroform is known to swell
polystyrene®® which may facilitate limited QD diffusion into
the outer polymer layer, while its partial miscibility with
isopropanol promotes mild colloidal destabilization that favors
QD deposition onto the PSuPs.*** After 12 h, QD-PSuPS
were separated from unbound QDs via centrifugation and
redispersed in isopropanol. Further details can be found in the
Experimental Methods section.

After dropcasting, we observe that individual PSuPs emit
bright red light consistent with the photoluminescence of the
QDs, indicating that QDs have been deposited onto the
microparticles. Interestingly, the resulting microphotolumines-
cence (y-PL) spectra of individual QD-PSuP (Figure 1c) show
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a dense array of narrow WGM peaks superimposed on the
broader QD emission envelope. y-PL spectra from distinct
QD-PSuPs exhibit discrete WGM progressions, producing
unique spectral patterns as exemplified in Figure lc. This
spectral diversity reflects the extreme sensitivity of WGM
resonances to the geometry and refractive index of the
microresonator. The resonance wavelength 4;; for a mode of
angular mode number I, radial mode number i, and
polarization p, which can be transverse electric (TE) or
transverse magnetic (TM), is described by the asymptotic
expansion derived from the Debye approximation of the Mie
scattering solution:"*
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where v = % + 1, R is the sphere radius, n, is the effective

refractive index of the sphere, m = nyy/n,, is the refractive
index contrast between the sphere and the refractive index of
the surrounding environment medium, @; the i-th zero of the
Airy function, and p = m for TE or p = 1/m? for TM modes. As
shown in the simulations reported in Figure S2, 0.1% variations
in size or refractive-index produce nanometric shifts in the
resonance positions. Consequently, each microparticle exhibits
a unique and irreproducible spectral “fingerprint”. This
inherent spectral individuality offers a compelling route toward
several applications, such as photonic microtagging and
anticounterfeting labels. Each QD-PSuP can act as an optical
microlabel whose u-PL spectrum encodes an unclonable
optical signature, as conceptually illustrated in Figure 1d-e.
Indeed, the narrow WGM peaks function as a photonic
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Figure 2. (a) Schematic illustration of the experimental geometry used to collect the PL spectra from a single QD-PSuP under ambient conditions
during isopropanol evaporation. (b) Time evolution of the PL spectra acquired from the same QD-PSuP after drop-casting under ambient
atmosphere. (c) Evolution of the PL spectra of an individual QD-PSuP stored under mild vacuum conditions (pressure: 0.1S bar) as a function of
storage time. Colored vertical lines and shaded regions highlight the progressive blueshift of three representative peaks. (d) Temporal kinetics of
the spectral positions of the three representative WGM peaks marked in panel (c). (e) Wavelength—time colormap of the ratio between the total
emission intensity and the background PL intensity within a selected spectral window, emphasizing the spectral drift of the WGM peaks.

barcode that cannot be replicated even under nominally
identical fabrication conditions, thus enabling physically
unclonable functions.”'”** Such optical microlabels could
provide secure identifiers for anticounterfeiting or secure
authentication technologies, where information is stored and
verified through spectral readout. Potential applications extend
to secure labeling of high-value goods, tracking of individual
components in complex assemblies, or any scenario requiring
the distinction of nominally identical micro-objects.

A crucial requirement for these applications is the temporal
stability of the spectral barcode. To probe this stability, we
tracked the y-PL spectrum of individual QD-PSuPs over time.
Surprisingly, the spectral fingerprints do not remain static. As
shown in Figure le, the WGM pattern recorded 3 days after
dropcasting under ambient laboratory conditions exhibits more
than 1 nm blueshift compared to the as-cast spectrum (Figure
1d). This spectral drift can stem from subtle morphological or
environmental changes—such as polymer relaxation, QD
redistribution, or adsorption/desorption of solvent mole-
cules—that alter the local refractive index and/or the effective
cavity radius (see eq 1).”**** Although this observation
highlights the extraordinary sensitivity of WGMSs to minute
perturbations, it simultaneously challenges their use as reliable
photonic labels, hinting that further control over the
microresonator environment is needed.

We studied the spectral instability in different environments
to identify its cause. In a first experiment, we monitored the
evolution of u-PL spectra of a QD-PSuP over time in the first
few minutes after drop-casting, as schematically illustrated in
Figure 2a. Immediately after drop-casting from isopropanol,
the WGM structure is barely discernible on the PL envelope
(Figure 2b), with broader peaks, which suggests a low Q-
factor. This is likely due to the presence of solvent at the
particle-environment interface, since the QD-PSuP is entirely
exposed to liquid isopropanol as surrounding medium.
Interestingly, the WGM spectrum displays several sets of two
closely spaced resonances, each originating from a pair of a TE
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and a TM mode. The separation between two consecutive TE
(or TM) modes is ~7.5 nm, corresponding to the spacing
between consecutive azimuthal mode numbers (Al = 1). Using
the standard expression for the free-spectral range' Ay, =
AZ/ZﬂRnefﬁ and assuming a 10 ym PSuP with n,y = npg = 1.58
at A = 630 nm, we obtain AA & 7.9 nm, in good agreement
with the experimental value. This indicates that under these
initial conditions where the refractive index contrast between
the polystyrene sphere and the surrounding medium is reduced
by residual isopropanol, the spectrum is dominated by
fundamental radial modes (i = 1). After 2 min, the peaks
dramatically narrow, additional modes appear, consistent with
the emergence of higher-order radial modes,> and the
progression of WGMs undergoes a blueshift. After five min,
the spectrum appears to stabilize, corresponding to the
evaporation of the isopropanol outside the QD-PSuP.

Then, we tested for the presence of residual solvent by
placing a QD-PSyP under mild vacaum conditions (pressure
0.1S bar), measuring the spectrum at different intervals. Figure
2(c) shows a further progressive blue-shift of the WGM
pattern. Interestingly, 10 min under reduced pressure induce a
spectral shift exceeding the 1 nm shift observed after 3 days in
air (compare with Figure 1), compatible with a sped-up
isopropanol evaporation under reduced pressure. The temporal
evolution of representative WGM peaks is plotted in Figure 2d.
A biexponential fit yields mean time constants of 25 and 364
min, both associated with shift amplitudes of 3.4 nm and likely
reflecting internal solvent release from regions with different
effective diffusion lengths within the polymer matrix. The
spectral shift of a specific set of resonances is visually
highlighted in Figure 2e, which presents a colormap of the
total PL intensity (normalized to the broadband PL) to
illustrate how WGM features shift during vacuum exposure. As
more clearly evidenced in Figure S3, after 3600 min under low
pressure, not only does the WGM spectrum exhibit a ~7 nm
blue shift but the substructures of certain modes become more
distinctly resolved.

https://doi.org/10.1021/acs.jpclett.5c03840
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We propose that a two-step mechanism occurs (Figure 3)
that rationalizes the spectral behavior observed during the
evaporation of isopropanol. Additional details can be found in
the Supporting Information.

®) Ay =ry — 4o (nm) DArgy =2 — Ay (nm)
-10 =5 =50 0

Figure 3. (a,c) Schematic representation of the two sequential stages
of isopropanol evaporation, affecting the WGM spectral position in a
PSuP: (a) transition from immersion in isopropanol (n,,,=np,) to air
(New=nar), leading to a shift from Ay to A;; (c) subsequent
evaporation of the residual impregnating IPA, inducing particle
shrinkage and a further shift from A, to 4,. (b,d) Simulated
wavelength shifts Adg= 4;- Ao and Ady= 4,- 4; as a function of
the initial volume fractions of QDs (®°yp) and IPA (®°y,) within
the microparticle.

(i) External Solvent Evaporation and Increase of Refractive
Index Contrast

Immediately after drop-casting, the particle is

immersed in isopropanol, so that the surrounding

refractive index is n,,, = (Figure 3a). As isopropanol

"pa
evaporates, 1,,, progressively approaches n,, increasing
the refractive index contrast and sharpening the WGM
resonances by enhancing the cavity Q-factor. During this
stage, the QD-PSuP retains a small volume fraction of
isopropanol ¢y, Similarly, if % denotes the initial
QD volume fraction, the effective refractive index of the
hybrid particle can be estimated using the Maxwell—
Garnett effective medium approximation, using the
refractive indices of polystyrene (npg), isopropanol
(npa), and QDs (nQD). By applying eq 1, we simulate
the spectral shift Al expected when the external
medium changes from np, to nyp, as a function of the
initial volume fractions % and ¢™*. We explored a
wide and conservative range of initial volume fractions,
up to 0.4, which significantly exceeds what is expected
for a nonporous matrix. The resulting 3D map (Figure
3b) shows that, regardless of the specific values of these
parameters, a net blue-shift of several nanometers is
expected during initial evaporation of liquid isopropanol,
in agreement with the experimental drift of the WGM
peaks observed in Figure 2b.

(ii) Internal Solvent Loss and Structural Shrinkage

Once the isopropanol outside the particle has
evaporated, additional solvent trapped in the polymer
matrix gradually desorbs. The progressive loss of this
retained solvent can lead to a slight densification or
contraction of the polymer network, producing a gradual
decrease in the particle radius and a continuous
reduction of isopropanol volume fraction from the
initial g™ value to zero (Figure 3c). Using eq 1, we
evaluate the additional spectral shift Ay associated
with this internal solvent loss. As shown in Figure 3d,
Al is consistently negative over a wide range of
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Figure 4. Thermal response of WGM peaks in an individual QD-PSyPs under two conditions: after 1 week of mild vacuum storage (blue left box)
and immediately after drop-casting (red right box). Panels (a) and (c) display the evolution of a set of WGM peaks with temperature (20—80 °C)
in the two cases. Panels b and d summarize the corresponding spectral shift (A1) of a representative WGM peak, highlighted by the vertical lines in
panels (a) and (c). Arrows indicate temperature sweep direction. (e) A during repeated thermal cycles. (f) Reversibility of A after thermal

stabilization.
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realistic o2 and "™, again in agreement with the
experimentally observed blueshift. Overall, the spectral
evolution reflects a coupled optical-structural response
of the hybrid microresonator: both refractive-index
contrast and cavity size evolve as solvent is released,
driving the characteristic two-step WGM drift.

We gain deeper insight into the solvent release process by
monitoring the p-PL spectrum in situ while gradually
increasing the temperature of a QD-PSuP. For each temper-
ature, a p-PL spectrum was acquired after approximately 20
min of thermal equilibration. Temperatures above 90 °C were
avoided since polystyrene exhibits a glass transition in the
range 95—100 °C,*® beyond which polymer morphology and
optical properties could irreversibly change.

In a first experiment, we measured a QD-PSuP stored for 1
week under 0.15 bar (as in Figure 2c). Surprisingly, as the
temperature ramp proceeds, an additional blueshift in the
WGM pattern is produced, as shown in Figure 4a for a
representative spectral region. Upon cooling back to 20 °C, the
peaks did not return to their original positions, as evidenced in
Figure 4b where the spectral shift of the mode highlighted in
Figure 4a is followed as a function of temperature, revealing an
irreversible shift. This behavior is consistent with the residual
evaporation of isopropanol trapped within the PSuP, indicating
that low-pressure storage at room temperature was insufficient
to achieve complete solvent removal. A second heating ramp
up to 80 °C caused a further blue-shift, with a total
displacement of AA = —1.2 nm.

In a second experiment, we applied the same thermal
protocol to freshly drop-cast QD-PSuP. The corresponding
temperature evolution of the spectrum is shown in Figure 4c.
In this case, the first heating ramp from 20 to 60 °C induced a
more pronounced blueshift of A4 ~ —5 nm, again irreversible
upon cooling (Figure 4d). Heating to 80 °C resulted in a
cumulative total blueshift of 7.2 nm relative to the initial
spectrum, as better shown in Figure 4e for a representative
peak. This larger displacement is consistent with a higher initial
solvent content. Nevertheless, after cooling at 20 °C and
repeating incremental heating steps of 10 °C, a progressive
blueshift was still observed. We then performed a heating ramp
to 90 °C to exceed the boﬂmg point of isopropanol (82.6 °C at
atmospheric pressure).”” Interestingly, beyond this point,
thermal cycling produced fully reversible spectral shifts, as
shown in Figure 4e and highlighted in Figure 4f, indicating
complete solvent removal.

Once all isopropanol is removed, irreversible shifts
disappear, and the remaining small, reversible response can
be attributed to the intrinsic thermoelastic properties of the
polymeric microresonator. By differentiating eq 1 and
truncating at the first order of approximation, the temperature
dependence of the WGM wavelength can be expressed as

1dl 1dn
24T ndT (2)

where a and dn/dT are the thermal expansion and thermo-
optic coefficients of the microresonator, respectively. When
both have the same sign, their contributions increase, resulting
in monotonic spectral shifts. For example, silica possesses
ax107% K7! and dn/dT~107% K7}, 38 leading to dominant
redshifts upon heatlng In contrast, polystyrene has a posmve a
~ 7 X 107> K" but a negative dn/dT ~ —1.2 X 107 K™, ** s

that the two contributions in eq 2 nearly cancel each other,
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resulting in a very small net temperature dependence. This is
consistent with the measured value of AA/AT ~ —6 X
103nm/°C as calculated from data reported in Figure 4f, and
confirms that once thermally stabilized, QD-PSuPs display
relatively low thermal sensitivity. Therefore, QD-PSuP displays
temporal (Figure 1) and thermal spectral drifts (Figure 4)
which cannot be eliminated by a prolonged exposure to mild
vacuum (Figure 2). However, the adopted thermal treatment
does suggest an effective activation route for otherwise
unstable photonic microlabels, yielding temperature- and
time-invariant spectral fingerprints, appealing characteristics
for robust photonic labeling applications.

Based on these results, we propose a thermal stabilization
protocol where a freshly drop-cast QD-PSuP is heated at 85 °C
for 1 h. Figure 5 compares the p-PL spectrum of the particle

After
60 days

After
Activation

Norm. Intensity

Thermal
Activation

Tl

| u‘ UL | MUV

U,
650

600 610 620 630 640

A (nm)

Figure S. yi-PL spectrum of a QD-PSuP recorded a few minutes after
drop-casting (blue-filled) and after thermal activation (black line),
showing a distinct blueshift of the main WGM groups (highlighted by
colored arcs). The gray spectrum corresponds to the same measured
60 days later, after storage under ambient conditions. The spectral
positions of WGMs remain unchanged after thermal activation,
enabling their use as a stable photonic barcode.

before treatment (blue-filled) and immediately after heating
(black line), with colored arcs marking groups of peaks within
the dense WGM pattern. Remarkably, when measuring the
spectrum of the same particle after 60 days in ambient
conditions (gray line), we observed outstanding spectral
repeatability, maintaining an identical WGM progression, and
preserved relative peak intensities. From a technological
standpoint, this simple thermal treatment not only stabilizes
the WGM spectral fingerprints, thus enabling reliable photonic
labeling, but also establishes hybrid QD-PSuPS as versatile,
ultrasensitive probes for monitoring solvent release and
nanoscale environmental changes.

In summary, our study of WGMs in hybrid QD-PSuP
microcavities shows that the unique spectral fingerprints of
individual particles encode a highly sensitive record of their
local environment. Temporal tracking of WGMs reveals that
residual solvent drives irreversible blueshifts, while a simple
thermal protocol suppresses these drifts, yielding long-term
stable and reproducible WGM patterns. This thermal treat-
ment is material-intrinsic and irreversible and requires no
additional fabrication steps. After the stabilization protocol, the
QD-PSuP resonators exhibit low thermal sensitivity due to
near-compensation between the positive thermal expansion
and the negative thermo-optic coefficient of polystyrene.
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Beyond secure photonic labeling, this approach establishes
WGM spectroscopy as a noninvasive, real-time probe of
structural and compositional dynamics in soft photonic
architectures. More broadly, our method offers a general
framework for designing responsive photonic materials,
controlled-release platforms, and dynamically reconfigurable
microresonators.

B EXPERIMENTAL METHODS

QD Synthesis
CdSe/CdS QDs were synthesized by following the literature® with

modifications reported in our previous publication.*
Assembly of QD-PSuPs

Polystyrene microparticles (PSuPs, nominal diameter 10 pum)
purchased from Sigma-Aldrich were loaded with synthesized QDs
using a solvent-assisted procedure adapted from literature protocols.'®

PSuPs were first dispersed in 450 uL of isopropanol (IPA) at a
concentration of 9 X 10 particles/mL in a glass vial and kept under
continuous magnetic stirring. A total of SO uL of a 1.6 uM(dot)
solution of QDs in chloroform were added dropwise to PSuP
suspension. Upon addition, chloroform is expected to partially
penetrate the polystyrene matrix, inducing a transient swelling that
generates nanoscale diffusion pathways within the polymer. These
pathways facilitate the migration of QDs from the mixed solvent
phase into the polymer network. Simultaneously, the limited
miscibility of chloroform with isopropanol creates local composition
gradients and modifies the solvation environment of the QD ligands.
These effects contribute to a mild colloidal destabilization of the QDs,
promoting their adsorption onto the PSuP surface and subsequent
incorporation into the swollen polymer shell. The mixture was stirred
for 12 h at room temperature. QD-PSuPs were then separated from
unbound QDs by centrifugation at 6000 rpm for S min. The
supernatant containing excess QDs was discarded, while the pellet was
redispersed in fresh isopropanol and stored at 4 °C.

UV—-Vis Measurements

UV—vis absorption spectrum of diluted colloidal QD dispersion in
chloroform was recorded using an Avantes fiber-optic spectropho-
tometer equipped with a multichannel CMOS detector, providing 1
nm spectral resolution. A combined deuterium/halogen lamp was
used as a broadband illumination source.

Photoluminescence Measurements

Photoluminescence (PL) spectrum of a diluted colloidal dispersion of
QDs in chloroform was obtained by using a spectrophotometer
(Acton SpectraPro 2300i monochromator coupled to a Princeton
Instruments P400 CCD camera) under excitation from a 532 nm CW
laser diode provided by Thorlabs. A 300 grooves/mm grating was
used for the measurements, allowing for a spectral resolution of 1 nm.

Absolute quantum yield (QY) measurements of a diluted colloidal
dispersion of QDs were obtained using an integration sphere
(Labsphere) under 532 nm excitation provided by a diode laser
(Thorlabs). The signal was detected on a fiber-optic spectropho-
tometer (Avantes) equipped with a multichannel CMOS detector.
The QY value was estimated within a 5% uncertainty.

Microphotoluminescence Measurements

UPL measurements were carried out using a LabRam HR-Evolution
Spectrometer system (HORIBA France SAS, Lyon, France) coupled
to a confocal microscope. A pinhole aperture equal to 200 ym and a
50X LWD objective were used throughout the measurements. A laser
excitation source (532 nm wavelength) was used to record all spectra.
Laser power was reduced to 1 mW by using a ND filter to avoid
damaging the samples with the intense focused light. The
spectrometer was equipped with a 600 lines/mm grating, which
provides a resolution better than 0.2 nm.

All temperature-dependent measurements were carried out by
placing the samples into a THMS600-PS cell (Linkam Scientific
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Instruments, Salfords, United Kingdom). All temperature ramps were
performed in an ambient atmosphere with an open cell lid. The set
temperature was reached at a rate of 100 °C/min.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c03840.

Theoretical modeling details, additional supporting data,
and supplementary figures (PDF)

B AUTHOR INFORMATION
Corresponding Authors

M. Reale — Department of Physics and Chemistry E. Segre,
University of Palermo, 90123 Palermo, Italy; Consorzio
Interuniversitario Nazionale per la Scienza e Tecnologia dei
Materiali (INSTM), 50121 Firenze, Italy;

Email: marco.reale@unipa.it

E. Marino — Department of Physics and Chemistry E. Segre,
University of Palermo, 90123 Palermo, Italy; © orcid.org/
0000-0002-0793-9796; Email: emanuele.marino@unipa.it

A. Sciortino — Department of Physics and Chemistry E. Segre,
University of Palermo, 90123 Palermo, Italy; ATEN Center,
University of Palermo, I-90128 Palermo, Italy; © orcid.org/
0000-0001-8361-3002; Email: alice.sciortino02@unipa.it

F. Messina — Department of Physics and Chemistry E. Segre,
University of Palermo, 90123 Palermo, Italy; ATEN Center,
University of Palermo, I-90128 Palermo, Italy; © orcid.org/
0000-0002-2130-0120; Email: fabrizio.messina@unipa.it

Authors

A. Madonia — Department of Physics and Chemistry E. Segre,
University of Palermo, 90123 Palermo, Italy

S. Agnello — Department of Physics and Chemistry E. Segre,
University of Palermo, 90123 Palermo, Italy; ATEN Center,
University of Palermo, I-90128 Palermo, Italy; © orcid.org/
0000-0002-0346-8333

M. Cannas — Department of Physics and Chemistry E. Segre,
University of Palermo, 90123 Palermo, Italy; Consorzio
Interuniversitario Nazionale per la Scienza e Tecnologia dei
Materiali (INSTM), 50121 Firenze, Italy; © orcid.org/
0000-0001-8236-5043

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.5c03840

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

MR. and E.M. acknowledge project PRIN 2022HSLE9P. A.S.
acknowledges project PRIN 20223CWFZT. E.M. acknowl-
edges funding from the European Research Council through
ERC Starting Grant REFINE2LASE (grant agreement n.
101202342). The present work was supported by University of
Palermo Funds — EUROSTART 2025 Call, SuperMAQ
project. The authors acknowledge ATeN Center for the yPL
measurements.

B REFERENCES
(1) Chiasera, A; Dumeige, Y.; Féron, P.; Ferrari, M.; Jestin, Y.;
Nunzi Conti, G.; Pelli S; Soria, S; Righini, G. C. Spherical

https://doi.org/10.1021/acs.jpclett.5c03840
J. Phys. Chem. Lett. 2026, 17, 2042—2048


https://pubs.acs.org/doi/10.1021/acs.jpclett.5c03840?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c03840/suppl_file/jz5c03840_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Reale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:marco.reale@unipa.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="E.+Marino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0793-9796
https://orcid.org/0000-0002-0793-9796
mailto:emanuele.marino@unipa.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Sciortino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8361-3002
https://orcid.org/0000-0001-8361-3002
mailto:alice.sciortino02@unipa.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="F.+Messina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2130-0120
https://orcid.org/0000-0002-2130-0120
mailto:fabrizio.messina@unipa.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Madonia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S.+Agnello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0346-8333
https://orcid.org/0000-0002-0346-8333
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Cannas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8236-5043
https://orcid.org/0000-0001-8236-5043
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c03840?ref=pdf
https://doi.org/10.1002/lpor.200910016
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c03840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Whispering-gallery-mode Microresonators. Laser Photon Rev. 2010, 4
(3), 457—482.

(2) Yang, S; Wang, Y; Sun, H. Advances and Prospects for
Whispering Gallery Mode Microcavities. Adv. Opt Mater. 2015, 3 (9),
1136—1162.

(3) Vollmer, F.; Arnold, S. Whispering-Gallery-Mode Biosensing:
Label-Free Detection down to Single Molecules. Nat. Methods 2008, S
(7), 591-596.

(4) Frustaci, S.; Vollmer, F. Whispering-Gallery Mode (WGM)
Sensors: Review of Established and WGM-Based Techniques to Study
Protein Conformational Dynamics. Curr. Opin Chem. Biol. 2019, 51,
66—73.

(5) Reale, M.; Castronovo, P.; Cannas, M.; Marino, E.; Sciortino, A.;
Messina, F. Excitation-Wavelength-Tunable Lasing in Individual
Quantum Dot Superparticles. Adv. Opt Mater. 2025, 13 (22),
2500838.

(6) Reynolds, T.; Riesen, N.; Meldrum, A.; Fan, X.; Hall, J. M. M.;
Monro, T. M,; Frangois, A. Fluorescent and Lasing Whispering
Gallery Mode Microresonators for Sensing Applications. Laser Photon
Rev. 2017, 11 (2), 1600265.

(7) Kersuzan, C.; Celaj, S.; Ngangha, A;; Roux-Byl, C; Xu, X;
Daney de Marcillac, W.; Maitre, A.; Pons, T. Monoexcitonic Lasing of
Colloidal Semiconductor Nanocrystals in Polymeric Parabolic Micro-
cavities. ACS Nano 2025, 19 (42), 37444—37452.

(8) Okada, D.; Lin, Z.-H.; Huang, J.-S.; Oki, O.; Morimoto, M.; Liu,
X.; Minari, T.; Ishii, S.; Nagao, T.; Irie, M.; Yamamoto, Y. Optical
Microresonator Arrays of Fluorescence-Switchable Diarylethenes with
Unreplicable Spectral Fingerprints. Mater. Horiz 2020, 7 (7), 1801—
1808.

(9) Reale, M.; Marino, E.; Magoas, E.; Ciccarello, F.; Cannas, M.;
Cruz, C. M,; Campana, A. G.; Sciortino, A.; Messina, F. Carbon-Based
Photonic Microlabels Based on Fluorescent Nanographene-Polystyr-
ene Composites. Adv. Funct Mater. 2024, 34 (37), 2402079.

(10) Barman, B. K.; Watanabe, K.; Nagao, T. Carbonized Polymer
Dots-Based Spectrally Adaptable Photonic Microbarcodes. Adv. Opt
Mater. 2025, 13 (22), 2500822.

(11) Pietryga, J. M.; Park, Y.-S.; Lim, J.; Fidler, A. F.; Bae, W. K;;
Brovelli, S.; Klimov, V. I. Spectroscopic and Device Aspects of
Nanocrystal Quantum Dots. Chem. Rev. 2016, 116 (18), 10513—
10622.

(12) Soria, S.; Berneschi, S.; Brenci, M.; Cosi, F.; Nunzi Conti, G.;
Pelli S.; Righini, G. C. Optical Microspherical Resonators for
Biomedical Sensing. Sensors 2011, 11 (1), 785—80S.

(13) Francois, A.; Riesen, N.; Ji, H.; Shahraam Afshar, V.; Monro, T.
M. Polymer Based Whispering Gallery Mode Laser for Biosensing
Applications. Appl. Phys. Lett. 2015, 106 (3), 031104

(14) Pang, S.; Beckham, R. E; Meissner, K. E. Quantum Dot-
Embedded Microspheres for Remote Refractive Index Sensing. Appl.
Phys. Lett. 2008, 92 (22), 221108.

(15) Kim, K.; Dannenberg, P. H; Yan, H; Cho, S.; Yun, S. Compact
Quantum-Dot Microbeads with Sub-Nanometer Emission Linewidth.
Adv. Funct Mater. 2021, 31 (48), 2103413.

(16) Beier, H. T.; Coté, G. L.; Meissner, K. E. Modeling Whispering
Gallery Modes in Quantum Dot Embedded Polystyrene Micro-
spheres. Journal of the Optical Society of America B 2010, 27 (3), 536.

(17) Beier, H. T.; Coté, G. L.; Meissner, K. E. Whispering Gallery
Mode Biosensors Consisting of Quantum Dot-Embedded Micro-
spheres. Ann. Biomed Eng. 2009, 37 (10), 1974—1983.

(18) Jana, S.; Xu, X; Klymchenko, A; Reisch, A; Pons, T.
Microcavity-Enhanced Fluorescence Energy Transfer from Quantum
Dot Excited Whispering Gallery Modes to Acceptor Dye Nano-
particles. ACS Nano 2021, 15 (1), 1445—1453.

(19) Scholtz, L.; Eckert, J. G.; Elahi, T.; Liibkemann, F.; Hiibner, O.;
Bigall, N. C.; Resch-Genger, U. Luminescence Encoding of Polymer
Microbeads with Organic Dyes and Semiconductor Quantum Dots
during Polymerization. Sci. Rep 2022, 12 (1), 12061.

(20) Utterback, J. K.; Wilker, M. B.; Mulder, D. W.; King, P. W,
Eaves, J. D.; Dukovic, G. Quantum Efficiency of Charge Transfer
Competing against Nonexponential Processes: The Case of Electron

2048

Transfer from CdS Nanorods to Hydrogenase. J. Phys. Chem. C 2019,
123 (1), 886—896.

(21) Yang, D.-Q.; Chen, J.; Cao, Q.-T.; Duan, B.; Chen, H.-J.; Yu,
X.-C; Xiao, Y.-F. Operando Monitoring Transition Dynamics of
Responsive Polymer Using Optofluidic Microcavities. Light Sci. Appl.
2021, 10 (1), 128.

(22) Castronovo, P.; Reale, M; Rigter, S. A.; Kagan, C. R.; Murray,
C. B,; Lorenzo, S.; Garnett, E. C.; Schall, P.; Marino, E.; Sciortino, A.;
Messina, F. Ultrafast Switching of Whispering Gallery Modes in
Quantum Dot Superparticles. Nano Lett. 2025, 25 (14), 5828—5835.

(23) Zhang, S.; Tang, S.; Feng, S.; Xiao, Y.,; Cui, W.; Wang, X; Sun,
W, Ye, J; Han, P; Zhang, X; Zhang, Y. High-Q Polymer
Microcavities Integrated on a Multicore Fiber Facet for Vapor
Sensing. Adv. Opt Mater. 2019, 7 (20), 1900602.

(24) Qiagedeer, A.; Yamagishi, H; Hayashi, S.; Yamamoto, Y.
Polymer Optical Microcavity Sensor for Volatile Organic Compounds
with Distinct Selectivity toward Aromatic Hydrocarbons. ACS Omega
2021, 6 (32), 21066—21070.

(25) Wang, J; Li, J.; Sun, S.; Dong, H.; Wu, L.; Zhao, E.; He, F.; Ma,
X.; Zhao, Y. S. Revealing Molecular Diffusion Dynamics in Polymer
Microspheres by Optical Resonances. Sci. Adv. 2023, 9 (19),
eadf1728.

(26) Butt, M. A.; Akca, B. I; Mateos, X. Next-Generation Photonic
Sensors for Single-Molecule Detection: Challenges Overcome and
Horizons Ahead. Chip 2025, 100174.

(27) Jiang, X.; Qavi, A. J.; Huang, S. H.; Yang, L. Whispering-Gallery
Sensors. Matter 2020, 3 (2), 371-392.

(28) Foreman, M. R.; Swaim, ]J. D.; Vollmer, F. Whispering Gallery
Mode Sensors. Adv. Opt Photonics 2015, 7 (2), 168.

(29) Hanifi, D. A,; Bronstein, N. D.; Koscher, B. A.; Nett, Z.;
Swabeck, J. K; Takano, K; Schwartzberg, A. M.; Maserati, L,
Vandewal, K; van de Burgt, Y.; Salleo, A.; Alivisatos, A. P. Redefining
Near-Unity Luminescence in Quantum Dots with Photothermal
Threshold Quantum Yield. Science (1979) 2019, 363 (6432), 1199—
1202.

(30) Kim, D.; Jang, D.; Lee, H; Lim, J.; Kim, C. Two-Dimensional
Non-Close-Packed Arrays of Polystyrene Microspheres Prepared by
Controlling the Size of Polystyrene Microspheres. Polymer (Guildf)
2019, 18§, 121938.

(31) Wu, S; Gao, G; Zhang, S.; Zhu, W.,; Wang, L.; Chen, R;
Zhang, W.; Wang, J.; Yang, F.; Li, J,; Shen, L.; Sun, T. Mixed-Solvent
Precipitation: A Facile Approach for Nanoparticle Self-Assembled
Monolayers. Appl. Surf. Sci. 2019, 465, 526—531.

(32) Zhang, L.; Cullen, D. A; Zhai, P.,; Ding, K. Adsorption of
Colloidal Metal Nanoparticles via Solvent Engineering. ACS Catal.
2020, 10 (3), 2378—2383.

(33) Lam, C. C; Leung, P. T.; Young, K. Explicit Asymptotic
Formulas for the Positions, Widths, and Strengths of Resonances in
Mie Scattering. Journal of the Optical Society of America B 1992, 9 (9),
158S.

(34) Gao, Y.; Al-Sarawi, S. F.; Abbott, D. Physical Unclonable
Functions. Nat. Electron 2020, 3 (2), 81-91.

(35) Kuwata-Gonokami, M.; Takeda, K. Polymer Whispering
Gallery Mode Lasers. Opt Mater. (Amst) 1998, 9 (1—4), 12—17.

(36) Physical Properties of Polymers Handbook; Mark, J. E., Ed;
Springer New York: New York, NY, 2007, 8. DOI: 10.1007/978-0-
387-69002-5.

(37) Logsdon, J. E.; Loke, R. A. Isopropyl Alcohol. In Kirk-Othmer
Encyclopedia of Chemical Technology; Wiley, 2000. DOI: 10.1002/
0471238961.0919151612150719.a01.

(38) Weber, M. J. Handbook of Optical Materials; CRC Press, 2018.
DOI: 10.1201/9781315219615.

(39) Marino, E.; van Dongen, S. W.; Neuhaus, S. J.; Li, W.; Keller, A.
W.,; Kagan, C. R; Kodger, T. E,; Murray, C. B. Monodisperse
Nanocrystal Superparticles through a Source—Sink Emulsion System.
Chem. Mater. 2022, 34 (6), 2779—2789.

https://doi.org/10.1021/acs.jpclett.5c03840
J. Phys. Chem. Lett. 2026, 17, 2042—2048


https://doi.org/10.1002/lpor.200910016
https://doi.org/10.1002/adom.201500232
https://doi.org/10.1002/adom.201500232
https://doi.org/10.1038/nmeth.1221
https://doi.org/10.1038/nmeth.1221
https://doi.org/10.1016/j.cbpa.2019.05.003
https://doi.org/10.1016/j.cbpa.2019.05.003
https://doi.org/10.1016/j.cbpa.2019.05.003
https://doi.org/10.1002/adom.202500838
https://doi.org/10.1002/adom.202500838
https://doi.org/10.1002/lpor.201600265
https://doi.org/10.1002/lpor.201600265
https://doi.org/10.1021/acsnano.5c15938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c15938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c15938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0MH00566E
https://doi.org/10.1039/D0MH00566E
https://doi.org/10.1039/D0MH00566E
https://doi.org/10.1002/adfm.202402079
https://doi.org/10.1002/adfm.202402079
https://doi.org/10.1002/adfm.202402079
https://doi.org/10.1002/adom.202500822
https://doi.org/10.1002/adom.202500822
https://doi.org/10.1021/acs.chemrev.6b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/s110100785
https://doi.org/10.3390/s110100785
https://doi.org/10.1063/1.4905931
https://doi.org/10.1063/1.4905931
https://doi.org/10.1063/1.2937209
https://doi.org/10.1063/1.2937209
https://doi.org/10.1002/adfm.202103413
https://doi.org/10.1002/adfm.202103413
https://doi.org/10.1364/JOSAB.27.000536
https://doi.org/10.1364/JOSAB.27.000536
https://doi.org/10.1364/JOSAB.27.000536
https://doi.org/10.1007/s10439-009-9713-2
https://doi.org/10.1007/s10439-009-9713-2
https://doi.org/10.1007/s10439-009-9713-2
https://doi.org/10.1021/acsnano.0c08772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-022-16065-x
https://doi.org/10.1038/s41598-022-16065-x
https://doi.org/10.1038/s41598-022-16065-x
https://doi.org/10.1021/acs.jpcc.8b09916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41377-021-00570-1
https://doi.org/10.1038/s41377-021-00570-1
https://doi.org/10.1021/acs.nanolett.5c00643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c00643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adom.201900602
https://doi.org/10.1002/adom.201900602
https://doi.org/10.1002/adom.201900602
https://doi.org/10.1021/acsomega.1c02749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c02749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.adf1725
https://doi.org/10.1126/sciadv.adf1725
https://doi.org/10.1016/j.chip.2025.100174
https://doi.org/10.1016/j.chip.2025.100174
https://doi.org/10.1016/j.chip.2025.100174
https://doi.org/10.1016/j.matt.2020.07.008
https://doi.org/10.1016/j.matt.2020.07.008
https://doi.org/10.1364/AOP.7.000168
https://doi.org/10.1364/AOP.7.000168
https://doi.org/10.1126/science.aat3803
https://doi.org/10.1126/science.aat3803
https://doi.org/10.1126/science.aat3803
https://doi.org/10.1016/j.polymer.2019.121938
https://doi.org/10.1016/j.polymer.2019.121938
https://doi.org/10.1016/j.polymer.2019.121938
https://doi.org/10.1016/j.apsusc.2018.08.235
https://doi.org/10.1016/j.apsusc.2018.08.235
https://doi.org/10.1016/j.apsusc.2018.08.235
https://doi.org/10.1021/acscatal.9b05148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/JOSAB.9.001585
https://doi.org/10.1364/JOSAB.9.001585
https://doi.org/10.1364/JOSAB.9.001585
https://doi.org/10.1038/s41928-020-0372-5
https://doi.org/10.1038/s41928-020-0372-5
https://doi.org/10.1016/S0925-3467(97)00160-2
https://doi.org/10.1016/S0925-3467(97)00160-2
https://doi.org/10.1007/978-0-387-69002-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-0-387-69002-5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/0471238961.0919151612150719.a01
https://doi.org/10.1002/0471238961.0919151612150719.a01?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/0471238961.0919151612150719.a01?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1201/9781315219615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.2c00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c03840?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

