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ABSTRACT: Microadditive manufacturing has revolutionized the Volumetric Imaging of Micro-Architected Materials Using
. . Multi-Photon Excitation

production of complex, nano- to microscale components across

various fields. This work investigates two-photon (2P) and three-
photon (3P) fluorescence imaging, as well as third-harmonic
generation (THG) microscopy, to examine periodic micro-
architected lattice structures fabricated using multiphoton lithog-
raphy (MPL). By immersing the structures in refractive index
matching fluids, we demonstrate high-fidelity 3D reconstructions of
both fluorescent structures using 2P and 3P microscopy as well as
low-fluorescence structures using THG microscopy. These results
show that multiphoton fluorescence (MPF) imaging offers reduced
signal decay with respect to depth compared to single-photon
techniques in the examined structures. We further demonstrate the ability to nondestructively identify intentional internal
modifications of the structure that are not immediately visible with scanning electron microscope (SEM) images and compression-
induced fractures, highlighting the potential of these techniques for quality control and defect detection in microadditively
manufactured components.

MPF THG

KEYWORDS: microarchitected materials, two-photon polymerization, additive manufacturing, multiphoton imaging, polymers, defects

H INTRODUCTION structures. Moreover, SEM often requires the application of
Microadditive manufacturing has opened up entirely new conductive surface coatings that can modify the optical
fabrication capabilities, enabling the production of polymers,’ properties of these materials. X-ray computerized tomography
ceramics,”™> and metallic®” components with incredible (CT), though capable of providing three-dimensional internal
geon};e_tlrgc complexity and nano- to microscale feature structure analysis, requires specialized radiation sources to
sizes. These components are finding increasing applica- achieve the necessary resolution to identify critical defects at
tions in diverse ﬁ]e%lld45 spanning optics,'"'” quantum nano- and microscales. Optical diffraction tomography has also
1gfor11;11a§10n science, .t1ss11;e_21eng1nee.:r1ng, > Amlcroﬂul- emerged as a potential candidate for imaging structures
dics,” """ and metamaterials. Multiphoton lithography

fabricated by MPL,** but this technique may be limited by

the depth of imaging and allowable complexity of structure.
Furthermore, microadditively manufactured structures are

increasingly utilized as scaffolds for catalytic materials,”

(MPL) has emerged as preeminent fabrication technique for
these applications given its exceptional resolution (minimum
resolutions below 100 nm) and rapid volumetric print rates
exceeding 10° ym?/s at ~1 um voxel size.”> Commercially

available systems now routinely fabricate millimeter-sized parts sensing particles,* as well as cellular cultures.”” These systems
with submicrometer precision, while ongoing advancements in offer a wealth of information that can be captured to
materials science and processing technologies promise to push understand the local environmental conditions and monitor
these boundaries to further extremes.”’ cellular interactions. In these contexts, optical imaging

The imperative for advanced optical imaging techniques to leverages compatibility with various visible-light based

examine microadditively manufactured prints is 2-fold. First, as
these components become more complex and permeate into
an increasing number of applications there becomes a greater
need to control their quality and inspect them. However, the
diminutive scale and often intricate internal architectures of
these components present challenges to conventional metrol-
ogy techniques. Scanning electron microscopy (SEM) and
laser profilometry offer high-resolution surface imaging but are
inherently limited in their capacity to probe subsurface

chemical spectroscopies and engineered cell lines as well
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Figure 1. Structure design and fabrication. (A) CAD rendering of the 5 X S X 9 lattice composed of 14 ym X 14 ym X 14 pm periodic “diamond”
unit cells used for benchmarking in this study. (B) Closeup of the unit cells of the structure as fabricated by MPL depicting beam members with
lateral dimensions of 1.6 ym and axial dimensions of 3.3 ym. (C) An orthogonal view of the template structure as fabricated.

utilizing nonionizing radiation that could enable in situ imaging
of cells within microarchitected tissue scaffolds.

The utility of single-photon optically sectioned microscopy
techniques using refractive index (RI) matching fluids has been
demonstrated for imaging microstructures fabricated with
MPL with resolution commensurate with print capabilities.”®”
These approaches are able to resolve cracks, defects, and
applied microdeformations while permitting high-fidelity 3D
reconstructions of their geometries.26 In this work, we aim to
expand on these techniques by employing multiphoton and
harmonic imaging methods and exploring their strengths,
limitations, and potential for enabling new applications in the
nondestructive characterization of microadditively manufac-
tured components. Moreover, these techniques can be
conceivably integrated into a singular setup with both
fabrication and imaging capabilities.

We investigate two-photon (2P) and three-photon (3P)
fluorescence imaging of periodic microarchitected lattice
structures, which serve as a benchmark for extreme cases of
complex internal featuring in microadditively manufactured
components. Both nonlinear imaging techniques demonstrated
reduced scattering, indicating better depth penetration
compared to our previously demonstrated single-photon
technique. Meanwhile, by harnessing the capability of third-
harmonic generation microscopy in probing interfaces where
local changes in refractive index occur, we image low-
fluorescence polymeric materials using this technique.
Ultimately, we demonstrate the ability to create high-fidelity
reconstructions of both fluorescent and suppressed-fluores-
cence structures with several different multiphoton imaging
techniques.

B RESULTS AND DISCUSSION

Lattice Structure Geometry and Fabrication. Several
sets of 70 ym X 70 ym X 126 pm lattice structures composed
of periodic diamond unit cells were fabricated using a custom
MPL setup, employing the design shown in Figure 1A. This
design was chosen to represent a complex, internally structured
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component whose interior is ordinarily challenging to image
using SEM or widefield optical microscopy, while providing
periodic structures that enable easy benchmarking with depth.
The height of the structure was selected to be smaller than the
working distance of common oil-immersion lenses. Two types
of resins were separately printed onto glass coverslips, both
variants of a SZ2080, but made with different photoinitiators
to modulate the fluorescence. One variant utilizes PI 4,4'-
bis(diethylamino)benzophenone to produce highly fluorescent
structures”® and the other utilizes Sudan Black B to produce
structures with low fluorescence.”” Details on the resin
preparation and processing parameters are provided in the
Materials and Methods section. SEM images of one of the
printed structures are shown in Figure 1B,C revealing the high-
fidelity reproduction of the designed lattice via MPL. The axial
and lateral dimensions of the printed beam members were
measured to be on average 3.3 and 1.6 um, respectively for
structures of both resin compositions.

Multiphoton Fluorescence Imaging. 2P and 3P
fluorescence imaging, hereafter referred to as multiphoton
fluorescence imaging (MPF), were employed to visualize the
internal structure of microadditively manufactured fluorescent
§72080 samples in addition to the confocal single-photon
fluorescence imaging. MPF confines fluorophore excitation to
the focal plane requiring the simultaneous absorption of
multiple photons of near-infrared wavelengths to excite the
fluorophore.®” This nonlinear absorption process reduces out-
of-focus excitation and enables optical sectioning without the
need for a pinhole detection aperture.

The feature sizes of the lattice structures used in this study
are commensurate with the wavelength of the excitation
source, with a feature size-to-wavelength ratio ranging from
approximately 0.3 to 1 for the excitation wavelengths used
(405—1300 nm). Consequently, strong scattering is expected
when imaging the structure in low-RI medium such as air.”'
Indeed, when the samples are imaged in air, the signal from the
lattice structure cannot be resolved further than a single layer
into the structure (see Figure S1).

https://doi.org/10.1021/acsami.4c16509
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Figure 2. Multiphoton imaging setup and renderings. (A) The optical configuration for imaging microarchitected structures. On one side, the
printed structure is enveloped in a RI matching fluid that roughly matches the RI of the polymer. On the other side, the lens is immersed in
immersion oil or water based on the specifications of the objective lens. (B) A 3D rendering of the first 8 layers of the structure shown in Figure 1A
along with corresponding two-photon fluorescence images of slices used to construct the rendering which are labeled by their successive depth into
the structure from the substrate.

To mitigate strong scattering and enable deeper imaging, the For multiphoton excitation the time averaged photon flux
structures were immersed in an Rl-matching oil (RI = from an excited fluorophore scales according to the relation-
1.518).>* Figure 2A illustrates this general imaging setup. ship:**

This immersion approach facilitates the reconstruction of

(n) n
three-dimensional renderings of both the lattice structure as F'(t) o GnI(t)

well as nonporous geometries. Air—oil interfaces sometimes Where F)(f) is the time photon flux from ™ order
formed above the layer furthest from the glass substrate, excitation, I(t) intensity, and o6, is the n-photon absorption
resulting in inconsistent imaging quality through the last layer cross section.
of the structure. Consequently, we limit our analysis to the first To confirm that the signal came from the two-photon
eight layers of the structures (see Figure S2). Additionally, the excitation, we imaged identical layers of the sample using a
longer excitation wavelengths utilized in 3P, and to a lesser range of excitation wavelengths while varying the laser power.
extent 2P, are expected to incurt reduced scattering using these The fluorescence signal, expected to follow a quadratic
techniques relative to a single photon (IP) imaging counter- dependence on time—averaged power (o< pz)’ was analyzed
part, as scattering is wavelength dependent. for excitation at 800, 900, and 1000 nm. Figure 3A presents
We employed a commercial two-photon microscope (see log—log plots of fluorescence intensity versus time-averaged
Materials and Methods) to capture fluorescence images power sampled at consistent locations on the structure. In an
sampled at 500 nm intervals along the z axis. These images ideal case, the slope of a log—log plot of fluorescence intensity
were used to construct the rendering displayed in Figure 2B. In vs excitation power relates to the n™ order excitation
individual slices there is clear contrast from the polymerized experienced by a fluorophore. The slopes derived from these
sections relative to the RI matching oil that enables a clear plots are calculated to be n = 1.86 + 0.13, n = 1.91 + 0.06, and
visualization of the structure’s internal architecture. The images n = 196 =+ 0.16, respectively, affirming the two-photon
are then binarized using an Otsu thresholding algorithm to excitation process. These measurements also indicate that 800
construct the lattice in popular 3D modeling formats. 3D nm excitation yields the highest excitation efficiency among the
models of the structure can likewise be recreated using 1P and tested wavelengths, although imaging remains viable at 900
3P fluorescence imaging. and 1000 nm. This finding highlights the potential for 3D
The fluorescence of the SZ2080 samples primarily originates diagnostic imaging of samples during fabrication via 2P
from the excitation of residual photoinitiator, 4,4’- Bis- excitation at higher wavelengths that do not readily induce
(diethylamino)benzophenone.”” Many other photoinitiators resin polymerization, assuming sufficient fluorescence contrast
commonly used in multiphoton lithography, including those in between polymerized and nonpolymerized resin. Such a
commercial resins, are also fluorescent.”” The 2P fluorescence behavior can be anticipated intrinsically due to the local
spectrum of 4,4'-Bis(diethylamino)benzophenone, as incorpo- environment change upon polymerization.
rated into the structures and measured using 780 nm, 100 fs An alternative microscope setup (see Materials and
excitation, exhibits a broad, multipeaked emission from 500 to Methods) was used to examine the 3P fluorescence and
700 nm with maximum emission around 540 nm (Figure S3). third harmonic generation (THG) signal from the sample at
3889 https://doi.org/10.1021/acsami.4c16509
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Figure 3. Fluorescence intensity vs power and layer depth. (A) Fluorescence intensity vs time averaged power for 800, 900, and 1000 nm
excitation. The log—log slope of excitation vs power was measured to be 1.86 + 0.13, 1.91 + 0.06, and 1.96 =+ 0.16, respectively, which is suggestive
of 2P excitation. Of the measured wavelengths, 800 nm was found to have the highest excitation efficiency. (B) Similar measurements were taken
for 3P excitation at 1300 nm. In this case, the log—log slope of optical signal vs power was measured to be 3.15 + 0.13 for the 3P channel and 2.91
+ 0.12 for the THG channel. (C) Normalized fluorescence intensity versus the measured layer into the structure. Collected fluorescence signal
from multiphoton excitation process appear to decay less rapidly than via 1P excitation.

1300 nm excitation. As in the 2P fluorescence imaging runs, it
is possible to produce high-quality optically sectioned slices of
each layer of the lattice structure. In this case, the
corresponding optical signals were expected to follow a cubic
dependence on time-averaged power (oP?).” Figure 3B
presents log—log plots of optical signal intensity versus time-
averaged power, sampled at identical locations across the
images, yielding a slope of n = 3.15 + 0.13 for the 3P
fluorescence channel, and a slope of n = 2.91 + 0.12 for the
THG channel.

Signal Decay Across Depth. Fluorescence signal decay
for single (405 nm), 2P (800 nm), and 3P (1300 nm)
excitation into the first 8 layers of the sample is measured at
consistent locations across different layers. The normalized
fluorescence intensity profiles relative to the first-layer
fluorescence are presented in Figure 3C. These profiles reveal
a markedly reduced signal decay for both two-photon and
three-photon imaging modalities compared to single-photon
excitation. The disparity in signal decay is most pronounced at
the second layer, where the fluorescence intensity for single-

3890

photon excitation decreases to 54.8% =+ 2.7% of its initial value.
In contrast, the two-photon and three-photon images retain
89.1% + 1.4% and 97.2% =+ 1.2% of the initial signal intensity,
respectively. MPF consistently outperforms single-photon
imaging at every subsequent layer; ultimately, the single-
photon signal intensity diminishes to just 19.3% =+ 3.1% at the
eight layer whereas two-photon and three-photon imaging
retain higher intensities of 39.1% + 3.3% and 39.7% + 0.9%,
respectively. The acquired signal depicts a roughly exponential
decay, although a modest upward trend at layers S and 6 is
observed in the single photon image set. These results
highlight the advantage of reduced scattering in multiphoton
techniques due to their longer excitation wavelengths.

Third Harmonic Generation Microscopy. THG micros-
copy is a complementary approach to MPF that offers unique
advantages for characterizing complex microadditively manu-
factured structures, particularly those designed to have low
autofluorescence such as in optical components.”* THG
microscopy relies on a fundamentally different contrast
mechanism compared to fluorescence-based techniques. The

https://doi.org/10.1021/acsami.4c16509
ACS Appl. Mater. Interfaces 2025, 17, 3887—-3896
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Figure 4. Comparison of THG to 3P fluorescence images. (A) THG cross section compared to (B) corresponding 3P fluorescence cross sections
of the same slice. (C) Intensity profile of the two techniques from the central element in A and B are contrasted for the top profile (line 1) (D) and

the central profile of the beam element (line 2).

third-harmonic signal is generated through a coherent,
nonlinear optical process that upconverts three near-infrared
photons into one visible wavelength photon with one-third the
excitation wavelength. This signal stems from the third-order
nonlinear susceptibility tensor, 7). Under the tight focusing-
condition formed by a high numerical aperture objective, local
optical heterogeneities within the excitation beam focal zone
generate contrast, thus making THG a sensitive probe for
interfaces and inhomogeneities within samples (see Figure
$2).>*7%% For complex microadditively manufactured compo-
nents such as gradient refractive index optics, this attribute
offers opportunities for high-contrast, label-free imaging of
internal architectures and susceptibility variations.””~>* More-
over, universal presence of nonvanishing third order
susceptibility in materials means that THG microscopy can
be applied to a wide range of samples, including those with low
or suppressed fluorescence.””*’

Prior investigations have demonstrated the efficacy of using
THG in imaging less complex, 2.5D structures fabricated via
MPL both in air using resists with low fluorescence contrasts,'
as well as the examination of polymerized material within
undeveloped photoresists.”> Herein we expand upon these
capabilities to nondestructively examine the microarchitected
lattice structure shown in Figure 1. Using the same optical
setup as three-photon microscopy with an additional detection
channel at a different wavelength, we investigate THG imaging
of both the high-fluorescence and low-fluorescence photo-

3891

polymers, demonstrating the technique’s capacity to generate
contrast from minimal RI interface differentials, despite its
immersion in a medium with a closely matched RI

Figure 4 compares images of a section of the micro-
architected structure constructed from the low-fluorescence
photopolymer taken with both THG (Figure 4A) and 3P
fluorescence (Figure 4B). Intensity profiles of the central
lattice element are shown in Figure 4C,D. Despite having a
reduced fluorescence, multiphoton fluorescence is still
generated in the Sudan B samples likely via excitation of
ZrO, nanoparticles formed in the resin.”’ In contrast to the 3P
images of lateral cross sections, wherein intensity is strongest
toward the center of the beam, the THG image shows highest
contrast at the interface between the polymer and the index
matching oil, where the sharpest susceptibility mismatch
happens within both the lateral and axial extent of the focus.
Nonetheless, contrast remains above background in the center
of the printed beam members, which is likely because the axial
extent of the excitation focus still partially covers the material-
RI fluid interface. Although it may be possible to heighten
THG contrast at the material-RI fluid interface by using fluids
with larger susceptibility mismatch, this likely comes at a trade-
off with achievable imaging depth. Signal strength is likewise
limited by exposure dose to the sample. In these experiments,
it was found that the RI fluid would consistently begin to
generate microbubbles using time averaged intensities exceed-
ing 3.6 mW with a 204.8 X 204.8 um?* FOV.

https://doi.org/10.1021/acsami.4c16509
ACS Appl. Mater. Interfaces 2025, 17, 3887—-3896
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Figure S. 3P and THG images of fracture beam members. (A) 3P image of a cross section with three cracked beam members (B) compared to the
corresponding THG image measured at the slice position. (C) The merged image shows that THG contrast aligns with the location of cracks (D)
3P and THG signal intensity measured across the highlighted cross sections for fracture site #1 and (E) fracture site #2, where THG signal

increases at these locations and THG signal decreases.

Defect Detection. Additively manufactured microarchi-
tectures pose unique challenges for non-destructively identify-
ing and characterizing defects that arise from either
manufacturing processes or damage. The optical reconstruc-
tion techniques described herein address this challenge,
enabling detailed inspection across a wide variety of
constituent materials. These capabilities are indispensable for
quality control, performance prediction, and failure analysis of
microarchitected structures.

For example, we subjected several lattice structures to
compressive loads until fracture. Figure SA showcases 3P
images of a cross-section featuring three distinct cracks, while
Figure 5B displays the corresponding THG of the same region.
The merged dual-color images in Figure SC depict enhanced
signal contrast at the crack locations, even for cracks where the
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spacing between severed beam members at sites 1 and 2 is just
~1 pm across.

Figure SD,E illustrates signal intensity profiles of 3P and
THG along the highlighted cross sections for fracture sites 1
and 2. The fractured regions in the 3P images exhibit reduced
fluorescence signal compared to the intact sections of the beam
members. Conversely, the THG images show increased signal
intensity at these locations. This contrast enhancement in the
THG images arises from susceptibility mismatches at the crack
sites, aligned with the prediction made based on the THG
contrast mechanisms which highlights cracks with lateral and/
or axial dimension smaller than the focal size.

As another demonstration we fabricated a series of structures
with intentional modifications: additional beam members
spelling “LTL” (denoting Laser Thermal Laboratory) were
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Figure 6. Nondestructive imaging of internal defects. (A) SEM images of a structure with extra beam members incorporated into the 4th layer of
the structure. (B) Top-view SEM images where the extra beam members are not immediately visible. (C) Corresponding top down and (D)
orthogonal view of the middle layers of the structure. (E) Hidden beams, spelling out LTL, are apparent within optically sectioned images taken via

2P microscopy images.

incorporated into the fourth layer of the lattice. This
experiment tests the detection of internal structural anomalies
that might arise from manufacturing defects or intentional
design features. Hidden beam members inside the lattice
structure are obscured from view within SEM images taken
from various angles (Figure 6 AB). In contrast, three-
dimensional renderings constructed from stacked 2P image
slices (Figure 6C,D, showing top-down and orthogonal views)
reveal the hidden beam members (Figure 6E).

These demonstrations underscore the efficacy of multi-
photon imaging techniques in nondestructively identifying and
characterizing internal structural anomalies of both fluorescent
and low-fluorescence materials. The ability to detect such
features is crucial for quality control in advanced manufactur-
ing processes, where internal defects or modifications can
significantly impact the mechanical and functional properties
of the final structure.*>**

B CONCLUSION

This study demonstrates the efficacy of multiphoton imaging
techniques for nondestructive characterization of complex
microadditively manufactured structures. By employing a range
of multiphoton imaging modalities, including 2P fluorescence,
3P fluorescence, and THG microscopy, we have demonstrated
the capacity to generate high-fidelity 3D reconstructions of
intricate internal architectures that are challenging to image
with conventional techniques such as SEM.

These investigations reveal that multiphoton fluorescence
imaging offers enhanced depth penetration compared to single-
photon techniques within the lattice geometry that is
examined. This benefit facilitates clearer visualization of deeper
structural layers and becomes increasingly important as higher-
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throughput multiphoton lithography enables the fabrication of
larger and more complex architectures. Notably, single-photon
signals decay sharply at greater depths following the trend
shown in Figure 3C. While increasing excitation power can
help compensate for signal decay, strong scattering ultimately
limits 1P imaging depth by constraining its signal-to-noise and
signal-to-background ratios (SNR and SBR), leading to a
practically unmeasurable signal at greater depths. By contrast,
2P and 3P imaging methods are intrinsically less affected by
scattering, enabling robust, high-fidelity imaging at greater
depths into these structures.

Furthermore, we have shown that THG microscopy serves
as a complementary, label-free imaging modality that is
effective for examining structures with low autofluorescence
and for detecting fractures within these materials.

The potential applications of multiphoton and harmonic
imaging techniques extend far beyond the scope of this study.
Future research could explore their utility in examining
polymers fabricated without photoinitiators™ as well as
nonpolymeric materials such as glass,46 calcinated,” or other
inorganic materials,"’ opening new avenues for character-
ization across a broader range of micromanufactured
components.*® Additionally, these methods show promise for
in situ monitoring of multiphoton lithography processes,
potentially enabling real-time quality control during fabrica-
tion. The integration of high-speed, kilohertz multiphoton
imaging systems could further expand capabilities, potentially
allowing near-real-time imaging of dynamic mechanical loading
events in these structures.”” Such advancements would
significantly enhance our understanding of material behavior
at the microscale and improve the design and fabrication of
complex microarchitected materials.
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B MATERIALS AND METHODS

Resin. SZ2080, a hybrid organic—inorganic photoresist enabling
high-resolution 3D printing with minimal shrinkage,*” was used as a
photosensitive material to fabricate structures via MPL. The resist
comprises Methacryloxypropyl trimethoxysilane (MAPTMS, 99%,
Sigma-Aldrich) and methacrylic acid (MAA) as organic photo-
polymerizable monomers, while zirconium n-propoxide (ZPO, 70%,
Sigma-Aldrich) and the alkoxysilane groups of MAPTMS serve as the
inorganic network. It was synthesized in-house by a sol—gel process.
First, MAPTMS was hydrolyzed using an HCl solution (0.1 M) at a
ratio of 1:0.1. Then, ZPO was stabilized by MAA at a molar ratio of
1:1, followed by stirring for 20 min. Afterward, the ZPO was slowly
added to the hydrolyzed MAPTMS at a 2:8 molar ratio.

For the fabrication of the structures, SZ2080 photoresists were
prepared with two different photoinitiators. While the PI 4,4'-
bis(diethylamino)benzophenone (Michler’s ketone, Sigma-Aldrich)
enabled the production of high-fluorescent structures™ and Sudan
Black B (SBB; Sigma-Aldrich) enabled the production of structures
with low fluorescence.”

Following the final synthesis step described above, 1% of Michler’s
ketone with respect to the monomers of SZ2080 was directly
incorporated inside the material. In contrast, SBB was first diluted
with isopropanol at a concentration of 1% w/v. Then, one tenth of
this solution was added to the resist, resulting in a 0.3% concentration
of SBB relative to the monomers of S22080. Each PI was stirred into
§72080 for 15 min. Afterward, the photoresists were filtered using a
0.22 um pore size syringe filter and subjected to a 1-h vacuum
treatment to enhance viscosity. Subsequently, the samples were placed
in a vacuum for 7 days to ensure the complete evaporation of any
remaining solvent.

Fabrication. MPL was conducted using an ultrafast laser system
(FemtoFiber ultra 780, Toptica Photonics AG, Germany). The laser
system emits laser radiation with a central wavelength of 780 nm, a
pulse duration of 150 fs, and a repetition rate of 80 MHz. The
fabrication process was done in a layer-by-layer manner. Specifically, a
galvo scanner and an acoustic optical modulator were employed to
produce each layer of the structure, while the sample was shifted along
its vertical axis using a linear stage after each layer was completed.
Another two linear stages enabled the production of multiple
structures on one coverslip. An overview of the optical setup,
including detailed information on the components can be found in
Zyla et al.>° This way, structures were fabricated using microscope
objective (40X/NA 1.4, oil-immersive, Plan-Apo, Zeiss, Germany)
and a galvo scanner speed of 20 mm/s. The average laser power for
the fabrication of high- and low-fluorescent structures was set to 8.5
mW and 12 mW, respectively. The values were measured at the
entrance pupil of the microscope objective. The hatching and slicing
parameters were set to 0.2 and 0.4 um, respectively. The hatching
pattern featured lines oriented in one direction, which were rotated by
90° for each subsequent layer. After MPL, the samples were
developed in 4-methyl-2-pentanone (Sigma-Aldrich, Germany) for 2
h, followed by a 10 min immersion in isopropanol for cleaning.

Rl Matching Fluid. Olympus type F, low autofluorescence
immersion oil, n = 1.518 (TH-MOIL-30) was used as a refractive
index matching fluid.

Single-Photon Imaging. An Olympus Fluoview 3000 laser
scanning microscope was used for single-photon imaging using an
excitation wavelength of 405 nm and using a 405 nm long pass filter.
Images were generated of the structure at a pixel resolution of 1024 X
1024- and 12-bit intensity resolution. A 60X, 1.35 NA oil dipping
objective (Olympus) was used.

Two-Photon Imaging. 2P images were acquired using a Bruker
2P Plus multiphoton microscope. Excitation was provided by a
Chameleon tunable wavelength laser, with an operating range of 680—
1064 nm. Fluorescence emission from the sample was collected
through a bandpass filter (525/70 nm) to multialkali PMTs to
generate the final images. A 60X, 1.35 NA oil dipping objective
(Olympus) was used. XY pixel sizes for the image in Figure 2 are
roughly 180 nm.
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Three-Photon Fluorescence and Third Harmonic Imaging.
3P fluorescence and THG imaging were performed on a custom-built
microscopy system. The optical setup has been described in detail
previously.>" An optical parametric amplifier (Opera-F, Coherent) is
pumped by a 40-W femtosecond laser (Monaco 1035-40-40,
Coherent) to generate 1300 nm output at 1 MHz. The output
beam is scanned with a pair of conjugated galvanometric scanning
mirrors (621SH, Cambridge Technology) and relayed to the back-
pupil plane of a high NA water-dipping objective (Olympus
XLPLN2SXWMP2, NA 1.05, 25X) using two pairs of scan lenses
(SLS50-3P and SL50-3P, SL50-3P and TTL200MP; Thorlabs). The
correction collar was adjusted to match the thickness of the coverslip.
A home-built single-prism compressor>> is employed to compensate
for the group delay dispersion (GDD) of the excitation beam path,
achieving a pulse duration of ~54 fs at the focal plane of the objective.
The objective is mounted on a piezoelectric stage (p-725.4CD
PIFOC, Physik Instrumente) for axial translation of the excitation
focus. The fluorescence and THG signals are collected by the same
objective, reflected by a dichroic mirror (FF665-Di02-25%36,
Semrock). An additional dichroic mirror (Dm, FF458-Di02-25x36,
Semrock) and two filters (FF03-525/50-25 for fluorescence, FF01-
433/24-25 for THG; Semrock) are used to split and filter the 3PF and
THG signals, which are then detected by two photomultiplier tubes
(H10770PA-40, Hamamatsu).

Signal Intensity vs Applied Power Measurements. To
account for rapid photobleaching of fluorescence in MPL-fabricated
structures, signal vs applied power measurements were performed
twice: first with increasing power, then again with decreasing power.
This approach compensates for photobleaching effects.

SEM Imaging. Structures were sputter-coated using Au target,
resulting in a 10 nm-thick film and imaged in a Scios 2 DualBeam
SEM.
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