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ABSTRACT
Hydrogel-based photonic systems integrating luminescent emitters offer promise as soft, reconfigurable optical platforms, yetmost
designs lack internal optical engineering to control light propagation and confinement. Here, we present a lithographically pro-
grammable soft-photonic platform in which upconversion nanocrystals (UCNs) encapsulated within fluorocarbon nanoemulsion
droplets are embedded in a poly(ethylene glycol) diacrylate (PEGDA) hydrogel microdome. Upon drying, strong refractive index
contrast between the PEGDA matrix and fluorocarbon droplets creates a cooperative optical microenvironment that structures
the near-infrared (NIR) excitation beam into a speckle-like field with localized hot spots while extending the photon dwell time
within the microdome via internal reflection-based waveguiding. These effects yield a fully reversible, greater than sevenfold
enhancement of upconversion luminescence—well beyond simple concentration or mechanical densification. This optical gain
originates from multiple-scattering-assisted speckle excitation activated only in the contracted microdome state. Because UCNs
are pumped by invisible NIR speckle illumination that rapidly varies in 3D across themicrodome height, the incoherent sum of the
photoluminescence manifests as a homogeneous filter-free visible brightness increase. The hydrogel microdomes, fabricated via a
customized digital micromirror device (DMD)-based microlithography, enable high-resolution patterning of moisture-responsive
displays, multicolor emission motifs, and reversible QR-code encryption, establishing a scalable route toward speckle-engineered
soft photonic systems.
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Introduction

ydrogel-based photonic systems have attracted considerable
ttention as deformable optical platforms that respond to
nvironmental stimuli, including temperature [1, 2], humidity [3–
], pH [6, 7], and chemical stimuli [8–10]. By couplingmechanical
oftness with optical responsiveness, these systems offer distinct
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advantages for biosensing [11, 12], tunable optics [13], soft robotics
[14, 15], and dynamic displays [16–18]. In particular, integrating
luminescent species—such as organic dyes [19, 20], quantumdots
[21, 22], or lanthanide-doped nanocrystals [23, 24]—into hydrogel
matrices enables stimuli-responsive emitters whose intensity,
color, and spatial profile can be modulated by swelling or
other external inputs. Among these emitters, lanthanide-doped
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pconversionnanocrystals (UCNs) are especially attractive owing
o their ability to absorb low-energy near-infrared (NIR) photons
nd emit higher-energy visible light via anti-Stokes processes
25]. Their deep penetration, low background autofluorescence,
nd excellent photostability make them promising for biomedical
maging, volumetric displays, and anti-counterfeiting [26–31].
owever, their inherently low quantum yield—typically below
% under practical excitation conditions—has constrained

heir application in high-performance photonic devices [32, 33].
fforts to enhance UCNs emission have typically followed two
ain routes: intrinsic chemical strategies and extrinsic optical
nvironment engineering. Intrinsic approaches involve tailoring
anoparticle composition to suppress non-radiative loss and
mprove energy transfer through core–shell architecture [34],
opant concentration optimization [35], lattice selection [36], or
urface ligand modification [37]. While effective at the materials
evel, these strategies often require complex synthesis and offer
imited scalability. Extrinsic approaches instead engineer the
ptical surroundings by integrating UCNs with photonic crystals
38, 39], plasmonic structures [40, 41], dielectric resonators [42],
r waveguides [43], thereby amplifying excitation and emission
hrough local-field enhancement and photonic manipulation.
et such architecture typically relies on rigid substrates and
ithographically defined nanostructures, making them poorly
ompatible with soft, deformable, and scalable platforms.

ydrogels provide a 3D, aqueous-compatible, and mechanically
unable network that can serve as a soft and adaptive photonic
edium [44, 45]. Unlike rigid photonic architectures, they can
ndergo large, reversible volume changes, offering a route to
ynamically reconfigurable light–matter interactions [46]. Most
uminescent hydrogels, however, rely primarily on changes in
mitter density during swelling and deswelling, yielding only
odest intensity modulation and affording limited control over
ight propagation or confinement [47, 48]. Without internal
ptical engineering—such as refractive index contrast or embed-
ed scattering domains—light–matter interactions remain ineffi-
ient. An alternative strategy is to optically engineer the hydrogel
ost by introducing high–refractive index–contrast nanodomains
hat, upon drying, generate a disordered scattering landscape. In
uchmedia, multiple scattering extends the effective photon path
ength and can create speckle-like excitation hot spots, thereby
nhancing the probability of absorption and emission events. For
anthanide-doped UCNs—whose emission arises from nonlin-
ar, multiphoton absorption—this structurally defined excitation
ield is particularly effective. Moreover, because UCNs are
umped by near-infrared light that is invisible to the human eye,
he structurally induced enhancementmanifests as a clean, filter-
ree increase in visible luminescence—unlike downconversion
ye systems excited in the visible range, where structural amplifi-
ation inevitably brightens both excitation leakage and emission,
egrading naked-eye contrast without optical filters. Embedding
uch scattering nanodomains within hydrogels thus offers a
romising route to soft optical amplifiers that couple volumetric
eformation with high-contrast, filter-free luminescence control.

n this study, we introduce a structurally reconfigurable and digi-
ally patternable soft photonic platform based on nanoemulsion-
onfined hydrogel microdomes for the dynamic modulation
nd amplification of upconversion luminescence, extending
peckle-based light management—previously limited to rigid
of 15
systems—into soft, stimuli-responsive materials. Size-controlled,
UCN-loaded FC-40 nanoemulsion droplets are embedded in a
poly(ethylene glycol) diacrylate (PEGDA) hydrogel matrix, creat-
ing an internal optical landscape that exploits strong refractive
index contrast and spatial confinement to activate cooperative
light-amplification effects. In the dry, contracted state, multiple
scattering and interference at the nanoemulsion–hydrogel gen-
erate a speckle-like excitation field with localized high-intensity
hot spots, effectively increasing the local excitation fluence expe-
rienced by the nonlinear UCNs. Simultaneously, total internal
reflection within the hydrogel microdomes increases photon
path length, or in other words, the photon dwell time of the
excitation beam within each microdome, thereby further ampli-
fying light-UCN interactions for photoluminescence generation.
Acting together, these effects produce a reversible, nonlinear
luminescence enhancement exceeding sevenfold—well beyond
what is achievable through emitter concentration or simple
densification alone. The microdome structures are fabricated
using a customized digital micromirror device (DMD)-based
maskless lithography system, enabling scalable, high-resolution
patterning with arbitrary geometry. Through systematic control
experiments, we decouple physical densification from optical
confinement and confirm that the observed enhancement is
driven by structural light management. Finally, we demonstrate
programmable photonic functionalities—including moisture-
triggered message reveal and reversible QR-code encryption—
that highlight the platform’s potential for optical security and
smart labeling.

2 Results

2.1 Hydrogel Microdome Design for Reversible
Modulation and Amplification of Upconversion
Luminescence via Optical Confinement Effects

To achieve reversible modulation and amplification of upcon-
version luminescence via structural light confinement, we
designed a hydrogel microdome photonic system in which UCN-
loaded nanoemulsion droplets are confined within a crosslinked
PEGDA matrix. The volumetric responsiveness of microdomes
enables structural and optical reconfiguration upon hydration,
providing dynamic control over speckle-assisted luminescence
enhancement. Lanthanide-doped hexagonal-phase UCNs were
first synthesized and dispersed in fluorocarbon oil (FC-40) to
form the oil phase. This oil phase was emulsified into an
aqueous solution (continuous phase) containing PEGDA700,
photoinitiator (Darocur 1173), andnonionic surfactant Pluronic F-
68 (PF-68) (Figure 1a). High-pressure homogenization produced
a uniform, stable oil-in-water nanoemulsion in which UCNs
were encapsulated within FC-40 droplets, allowing control over
droplet size and homogeneous distribution of UCNs (Figure 1b).
Subsequent 365 nm UV exposure induced photopolymerization
of the PEGDA phase, yielding a covalently crosslinked hydrogel
network in which the UCN-loaded FC-40 nanoemulsion droplets
are stably immobilized (Figure 1c). To generate spatially defined
microstructures, this photocurable nanoemulsion ink was pat-
terned using a customized DMD-based maskless lithography
setup [36, 49–51]. Programmable circular masks produced arrays
of microdomes with controlled lateral dimensions, height, and
spacing (Figure 1d, top). Centimeter-scale arrays of microdomes
Advanced Functional Materials, 2026
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FIGURE 1 Fabrication of structurally reconfigurable microdome arrays for speckle-engineered upconversion luminescence enhancement. (a)
Pre-emulsion formed by dispersing UCN-loaded FC-40 oil droplets into an aqueous PEGDA/PF-68 solution. (b) High-pressure homogenization
generates uniform UCN-loaded FC-40 nanoemulsion droplets. (c) UV photo-crosslinking encapsulates UCN-loaded nanoemulsion droplets within a
hydrogel network. (d) DMD-based microlithography patterns microdomes (top), and a centimeter-scale microdome array displaying homogeneous
green luminescence (bottom). (e,f) Schematic and corresponding bright-field/luminescence images of contracted (dry) and expanded (swollen) states
showing reversible luminescence switching. Scale bars: (d, left) 1cm; (d, right) 100 µm; (e and f) 100 µm.
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abricated via DMD lithography display homogeneous green
pconversion luminescence across the entire field of view.Magni-
ied regions confirm consistent emission from individual domes.
Figure 1d, bottom).

hese microdomes exhibit hydration-dependent structural and
ptical changes. In the dehydrated (contracted) state, the PEGDA
etwork retains densely packed UCN-loaded nanoemulsion
roplets,maximizing the refractive index contrast among PEGDA
n ≈ 1.46), FC-40 (n ≈ 1.29), and the surrounding air (n = 1.00).
his configuration generates a multiply scattering, speckle-like
IR excitation field with localized hot spots, while simultane-
usly increasing photon dwell time via internal reflection within
dvanced Functional Materials, 2026
the dome geometry, resulting in bright upconversion lumines-
cence (Figure 1e). Uponwater uptake, the hydrogel swells and the
inter-droplet spacing increases within a hydrated PEGDA–water
matrix of lower effective refractive index (n≈1.38). This index
matching weakens speckle formation and substantially increases
the total internal reflection angle, resulting in diminished lumi-
nescence (Figure 1f). The bottom panels of Figure 1e and f
visualize this reversible transition: bright-field images show that
hydrated microdomes become more transparent due to reduced
scattering upon swelling, while 980 nm–excited luminescence
images reveal a pronounced decrease in green upconversion
brightness. Beyond this intensity modulation, the emission
remains spatially uniform across each dome in both states,
3 of 15
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ndicating that the nanoemulsion droplets and the underlying
ptical microenvironment are preserved throughout repeated
ydration–dehydration cycles. These results demonstrate that
anoemulsion-confined PEGDA microdomes provide a robust,
igitally patternable architecture for implementing speckle-based
ptical confinement and reversible amplification of upconversion
uminescence.

.2 Encapsulation of UCNs in Nanoemulsion
roplets

anoemulsions are kinetically stable oil-in-water dispersions
haracterized by submicron droplet sizes, typically below a
ew hundred nanometers [52, 53]. In this study, we employ
fluorocarbon-based nanoemulsion to embed discrete, low-

efractive index domains within a PEGDA hydrogel matrix,
hereby establishing the internal refractive index contrast for
ight confinement and amplification. The precursor solution
onsists of two immiscible phases: an aqueous phase containing
6 % (v/v) PEGDA, 59 % (v/v) water, and 5 % (v/v) of the
onionic surfactant PF-68 (100 mL total), and an oil phase
omprising FC-40 loaded with 1 g of lanthanide-doped UCNs
50 mL) (Figure 2a-i; Figure S1). Mechanical stirring of the
iphasic mixture produces a coarse pre-emulsion in which
rregularly sized, UCN-loaded FC-40 droplets are dispersed in
he aqueous PEGDA/PF-68 solution (Figure 2a-ii). This pre-
mulsion is then subjected to high-pressure homogenization at
5 000 psi for up to 10 passes, yielding a well-defined oil-in-water
anoemulsion with narrowly distributed droplet sizes (Figure 2a-
ii). Transmission electron microscopy (TEM) confirms the
ncapsulation and spatial confinement of UCNs (Figure 2b).
he β-phase NaYF4:Yb3+/Er3+/Gd3+ UCNs, synthesized via a
onventional hydrothermal route, appear as rod-like nanocrystals
left panel). After high-pressure homogenization, individual
ods are clearly observed within FC-40 droplets (middle panel),
nd these droplets remain embedded and immobilized within
he photo-crosslinked PEGDA hydrogel network (right panel).
he corresponding photoluminescence spectrum shows a green
pconversion peak near 550 nm under 980 nm excitation, con-
istent with the stoichiometrically optimized dopant composition
Figure 2c).

o qualitatively assess nanoemulsion uniformity, we compared
he emission from pre-emulsion and nanoemulsion samples at
ultiple positions. In the pre-emulsion state, large and polydis-
erse oil droplets—together with sedimented UCN aggregates
utside droplets—lead to pronounced spatial fluctuations in
mission intensity. In contrast, samples that underwent more
han 10 homogenization passes display visually homogeneous
uminescence (Figure 2d) and no visible phase separation
etween oil and aqueous phases, with line scans revealing nearly
onstant intensity across the field of view (Figure 2e).

o quantify these observations, dynamic light scattering (DLS)
as further used to quantify droplet size as a function of
omogenization passes. After 5 passes, the emulsion exhibits a
elatively broad size distributionwith a polydispersity index (PDI)
f approximately 0.1. Beyond 10 passes, the PDI drops below
.047, indicating a highly monodisperse nanoemulsion with an
verage droplet diameter of 340 nm (Figure 2f; Table S1). Zeta
of 15
potential measurement yields a value of approximately −22 mV,
reflecting sufficient electrostatic and steric stabilization provided
by PF-68 to suppress droplet coalescence and maintain colloidal
stability over time (Figure 2g). Taken together, these results
confirm that hydrophobic UCNs can be dispersed within FC-40
nanoemulsion droplets with high uniformity (PDI< 0.05) and
colloidal stability (ζ ≈ −22 mV), obviating the need for additional
surface treatments such as silica coating or fluorinated ligand
functionalization.

2.3 Structural Optical Confinement Drives
Enhancement of Upconversion Emission

A single microdome was prepared by exposing the UCN-loaded
nanoemulsion precursor solution containing the photoinitiator to
patterned 365 nm illumination using a customized DMD-based
maskless microlithography system onto an acrylated glass sub-
strate. The resulting PEGDAhydrogel effectively encapsulates the
UCN-loaded nanoemulsion droplets within a crosslinked PEGDA
matrix whose volume can reversibly expand upon hydration and
contract upon dehydration (Movie S1). These intrinsic features of
the hydrogel network give rise to pronounced reversible changes
in UCN luminescence under 980 nm excitation (Movie S2). In
the swollen state, the emission is strongly attenuated and can be
regarded as effectively “off”; upon dehydration, the luminescence
turns “on” with markedly enhanced brightness (Figure 3a). The
photoluminescence spectra confirm that the characteristic Er3+
bands (∼540 and 655 nm) intensify dramatically by approxi-
mately sevenfold in the contracted state and nearly vanish upon
rehydration, demonstrating robust reversibility over repeated
cycles (Figure 3b). Peak-normalized spectra further show that the
hydrated and dehydrated spectra overlap closely after normaliza-
tion to the Er3+ green-band maximum, indicating that hydration
predominantly scales the emission intensity without appreciable
changes in spectral shape or the red-to-green ratio (Figure S2
and Table S2). Consistent with this intensity-only scaling, the
green-dominant appearance in camera images should not be
interpreted as selective detection of the green band; instead, it
reflects the wavelength-dependent responsivity of silicon-based
RGB sensors (reduced sensitivity in the far-red) together with
built-in NIR-rejection optics commonly present in commercial
cameras. Accordingly, all photographs shown in the manuscript
correspond to the camera’s full merged RGB output under 980
nm excitation (Figure S3). Moreover, photoluminescence lifetime
measurements shownomeasurable change between the hydrated
and dehydrated states (Note S2 and Figure S4), confirming that
the intrinsic emission efficiency of theUCNs remains unchanged.
These results collectively demonstrate that the observed switch-
ing and amplification originate from hydration-controlled optical
light management in the microdome architecture, rather than
from any modification of the intrinsic emitter properties.

Upon dehydration, water evaporation causes the microdome to
contract, increasing the local density of encapsulated nanoemul-
sion droplets. More importantly, this contraction, combined with
the presence of FC-40 droplets, generates a porousmicrostructure
with high refractive index contrast among the PEGDAmatrix (n≈

1.46), FC-40 droplets (n≈ 1.29), and the surrounding air (n= 1.00).
Cross-sectional SEM images of freeze-dried microdomes directly
visualize this structural transformation (Figure 3c; Figure S5).
Advanced Functional Materials, 2026
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FIGURE 2 Preparation and characterization of UCN-loaded nanoemulsion droplets. (a) Schematic of the nanoemulsion formulation process: (i)
UCNs dispersed in FC-40 combined with aqueous PEGDA/DI water/PF-68 solution; (ii) mechanical stirring produces a coarse pre-emulsion; (iii) high-
pressure homogenization yields a uniform oil-in-water nanoemulsion. (b) TEM images of UCNs (left), UCNs within FC-40 droplets (middle), and UCN-
loaded nanoemulsion droplets embedded in PEGDAhydrogel (right). Scale bars: 50 nm. (c) Upconversion emission spectrumof the nanoemulsion under
980 nm excitation. Spectra are shown as raw spectrometer counts (a.u., not normalized) acquired under identical conditions (500mW; 220 µm spot size).
Spectral acquisition conditions are detailed in Note S1 (d) Luminescence comparison of pre-emulsion and nanoemulsion (N = 0–30 passes). (e) Spatial
intensity profiles of luminescence from pre-emulsion and nanoemulsion. (f) DLS-measured droplet size distributions as a function of homogenization
passes. (g) Zeta potential measurement confirming colloidal stability of the nanoemulsion.
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o preserve the internal morphology, samples in both hydrated
nd dehydrated states were rapidly frozen in liquid nitrogen and
ubsequently lyophilized. In the dehydrated state, the PEGDA
atrix is already contracted around the FC-40 droplets prior
o freezing; upon lyophilization, the low-boiling-point FC-40
vaporates, leaving well-defined spherical pores that reflect the
riginal droplet size and distribution. The uniform pore size is
onsistent with the monodisperse droplet distribution achieved
y high-pressure homogenization. In contrast, the hydrated
icrodome is frozen while the PEGDA network remains swollen
ith water; during lyophilization, ice sublimation causes the
dvanced Functional Materials, 2026
expanded polymer network to collapse, filling the space around
the nanoemulsion droplets and resulting in a relatively smooth,
continuous morphology with no discernible pore structure.

To disentangle simple volumetric effects from optical confine-
ment mechanisms, we employed a controlled volumetric tuning
strategy using PEG200–water mixtures of varying composition
(Figure 3d). PEG200 permeates the porous network without sig-
nificantly swelling the polymer chains, enabling osmotic adjust-
ment of the microdome volume while keeping the internal pores
filled with liquid rather than air. As the external PEG200 fraction
5 of 15
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FIGURE 3 Upconversion luminescence amplification in dried UCN-loaded nanoemulsion microdomes beyond simple volumetric effects. (a)
Bright-field and luminescence images of a singlemicrodome in the expanded and contracted states. Scale bar: 100 µm. (b) Upconversion emission spectra
confirming sevenfold luminescence intensity increase. (c) Cross-sectional SEM images of freeze-dried microdomes in hydrated and dehydrated states.
Scale bar: 1 µm. (d) Bright-field and luminescence images of microdomes equilibrated in PEG200/DIW mixtures at varying volume ratios. Scale bar:
100 µm. (e) Corresponding photoluminescence spectra as a function of PEG200 content. (f) Relative upconversion intensity as a function of microdome
volume. Integrated emission is plotted as relative intensity (I/Ihydrated), where Ihydrated is the integrated emission of the fully expanded microdome in DI
water. (g) Upconversion intensity of diluted nanoemulsion solutions plotted as relative intensity (I/I100 %), where I100 % is the undiluted sample.
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ncreased, themicrodome volume decreased progressively, result-
ng in a modest ∼2.5-fold increase in emission intensity accom-
anied by reduced optical transmittance (Figure 3d,e; Figure S6).
onsistent with this interpretation, normalized spectra across the
EG200 series (Figure S7) exhibit similar band shapes, and the
orresponding red-to-green peak ratio remains nearly constant,
uggesting that PEG200-driven volume tuning mainly modulates
verall brightness rather than altering the intrinsicUCNemission
athways. Notably, when the surrounding medium consisted
f pure PEG200, the microdome volume approached that of
he fully dehydrated state; however, air-dried microdomes still
xhibited approximately 2.5-fold higher emission intensity than
heir PEG200-immersed counterparts at comparable volumes
Figure 3f). Here, the intensity is reported as relative intensity
I/Ihydrated), where Ihydrated is the integrated emission measured
rom the fully expanded microdome in DI water under identical
cquisition settings. This intensity offset at matched volumes
of 15
indicates that dehydration introduces an additional optical gain
beyond volumetric densification alone. This difference can be
attributed to the distinct refractive index landscapes in the two
states: in the driedmicrodome, high contrast among PEGDA (n≈

1.46), FC-40 (n≈ 1.29), and air (n= 1.00)maximizes bothmultiple
scattering and waveguiding effects, whereas in the PEG200-
filled microdome, the similar refractive indices of PEGDA and
PEG200 (n ≈ 1.45) diminish these optical effects. The critical role
of refractive index contrast was further verified by comparing
nanoemulsion systems with different oils (Figure S8). In the case
of silicone oil nanoemulsion (n ≈ 1.4), the solution appeared
nearly transparent due to the small refractive index difference
with PEGDA. Although this system showed approximately 5-fold
enhancement when dried, this increase started from a signif-
icantly weaker baseline intensity; consequently, the absolute
emission intensity remained substantially lower than that of the
FC-40 system, which achieved greater than 7-fold enhancement.
Advanced Functional Materials, 2026
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oreover, PEGDA solution containing bare hydrophilic UCNs
ithout oil droplet emulsion completely eliminated the scattering
nterface and showed minimal emission, confirming that the
anoemulsion-induced refractive index heterogeneity is essential
or luminescence amplification.

o further confirm that the enhancement does not arise from
imple emitter densification, we examined the luminescence
ntensity of UCN-loaded nanoemulsion solutions in the absence
f a hydrogel matrix by systematically varying the nanoemul-
ion concentration through dilution with the continuous phase,
nd plotted the intensity as relative intensity (I/I100 %), where
100 % denotes the signal of the undiluted nanoemulsion mea-
ured under identical acquisition settings (Figure 3g; Figure
9). Increasing the nanoemulsion content led to a linear
ncrease in emission intensity, as expected for a concentration-
ominated process in a homogeneous medium. This linear
elationship contrasts sharply with the nonlinear, greater-than-
evenfold enhancement observed in dehydrated microdomes,
emonstrating that structural optical confinement—specifically,
ultiple scattering and photon trapping within the high-index-
ontrast architecture—is the dominant mechanism. The quan-
itative relationship between this scattering microenvironment
nd upconversion amplification is further examined through
peckle-resolved analysis in the following section.

.4 Reconfigurable Speckle-Engineering Enables
ynamic Modulation of Nonlinear Upconversion
uminescence

o experimentally verify the dynamic scattering tunability of the
anoemulsion-confined microdomes, we quantified the speckle
haracteristics of the 980 nm excitation field in both hydra-
ion states. Speckle contrast C, defined as the ratio of the
tandard deviation to the mean intensity (C = σ/⟨I⟩), provides
direct measure of scattering-induced intensity fluctuations.
he contracted (dehydrated) microdomes exhibit consistently
igher speckle contrast (∼0.35–0.45) than expanded (hydrated)
icrodomes (∼0.17–0.25) across all relevant thicknesses (∼50
m for contracted, ∼70 µm for expanded states), representing
pproximately a two-fold enhancement (Figure S10a). Further-
ore, the average speckle grain size decreases from ∼1.6 µm in
he expanded state to ∼1.4 µm in the contracted state, indicat-
ng the formation of finer, more localized excitation hot spots
pon dehydration (Figure S10b). This enhanced speckle contrast
nd reduced grain size confirm that dehydration activates a
trongly scattering microenvironment with pronounced intensity
luctuations. Given the nonlinear, multiphoton nature of the
pconversion process, this speckle-engineered excitation field—
here localized high-intensity hot spots drive disproportionately
tronger emission—contributes significantly to the observed
evenfold luminescence enhancement.

o further understand this relationship, we performed numerical
imulations to directly visualize the photoluminescence gener-
ted in the 3D volume of each microdome in the contracted and
xpanded states. To perform the simulations, we first measured
he scattering mean free paths of both states. Since ballistic pho-
ons decay exponentially upon propagation through scattering
edia, we prepared samples of varying thicknesses for both states
dvanced Functional Materials, 2026
and measured the remaining ballistic photons after propagation
through each sample. The scattering mean free paths for the
contracted and expanded states were found to be 15.6 and 57.3
µm, respectively, demonstrating the dynamic and reconfigurable
scattering engineering enabled by hydration and dehydration
cycles (Figure S11).

Next, the anisotropy factor g, which describes the degree of
direction change upon each scattering event, was quantified
based on Mie scattering using the average size of the
nanoemulsion droplets and the refractive indices of the droplets
and the surrounding media [54]. The anisotropy factors g for
the contracted and expanded states were found to be 0.5681 and
0.5385, respectively. The obtained scattering mean free path and
anisotropy factor of each microdome state were used to design
thin random phase plates displaying the corresponding scattering
characteristics. The angular spectrum method was then used
to propagate the optical field through all phase plates, enabling
us to visualize the evolution of the excitation beam intensity
profile along the microdome volume (Figure 4a,b) [55, 56]. As
anticipated, the contracted state showed a faster development of
speckles, resulting in excitation flux concentrating into multiple
high-intensity hot spots (speckles) and brighter upconversion
photoluminescence. This behavior originates from the nonlinear
dependence of UCN upconversion on excitation intensity.
Briefly, for the same total incident excitation energy, a speckle-
like (interference-structured) excitation field—containing
stochastic hot spots—drives nonlinear upconversion more
efficiently than a spatially homogeneous excitation intensity
distribution.

Finally, to quantitatively compare the overall photolumines-
cence brightness of each microdome under different speckle
conditions, we integrated the depth-dependent emission pre-
dicted for each optical configuration. Importantly, the intrinsic
nonlinearity of our UCN system was experimentally deter-
mined by excitation-flux-dependent measurements, which yield
a log-log slope of 1.68 (Figure S12). Using this experimentally
determined scaling, we incorporated the nonlinear upconver-
sion response into the brightness calculation while assuming
a uniform spatial distribution of UCN-loaded nanoemulsion
droplets within the microdome. This treatment captures the
key physical consequence of speckle formation—namely, that
localized high-fluence hot spots contribute disproportionately to
the net upconversion output—allowing a direct, configuration-
by-configuration comparison of predicted microdome brightness
under structured excitation fields. Considering the dilution of
the UCN emulsion density, as well as the volume change upon
expansion (hydration), we confirmed that a ∼2.2-fold photolu-
minescence enhancement can be obtained based solely on the
different speckle illumination characteristics between the two
states (Figure 4c).

2.5 Scattering-Enabled Photon Trapping and
Geometry-Dependent Outcoupling Provide
Cooperative Gain Beyond Speckle

While the scattered speckle illumination due to the heteroge-
neous refractive index distribution in the microdome design
indeed enhanced the photoluminescence, it could not solely
7 of 15
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FIGURE 4 Dynamic speckle engineering to exploit UCN nonlinear photoluminescence for reconfigurable soft upconversion photonics. (a) Wave
propagation simulation visualizing the illumination intensity per depth inside UCN-loaded nanoemulsion microdomes. Top: schematic of the random
phase platesmodel. Bottom: speckle illumination intensity distribution per depth for expanded and contracted states. (b) Line cross-sections of excitation
intensity across microdome thickness. (c) Calculated UCN photoluminescence intensity per depth, showing ∼2.2-fold enhancement between hydration
and dehydration states. Dark lines: average photoluminescence obtained for over 100 random realizations of each scattering microdome, and the light
shades show the standard deviation. Please note that the microdome in the expanded state is taller than in the contracted state, as shown in the graph.

FIGURE 5 Scattering-enabled waveguiding increases the pump photon residence time in contracted microdomes. (a) Without nanoemulsion-
induced scattering, the 980 nm pump primarily propagates in a near-single pass, giving minimal path-length enhancement regardless of boundary
condition (dry or wet). (b) With embedded UCN-loaded nanoemulsions, multiple scattering redistributes the excitation beam into a broad angular
spectrum, enabling total internal reflection and extended optical paths. The microdome/air interface (contracted state, blue dotted square) supports a
smaller critical angle than the microdome/water interface (expanded state, green dotted square), leading to stronger confinement and longer effective
path length in the dry state.
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xplain the higher enhancement exceeding sevenfold that we
bserved in experiments. This higher enhancement is due to an
dditional advantage gained by extended optical path lengths
photon dwell time) through the microdome due to scattering
nd waveguiding effects associated with the high refractive index
nhomogeneities in the composite structure (Figure 5). As in
ptical fibers, light propagating in a medium with a higher
efractive index than the surrounding can undergo total internal
eflection at the boundaries resulting in waveguiding of light.
he effective NA (numerical aperture) of such a waveguide is
iven by 𝑁𝐴 =

√
𝑛
2

𝑖𝑛
− 𝑛

2

𝑜𝑢𝑡
, where nin is the refractive index of

he medium that light propagates in, and nout is the refractive
ndex of the surrounding medium. Light rays with angles within
of 15
this effective NA will be guided through the waveguide via total
internal reflection.

However, without speckle engineering, this does not result in
reprogrammable change in photoluminescence as shown in
Figure 5a. When there is no scattering to generate various angles
of excitation light, the excitation beam simply passes through
the entire structure in a single pass, regardless of the refractive
index difference at the boundary. The UCNs within such a struc-
ture, therefore, only have the probability of being excited once
during a single straight photon passage, whether the structure
is dry or wet. However, when UCN-loaded nanoemulsions are
embedded, the excitation light is scattered inside the microdome
Advanced Functional Materials, 2026
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aveguide, generating multiple paths with different respective
ngles (Figure 5b). For the contracted state (dehydrated), the
efractive index difference between the microdome and air gives
critical angle of 43◦, where all beams with higher angles are
uided back into the microdome. Due to the scattering and
ultiple reflections, the effective optical path length is extended
nside the microdome, resulting in a higher probability for the
CNs to be excited during the longer excitation beam path,
ven under the same incident illumination power. The expanded
tate (hydrated) also supports total internal reflection; however,
or a higher angle of 74◦, resulting in less scattered light that
an be guided back into the microdomes. To be quantitative,
e performed a Monte Carlo-type simulation where 2 million
eams with random angles were generated and inserted into the
orrespondingwaveguides.Wemade a simulation approximating
icropillars with flat surface boundaries and compared the
elative optical path lengths for the beams injected into the
et and dry micropillars. For incident beams encompassing an
A of 1, we found that the dry micropillars supported effective
ptical path lengths that are longer than the wet micropillars
n average by 10.5-fold. Combining the previous enhancement
rom the speckle illumination alone, we now obtain a 23-fold
verall dynamic photoluminescence enhancement between the
wo states based on first-order approximations. Considering that
ur first order approximations neglected light leakage due to
urface irregularities, the exact microdome 3D shape geometry,
nd back reflection frommultiple scattering, which result in over-
stimations, our simulations clearly demonstrate how speckle
eneration and waveguiding play a synergistic role in enabling
he reconfigurable soft nonlinear photonic platform that we have
emonstrated.

hile simulations clearly demonstrate the synergy between
tructural optical confinement and nonlinear amplification of
he speckle-engineered excitation field, we conducted further
xperiments to quantify the individual contributions of these
ynergistic effects. To decouple the role of structural optical
onfinement from that of nonlinear amplification, we leveraged
he well-known saturation behavior of lanthanide-doped UCN
hotoluminescence nonlinearity at elevated excitation intensi-
ies. Under the practical excitation flux used throughout this
ork (∼0.01 mW/µm2), the UCN photoluminescence exhibits a
onlinearity exponent of 1.68 with respect to excitation intensity.
s excitation flux is increased toward the saturation regime, this
xponent decreases progressively toward 1.18 (near-linear, Figure
12). Crucially, the structural optical confinement effects — the
efractive index landscape of the contracted microdome and the
esulting scattering mean free path, and internal reflection-based
aveguiding characteristics — are all independent of excitation
ntensity. Measuring the photoluminescence enhancement ratio
etween the contracted and expanded states as a function of
xcitation flux, therefore, provides a direct experimental window
o isolate these two contributions. As shown in Figure S13,
he enhancement ratio decreases progressively from ∼7-fold
t the practical excitation flux to ∼3-fold as photolumines-
ence nonlinearity approaches saturation. This residual ∼3-fold
nhancement under near-linear excitation conditions represents
he contribution of structural optical confinement alone — the
ombination of shortened scattering mean free path (15.6 µm
n the contracted state vs. 57.3 µm in the expanded state) and
nhanced internal reflection-based waveguiding arising from
dvanced Functional Materials, 2026
the larger refractive index contrast at the microdome/air inter-
face (critical angle 43◦) in the contracted state relative to the
microdome/water interface (critical angle 74◦) in the expanded
state. The remaining ∼2.3-fold factor is attributed to the non-
linear amplification of the speckle-engineered excitation field:
in the contracted state, the higher speckle contrast (∼0.35–
0.45 vs. ∼0.17–0.25 in the expanded state) generates localized
high-intensity hot spots that drive disproportionately stronger
upconversion emission through the multiphoton nature of the
process. The ∼2.3-fold contribution from speckle illumination
combined with UCN nonlinearity is in close quantitative agree-
ment with the simulated ∼2.2-fold nonlinear enhancement
(Figure 4c), providing independent validation of the physical
model.

Taken together, the volumetric controls, speckle-resolved
measurements, simulations, and photoluminescence saturation
experiments provide a quantitative picture of the total ∼7-fold
enhancement in the contracted microdomes. Structural optical
confinement — multiple scattering within the high-refractive-
index-contrast nanoemulsion architecture and enhanced internal
reflection-based waveguiding at the microdome/air interface —
accounts for approximately 3-fold, while nonlinear amplification
of the speckle-engineered excitation field by the multiphoton
upconversion process contributes an additional approximately
2.3-fold. Acting synergistically, these two mechanisms together
produce the observed greater-than-sevenfold brightness
enhancement, well beyond what is achievable through emitter
densification or structural confinement alone. While the 980
nm intensity exhibits strong speckle-like fluctuations on the
micrometer scale, the corresponding green upconversion
emission profile is considerably smoother and lacks a speckle
signature. This behavior reflects the incoherent nature of
the emission and indicates that the visible output effectively
integrates over the structured excitation field, rather than
reproducing its granular pattern.

2.6 Structural and Optical Stability of
Microdomes Containing Nanoemulsion Droplets

Large-area arrays of UCN-loaded nanoemulsion microdomes
were fabricated using programmable DMD-based microlithog-
raphy. The automated program enables rapid patterning based
on user-defined parameters such as array dimensions, pitch,
exposure dose, and dwell time (Movie S3). A representative 6
× 5 array of microdomes exhibits a high degree of structural
and optical uniformity, with each dome measuring 200 µm in
diameter at a center-to-center pitch of 400 µm (Figure 6a).
The upconversion emission is highly homogeneous across the
array. Line profile analysis of the luminescence confirms uni-
form peak intensities and spacing between adjacent domes
(Figure 6b). Upon immersion in water, the array undergoes
reversible intensity switching, with bright emission in the con-
tracted (dehydrated) state and strongly attenuated emission in the
expanded (hydrated) state. Time-resolved luminescence traces
(integration time: 8ms) show that the emission begins to decrease
within ∼25 ms after water contact, indicating a sub-0.1 s onset
of the hydration-triggered ON-OFF response (Figure S14). Time-
stamped frames from Figure S15 and Movie S2 further illustrate
the practical switching dynamics, where the emission becomes
9 of 15
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FIGURE 6 Reversible optical switching and structural stability of nanoemulsion-confined microdomes. (a) SEM image of a representative 4 × 3
sub-region of a 6 × 5 microdome array (shown to resolve individual dome morphology), together with luminescence images of the 6 × 5 array in the
contracted and expanded states. Scale bar: 100 µm. (b) Line profiles are shown as relative intensity (I/IExpansion,mean), normalized to themean intensity of
the dehydrated (contracted) state measured along the same line. (c) Cycling stability of luminescence switching over 100 hydration–dehydration cycles.
Relative intensity (I/IExpansion,mean) is normalized to the mean intensity of the expansion state. (d) Long-term rinsing stability over 60 min, showing
negligible loss in emission intensity. Relative intensity (I/IInitial) is normalized to the initial intensity. (insets: luminescence images at 0 and 60 min).
Scale bar: 100 µm. (e) Thermal stability from 25 to 90◦C (left) and Relative intensity plot (I/IInitial) (right). Scale bar: 100 µm.
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trongly attenuated within seconds under direct water exposure.
his ON–OFF switching behavior persists over at least 100
ydration–dehydration cycles with <4 % ON-state drift, demon-
trating excellent mechanical and optical durability (Figure 6c;
igure S16 and Note S3). For cycling tests, hydration was induced
y placing a water droplet on the glass substrate to fully swell the
icrodomes, and dehydration was achieved by N2-gun blowing
or 30 s; because residual moisture can continue to evaporate
nder NIR illumination and cause a gradual intensity drift, the
ON” state was recorded only after the emission reached a stable
lateau.

e next evaluated the chemical stability of the encapsulated
roplets within the hydrogel matrix. Continuous rinsing of
he microdome array in water for up to 60 min produced no
ignificant change in emission intensity (Figure 6d; Figure S17),
0 of 15
indicating strong retention of UCN-loaded FC-40 droplets with
minimal leaching or coalescence. The thermal stability of the
microdomes was further assessed on a temperature-controlled
stage by monitoring the luminescence at 10◦C increments
from 25◦C to 90◦C (Figure 6e; Figure S18). Over this range,
both microdome geometry and upconversion intensity remained
essentially constant, with only minor variation observed at the
highest temperatures. This indicates that the crosslinked PEGDA
network effectively stabilizes the nanoemulsion droplets against
thermal destabilization—a common limitation of conventional
nanoemulsion systems. Together, these results demonstrate that
the nanoemulsion-confined PEGDA microdome architecture
provides robust, reversible, and spatially uniform optical switch-
ing while maintaining colloidal and structural integrity under
repeated cycling, prolonged aqueous exposure, and elevated
temperatures.
Advanced Functional Materials, 2026
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.7 Programmable and Environment-Responsive
hotonic Encoding with Microdome Architectures

o demonstrate the programmable and environment-responsive
ptical functionality of the nanoemulsion-confined microdome
ystem, we fabricated a series of pattern-encoded photonic arrays
ith spatially defined luminescence. These examples highlight
he utility of the hydrogel architecture for information display,
oncealment, and environment-sensitive encoding. As illustrated
n Figure 7a, pre-patterned letters composed of multicolor UCNs
green, blue, yellow, white, and red; Table S3) embedded in a
igid polyurethane acrylate (PUA) matrix were overlaid with
anoemulsion microdomes (Figures S19 and S20 and Tables
4 and S5). Owing to their reversible swelling and contraction
ehavior, the microdomes optically conceal or reveal the under-
ying letters depending on the hydration state. In the dry state,
right and uniform upconversion emission from the microdome
ayer masks the background, whereas in the swollen state, the
icrodome emission is strongly quenched, and the embedded
ulticolor “HELLO” pattern in the PUA layer—unaffected by
ydration—appears clearly in both luminescence and bright-
ield images (Figure 7a). This dual-modality readout enables
ontrolled visibility switching, offering potential applications in
ynamic labeling or anti-counterfeiting.

eyond concealment, the high-resolution capability of our cus-
omizedDMD-basedmicrolithography system enables patterning
f individual microdomes into custom shapes with sharp emis-
ion boundaries, ranging from simple polygons to more intricate
cons (Figure 7b). These geometrically defined structures demon-
trate the versatility of the microdome lithography platform
or generating complex photonic layouts. The scalability of the
rocess is further demonstrated in Figure 7c, where a large-area
rray of green nanoemulsion microdomes conceals underlying
CNspatterns in a PUAmatrix depicting emoji faceswith distinct
olors (red, green, and white). In the contracted state, the bright
icrodome emission obscures the background. Local swelling
pon underwater immersion selectively quenches emission in
argeted regions, allowing the hidden faces to emerge with high
patial fidelity and on/off contrast.

he system also offers programmable thresholds for information
eveal. A key advantage is that the relative brightness of the back-
round layer can be tuned by adjusting the UCNs concentration
n the PUA matrix, thereby setting the environmental threshold
t which hidden information becomes visible. In one demonstra-
ion, a 3 × 3 Rubik’s cube motif composed of blue, green, and
ed UCNs domains is overlaid with nanoemulsion microdomes.
n the dry state, all tiles exhibit bright, uniform emission; upon
ydration, selective quenching of the nanoemulsion-covered tiles
roduces a new color pattern, effectively re-encoding the dis-
layed information. Althoughminor intensity variations between
iles are visible due to imperfect concentrationmatching between
he nanoemulsion and PUA layers, the reversible pattern transfor-
ation is clearly demonstrated. With further optimization of the
CN concentration matching between layers, the number and
patial arrangement of nanoemulsion-covered tiles can be pre-
isely programmed to encode a large combinatorial information
pace within a single microdome array. (Figure 7d). In a simpler
onfiguration, a microdome array integrated on a substrate func-
ions as a moisture-responsive tag whose luminescence can be
dvanced Functional Materials, 2026

t

toggled between bright and dim states, enabling transient labeling
under NIR excitation (Figure 7e). These examples illustrate
how the hydration-dependent optical switching of nanoemul-
sion microdomes can be leveraged to create stimuli-responsive
information systems with tunable reveal thresholds.

As a final demonstration, we realized a spatially encoded pho-
tonic QR code composed of bright nanoemulsion microdomes
and dimmer PUA domains. In the dehydrated state, the intensity
contrast between the two components yields a clearly readable
QR pattern under 980 nm excitation (Movies S4 and S5). Upon
hydration, the nanoemulsion emission is selectively quenched,
and the code becomes invisible, while remaining undetectable
under standard bright-field illumination (Figure 7f; Figure S21).
Because differentUCNs’ colors can be readily achieved by varying
the dopant composition, each color channel can serve as an inde-
pendent encoding dimension. This underscores the potential of
the platform for multilevel, stimuli-responsive photonic security
applications.

3 Conclusion

We have established a nanoemulsion-confined microdome plat-
form that couples structural reconfigurability with strong, filter-
free amplification of upconversion luminescence. UCN-loaded
fluorocarbon nanoemulsion droplets are immobilized within a
photo-crosslinked PEGDA hydrogel matrix and digitally pat-
terned via DMD-based maskless lithography into microdomes.
Distinct from conventional approaches relying on rigid substrates
or complex nanoparticle surface treatments, this soft photonic
architecture delivers robust optical performance without such
constraints. Hydration–dehydration cycles reversibly switch the
microdomes between weakly and highly emissive states, yield-
ing greater than sevenfold brightness change. Speckle-resolved
optical analysis reveals that the contracted microdomes exhibit
consistently higher speckle contrast (∼0.35–0.45) than expanded
microdomes (0.17–0.25) across all measured thicknesses, con-
firming enhanced scattering-induced intensity fluctuations in the
dehydrated state. This difference correlates with the observed
luminescence amplification, consistentwith the nonlinear,multi-
photon nature of upconversion. The speckle-engineeredmicroen-
vironment generates localized excitation hot spots, extends the
photon path length via internal reflection, while the invisible
NIR pump enables filter-free readout. The platform maintains
stability over 100+ switching cycles and elevated temperatures.
We demonstrated moisture-responsive message concealment,
multicolor patterning, and reversible QR-code encryption for
optical security applications. This work introduces a general
strategy integrating nanoemulsion templating, refractive-index
engineering, and soft lithographic patterning, with potential
extension toward wearable sensors and adaptive displays.

4 Experimental Section

4.1 Materials

Poly(ethylene glycol) diacrylate (PEGDA, MW 700 g/mol),
2-hydroxy-2-methylpropiophenone (Darocur 1173), oleic acid,
gadolinium chloride hexahydrate (GdCl3∙6H2O), ytterbium
11 of 15
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FIGURE 7 Programmable, reversible, and moisture-responsive photonic encoding using nanoemulsion-confined microdomes. (a) Multicolor
“HELLO” pattern with reversible luminescence concealment. Scale bar: 100 µm. (b) Custom-shaped microdomes fabricated by DMDmicrolithography.
Scale bar: 100 µm. (c) Large-area microdome array concealingmulticolored emoji patterns. Insets 1–3: magnified views. (red: angry, green: smiley, white:
confused). Scale bars: 500 µm (middle), 100 µm (right). (d) Rubik’s cube-inspired multicolor motif with hydration-induced pattern change. Scale bar: 0.5
cm. (e) Macroscopic moisture-responsive tag. Scale bar: 1 mm. (f) Photonic QR code with reversible information encryption. Scale bar: 0.5 cm.
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hloride hexahydrate (YbCl3∙6H2O), yttrium chloride
exahydrate (YCl3∙6H2O), erbium chloride hexahydrate
ErCl3∙6H2O), thulium chloride hexahydrate (TmCl3∙6H2O),
nd ammonium fluoride (NH4F) were purchased from Sigma–
ldrich. Polyurethane acrylate (PUA) was obtained from
2 of 15
Changsung. FC-40 was purchased from Alachua, and Pluronic
F-68 (PF-68) was obtained from Gibco (Life Technologies).
Phosphotungstic acid, ethanol, and sodium hydroxide were
purchased from Daejung Chemicals. All chemicals were used as
received without further purification.
Advanced Functional Materials, 2026
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.2 Synthesis of Rod-Shaped β-NaREF4 (RE = Gd,
, Yb, Er, and Tm) UCNs

n a 50 mL Teflon liner autoclave vessel, 3 mL of NaOH solution
as added, followed by the dropwise addition of 10 mL ethanol
nd 10 mL oleic acid under vigorous stirring. Subsequently, 2
L of rare-earth chloride solution (0.2 M RECl3∙6H2O, RE = Y,
b, Er, Tm, Gd) was added dropwise. Then, 4 mL of 2 M NH4F
as introduced, and the mixture was stirred vigorously for 10
in. The Teflon liner was sealed in an autoclave and heated
t 200◦C for 3 h. The resulting nanoparticles were collected
nd washed five times with ethanol and deionized water (DIW)
y centrifugation (5000 rpm, 5 min). The rare-earth dopant
omposition of the UCNs was controlled by the molar feed
atios of RECl3 precursors. The dopant compositions used for
ulticolor demonstrations (blue/green/red) are summarized in
able S3, and the corresponding emission spectra are provided in
igure S19.

.3 Fabrication of UCN-Loaded Nanoemulsion
recursor Solution

he nanoemulsion precursor was prepared by forming a UCN-
ispersed FC-40 oil phase and a PEGDA-based aqueous phase,
ollowed by pre-emulsification and high-pressure homogeniza-
ion. For the oil phase, 1.0 g of hydrophobic green UCNs
β-NaYF4-based; dopant composition specified in Table S3) was
dded to 50 mL of FC-40 and magnetically stirred for ≥2 h to
btain a uniform dispersion. For the aqueous phase, 36 mL of
EGDA (Mn 700) and 59 mL of DI water were mixed in a 300
L beaker under magnetic stirring for ≥20 min. Then, 5 mL
f Pluronic F-68 solution (40 mM) was added, and the mixture
as stirred for ≥10 min. The oil phase was then added slowly
dropwise) into the aqueous phase under vigorous stirring and
urther stirred for ≥30 min to form a coarse pre-emulsion. To
mprove dispersion prior to homogenization, the pre-emulsion
as subjected to vortex mixing (5 min) followed by cup-horn
onication (10 min). The pre-emulsion was subsequently pro-
essed using a high-pressure homogenizer (Panda Plus 2000,
EANiro Soavi) at 15 000 psi for 15 passes to obtain a stable oil-in-
ater nanoemulsion. After homogenization, the nanoemulsion
as stored at ≤4◦C for 24 h to stabilize the droplet population
rior to microgel fabrication.

.4 Fabrication of UCNs
anoemulsion-Confined Microdome Arrays

130 µm-thick polyimide tape was placed on an acrylated
lass slide and covered with a PDMS-coated glass plate. A
olution containing 100 µL of the nanoemulsion and 2 µL of
arocur 1173 was injected into the gap defined by the spacer.
hydrogel microdome was fabricated using a DMD-based UV

ithography system (UV intensity: 3.09mW/cm2). After exposure,
he unpolymerized precursor solution was removed by rinsing
ith water.
dvanced Functional Materials, 2026
4.5 Fabrication of UCN Nanoemulsion-Confined
MicrodomesWith Hidden Patterns and Letters

Microdome structures encoding hidden letters and patterns were
fabricated using a customized DMD-patterned microlithography
setup. 4 mg of UCNs were uniformly dispersed in 90 µL of
PUA using ultrasonication. For the inner-letter precursor, 90
µL of UCNs dispersed PUA solution was mixed with 10 µL
of Darocur 1173. The solution was injected between two glass
substrates separated by a 35 um polyimide spacer and exposed
to DMD-patterned 365 nm UV light (0.927 mW/cm2). After
polymerization, the uncured precursor solution was rinsed with
ethanol. For the overlaid microdomes, a 130 µm imide spacer
was placed on an acrylated glass slide and covered with a PDMS-
coated glass plate. A solution containing 100 µL of nanoemulsion
and 2 µL of Darocur 1173 was injected into the spacer-defined
channel. Hydrogel microdomes were then formed by DMD-
patterned 365 nm UV light (3.09 mW/cm2), and unpolymerized
precursor solution was removed by rinsing with water (Note S4
and Table S4).

4.6 Imaging and Spectral Analysis of
UCN-Loaded Nanoemulsion andMicrodomes

The luminescence of the UCNs-loaded nanoemulsion and
microdomes was measured using a 500 mW 980 nm NIR laser
with a customized optical setup having a circular irradiation area
(Diameter: 220 µm) (MDL-F-980-5W, Changchun New Industries
Optoelectronics Tech. Co., Ltd.). A Nikon D-810 camera with
a ×20 objective was used for color imaging, and upconversion
luminescence spectra were recorded using a Nikon Ti-E inverted
microscope installed with the photoluminescence spectrometer
(QEPRO-FL, Ocean Optics).

4.7 Side-View Imaging and Volume Estimation
of Microdomes

The side view of fabricated microdomes was obtained using the
CCD camera of a microscope system. The microdomes were
exposed under various swelling conditions determined by the
mixing ratio of PEG200 andwater, including the dehydrated state.
Based on these images, the cross-sectional profiles of individual
posts were plotted using the Desmos software. The resulting
curves were then revolved around the y-axis using the Wolfram
Alpha platform to calculate the corresponding volumes, taking
into account the image scale applied.

4.8 Characterization

UCNs are characterized by scanning electron microscope (S-
4800, Hitachi) and transmission electron microscopy (JEM-2100,
JEOL). For TEM analysis, the sample was diluted to 10 % in
deionized water and deposited onto a formvar-coated copper
grid for 3 min. After sufficient penetration, the specimen was
stainedwith 2% phosphotungstic acid for 2min and subsequently
cured under UV light. Upconversion luminescence spectra were
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ecorded using a high-sensitivity spectrometer (QE Pro-FL,
cean Optics). Droplet size distribution of nanoemulsion was
easured by dynamic light scattering (Nano ZS, Malvern). The
ransmittance of UCN-loaded PEG nanoemulsion solutions and
anoemulsion-confined microdomes was measured using a UV–
is microspectrometer (20/20/PV, CRAIC). Optical images were
aptured using a DSLR camera (D810, Nikon) and a smartphone
amera (iPhone 12 mini, Apple).
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