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Abstract

Localized optical absorption by nanoscale inclusions can profoundly alter energy deposition
in optical traps, giving rise to nonlinear and long-timescale dynamics. Recent experiments
have reported the formation of expanding optically darkened regions and episodic plasma-
like emission during pulsed near-infrared optical trapping of magnetic beads interacting
with biological cells. Here, we develop a reduced-order mechanistic model to investigate
whether absorber-driven optical-thermal feedback associated with Fe3O4 inclusions is suffi-
cient to reproduce the observed pre-plasma darkening dynamics. The model is constructed
progressively from first-principles electromagnetic absorption and pulse-scale thermal
diffusion to nonlinear feedback mediated by an evolving optically modified region. Single-
pulse and multi-pulse simulations demonstrate that isolated iron-oxide absorbers cool
too rapidly to sustain long-timescale thermal accumulation through linear heating alone.
However, incorporation of a bubble-mediated optical feedback channel produces bounded
growth, partial optical darkening, and slow relaxation dynamics consistent with exper-
imentally observed minute-scale evolution. Electromagnetic absorption was computed
using full core-shell Mie theory, yielding absorption cross-sections sufficient to support
strong localized optical attenuation under experimentally relevant trapping conditions.
The resulting reduced-order feedback framework reproduces stable growth-relaxation
cycles, finite transmission plateaus, and self-limited optical darkening without requiring
runaway heating or catastrophic cavitation. To evaluate the model quantitatively, simu-
lated transmission dynamics were compared against experimentally measured normalized
transmission traces digitized from previously reported optical trapping experiments. The
fitted model reproduced the observed finite transmission plateau and slow post-activation
relaxation with good agreement (R? ~ 0.86, RMSE ~ 1.3 x 10~2). These results support
the interpretation that experimentally observed optical darkening arises from a feedback-
regulated optical-thermal process involving slowly evolving structural modification of
the trapping region rather than cumulative thermal storage within isolated absorbers. The
present framework provides a quantitatively constrained reduced-order description of
feedback-mediated optical darkening under pulsed optical trapping conditions and estab-
lishes iron-oxide absorption as a physically plausible ignition mechanism for dark-state
formation in the pre-plasma regime.

Keywords: optical tweezers; iron oxide nanoparticles; pulsed laser heating; nonlinear
optical absorption; dark-bubble dynamics; energy accumulation; core-shell Mie theory;
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1. Introduction

Optical trapping and optical manipulation techniques have transformed the study of
microscopic systems since the pioneering work of Ashkin on radiation-pressure-driven
particle confinement [1]. Subsequent developments established stable single-beam optical
trapping for dielectric particles and biological systems [2—4], leading to broad applications
in soft matter physics, biological imaging, cell manipulation, and single-particle dynamics.
In biological environments, optical trapping has enabled investigations ranging from molec-
ular force spectroscopy to single-cell manipulation and nanoparticle-assisted photothermal
processes [4,5].

Localized optical absorption can substantially modify trapping dynamics through
laser-induced heating, thermally driven refractive-index changes, cavitation, and bubble
formation [5-7]. In plasmonic and strongly absorbing systems, optical excitation can
produce highly nonlinear optical-thermal responses including transient vapor nanobubbles,
localized superheating, optical limiting, and nonlinear scattering phenomena [6-8]. These
processes depend sensitively on absorber geometry, thermal diffusion, pulse duration, and
optical feedback between evolving material structure and the incident electromagnetic
field [7,8].

Recent experiments involving Fe;O4-containing magnetic microbeads in pulsed op-
tical trapping systems reported the emergence of expanding dark regions accompanied
by strong transmission reduction, slow growth-relaxation dynamics, and broadband lu-
minous emission under sustained near-infrared excitation [9]. The experiments further
showed that the observed darkening dynamics evolved on timescales substantially longer
than the thermal diffusion time associated with individual nanosecond laser pulses [9].
Measurements of transmitted optical power demonstrated large transient reductions in
transmission correlated with the growth of the darkened region [9]. These observations sug-
gest the presence of a nonlinear feedback mechanism coupling optical absorption, thermal
evolution, and structural modification within the trapping region.

Strong optical absorption by conductive or partially conductive inclusions can gen-
erate rapid localized heating and transient vapor formation even under moderate optical
intensities [6,7,10-12]. In particular, Fe3O4-containing particles exhibit enhanced electro-
magnetic absorption relative to surrounding dielectric media, allowing efficient conversion
of optical energy into localized thermal excitation. Theoretical descriptions of light inter-
action with layered or composite particles are commonly formulated using generalized
Mie scattering theory [10-12], while thermal evolution is governed by heat diffusion and
phase-transition dynamics [13-18]. Under pulsed optical excitation, the interplay between
absorption, cooling, and structural evolution can produce nonlinear temporal responses
including bounded bubble growth, transient optical opacity, and feedback-regulated scat-
tering behavior [18-22].

Several previous studies have investigated cavitation, optical breakdown, nonlinear scat-
tering, and laser-induced bubble dynamics in absorbing nanoparticle systems [15,18-27]. These
works established that transient vapor structures and optical nonlinearities can strongly
alter local electromagnetic energy deposition. However, the long-timescale darkening
and reversible transmission dynamics observed in pulsed trapping experiments involv-
ing Fe3O4-containing microbeads [9] remain incompletely understood. In particular, it
is unclear whether cumulative heating of isolated absorbers alone is sufficient to sustain
the experimentally observed minute-scale dynamics, or whether additional nonlinear
optical-thermal feedback mechanisms are required.

The present work develops a reduced-order nonlinear optical-thermal feedback model
designed to identify the minimal physical mechanisms sufficient to reproduce the exper-
imentally observed darkening behavior reported in Ref. [9]. The framework combines
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pulse-resolved electromagnetic absorption, conductive thermal diffusion, and effective
optical-depth evolution associated with slowly relaxing structural modification of the
trapping region. Full core—shell Mie absorption calculations are incorporated to estimate
energy deposition by Fe3O4-containing absorbers embedded within polymer-coated mi-
crobeads. The resulting feedback model reproduces bounded optical darkening, finite
transmission plateaus, and long-timescale growth-relaxation dynamics quantitatively
consistent with experimentally measured transmission behavior. Quantitative compar-
ison against experimentally digitized transmission trajectories is additionally used to
constrain the reduced-order feedback parameters and evaluate model consistency with
measured observables.

The present framework is intentionally reduced-order and phenomenological. Its
purpose is not to uniquely determine the microscopic origin of the observed dark state,
nor to provide a first-principles treatment of cavitation hydrodynamics, plasma kinet-
ics, or irreversible dielectric breakdown. Instead, the model is intended to identify the
minimal optical-thermal feedback processes capable of reproducing the experimentally
observed transmission and dark-region dynamics. By separating pulse-scale heating from
slower structural evolution, the analysis provides a quantitatively constrained mechanistic
framework for feedback-regulated optical darkening in pulsed optical trapping systems.

2. Results
2.1. Single-Pulse and Steady-State Thermal Response

The transient thermal response of an isolated iron-oxide core under nanosecond pulsed
excitation is shown in Figure 1 for repetition rates of 50, 100, and 500 kHz at fixed average
power. Each pulse produces a rapid temperature rise followed by exponential cooling on a
sub-microsecond timescale. Increasing repetition rate reduces the peak temperature due to
the corresponding reduction in pulse energy.
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Figure 1. Single-pulse temperature response of an iron-oxide core. Transient core temperature proxy
following a single 1064 nm laser pulse for repetition rates of 50, 100, and 500 kHz at fixed average
power. Higher repetition rates produce lower peak temperatures due to reduced pulse energy.

Analytical estimates of the thermal response of an isolated Fe3O4 absorber indicate
that the temperature remains only weakly elevated above ambient under the conditions
considered. Because the characteristic cooling time is much shorter than the pulse-to-pulse
interval, the predicted temperature exhibits negligible long-term accumulation. These
results demonstrate that linear heating of an isolated absorber is insufficient to account for
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the experimentally observed minute-scale optical darkening, motivating the inclusion of a
feedback-mediated mechanism. Additional thermal-response calculations are provided in
Supplementary Figure S1.

2.2. Bubble-Mediated Feedback Dynamics

Introducing a bubble-mediated feedback channel produces behavior that is qualita-
tively distinct from isolated absorber heating. Figure 2a shows the simulated bubble-radius
response under repeated laser ON/OFF cycles. During each ON interval, the effective
bubble radius Ry (t) grows smoothly, while during each OFF interval it partially relaxes
toward a smaller residual value. The shaded regions indicate the laser-on portions of the
pulse sequence.
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Figure 2. Bubble-radius response under repeated pulsed excitation. (a) Time-dependent bubble radius
Ry (t) during a representative multi-pulse sequence, showing rapid growth during each illumination
interval followed by partial collapse during the off period. The light-blue shaded regions indicate
laser-on intervals. (b) Corresponding simulation with the legend included, illustrating that the
bubble-mediated feedback channel produces reproducible growth—collapse cycles over repeated
pulses while remaining bounded. The repeated recovery of R (#) to a finite residual radius between
pulses indicates that the response is not simple monotonic thermal accumulation, but instead reflects
a feedback-mediated charging and relaxation process.

Figure 2b shows the corresponding repeated growth-relaxation behavior with the
simulated Ry (t) trace identified explicitly. The maximum bubble radius remains bounded
at approximately R, ~ 20 um, indicating that the feedback channel does not produce
runaway expansion under the simulated conditions. Instead, each laser pulse recharges the
optically modified region, while each dark interval permits partial recovery.

Together, Figure 2a,b demonstrate reproducible bubble “breathing” dynamics over
repeated pulses. The absence of abrupt collapse events or explosive expansion indicates that
the system operates in a bounded quasi-steady feedback regime rather than a cavitation-
dominated or plasma-driven expansion regime. This behavior provides a reduced-order
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mechanism by which pulsed optical absorption can produce long-timescale structural and
optical evolution without requiring continuous monotonic thermal accumulation.

2.3. Optical Feedback: Transmission and Absorption

The formation of a microbubble modifies the local optical environment and feeds
back on absorption. Figure 3 shows the normalized transmission proxy Pr/P;, which
decreases during bubble growth and partially recovers during relaxation. Importantly,
transmission remains finite throughout the cycle, consistent with partial optical darkening
rather than complete beam extinction. Figure 3a shows the normalized transmitted power
Pr/P; as a function of time under periodic pulsed excitation. The transmission remains
finite throughout the experiment, exhibiting shallow, repeatable modulations synchronized
with the laser ON intervals. This behavior indicates partial optical darkening rather than
complete extinction, consistent with a feedback-limited absorption mechanism operating
below plasma-formation thresholds. Figure 3b presents the corresponding phase-space
trajectory of the internal energy U and dark-region radius R. The dynamics collapse onto a
bounded loop, demonstrating the existence of a stable bounded dynamical regime in the
coupled energy-bubble system. The absence of divergence in either variable confirms that
optical feedback, thermal dissipation, and bubble relaxation jointly enforce self-regulated
behavior.
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Figure 3. Optical feedback dynamics in the bubble-mediated dark state. (a) Normalized transmitted
power Pr/P; as a function of time under periodic pulsed excitation. The transmission remains finite
and exhibits shallow, repeatable modulations synchronized with the laser ON intervals, indicating
partial optical darkening rather than complete extinction. (b) Phase-space representation of the
coupled internal energy U and effective dark-region radius R. The dynamics collapse onto a bounded
loop, revealing a stable bounded dynamical regime of the driven, dissipative system. This behav-
ior demonstrates feedback-regulated energy storage and release, preventing runaway heating or
explosive cavitation.

The corresponding effective absorption fraction 7,5 is shown in Figure 4. The absorp-
tion fraction remains bounded between approximately 0.6 and 0.67, with small transient
dips during OFF intervals. The absence of saturation at unity ensures that optical feedback
remains self-limiting and prevents runaway heating. Figure 4 shows the time-dependent
transmission proxy Pr/P; computed from the effective optical depth of the bubble—core sys-
tem. Transmission decreases during bubble growth phases but remains finite throughout
the cycle, indicating partial optical darkening rather than complete extinction. The small
periodic modulations reflect reversible changes in optical depth associated with bubble
expansion and contraction.
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Figure 4. Effective absorption fraction. Time-dependent absorption fraction 7,5, showing bounded,

self-limiting absorption without saturation.

2.4. Energy Partitioning and Thermal Envelope

Figure 5 shows the bubble-channel state energy U, on a logarithmic scale. The energy
rises during each ON interval and decays rapidly during OFF intervals, reaching peak
values on the order of 10~7 J. No long-term accumulation is observed, confirming that the
bubble channel acts as a small activation reservoir rather than a bulk energy store.
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Figure 5. Bubble-channel state energy. Logarithmic plot of the bubble-channel energy U,. The
light-blue shaded regions indicate laser-on intervals. Energy remains in the microjoule to nanojoule

range and does not accumulate over cycles.

Figure 6 compares two temperature proxies: an instantaneous temperature derived
from absorbed power and a cycle-averaged ON-envelope temperature. While the instanta-
neous proxy reflects rapid modulation, the envelope temperature exhibits smooth RC-like
behavior, rising to approximately 330-340 K during ON intervals. This modest temperature
elevation is sufficient to modify local mechanical and optical properties without inducing

thermal damage.
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Figure 6. Heat-channel envelope proxies. Comparison of instantaneous temperature proxy (blue) and
ON-envelope temperature proxy (orange). The envelope temperature exhibits RC-like behavior with
modest elevation above ambient. The light-blue shaded regions indicate laser-on intervals.

Key characteristic quantities extracted from Figures 1-6 are summarized in Table 1.
Values are derived from the results shown in Figures 1-6 and characterize optical absorption,
transmission, bubble dynamics, and energy partitioning under pulsed 1064 nm optical
trapping. All quantities correspond to the baseline parameters listed in Table 2 show
in Section 4.

Table 1. Summary of key quantities extracted from the simulations describing iron-core-mediated
optical darkening in the stable pre-plasma regime.

Quantity Symbol Value Units
Absorption cross-section (Mie) Oabs 437 x 10713 m?
Scattering cross-section Osca 1.29 x 10712 m?2
Extinction cross-section Oext 1.73 x 10712 m?2
Absorption efficiency Qabs 1.14 —
Optical size parameter X 2.06 —
Maximum absorbed fraction Tabs, max 0.67 —
Minimum transmission (PT/PDmin 0.33 —
Maximum bubble radius Rp,max 19.7 pum
Maximum bubble energy Ub, max 2.6 x 1071 uJ
Rapid relaxation events Neollapse 0 —
Characteristic growth time torowth ~40 S

Table 2. Optical, thermal, geometric, and material parameters used in simulations of an isolated
polymer-coated iron-oxide (Fe304) core embedded in an aqueous medium and illuminated by a
pulsed 1064 nm optical trap. Unless otherwise stated, all figures are generated using these base-
line values.

Category Parameter Symbol Value Units
Optical (trap) Laser wavelength A 1064 nm
Numerical aperture NA 1.25 —
Beam waist wWo 0.52 pm
Beam area Apeam 847 x 10713 m?
Average incident power Pavg 0.806 W
Pulse duration Tp 10 ns
Repetition rate frep 50-500 kHz
Geometry Iron-oxide core radius I 300 nm
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Table 2. Cont.
Category Parameter Symbol Value Units
Polymer shell thickness tooly 50 nm
Cell membrane thickness tmem 50 nm
Initial bubble radius 3 400 nm
Thermal (effective) Thermal resistance Rth 6.63 x 10° K-W-1
Heat capacity C 7.08 x 10713 J K1
Cooling time constant Teool 470 x 1077 s
Material (Fe504) Refractive index (real) Neore 2.5 —
Extinction coefficient Kcore 0.4 —
Material (polymer) Refractive index Nghell 1.45 —
Medium (aqueous) Refractive index Nmed 1.33 —
Optical feedback Baseline optical depth T 0.52 —
Optical depth cap Telip 3.0 —
Bubble attenuation strength oy, 0.6 —
Feedback exponent dfb 1.0 —
Energy partition Heat fraction fth 1x1074 —
Bubble-channel fraction fhubble 1—fy, —
Stored energy fraction fstore 1x10°° —
Bubble dynamics Maximum growth velocity Vgrow 2.0 um~s’1
Bubble contraction time Tcontract 15
Bubble energy loss time Tloss0 0.8 s
Growth energy coefficient Lg 1x1072 Jm~!
Nucleation energy scale Unuc 1x10°1 J
Collapse threshold radius Rexplode 45 um

Experimental-Simulation Comparison

Figure 7 compares representative experimental measurements of bubble diameter and
optical transmission with the corresponding outputs of the bubble-feedback model. The
complete set of experimental traces previously shown in the original Figure 7 has been
moved to the Supplementary Materials (Section S6) to simplify the main text and improve
readability (see Figure S4).

Figure 7a shows experimentally measured bubble diameters extracted from Ref. [9]
together with the simulated bubble diameter 2R, (t). The experimental traces exhibit a
rapid initial increase in diameter during laser illumination, followed by saturation at a finite
maximum size and subsequent relaxation on minute timescales after the laser is switched
off. The simulated curves reproduce the main features of this behavior, including the rapid
growth phase, bounded maximum diameter, and slow post-illumination relaxation.

Figure 7b shows the laser ON/OFF gating functions inferred from the diameter traces
in Figure 7a. In these curves, G(t) = 1 corresponds to the charging or growth interval,
while G(t) = 0 corresponds to the discharging or relaxation interval. These gate functions
provide a compact representation of the effective illumination history associated with each
experimental run.

Figure 7c compares representative experimental transmission traces Pr /P with sim-
ulated transmission responses obtained from the time-dependent optical depth of the
bubble—core system. Experimentally, the transmission decreases rapidly upon bubble for-
mation, reaches a finite nonzero plateau during the darkened state, and recovers when the
bubble relaxes or the illumination is removed. The simulations reproduce the same qualita-
tive behavior: partial optical darkening, bounded transmission, and recovery following
relaxation of the optically modified region.
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Figure 7. Experimental-simulation comparison of dark-region growth and transmission dynamics.
(a) Experimental diameter measurements (symbols, extracted from Ref. [9]) compared with the
simulated dark-region diameter D(t) (dashed curve). The model reproduces the rapid growth phase
during illumination, the attainment of a bounded maximum diameter, and the subsequent slow
relaxation on minute timescales. (b) Diameter-derived ON/OFF gate sequence used to represent
the effective charging (G = 1) and discharging (G = 0) intervals associated with the diameter
evolution shown in panel (a). (c) Experimental transmission Pr/P; (solid curve) compared with
the simulated transmission response (dashed curve). The model captures the principal features of
the measurements, including rapid optical darkening, finite transmission plateaus, and recovery
following relaxation of the optically modified region. (d) ON/OFF gating function extracted from
the transmission signal and used as the driving input for the transmission simulation in panel (c).
The gate identifies the activation intervals responsible for the observed transmission dynamics and
provides a compact representation of the experimentally inferred illumination history.

Figure 7d shows the ON/OFF gating functions used as inputs to the transmission
simulations in Figure 7c. These gates encode the experimentally observed activation
intervals and directly drive the absorption and relaxation terms in the reduced-order model.
Their inclusion is essential for reproducing the step-like transmission plateaus and recovery
events observed experimentally.

Figures 3 and 4 report model-internal optical quantities. Figure 3 shows the Beer—
Lambert transmission proxy,

Pr/Pp = exp|—Tes(t)], 1)

where T(t) is the effective optical depth generated by the evolving bubble state.
Figure 4 shows the complementary absorbed fraction

Habs(t) =1 —Pr/P; )
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where Pr and Py are the transmitted and incident optical powers, respectively.

Together, these quantities describe the self-limited optical darkening predicted by
the feedback model. Because the experimental transmission Pr/P; is a detector-channel
observable that includes scattering, refraction, and collection-geometry effects, direct com-
parison requires mapping the model output to the measured signal. This comparison is
performed in Figure 7, while the full set of traces and gating sequences is provided in the
Supplementary Materials.

3. Discussion

The results presented here support the interpretation that the experimentally observed
optical darkening arises from a feedback-regulated optical-thermal process rather than
from cumulative thermal storage within isolated absorbers. Simulations of an isolated
Fe304 core under nanosecond pulsed excitation demonstrate rapid pulse-to-pulse heating
followed by efficient conductive cooling on sub-microsecond timescales (Figure 1). Because
the conductive relaxation time remains substantially shorter than the interpulse spacing,
the model predicts only modest steady-state temperature accumulation in the absence
of nonlinear feedback. These findings indicate that linear thermal accumulation alone
is insufficient to explain the experimentally observed minute-scale darkening dynamics
reported in Ref. [9].

In contrast, incorporation of a slowly evolving feedback channel produces qualita-
tively different behavior. The reduced-order optical-thermal framework generates bounded
growth of an optically modified region together with finite transmission plateaus and grad-
ual recovery dynamics consistent with experimental observations. Rather than exhibiting
unrestricted runaway heating or complete optical extinction, the system evolves toward
a self-limited darkened state in which optical transmission remains finite and partially
reversible over long timescales (Figures 2-5). Similar feedback-regulated optical responses
have been observed previously in studies of laser-induced nanobubbles, optical limiting, and
thermally driven refractive-index modification in absorbing nanoparticle systems [7,18-24].

The mechanistic implications of the reduced-order feedback model are summarized
in Figure S5. The coupled evolution of optical absorption, effective optical depth, and
structural relaxation produces stable bounded trajectories in which local energy deposi-
tion and dissipation remain dynamically balanced. In this framework, repeated pulsed
excitation redistributes absorbed optical energy into a slowly evolving low-density or struc-
turally modified region surrounding the absorber. The evolving optical depth then alters
subsequent energy deposition, establishing a nonlinear feedback cycle between optical
attenuation and structural relaxation. Importantly, the effective structural variable used in
the model should not be interpreted as a uniquely resolved microscopic bubble boundary.
Instead, it represents a coarse-grained dynamical measure of optical modification within
the trapping region.

Furthermore, Figure 8 provides a quantitative comparison between the reduced-order
model and experimentally measured transmission dynamics. Figure 8 compares simulated
transmission trajectories against experimentally digitized normalized transmission data
extracted from Ref. [9]. The model reproduces the principal observable features of the
measured transmission evolution, including rapid activation, finite transmission plateaus,
and slow post-illumination relaxation. The fitted steady-state transmission remains finite
rather than collapsing toward complete opacity, further supporting the interpretation that
the experimentally observed darkened state corresponds to a bounded feedback-mediated
optical regime rather than catastrophic optical breakdown.
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Figure 8. Comparison between experimental transmission data and reduced-order model results.
(a) Digitized red transmission trace (blue dots) extracted from Ref. [9] and the fitted time windows
used for model calibration (orange dots). (b) Reduced-order model fits (solid lines) compared with
experimental transmission data (blue dots) for two post-activation darkening intervals. (c) Residual
analysis (experiment — model) as a function of time. Blue dots represent the residual values at each
measurement point, while the horizontal blue line denotes zero residual, corresponding to perfect
agreement between experiment and model. The reported RMSE and R? values quantify the overall
goodness of fit. (d) Sensitivity of the fitted transmission dynamics to variations in the feedback
relaxation time 1. Colored curves show model predictions obtained for different values of T, while

blue dots represent the experimental transmission data.

The quantitative validation shown in Figure 8 further demonstrates that the exper-
imentally observed transmission dynamics are consistent with the proposed nonlinear
optical-thermal feedback mechanism. Figure 8a shows the digitized experimental trans-
mission trace extracted from Ref. [9], while Figure 8b compares the experimentally mea-
sured transmission with the fitted reduced-order model trajectories. The model success-
fully reproduces the finite transmission plateau and gradual post-activation relaxation

observed experimentally.
The fitted steady-state transmission plateau was found to be

PT)
— ~ 0.50, 3
( Py ss ©)

indicating that the darkened state remains partially transmissive rather than evolving
toward complete optical extinction. The characteristic relaxation time extracted from the
fit was

T, =~ 0.10 min, 4)
consistent with the experimentally observed slow dissipative evolution of the optically

modified region.
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Quantitative agreement between the model and experiment was evaluated using the
root-mean-square residual (RMSE) and coefficient of determination R.

The fitted transmission dynamics yielded RMSE ~ 1.3 x 102, with R? ~ 0.86. These
results indicate that the reduced-order feedback framework captures the dominant macro-
scopic features of the experimentally observed transmission response despite not explicitly
resolving microscopic cavitation or plasma-scale dynamics. Residual analysis further
shows that deviations between the model and experiment remain comparatively small
over most of the transmission evolution. Sensitivity studies additionally demonstrate that
bounded darkening behavior persists over broad variations in relaxation and optical-depth
parameters, indicating that the observed dynamics do not require extreme parameter
fine tuning.

The present framework additionally clarifies the role of energy partitioning within the
system. Although strong localized absorption occurs near the Fe;O, inclusion, most de-
posited optical energy is rapidly dissipated into the surrounding medium rather than stored
thermally within the absorber itself. The simulated feedback-channel energy remains in
the sub-microjoule range (Figure 5), while the surrounding envelope temperature increase
remains comparatively modest (Figure 6). These findings suggest that long-timescale opti-
cal darkening is governed primarily by feedback-mediated structural and optical evolution
rather than sustained bulk thermal accumulation or explosive cavitation.

Several limitations of the present framework should nevertheless be emphasized.
The model is intentionally reduced-order and does not explicitly resolve plasma kinetics,
cavitation hydrodynamics, shock-wave generation, magnetic interactions, or collective
multiparticle effects. In addition, the experimentally measured transmission represents a
detector-channel observable that may include contributions from scattering, beam steering,
refractive-index gradients, and collection geometry that are not explicitly incorporated into
the present model. Consequently, the agreement shown in Figure 8 should be interpreted
as evidence that the proposed feedback mechanism captures the dominant macroscopic
transmission dynamics rather than proof of a unique microscopic pathway.

We emphasize that the present model is intentionally phenomenological. The coupling
between bubble-channel growth and optical darkening is introduced as an effective de-
scription of the experimentally observed transmission changes rather than as a microscopic
description of the underlying optical scattering processes.

Despite these limitations, the results establish that absorber-driven optical-thermal
feedback provides a quantitatively consistent and physically plausible mechanism for the
formation of long-lived optically darkened states under pulsed optical trapping conditions.
The framework developed here therefore provides a useful reduced-order foundation for
future studies incorporating more detailed hydrodynamic, electromagnetic, and plasma-
mediated processes in laser-driven magnetic micro- and nanosystems.

4. Methods
4.1. Reduced-Order Absorber—Feedback Model

We modeled optical darkening as a feedback-mediated process initiated by localized
absorption in an Fe;O, inclusion. The absorber was treated as the primary source of
deposited optical energy, while the surrounding optically modified region was represented
by an effective bubble or low-density feedback channel with radius R (t). This radius is
not intended to describe a fully resolved hydrodynamic interface, but instead serves as a
coarse-grained variable describing the spatial extent of the optically modified region.

The feedback channel is represented by an effective radius R (f). The model does not
assume that a vapor bubble forms inside the polymer bead. Instead, R,(¢) denotes the
spatial extent of a low-density or optically modified region surrounding the Fe3O, absorber
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and extending into the adjacent aqueous environment. This effective region modifies the
local optical properties and provides the feedback mechanism responsible for the observed
darkening dynamics.

Figure 9 summarizes the reduced-order physical model and the computational update
sequence used in the simulations. The imposed laser gate determines the absorbed optical
power, which updates the bubble-feedback radius, effective optical depth, transmitted
fraction, and absorbed fraction at each time step.

Laser Pulses

n,3 pulses

Thermal Energy

Time

e

Iron-oxide
(Fe;0,) core [
rcore = 300 nm ..‘\(

Rapid thermal -
diffusion into

liquid

\

Transient
microbubble/
Low-density channel

Y
‘Ty\ Bubble-channel
energy (Uy)

@o=-=

- 7 Self-Limiting

2 optical-thermal

Optical feedback feedback

(modified transmission)

Figure 9. Schematic of pulsed optical trapping of an iron-oxide core and the emergence of a bubble-
mediated feedback channel. A focused 1064 nm pulsed laser forms an optical trap around a single
iron-oxide (Fe3Oy4) core suspended in an aqueous medium. Optical absorption by the core leads to
rapid, pulse-to-pulse heating followed by efficient thermal diffusion into the surrounding liquid.
Under repeated pulsed excitation, a transient low-density microbubble (or bubble-channel) nucleates
and undergoes growth-relaxation oscillations around the core. This bubble modifies the local
refractive index and scattering environment, producing a self-limiting optical-thermal feedback that
alters transmission and absorption without inducing cavitation or plasma formation. Curved arrows
indicate the coupled pathways of absorbed optical energy, bubble-channel energy storage U, thermal
diffusion, and optical feedback that stabilize the observed darkened state.

The absorbed optical power was written as

Pabs(t) = Cabsl(t)/ %)

where C,ps is the absorption cross section of the absorber-bead system and I(t) is the local
laser intensity. The laser pulse train was represented by a binary gating function G(t),
where G = 1 corresponds to laser ON and G = 0 corresponds to laser OFF.
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The feedback-mediated bubble radius evolved using a reduced growth-relaxation equation

% = G(t) Fgrow (Pabs, Rp) — [1 = G(1)] Frelax(Ro), ©)

where the first term describes bubble or dark-region growth during illumination and the
second term describes relaxation after the laser is removed. The functional forms were
chosen to enforce bounded growth and finite relaxation, consistent with the experimentally
observed absence of runaway expansion.

The absorption cross section of the Fe304-core/polymer-shell particle was calculated
using core-shell Mie theory. The resulting absorption cross section C,,s was used to deter-
mine the absorbed optical power Py,s = Capslo. Details of the Aden—Kerker formulation
are provided in Supplementary Section S2.

4.2. Optical Transmission and Absorption

The evolving bubble state was coupled to the optical response through an effective
optical depth T¢(t). The transmitted fraction was modeled using a Beer-Lambert-type
proxy Equation (1) and the corresponding absorbed fraction form Equation (2). A central
assumption of the reduced-order model is that growth of the bubble-mediated feedback
channel increases the effective optical depth of the absorber—-medium system. This assump-
tion is introduced phenomenologically to represent the experimentally observed correlation
between dark-region formation and reduced transmission. The model therefore does not
attempt to resolve the underlying microscopic scattering, refractive-index, or structural
mechanisms responsible for the observed optical darkening.

This representation captures partial optical darkening while ensuring that transmission
remains finite in the bounded pre-plasma regime.

4.3. Numerical Implementation

The reduced-order feedback equations were implemented and solved using Python
3.11.8, with NumPy 1.26.4, SciPy 1.13.1, and Matplotlib 3.8.4. Time integration was per-
formed using an explicit finite-difference update on a uniform time grid. At each time step,
the laser state G(t), absorbed power, bubble radius Ry (t), effective optical depth To(t),
transmitted fraction Pr/Pj, and absorbed fraction 7,,s were updated sequentially.

The simulations were written using standard Python scientific libraries, including
NumPy for array operations and time stepping, SciPy where needed for fitting and in-
terpolation, pandas for handling digitized experimental data, and Matplotlib for figure
generation. Both single-pulse and repeated-pulse excitation sequences were simulated by
prescribing the laser gate G(t) as a binary ON/OFF function.

The optical field near the trap focus was approximated as a diffraction-limited Gaus-
sian beam. The beam waist was estimated using:

0611

wWo NA )

with numerical aperture NA =1.25, yielding wy ~ 0.52 and a focal area Ap,,,;, = nw%. Unless
otherwise stated, spherical symmetry was assumed and convective transport was neglected.

The numerical time step was chosen to resolve the imposed pulse structure and the
slower relaxation of the optically modified region. The principal simulation outputs were
Ry(t), 2Ry (t), Tegs(t), Pr/Pr, and #,ps(t). Detailed code-level implementation, convergence
checks, and sensitivity tests are provided in the Supplementary Materials.
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4.4. Comparison with Experimental Data

Experimental bubble-diameter and transmission traces were digitized from Ref. [9].
Diameter traces were compared directly with the simulated diameter 2R;(t). For trans-
mission traces, experimentally inferred ON/OFF gating functions were extracted from the
measured temporal response and used as inputs to the reduced transmission model.

For representative traces, the simulated transmission was compared with the measured
normalized transmission

T(t) = B 8)

The comparison focused on the primary dynamical features: rapid darkening during
activation, bounded finite transmission plateaus, and slow recovery following relaxation.
The complete set of digitized traces and gate-extraction procedures is provided in the
Supplementary Materials.

The baseline parameters used throughout the reduced-order optical-thermal feedback
simulations are summarized in Table 2. Material properties were obtained from experimen-
tally reported literature values where available, while phenomenological feedback coeffi-
cients were selected to enforce finite transmission plateaus, bounded dark-region growth,
and separation between fast thermal relaxation and slow structural evolution timescales.

5. Scope and Limitations

The present framework is intentionally reduced-order and phenomenological. Its
purpose is to identify the minimal optical-thermal feedback mechanisms sufficient to
reproduce the experimentally observed long-timescale optical darkening dynamics under
pulsed optical trapping conditions. The model therefore focuses specifically on experimen-
tally measurable macroscopic observables, including transmission evolution, dark-region
growth, and relaxation behavior, rather than attempting to uniquely resolve microscopic
plasma or cavitation structure.

This work deliberately isolates the optical and thermal consequences of iron-oxide
absorption within the trapping region. Effects associated with polymer coatings, cellu-
lar membranes, collective multiparticle interactions, magnetic forces, chemical reactions,
plasma kinetics, and hydrodynamic flow are not explicitly resolved. Instead, these pro-
cesses are incorporated implicitly through phenomenological feedback and dissipation
parameters designed to reproduce the observed bounded transmission dynamics and
structural relaxation behavior.

The model is additionally restricted to the reversible pre-plasma regime of optical
darkening. Terminal events observed experimentally, characterized by rapid irreversible
structural destabilization and loss of optical confinement, are represented phenomenolog-
ically as irreversible state transitions beyond which no well-defined dark-region radius
exists. The present framework therefore does not attempt to model shock-wave generation,
ionization dynamics, cavitation hydrodynamics, or plasma formation, which are expected
to dominate at substantially higher local intensities and shorter timescales [15,23,26].

All simulations shown in Figures 1-8 use the baseline parameters listed in Table 2.
Parameters were selected either from experimentally reported material properties or from
physically motivated constraints enforcing bounded absorption, finite dissipation, and
separation between fast thermal relaxation and slow structural evolution timescales. The
qualitative dynamics reported here remain robust under order-of-magnitude variations in
the phenomenological parameters governing dark-region growth and relaxation.

Despite these simplifications, the reduced-order framework successfully reproduces
several experimentally observed macroscopic features, including bounded dark-region
growth, finite transmission plateaus, gradual recovery dynamics, and run-to-run vari-

https://doi.org/10.3390 /biophysica6040056


https://doi.org/10.3390/biophysica6040056

Biophysica 2026, 6, 56

16 of 19

ability associated with externally imposed laser gating. The results therefore support
the interpretation that feedback-mediated optical-thermal structural evolution provides a
physically plausible mechanism for long-timescale optical darkening under pulsed optical
trapping conditions.

6. Outlook and Future Work

The mechanistic framework developed here captures the emergence of optically dark
states driven by iron-oxide cores in the pre-plasma regime. By explicitly separating thermal,
optical, and bubble-mediated energy channels, the model provides a physically transparent
description of long-timescale feedback under pulsed optical trapping. An important direc-
tion for future work is to extend this framework beyond the isolated-core approximation by
incorporating multilayer structures, including polymer coatings and cellular membranes,
through explicit optical and thermal boundary conditions. Such extensions would enable
direct quantitative comparison with composite magnetic beads and biologically relevant
environments [22,25,28-30]. From a statistical-physics perspective, the dark state can be
viewed as a metastable nonequilibrium configuration sustained by periodic driving and
nonlinear feedback, rather than as a thermodynamic steady state. The transition to irre-
versible disruption corresponds to loss of boundedness in the internal energy-structure
phase space.

A second promising avenue is to explore the transition from the stable bubble-
breathing regime identified here to the onset of cavitation and plasma formation observed
at higher intensities. This will require coupling the present energy-partition model to
ionization dynamics, shock formation, and transient changes in optical constants [23,26].
Experimentally, simultaneous measurements of transmission, scattering, and acoustic emis-
sion could provide stringent tests of these extensions. Together, these developments would
establish a unified description of energy localization, structural reorganization, and plasma
generation in laser-driven magnetic micro- and nanosystems.

7. Conclusions

This study provides a mechanistic theoretical framework for understanding laser-
induced optically darkened region formation under pulsed optical trapping, with specific
emphasis on the role of an iron-oxide (Fe3Oy) core. By systematically building the model
from isolated nanoparticle heating to nonlinear, bubble-mediated absorption, we iden-
tify the minimum physical ingredients required to reproduce the qualitative behavior
observed experimentally.

Our analysis shows that although pulsed optical trapping generates extreme transient
heating within an iron core, rapid conductive dissipation prevents long-term energy storage
in the absence of nonlinear feedback. The emergence of a dark bubble fundamentally alters
this balance by increasing optical depth and suppressing dissipation, enabling slow optical—-
thermal feedback and RC-like growth—collapse cycles. When electromagnetic absorption is
treated self-consistently using full core—shell Mie theory, the iron core is shown to absorb a
substantial fraction of the focused laser power, placing the system in a strongly optically
thick regime.

Together, these results demonstrate that iron-core absorption provides a physically
plausible ignition mechanism sufficient to initiate feedback-mediated optically darkened
region formation, even without invoking explicit plasma, magnetic, or biological effects.
The framework developed here establishes a conservative baseline for interpreting experi-
mental observations and provides a foundation for future extensions incorporating plasma
kinetics, hydrodynamics, and magnetically driven morphology.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /biophysica6040056/s1, Figure S1: Thermal response of an isolated
Fe304 absorber under pulsed excitation. Simulated temperature evolution obtained from the lumped-
capacitance thermal model described in Section S1. Following each excitation event, the absorber cools
rapidly toward ambient temperature on a timescale much shorter than the experimentally observed
minute-scale darkening and recovery dynamics. The absence of significant thermal accumulation
between successive excitation cycles demonstrates that linear heating of an isolated Fe3O4 absorber
cannot account for the long-timescale optical response, motivating the introduction of a feedback-
mediated energy-storage mechanism. Figure S2: Conceptual schematic of the absorber-driven
optical feedback mechanism. Optical absorption by a Fe3O4-containing bead under pulsed near-
infrared illumination initiates formation of a bubble-mediated optically modified region surrounding
the absorber. Growth of this region increases the effective optical depth of the absorber-medium
system, reducing transmission and producing partial optical darkening. The feedback loop couples
absorbed optical power, bubble-channel energy storage, bubble-radius evolution, and transmission
changes. Relaxation and energy-loss processes limit expansion, resulting in bounded growth, finite
transmission plateaus, and recovery following removal of the optical drive. Figure S3: Sensitivity
analysis of the reduced-order feedback model. Effects of variations in the contraction timescale 7. and
feedback strength a;, on the predicted bubble and transmission dynamics. (a) Simulated bubble radius
Ry (t) for different values of the contraction timescale 7. (b) Corresponding normalized transmission
Pr/P;, demonstrating the influence of relaxation dynamics on recovery following laser-off intervals.
(c) Simulated bubble radius Ry (t) for different values of the feedback strength a;. (d) Corresponding
normalized transmission Pt/ Py, showing the effect of optical feedback on the magnitude of darkening.
Shaded regions indicate laser-on intervals. Across all parameter variations, the model preserves
bounded growth, finite transmission plateaus, and recovery after removal of the optical drive,
demonstrating robustness of the reduced-order feedback framework. Figure S4: Extraction of
effective ON/OFF driving sequences and reduced transmission-response modeling. (a) Experimental
diameter evolution of the optically darkened region together with the fitted growth—decay model.
(b) Diameter-derived ON/OFF gate sequence, where the charging interval corresponds to dD/dt > 0
and the discharging interval corresponds to dD/dt < 0. (c) Experimental transmission trace and
corresponding reduced first-order switching-model reconstruction. (d) Threshold-extracted ON/OFF
sequence obtained from the normalized transmission signal using hysteretic switching thresholds.
Figure S5: Conceptual representation of the absorber-driven feedback mechanism underlying the
reduced-order model. Optical absorption by the Fe3O4-containing bead generates a localized optically
modified region in the surrounding medium. Growth of this region increases the effective optical
depth, reduces transmission, and produces partial optical darkening. Relaxation and energy-loss
processes limit expansion, resulting in bounded growth and recovery following removal of the optical
drive. The schematic is intended as a phenomenological interpretation of the observed dynamics and
does not imply a specific microscopic mechanism. Figure S6: Additional validation and sensitivity
analysis of the reduced-order feedback model. Dependence of simulated bubble-radius evolution
and transmission dynamics on key phenomenological parameters, including the relaxation time
and optical-feedback strength. Variations in parameter values modify the quantitative growth rate,
maximum bubble size, and transmission plateau level, but do not alter the principal model predictions
of bounded growth, finite optical darkening, and recovery after cessation of illumination. These
results demonstrate that the qualitative behavior of the model is robust over physically reasonable
parameter ranges.
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