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Abstract:

The self-organization of colloidal nanoparticles into complex structures, both in equilibrium and out-of-
equilibrium, is a critical area in colloidal science with potential applications in creating new functional
materials. While equilibrium assemblies yield thermodynamically stable and periodic structures, non-
equilibrium (or active) assemblies exhibit dynamic, reconfigurable behavior in response to external stimuli.
As a consequence, understanding the structure-function relationships in these assemblies remain challenging
due to their transient, highly dynamic nature and the limitations of current characterization methods. In this
work, we present a novel methodology for Fixation and Resolution of Colloidal Active Matter Ensembles
(FRAME). FRAME combines UV photopolymerization to immobilize non-equilibrium (active) colloidal
assembly with high-resolution imaging techniques, such as 3D confocal microscopy and SEM, for
subsequent structural characterization. We demonstrate this method on Optical Matter (OM) structure
formed by an optical trap at glass/water interface where it enables the preservation and detailed analysis of
OM structures, using colloidal nanoparticles ranging from 200 nm to 1 pm. We demonstrate the method's
efficacy by validating that the immobilization process does not alter the structural properties, allowing for
accurate structural analysis. Additionally, this approach enables the capture of dynamic snapshots of the
assembly during its formation, providing critical insights into its transient behavior. FRAME offers a new
avenue for investigating non-equilibrium colloidal assemblies, paving the way for their rational design and
application across a broad range of colloidal systems.
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1. Introduction

The self-organization of colloidal nanoparticles (gold, silica, polystyrene...) into intricate and/or
periodical structure is a crucial area in colloidal sciences due to their potential to make new
functional material."?> Self-assemblies can be broadly classified into equilibrium and out-of-
equilibrium types. Equilibrium assemblies form thermodynamically stable, highly periodic
structures that can be used in functional materials like colloidal photonic crystals,** metamaterials®-
7 exhibiting high (n > 3) or negative refractive indices,>'* and optoelectronic metamaterials based
on quantum dot superlattices showing super-fluorescence.!>'® On the other hand, out-of-
equilibrium, or active, self-assemblies respond dynamically to external stimuli (chemical,
electrical, optical, magnetic) and offer the advantage of being reconfigurable. In both types of
colloidal self-assembly, understanding the interactions between individual components is essential
for controlling their spatial arrangement and engineering these materials. Moreover, the
relationship between the spatial arrangement, structure and optical properties needs to be
unravelled to allow their rational design.®!"!®

Due to their dynamic nature, non-equilibrium assemblies of nanoparticles are inherently more
challenging to investigate. Their transient behavior requires real-time assembly formation and
simultaneous characterization within a single experimental setup, which increases complexity and
limits the range of applicable techniques. Additionally, their dynamics restrict the number of
methods available, as even optical microscopy struggles with dense, 3D-packed assemblies,
making it difficult to distinguish individual particles.!>! Therefore, new approaches are needed to
study the structure, geometry, and properties of non-equilibrium colloidal assemblies.

As an example of non-equilibrium colloidal assembly, we investigated optical matter (OM). OM is
a form of matter in which nanoparticles self-organize through light matter interactions, referred to
as optical bonds, resulting in periodical arrangements. These optical bonds originate from multiple
scattering interactions between colloidal particles.!®??>> As a consequence, OMs can be engineered
and reconfigured “on-fly” by modifying the input light properties (wavelength, polarization,
intensity profile,...).?¢*” Many examples of optical matter have been created in the literature, such
as dumbbell-shaped assemblies in gold particles, chain-like structures in silver particles, and
hexagonal clusters in polystyrene particles.>***3° However, detailed information on the structure
and/or their properties is often missing, particularly when the density of particle increases, or the
size of particle is decreased. However, decreasing the size of particle in OM is crucial as particle
smaller than 100 nm are required to use the Rayleigh scattering criteria which ease the comparison
between theory and experiment. 23! Moreover, metamaterials usually require the size of the
nanoparticles to be ~1/5 of the wavelength which yields around (100-200) nm for the visible and
NIR light spectrum range.'* OMs structures are therefore perfect candidates to demonstrate
FRAME.

In this study, we developed a novel methodology that combines photo-polymerization reaction to
fix non-equilibrium colloidal assemblies into permanent structures, combined with high-resolution
imaging for detailed structural analysis. While similar techniques, like photopolymerization,*-34
optothermal manipulation,*-¢ and light-triggered assembly,*’** have succeeded in fixing large
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nanoparticles and small clusters, they face limitations in achieving precise large-scale assemblies
and struggle with nanoparticles smaller than the diffraction limit during structural analysis. We
present a novel workflow, Fixation and Resolution of colloidal Active Matter Ensembles
(FRAME), designed to investigate transient/non-equilibrium colloidal assemblies through a two-
step process. First, UV photopolymerization is used to lock the non-equilibrium optical matter
(OM) assembly within a hydrogel polymer network, which captures the dynamic snapshot of the
OM by immobilizing it permanently. Second, high-resolution imaging techniques such as 3D
confocal microscopy and SEM are employed to characterize the position and arrangement of the
nanoparticles. We applied FRAME to optical matter structures formed via optical trapping at the
interface of colloidal nanoparticles ranging from 200 nm to 1 pm. Validation through confocal and
SEM imaging confirmed that the workflow does not alter the structural properties of the
assemblies. For particles larger than the diffraction limit, FRAME enables 3D structural analysis,
including crystallinity and lattice parameters, while high-resolution SEM resolves assemblies with
particles below the diffraction limit. This approach facilitates the characterization of non-
equilibrium colloidal assemblies, supporting their design for desired applications.

Results and Discussion
2.1 Locking non equilibrium colloidal self-assembly via UV-Photopolymerization

Given the dynamics of non-equilibrium colloidal self-assembly in solution, we need to lock the
assembly, to further characterize it. This is the concept of the proposed method FRAME (Fixation
and Resolution of colloidal Active Matter Ensembles). The speed of the polymerization process is
crucial to ensure that the structure is "instantaneously" locked in place and remains unchanged.
Because of this and its high water-solubility, low extinction coefficient and strong UV-absorption
at 375 nm, lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP) was selected as a radical
photoinitiator.*> A UV-365 LED was chosen to maximize UV absorption, and we found that an
intensity of 25 mW/cm? was ideal for rapid photopolymerization (Figure S1).

After power optimization, we utilized the LAP as a photoinitiator to synthesize a PAA hydrogel
using acrylamide (monomer) and bisacrylamide (crosslinking agent). PAA hydrogel was selected
for its inherent hydrophilicity and optical transparency, making it suitable for a wide range of
scientific applications.** The optical transparency of the hydrogel are functions of the
concentrations of monomers, cross-linkers, and the photoinitiator used.**’ Hence, the
experimental conditions were chosen to ensure rapid photopolymerization (0.2 to 2 seconds) while
maintaining a viscosity close to that of water (1-2 cP) to avoid affecting the self-assembly process.
The PAA gel was synthesized in a monomer solution containing acrylamide, N,N'-
methylenebis(acrylamide) as a crosslinker, and LAP as the photoinitiator. The sample preparation
procedure is explained in detail in materials and methods section.

Finally, by adjusting the concentrations of these components and the duration of UV light
irradiation, the gel mesh size was optimized to effectively lock smaller nanoparticles in place. We
specifically tailored the gel mesh size to match the dimensions of the nanoparticles. To validate
this, we conducted single-particle tracking (SPT) experiments using a multiplane widefield
microscopy system (Figure S2), which allows for 3D rapid tracking of particle diffusion. The SPT
experiments demonstrated that particles with a size equal or larger than 23 nm are effectively
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immobilized within the gel mesh network (see Section S3, Supporting Information). To evaluate
the FRAME workflow, optical matter (OM) consisting of 1 pm polystyrene microparticles was
formed by focusing a 1064 nm laser beam at the glass/solution interface (Figure 1a). Once the OM
reached the desired size and arrangement, the UV-LED was turned on to effectively lock the
structure in place.

Step 1. UV-365 irradiation
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Figure 1. FRAME step 1 - Locking of non-equlibrium optical matter in a photocrosslinked hydrogel. (a)
Method illustration: a gel solution containing colloidal particles is placed between two glass coverslips with
a spacer, followed by simultaneous irradiation with an NIR trapping laser. Once the optical matter is
assembled, and an additional UV light is switched on to lock the optical matter in the hydrogel. (b) Concept
validation: a plot showing the X and Y movement of four different particles from the assembly before,
during, and after UV irradiation, demonstrating that the particle dynamics are locked in the hydrogel after
UV irradiation, based on Single Particle Tracking (SPT) analysis. The positions of four different particles
are marked in four different colors corresponding to the plot, and a red circle at the center of the image
represents the optical trapping spot.

Single-particle tracking (SPT) experiments were conducted to validate the efficacy of the method.
Figure 1b shows the evolution of x and y position of the particles over time. Before UV irradiation,
particles inside the optical matter are dynamic but move relatively slow constrained by the
surrounding particles, while particle outside (particle 1-4, figure 1b inset) are much more dynamic.
Upon UV-365 light irradiation, photopolymerization occurs within 2 seconds, as indicated by the
particle traces, which show decreasing fluctuations until they eventually stabilize at zero (Figure
1b). Post UV irradiation, no movement is observed, confirming the formation of permanent optical
matter by photopolymerization. The evolution of the dynamic assembly before UV light irradiation
into permanent structure after photopolymerization is displayed in Figure S4. The optical matter
can then be transported to other characterization tools such as confocal or electron microscope. We
note here that while the method was showcased on optical matters, it can be applied to any other
type of self-assembly if they can form in the hydrogel solution.
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2.2 Validation of FRAME

The second step of FRAME is the high-
resolution characterization of the locked,
non-equilibrium assembly, in this case, OM.
We demonstrate that making the colloidal
assembly permanent enables its further
structural elucidation using 3D confocal
imaging and/or SEM. However, since
FRAME involves photopolymerization and
post-processing the sample (in case of SEM),
we need to ensure that these processes do not
affect the created assembly. To achieve this,
we utilized 1 pum fluorescent carboxylated
polystyrene (PS) microspheres as their size is
significantly larger than the diffraction limit
of optical microscopy.

For this, the first step of FRAME (Figure 1a)
was performed, during which widefield
microscopy images were taken before and
after gelation, confirming the absence of
structural changes. Then, we performed 3D
confocal microscopy imaging which
successfully  resolves  the  structural
properties of the OM in 3D (Figure 2b).
Finally, after drying and sputtering with
Au/Pd, the sample was imaged using SEM.
Note that the SEM imaging was performed
in high vacuum condition, which can result
the partial drying of the sample,*
emphasizing the need for checking that the
structure remain unchanged throughout. For
this, we correlated the confocal images
(before SEM sample preparation) and SEM
imaging (Figure 2c) of the optical matter.*’
We overlaid the two images and quantified
the displacement of microparticles (MPs) in
the optical matter between the SEM and
confocal images (Figure S5). The average
shift of the particles in the X and Y directions
was 43 nm and 33 nm, respectively, with

some errors attributed to the use of two different imaging systems with distinct environments,

magnifications, and other factors.

Widefield image

3D Confocal image © o

SEM image

Figure 2. Method validation on fluorescence
microparticles (1 um diameter). The scale bars in (a,
c, ) are 5 um, while in (b, d, f) they are 2 uym. (a) A
wide-field microscopy image shows the optical
matter of 1 um PS microparticles, locked after
photopolymerization. The red arrow indicates the
polarization direction of the 1064 nm NIR trapping
laser, and the red circle marks the NIR laser
irradiation spot at the center. (c) and (e) depict 3D
confocal and scanning electron microscopy (SEM)
images, illustrating the embedding of permanent
optical matter with PS microparticles in the polymer
network. (b, d, f) are magnified views of regions
from (a, c, e), respectively.
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2.3 3D Structural analysis

After validation of FRAME, we can now use it to characterize our non-equilibrium optical matter
system. The 3D confocal microscopy image provides detailed information on the three-dimensional
structure of the assemblies which can be extracted via image processing. To achieve this, we
developed an approach based on distance matrices (see Materials and Methods). Briefly, the
particles are localized in 3D using Gaussian fitting, then, the distances between every possible
particle pairs are subsequently calculated in an Euclidean distance matrix. After that, iterating
through each layer, we detect triangles that meet specific geometric criteria of common crystal
structures (e.g., equilateral triangles with angles close to 60 degrees for hexagonal packing), which
can be further analyzed across layers to identify 3D structures like hexagonal prisms. This analysis
enables the extraction of the unit lattice and the characterization of the 3D structure of the
permanent optical matter (Figure S6). We can also determine the degree of crystallinity of the
structure by calculating the ratio of particles that belongs to such unit cells.
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Figure 3. 3D structural analysis of permanent optical matter. (a) 3D confocal microscopy image of
the permanent optical matter formed by microparticles locked in a hydrogel. The color bar in the
confocal microscopy images indicates the Z-depth arrangement of the particles from top to bottom. (b)
Euclidean distance matrix-based analysis used to extract individual layers of particle centroids,
revealing specific structural arrangements. The color bar represents the number of particle layers in
the assembly from top to bottom. The grey particles in the permanent optical matter are those not
forming specific structural arrangements. (c) Hexagonal ABA unit cell extracted from the layer
structures, with the lattice parameters and individual layer centroids of the particles represented for the
unit cell.

Figure 3 shows an example of OM structure formed, subsequently made permanent using FRAME
and then imaged in 3D using a confocal microscope (Figure 3a). Figure 3b shows a graphical
representation of the 3D assembly, realized from the 3D localization positions and the known size
of the particles where the color code indicates the layer in which the particle belongs. Only the
particles that were found to be part of a crystalline structure are colored, representing
approximately 80% of the entire assembly. The lattice arrangement follows an ABA packing
pattern, with a decrease in particle number from the top surface to the bottom of the assembly. The
c/a ratio refers to the ratio of the vertical distance between layers (c) to the horizontal distance
between particles (a) in the hexagonal lattice, and it helps describe how the lattice is stacked and
spaced in three dimensions. The c/a ratio of the unit lattice was calculated at 1.71 £ 0.15, which is
slightly higher than the theoretical lattice constant for hexagonal packing (1.63). However, the
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packing efficiency was found to be approximately 71.6%, calculated by averaging the c/a values
for the six sides, which is slightly lower than the ideal packing density (74%) of a hcp ABA
structure (Figure 3c¢).

2.4 Controlling particles arrangement in optical matter structures
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Figure 4. Locking Dynamic Optical Matter Formed at Different Z-Depths. (a, b) 3D
confocal microscopy images showing a concentric circle structure, and a BCC (body-
centered cubic) lattice unit cell pattern extracted from the layered structures of permanent
optical matter, with a beam waist diameter of ~2.13 pym. (c) 3D confocal microscopy image
showing an HCP (hexagonal close-packed) ABA lattice obtained at an optical trap with a
beam waist diameter of ~2.66 ym. (d) 3D confocal microscopy image showing another HCP
ABA lattice obtained at an optical trap with a beam waist diameter of ~3.15 ym. The scale
bars for all confocal microscopy images are 5 um.
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Now that we can extract the 3D structure of the non-equilibrium optical matter, it is interesting to
see if we can use that feedback to learn how to control the spatial arrangement of the colloidal
particles, emphasizing the role of our method in the characterization and design of non-equilibrium
colloidal assemblies.

As mentioned earlier, OM structures are formed by the combination of different optical forces.
Therefore, for a specific type of particle, the structural arrangement will be mostly dictated by the
properties of the light used (wavelength, polarization, power density, area irradiated...). We expect
the position of the trapping laser relative to the interface to directly impact the arrangement and
crystallinity of the optical matter formed. Henceforth, we used the FRAME to investigate this
effect.’® By focusing the laser at different Z depths (-1.5 pm, -2.5 pm, and -3.5 um), we were able
to study how the relative position of the laser focus to the interface influenced the 3D structure of
the optical matter.From the backscattered intensity profile at the focal spot, we determined the
beam waist radius (wy) to be approximately 1.8 um, with a power density (/p) of 19.6 MW/cm?.
The beam waist diameter at Z-depths of -1.5 pm, -2.5 pm, and -3.5 pm was calculated as 2.13 pum,
2.66 um, and 3.15 pum, respectively, with corresponding power densities of 14 MW/cm?, 8.97
MW/cm?, and 6.41 MW/cm? (Figure S7). For details, see Section S3.

At a Z-depth of -1.5 um, corresponding to a higher power density of 14 MW/cm?, a concentric
ring-like structure was observed in approximately 70% of the cases, with most of the particles not
contributing to any specific pattern in the optical matter (Figure 4b). In about 30% of the
experiments, a cubic-shaped structure appeared at the center of the optical matter, with the cubic
lattice parameters being calculated from the observed structure (Figure 4c). At a Z-depth of -2.5
pum, hexagonal packing structures began to form at the center of the optical matter, though fewer
particles contributed to the hexagonal arrangement, with the corresponding hexagonal unit cell
parameters extracted (Figure 4d). Finally, at a Z-depth of -3.5 um, the OM exhibited a well-ordered
hexagonal packing structure with an ABA pattern, representing the highest packing density
observed.

2.5 Locking dynamic optical matter with sub-diffraction limit nanoparticles

One of the factors limiting the characterization of non-equilibrium colloidal assembly such as OM
structure is not only their dynamics but also their relatively high packing density which becomes a
problem for standard optical microscopy method when the size of the particle’s approaches (or are
smaller than) the diffraction limit as they cannot be individually resolved. In this section, we
demonstrate that our FRAME is also able to characterize optical matter even when formed by
particles smaller than the diffraction limit. For this, we used carboxylate-coated fluorescent
polystyrene nanoparticles with diameters of 300 nm and 200 nm. After 20 minutes of NIR laser
irradiation, a large-scale assembly structure was formed and locked using FRAME methodology.
Subsequently, we employed 3D confocal microscopy and SEM imaging to resolve the structure of
the resulting permanent optical matter.
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Figure 5. Locking Dynamic Optical Matter Composed of Sub-Diffraction Limit Nanoparticles. (a)
3D confocal microscopy image of 300 nm PS nanoparticles, with the red arrow indicating the
polarization direction. (b, ¢) SEM images showing the assembly of 300 nm PS nanoparticles within
the polymer network, with (c) providing a zoomed-in view of the structure. (d) 3D confocal
microscopy image of 200 nm PS nanoparticles locked in a hydrogel. (e, f) SEM images displaying
the assembly of 200 nm PS nanoparticles within the polymer network, with (f) offering a magnified
view of the respective structure. Each scale bar represents 2 um.

From Figure 5a,d, it can be seen that 3D confocal microscopy struggled to fully resolve the
structure, likely due to the size and density issue aforementioned. To overcome this challenge, we
utilized high-resolution SEM imaging to investigate the permanent optical matter formed by sub-
diffraction limit particles. High-resolution SEM imaging of the optical matter formed by 300 nm
PS nanoparticles revealed a close-packed structure with distinct discrete patterns (Figure 5c). We
observed random tightly packed arrangement, with small structural units distributed across the
assembly. However, For the 200 nm polystyrene particles, a random 3D packing structure was
observed, characterized by a highly dense and close-packed order. This arrangement suggests that,
despite the randomness in particle placement, the structure achieves a relatively high degree of
packing efficiency (Figure 5f). Since the image was captured using SEM, only the surface pattern
of the structure can be observed. However, based on the z-depth information obtained from 3D
confocal imaging, we estimate that the packing consists of approximately 8 layers of nanoparticles
for the 300 nm particles and 12 layers for the 200 nm particles, respectively.
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3 Discussion

FRAME, with its rapid photopolymerization and fine mesh size, effectively preserves the structural
integrity of non-equilibrium colloidal assemblies. It is important to acknowledge that, given the
inherently non-equilibrium nature of these systems, the structure captured by FRAME represents
a snapshot of a specific arrangement of the assembly. To fully understand the range of
configurations occurring dynamically, multiple samples would need to be immobilized and
analysed according to the ergodic hypothesis.REF Despite this, FRAME significantly simplifies
the characterization of non-equilibrium self-assemblies using high-resolution imaging techniques.
Additionally, because the hydrogel used is fully transparent and has a refractive index similar to
that of water (indicate here the refractive index that I calculated in Barcelona vs 1.334,
respectively), spectroscopic methods are also applicable. While our focus has been on imaging and
structural analysis, this FRAME is versatile and can be integrated with a variety of other
characterization techniques.

Our FRAME enables high-resolution structural characterization, providing crucial feedback for
controlling structural arrangements and rationally designing materials for specific applications.
Using this approach, we discovered that the unit cell and crystallinity of non-equilibrium OM
structures can be manipulated by adjusting the laser focus position relative to the assembly's
formation site. This adjustment alters the irradiation area and power density, resulting in concentric
circle, cubic, or hexagonal crystal structures. These insights could only be obtained with FRAME,
making it a key tool for the rational design of non-equilibrium assemblies.

Moreover, our results provide the first detailed structural insight into small nanoparticle assemblies.
Although previous studies?*?!! indicated the formation of such assemblies, the exact structural
details were unclear due to the limitations of optical microscopy and the inability to apply other
characterization methods. Our FRAME has revealed that smaller nanoparticles exhibit more
chaotic arrangements, lacking clear crystalline patterns. This can be attributed to two factors:
smaller particles have higher diffusion coefficients, leading to increased entropy and a greater
energy requirement to maintain order. Additionally, the light-matter interactions driving the
assembly process, such as multiple scattering, scale with particle volume and these forces are
significantly weaker in smaller particles. This challenge has led recent optical matter studies to
focus on metallic particles, which have much stronger light-matter interactions due to their
plasmonic properties.’!-%%3

Non-equilibrium colloidal self-assemblies are particularly intriguing because, unlike their
equilibrium counterparts, they can be dynamically tuned, reconfigured, and exhibit unique
collective behaviors such as flocking, swarming, or propagating waves.”> These behaviors involve
interactions within the colloids and with their surrounding medium, making them ideal,
controllable model systems paving the way for intelligent swarming nanorobots.>* Our FRAME
allows for high-resolution characterization of these transient structures and can be integrated with
other techniques. By making the assemblies permanent, it also enables the exploitation of their
properties for applications, which may not be possible when the structures rapidly change
configurations.
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4 Conclusion

We demonstrated FRAME, a novel method for locking non-equilibrium colloidal self-assembly via
fast photopolymerization. The rate of photopolymerization and the small mesh size ensured that
the structure stayed intact as validated by comparing different image modality (optical microscopy,
SEM) at different stage of the workflow. By enabling high resolution characterization, our FRAME
provides crucial feedback for controlling structural arrangements and rationally designing
materials for specific applications. This was demonstrated by forming non-equilibrium optical
matter assembly using different beam waist which resulted in different crystalline structures
ranging from concentric circle to hexagonal packing. Finally, for the first time we were able to
observe the detailed structure of OM structure formed by particles smaller than the diffraction limit
demonstrating that their high entropy and weakened light matter interaction made them unable to
form a crystalline structure. FRAME enabled crucial insight that would not have been possible by
studying these assemblies on their dynamic form. We are convinced that Frame will pave the way
for understanding non-equilibrium assembling and enabling their rational design for desired
applications.
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5 Materials and Methods
4.1 Experimental section

The optical trapping and single particle tracking (SPT) experiments were conducted using a
conventional widefield setup. A schematic of the optical setup is illustrated in Figure S2. A 488 nm
laser (100 mW, Spectra-Physics) was selected as the widefield excitation source. The widefield
excitation laser was focused on the back aperture of an objective lens (NA = 0.90, Olympus
UPLFLN 60X Objective) via a widefield lens. The emission light passed through a set of lenses in
a 4f configuration and a proprietary prism enabling multiplane imaging. The different imaging
planes were collected by two sCMOS cameras, with four image planes each. For the optical
trapping experiment, the NIR laser 1064 nm (Laser Quantum Opus 1064, UK) was used. The 1064
nm laser was focused at the same back aperture of the objective lens by passing through a beam
expander and mirrors.

The 3D confocal microscopy measurements were performed using a Leica SP8 confocal
microscopy setup (TCS SP8 multiphoton system). The 3D Z-stack imaging was conducted using a
100X oil objective (HC PL APO 100x/1.40-0.70 OIL) and hybrid detectors. The white light laser
(WLL) was selected as the excitation source with an excitation wavelength of 488 nm. The Z-stack
scan was performed with a line average of 3, an image acquisition speed of 100, and a Z-depth of
100 nm. The electron microscopy experiment was performed with a JSM-7200F field scanning
electron microscope.

4.2 Sample preparation

The carboxylate-coated polystyrene latex beads were purchased from ThermoFisher Scientific
(Carboxylate-Labeled Microspheres, 0.2 um, yellow-green fluorescent 505/515, 1% solids). The
gel solution was prepared with 12.5 wt% of acrylamide (> 99%, Sigma Aldrich, Germany), 0.3
wt% of N,N'-methylenebisacrylamide (> 99.5%, Sigma Aldrich, Germany), 0.44 wt% of lithium
phenyl-2,4,6-trimethylbenzoylphosphinate photoinitiator (= 95%, Sigma Aldrich, Germany), and
MQ water. The coverslip was cleaned using UV-ozone treatment for 60 minutes to clean the glass
surface. The top coverslip was made hydrophobic using a saline Sigmacote, purchased from Sigma
Aldrich, Germany. The gel solution containing nanoparticles was placed within a glass coverslip
using imaging spacers. The 0.12 mm thickness with 20 mm well diameter double-sided imaging
spacers (Grace Bio-Labs SecureSeal™ imaging spacer) were used for sample preparation. During
gelation, a saline Sigmacote-coated coverslip was putted on the top of the sample. After gelation
occurred, the top coverslip was carefully removed from the hydrogel due to its hydrophobic
properties, and 3D confocal imaging was then acquired as follow. The sample was air-dried for 3
hours and then sputtered with Au/Pd for 60 s (JEOL JFC-1300, Automatic Sputter Coater) prior to
the scanning electron microscopy (SEM) imaging. The electron microscopy imaging was
performed by using a high-resolution SEM (JSM-7200F field electron SEM).

4.3 Confocal/SEM correlation

Segmentation analysis was performed on the SEM images (Figure S5), and the centroids (Cx, Cy)
were mathematically calculated based on the center of mass of the pixels constituting the particles
(see Section S5, Supporting Information). The centroid of the confocal microscopy image was
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determined by 2D Gaussian fittings. The centroids from the confocal and SEM images were
overlaid to calculate the particle shift observed in SEM relative to confocal imaging.

4.4 Euclidian based structural analysis

The centroid of each particle was obtained through 3D Gaussian fitting of the confocal microscopy
images. To analyze the 3D structure of the optical matter and extract specific structural
arrangements, such as the hexagonal close-packed (HCP) lattice, Euclidean distance-based
calculations were essential. The process began with the preparation of the particle position data,
where the 3D coordinates (X, y, z) of the particles were loaded into a matrix. This data was initially
in pixel units, so a conversion factor was applied to transform these values into physical units, such
as micrometers. Next, the particles were segmented into distinct layers based on their Z-coordinates
(Figure 3b). This was achieved by defining a specific layer thickness, with particles within a certain
Z-range grouped into the same layer. A Z-error margin of 20-30% was also considered to account
for minor variations in the Z-coordinate, ensuring that particles within a specific range were
correctly identified as part of the same layer.

Once the layers are defined, a Euclidean distance matrix is computed for each layer. This matrix
contains the distances between every pair of particles within the layer, calculated using Eq. 1:

dij = J(xi - xj)z +(yi - yj)z

Where dj is the distance between particles 7and j and x and y are their respective coordinates. This
calculation is crucial for identifying equilateral triangles formed by neighboring particles, which
are indicative of hexagonal packing.
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