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Abstract

Nanomanufacturing technology is crucial in advancing sophisticated biomedical
devices, biochips, tissue engineering, and advanced biomedical materials. Two-
photon polymerization (TPP) offers nanoscale fabrication precision, eliminates the
need for masks, and allows the creation of arbitrary three-dimensional structures,
providing technical advantages unparalleled by traditional methods. Applying TPP
technology in the biomedical field presents new challenges related to materials and
systems. Although there has been significant discussion regarding biomaterials,
comparatively little attention has been given to the limitations of manufacturing
systems for biomedical functional devices. Commercial TPP systems predominantly
rely on point-by-point scanning for fabrication, which leads to low throughput. From
abiomedical perspective, the goal is to achieve manufacturing precision at the single-
cell level while scaling production throughput to the organ level. Advancements
in precision and throughput are critical to expanding the applications of TPP in
biomedical engineering. This review introduces the fundamental principles of TPP
and summarizes recent advancements in TPP applications within tissue engineering,
medical devices, and microfluidics. It then delves into the technological progress
of TPP in recent years, focusing on aspects such as system design, manufacturing
processes, and fabrication principles. The review highlights advancements in
areas including the kinetics of light-matter interactions and the development of
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cutting-edge techniques such as spatiotemporal focusing. Finally, it discusses future
development directions of TPP technology in biomedical applications.

Keywords: Biomedical functional devices; Kinetics; Spatiotemporal focusing;
Tissue engineering; Two-photon polymerization

1. Introduction

High-precision manufacturing technology plays a vital role
in advancing the biomedical field. Fabricating structures
at the micro- and nanoscale facilitates the analysis of
interactions between cells and their environment at the
single-cell level, enhancing our understanding of various
physiological ~processes under microenvironmental
influences.! Moreover, developing micro and nanoscale
implantable medical devices can minimize trauma to
patients, enable more precise imaging and treatment
targeting specific disease sites, and improve patient
compliance.” Additionally, by mimicking the structure of
biological tissues and analyzing the macroscopic property
changes induced by microstructures, these technologies
advance the development of biomimetic materials.’

Contemporary micro- and nano-manufacturing
technologies include ultraviolet lithography, electron
beam lithography, nanoimprint lithography, projection
micro stereolithography, and laser direct writing. While
ultraviolet and electron beam lithography offer high
precision, they face challenges in crafting complex three-
dimensional (3D) structures. Nanoimprint lithography
excels in precision and efficiency but requires specific
molds, which limits its adaptability to unique scenarios.
Projection micro stereolithography achieves micrometer-
scale precision in 3D structure fabrication, but it has
yet to achieve single-cell precision, particularly in
hydrogels. Laser direct writing, which requires minimal
environmental control, does not need masks, and can
create 3D structures, possesses an irreplaceable advantage
in fabricating specialized micro and nanoscale structures.

Laser direct writing based on linear absorption can
achieve sub-micron precision, yet it is restricted by the
diffraction limit, which makes manufacturing features
smaller than the wavelength challenging. Two-photon
polymerization (TPP), utilizing the nonlinear absorption
of materials with femtosecond lasers, can overcome the
diffraction limit and significantly enhance structural
precision.* However, as precision increases, the efficiency
of this technique decreases significantly, thereby limiting
its further development in the biomedical field.

Numerous excellent reviews have delved into TPP
bioprinting, exploring domains including polymers,

biodegradable materials, and hydrogels.” In addition to
material-focused discussions, technological advancements
play a crucial role in driving the biomedical applications of
TPP. This review is prompted by the demand for biomedical
applications and aims to provide a comprehensive
discussion on the development trends of TPP. As
shown in Figure 1, this paper explores TPP, explaining
its fundamental principles and outlining its current
applications in biomedical engineering, particularly
in tissue engineering scaffolds, medical devices, and
microfluidic chips. It analyzes the limitations of current
mainstream techniques for enhancing the efliciency and
precision of TPP and concludes by summarizing the
technological advancements and forecasting future trends
and potential applications.

2.The principle of two-photon
polymerization

TPPisa 3D micro/nano-fabrication technique that employs
a femtosecond laser. Femtosecond laser pulses possess
an ultrashort duration, on the order of femtoseconds
(1 fs = 107" s), allowing for extremely high peak powers
at equivalent average power compared to a continuous
laser. The high peak power enables a wide range of physical
and chemical processes during material interactions. The
nonlinear interactions between femtosecond lasers and
materials facilitate the ultra-precise manufacturing of
challenging materials and complex micro/nano structures.

In conventional photopolymerization, a single photon
absorbed by a dye, initiator, or photosensitizer generates
free radicals or cations, thereby triggering monomer
polymerization. Conversely, TPP requires simultaneous
absorption of two photons to induce the polymerization
reaction. The single-photon absorption cross-section
is around 0,=10"*~10"" cm’, whereas the two-photon
absorption cross-section is approximately ¢,=10"%~10"*
cm?, indicating that polymerization can occur solely in
regions with sufficiently high light intensity.® Figure 2A
illustrates the single-photon absorption process, in which
fluorescence is excited throughout the dye region. In
contrast, the two-photon absorption process confines
fluorescence signals to the laser focus, where the photon
density is sufficiently high. This selective excitation of
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Figure 1. The relationship between biomedical applications and the evolutionary trends of two-photon polymerization. The heart image was adapted from
Servier Medical Art.

chemical reactions via two-photon absorption within a electrons acquires energy and transitions to the lowest
transparent medium enables the fabrication of authentic unoccupied molecular orbital, forming an excited singlet
3D structures. The interaction between light and matter state (S,). Variations in the power of femtosecond laser
during 3D printing is illustrated in Figure 2B.° In the pulses and photoresist systems yield distinct nonlinear
ground-state initiator molecule (S), electrons in the interactions.'®"! The excited initiator molecules may
highest occupied molecular orbital typically exist as a pair return to S via spontaneous or stimulated fluorescence,
with opposite spins. Upon photon absorption, one of these undergo excited-state absorption to higher energy levels,
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Figure 2. Schematic illustration of the principle of TPP. (A) The differences between SPA and TPA. Adapted with permission from ref."
Copyright © 2025 Wiley. (B) Energy level diagram of light-matter interaction during the three-dimensional printing process. (C) The process
of the TPP reaction, where PI is the photoinitiator, RM is the monomer radical, M is a monomer, and M, is a polymeric chain of # monomers.
Abbreviations: ISC, intersystem crossing; RISC, reverse intersystem crossing; SPA, single-photon absorption; TPP, two-photon polymerization; TPA, two-

photon absorption.
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or transition to a triplet state (T,) through intersystem
crossing (ISC). During the ISC from S, to T, the spin of the
excited electron undergoes inversion. This spin inversion
leads to the excited electron’s spin aligning parallel to
its paired ground-state electron, yielding a parallel spin
configuration. Molecules in the triplet state can return
to the ground state through phosphorescence, undergo
triplet-state absorption to higher energy levels followed
by reverse ISC, or directly generate free radicals (R*).
Furthermore, triplet-state absorption may result in the
formation of higher-level free radicals.

The TPP process consists of three primary steps:
chain initiation, chain growth, and chain termination,
as illustrated in Figure 2C. Photoinitiator molecules in
the ground state (PI) within the photoresist generate free
radicals (R*) through a series of dynamic processes. These
free radicals then react with monomers or oligomers (M),
resulting in monomer radicals (RM*). These radicals
propagate via a chain reaction to form (RMn*). The chain
reaction is terminated when two monomer radicals meet.

In 1997, Maruo et al." pioneered the application of TPP
for the fabrication of 3D structures, successfully creating
helical architectures in three dimensions.”” In 2001, the
research team employed a femtosecond laser to fabricate
a “micro-bull” measuring 10 um in length and 7 pm in
height, thereby establishing a seminal milestone within the
domain of TPP. This work represented a groundbreaking
advancement by surpassing the optical diffraction limit,
achieving a processing resolution of 120 nm, significantly
exceeding the diffraction limit of 460 nm, thereby
indicating the progressive maturation of TPP.*

3.The application of two-photon
polymerization in biomedical engineering

TPP provides new possibilities for biomedical engineering
research and applications, including tissue engineering,
medical devices, and biochips. In biomedical applications,
the biocompatibility of materials must also be taken
into consideration. Commonly used photoinitiators are
typically lipophilic, whereas biocompatible materials such
as hydrogels require water-soluble photoinitiators, posing
significant challenges for the application of TPP. Some of
these aspects have been addressed in previous reviews® and
will not be elaborated further in this paper.

3.1.Tissue engineering

In 1993, Robert Langer' defined tissue engineering as
a modern science that is an interdisciplinary field that
applies the principles of life sciences and engineering to
the development of biological substitutes that restore,
maintain, or improve tissue function.. In the past

30 years, tissue engineering has achieved rapid progress.
It plays a significant role in healing bone and cartilage
defects, skin burns, nervous system injuries, corneal
replacement, and cosmetic surgery. Tissue engineering
technology generates the organization by adding suitable
cells and materials to specific scaffolds. Most cells other
than blood cells exist within the extracellular matrix
(ECM). Ideally, for a specific organization, the best 3D
scaffolds are its original ECM. However, the native ECM
has diverse functions, complex compositions, and dynamic
changes; to build such an environment in vitro is extremely
challenging.”” When fabricating scaffolds, even if the
functions of ECM cannot be completely mimicked, it is
necessary to mimic the functions of ECM, including good
biocompatibility, bioactivity, and mechanical properties.
The ideal 3D scaffold should possess a porous structure,
network connection, and uniform pore size to facilitate cell
migration and invasion.

At present, various techniques have been used to
fabricate tissue engineering scaffolds, such as spinning,'
thermally induced phase separation,” solvent casting/
particle leaching,'® and membrane laminating.” However,
these techniques fail to precisely control the structure,
pore size, and network of scaffolds. With the advent of
3D printing, it has become possible to fabricate scaffolds
with controllable structures and sizes.” Compared to
other methods, optical printing not only has higher
precision, but can also be applied to different materials,
including polymers, metals, and ceramics, and can meet
the requirements of different application scenarios,
which has been widely concerned. Currently, primary
optical printing methods in tissue scaffolds fabrication
are TPP, stereolithography apparatus, selective laser
melting, and light-curing material jetting/extrusion.**
The size of a typical cell is generally within the micron
range, and to ensure that interactions between cells and
their microenvironment are not compromised, the scale
of the scaffold structure must closely match the cell size.
This necessitates manufacturing precision within the
range of 0.1-10 um. Among all the above 3D fabrication
technologies, only TPP can achieve the fabricated feature
size below 1 um; therefore, TPP is of great value for tissue
engineering and regenerative medicine.***** At present,
engineering scaffolds manufactured based on TPP have
been used in the culture of many cell systems.

In 2007, Ovsianikov and coworkers® successfully
created 3D scaffolds with the TPP technique
using commercially available photoresist SU8 and
ORMOCER®, demonstrating their ability to support
cell growth.” In 2010, Klein et al.*® utilized the 3D
scaffold fabricated by TPP to analyze the stress change
during cell growth, demonstrated that the beam in

Volume 11 Issue 5 (2025)

125

doi: 10.36922/1JB025280281


https://doi.org/10.36922/IJB025280281

International Journal of Bioprinting

Advances of TPP in biomedical engineering

contact with the cell was bent and stretched during a
single contraction cycle of the cardiomyocyte, and
tested its deflection (Figure 3A).*® In 2011, this group
combined TPP with composite materials to obtain two-
component 3D scaffolds with distinct mechanical and
protein-binding properties, achieving full control over
the formation of cell adhesion sites and cell shape in
three dimensions (Figure 3B).”” In 2017, Ricci et al.®®
fabricated tightly packed tissue engineering scaffolds
and demonstrated the culture results of human bone
marrow mesenchymal stem cells with 88% surface
coverage.” In the same year, Turunen et al.” fabricated
a tubular microtower-based 3D platform featuring
intraluminal guidance cues and wall openings via TPP
for culturing human pluripotent stem cell-derived
neuronal cells.” Tissue scaffolds fabricated by TPP
can influence cell culture not only through structural
design but also by dynamically altering the mechanical
properties of the microenvironment. In 2017, Lemma et

al.* exploited an innovative polymeric scaffold based
on TPP, featuring cage-like structures and cylindric
stent-like micro-scaffolds fabricated with varying
Young’s moduli and stiffness gradients. These scaffolds
allowed precise control of 3D microenvironmental
stiffness to study cancer cell invasiveness and analyze
how external mechanical properties influence cellular
behavior (Figure 3C).*" In 2018, Tudor et al.’' achieved
the creation of soft, stimulus-responsive 3D structures
using crosslinked poly(ionic liquid)s through TPP.
These structures exhibit properties such as swelling,
temperature response (known as the four-dimensional
effect), and programmed movement.”! Marino et al.*’
innovatively fabricated a 1:1 real-scale biomimetic
and biohybrid blood-brain barrier model by TPP.
The system co-cultured endothelial and glioblastoma
cells on biomimetic microtubes inspired by the brain
capillaries, demonstrating mature tight junctions.
Combined with mathematical optimization of fluid

[Coen] BT ] [F3n] [Z0key] 20 OO

50 pm
F-Actin
Nuclei

I
m

Proton Beam Irradiation

)

Nuclei

U-251 GBM Cell Culture

Figure 3. Tissue engineering scaffolds fabricated using two-photon polymerization. (A) Three-dimensional (3D) scaffolds utilized to analyze the stress
change during a single contraction cycle of the cardiomyocyte. Scale bars: 5, 10, and 30 um. Reproduced with permission from Klein et al.*® Copyright
© 2010, Wiley. (B) Two-component 3D scaffolds with distinct mechanical and protein-binding properties. Scale bars: 1, 10, and 30 pm. Reproduced
with permission from Klein et al.”” Copyright © 2011, Wiley. (C) 3D scaffolds with different Young’s modulus and stiffness gradients to study cancer cell
invasiveness. Scale bar: 20 um. Reproduced with permission from Lemma et al.*® Copyright © 2017, Wiley. (D) 3D neuronal scaffolds to culture neurons
in vitro. Scale bars: 20 and 150 um. Reproduced with permission from Fendler et al.** Copyright © 2019, Wiley. (E) Research on assessing the effects of
proton beam therapy on 3D glioblastoma cell networks. Reproduced with permission from Akolawala et al.**
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dynamics, this system offers a referenceable in vitro
model for investigating the delivery of nanomaterial/
drug across the blood-brain barrier.”” Given that low-
density neuronal cultures in vitro are useful for studying
neurons at the cellular level, in 2019, researchers used
direct laser writing via TPP to fabricate tailor-made 3D
culturing substrates. These substrates consisted of pillars
with different heights connected through freestanding
microtubes with quadratic cross sections (Figure 3D).*
The truly 3D neuronal networks built in the work
combined site-specific chemical-guiding adhesion with
topological limitation of potential neurite growth paths
to determine predefined pathways as well as guidance
paths for controlled axon and dendrite outgrowth. In
2022, Akolawala et al.** designed 3D scaffolds inspired
by the geometry of brain blood vessels to be cultured
with U-251 glioblastoma cells and assess their response
to proton radiation (Figure 3E).** In 2022, Rengaraj et
al.* combined a microscale 3D scaffold to engineer a
microscale niche for pancreatic tumor cells fabricated
via TPP with a bioactive layer-by-layer film coating.
The functionalized scaffold successfully supported 3D
tumor-like tissue culture for up to 20 days and revealed
significant context-specific cell responses, confirming
its potential to simulate the early microenvironment
of metastasis and provide a controllable in vitro
model to study pancreatic cancer mechanisms and
drug screening.’” In 2022, Costa et al.’® optimized 3D
woodpile microscaffolds from different photosensitive
polymers (IP-S and $Z2080) and hydrogel (PEGDA
700) using TPP and coated them with fibronectin to
investigate the behavior of bone marrow mesenchymal
stem cells. These scaffolds maintained stemness and
supported co-culture with HeLa cells, offering a novel
biomimetic platform for modeling bone marrow niches,
studying hematological disorders (e.g., leukemia), and
advancing drug screening applications.*

Currently, tissue engineering scaffolds manufactured
using TPP have been successfully applied to various cell
lines, including neurons derived from human induced
pluripotent stem cells, pancreatic cell lines, and bone
marrow mesenchymal stem cells. In tissue engineering,
the development of TPP technology has shown a
trend of shifting from structure-oriented to function-
oriented approaches. Early studies primarily focused on
constructing precise 3D cellular microenvironments to
enable passive cell growth. With continuous advancements
in materials science and manufacturing technologies,
current research has begun regulating cell morphology
and exploring the impact of microenvironment on cellular
behavior. However, during this developmental process,
the throughput limitations of TPP manufacturing have

constrained the ability to construct highly complex
microenvironments.  Additionally, beyond existing
polymer materials, developing relatively soft hydrogel
materials that better facilitate cell adhesion, extension, and
growth imposes higher requirements on the light-matter
interaction in TPP. If manufacturing throughput can be
effectively improved, it could potentially extend single-cell
scale regulation capabilities to organ-level applications.
Notably, some parallel manufacturing technologies have
already provided preliminary implementation pathways
for this vision. The deep integration of micro/nano
manufacturing techniques with biological 3D printing
technology holds promise for catalyzing entirely new
paradigms in tissue engineering manufacturing.

3.2. Medical devices

TPP has unlocked new possibilities for medical device
fabrication, enabling the creation of micro and nanoscale
devices that facilitate minimally invasive, precision
medicine—such as microneedles, endoscopes, and micro/
nano robots.

Advances in genetic engineering and proteomics
technology have introduced protein- and nucleic acid-
based therapies for cancer and other chronic diseases.
However, many of the pharmacologic agents are not
suitable for oral or transdermal use, as the liver, kidney,
and other organs may metabolize them. Therefore,
intravenous injection can improve drug absorption in the
human body, while the traditional hypodermic needles
are less suitable for extended delivery, causing pain and
trauma at the injection site and requiring professional
administration. Microneedles, as a minimally invasive
drug delivery method, possess a needle size of 300-
400 pm, which can avoid pain to the patient and reduce
bruising to the injection site.”” Hollow microneedles
can enable slow release of medicine over a longer
period through diffusion- or pressure-driven transport.
Compared to solitary needles, arrays of microneedles
can provide injection or extraction over a wider area
and at higher rates. In 2007, Ovsianikov et al.*® created
3D hollow microneedle arrays with complex geometries
using TPP, which demonstrated the applicability of
TPP on large-area fabrication of microneedles and the
possibility of using TPP for portable medical devices.*
In addition to drug delivery, microneedles also hold great
promise for vaccine injection. The use of microneedles
can avoid medical waste generated by traditional
subcutaneous and intramuscular injections and reduce
the risk of infection caused by reusing syringes.* In 2017,
Rad et al.** combined hollow microneedles with open
microfluidic channels to fabricate novel microneedle
arrays for subcutaneous fluid sampling and drug delivery,
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demonstrating that TPP is more flexible in fabricating
micro/nano devices (Figure 4A).% In 2020, Balmert et al.*!
used TPP to produce master molds of microneedle arrays
to generate dissolving undercut microneedle arrays for
multicomponent cutaneous vaccination, and showed that
this drug delivery technology can elicit potent antigen-
specific cellular and humoral immune responses through
the skin.*!

Endoscopes can provide diagnostic images of hollow
organs at high resolution to assist clinicians in diagnosing
and intervening. However, commonly used endoscopes
have difficulty imaging small luminal or delicate organs
due to the limitations of the traditional fabrication method
of endoscopes. In 2020, researchers used TPP to 3D print
125-um-diameter micro-optics directly onto a single-
mode optical fiber (Figure 4B).*? This is by far the smallest
freeform 3D imaging probe and the smallest aberration-
corrected intravascular probe reported, with a diameter

of 0.457 mm including the catheter sheath, and is able to
image atherosclerotic human and mouse arteries.

Moreover, TPP can be applied to create micro/
nanorobots for drug delivery, thrombolytic procedures,
and assisted reproduction.”** Unlike traditional robots,
micro/nanorobots are limited by their minute size, which
restricts the integration of complex computational,
actuation, sensing, functional, and communication units.
Instead, their motion relies predominantly on energy
conversion mechanisms and interactions within their
microenvironment.”” The propulsion modes of micro/
nanorobots include ultrasonic, chemical, and magnetic
propulsion modes.** Among the various propulsion
methods, magnetic field actuation has been extensively
employed due to its non-contact operation, safety profile,
and precise controllability. Poor sperm motility is one of
the main causes of male infertility.® In 2015, Medina-
Sanchez et al.*' fabricated polymer microhelices using TPP
with soft-magnetic nickel-titanium bilayer coatings, which
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Figure 4. Implantable and interventional medical devices fabricated using two-photon polymerization. (A) Hollow microneedles with open microfluidic
channels. Scale bar: 100 um. Reproduced with permission from Rad et al.** (B) Micro-optics directly printed onto the single-mode optical fiber. Scale bars:
100 pm. Reproduced with permission from Li et al.** (C) Sperm carrying micromotors assisted fertilization. Scale bar: 20 um. Reproduced with permission
from Medina-Sanchez et al.* Copyright © 2016, American Chemical Society. (D) Enzymatically biodegradable soft helical microswimmers. Reproduced
with permission from Wang et al.>® Copyright © 2018, Wiley. (E) Biodegradable microswimmer for drug delivery and release. Reproduced with permission
from Ceylan et al.**
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showed controllable 3D motion (Figure 4C).”' Through
the rotating magnetic fields generated by Helmholtz coils,
microhelices can capture, transport, and release single live
sperm cells under physiological conditions. Moreover,
sperm cells can be successfully delivered to the oocyte cell
wall, which presents the potential of this novel technique
toward assisted reproduction. In 2023, Fan et al>*
developed a magnetic fiber robot with integrated terminal
functionality, offering a flexible and innovative solution for
integrating and assembling distal functional components.
This development has considerable potential to advance
the miniaturization and functional capabilities of
interventional medical robots.*> Beyond structural design,
biocompatibility represents a fundamental consideration
for micro/nanorobots. In 2018, Wang et al.>* utilized P2CK
as an initiator to fabricate biodegradable micro/nanorobots
from gelatin methacryloyl-based materials (Figure 4D).”
In 2019, Ceylan et al** demonstrated precise drug
delivery via the controlled degradation of biodegradable
microrobots (Figure 4E).**

3.3. Microfluidics

Beyond direct fabrication of 3D microfluidic structures,
TPP can be applied for the realization of microscale 3D
structures printed inside the microchannels, including the
nozzle, mixer, filter, and capillary pump, which can expand
the diversity and flexibility of microfluidic chips.”

The number of circulating tumor cells is closely
correlated with the lethal potential of the tumor. In
2019, Jiménez-Zenteno et al”’ created a 3D stealthy

intravascular microdevice with the aid of TPP, engineered
as a hollow circular cylinder with a holey membrane at
the downstream end-wall, adapted to the physical capture
of circulating tumor cells in the venous blood flow in
vivo.”” Biosensors can be fabricated through processing
micro/nanoscale 3D structures in the microchannels. In
2020, Lao et al.*® exploited the tendency of delicate micro/
nanostructures to collapse during solvent development
due to existing capillary forces. They manufactured 3D
nanogap-enabled plasmonic structures by combining
supercritical drying, noble metal coating, and switchable
capillary-force-driven self-assembly of TPP-fabricated
micropillars.”® The nanogap-enabled microfluidic
device integrated in microchannels, together with the
electromagnetic enhancement, showed great potential
for surface-enhanced Raman spectroscopy sensing
research. Poorly soluble drugs struggle to elicit effects
through oral or parenteral administration, but using
lipid nanoparticles as a carrier enabled the drugs to
achieve sufficient bioavailability. Microfluidic systems
can effectively control the particle size distribution
and mixing scheme of nanoparticles. However, there
is a risk of particle-containing fluids deposition on the
surface of microchannels, which limits the repeatability
and stability of long-term continuous processing during
practical use. In 2021, Erfle et al.”® created a coaxial
lamination mixer using TPP with a unique 3D design to
address challenges in the manufacturing process of drug
nanoparticles, which can eliminate contact of the organic
phase with the channel walls, avoid particle deposition,
mix organic and aqueous phases efficiently, and reduce
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Figure 5. Heart-on-chip system via two-photon polymerization. Scale bars: 1 mm, 5 mm, 50 pm, 100 pm, and 500 pm. Reproduced with permission from
Michas et al.® Copyright © 2022, AAAS Wiley. Abbreviation: 3D, three-dimensional.
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fouling, proving the feasibility of this approach in high-
throughput monodisperse drug carrier nanoparticles
production.” In 2022, Michas et al.*® developed a novel
heart-on-chip system via TPP (Figure 5). The platform
utilized a nanoscale metamaterial scaffold to guide human
induced pluripotent stem cells-derived cardiomyocytes
into contractile ventricular chambers, integrated with
fabricated microfluidic valves for unidirectional flow,
achieving the first complete pressure-volume loop
in vitro. This work overcomes limitations in constructing
functionally ordered microstructures for organ chips,
providing a vital tool for cardiac biomechanics, drug
screening, and disease modeling.

TPP serves as a powerful tool in the biomedical
field; however, its manufacturing throughput limits
its further development. Precision and efliciency are
mutually constrained because the size of a single voxel
in TPP is approximately 200 nm, resulting in extremely
low efficiency when manufacturing large-scale devices.
Assuming a scanning speed of 5 mm/s, fabricating a 1
mm? area would take 1x10° s. For a 1 mm?® area with an
axial dimension of 500 nm and no voxel overlap, this
process would require 2x10° s, or approximately 23 days.
Moreover, the need to maintain the femtosecond laser
in a stable working condition, regulate water content in
materials, or preserve cell viability throughout this process
imposes significant environmental demands. Therefore,
manufacturing efficiency in TPP represents a significant
limitation to its further development in the biomedical
field. Furthermore, enhancing the precision of TPP could
significantly facilitate the observation and study of cellular
processes at the single-cell level. Optimizing TPP in terms

of precision and efficiency assists in the fabrication of
multiscale, hierarchically organized biological structures,
which have significant implications for the biomedical
field. Researchers have conducted extensive studies to
improve the throughput and precision of TPP.

4. Two-photon polymerization throughput
enhancement

4.1. Single-focus serial scanning

As illustrated in Figure 6, the mainstream writing methods
currently include point-by-point scanning using a
translation stage or piezoelectric stage, as well as scanning
with a galvo mirror. Additionally, resonant mirrors
combined with rapid shutters (such as Pockels cells) are
also employed for scanning. During the construction of
optical pathways, relay lens groups are carefully selected
and configured to achieve the desired spot size and field
of view. These approaches can be further categorized into
raster scanning and vector scanning.'

Manufacturing via TPP typically employs stepper
motors or piezoelectric stages to enable precise sample
movement. However, due to the inherent inertia of these
stages, they are restricted to scanning speeds ranging
roughly from 0.1 to 30 mm/s.®’ The use of galvanometer
scanners can increase these speeds to several tens or
hundreds of millimeter per second; however, this is still
insufficient to meet the efficiency requirements for the
mass production of most devices. With the advent of
novel scanning technologies, researchers have utilized
commercial resonant galvanometer mirrors, achieving
scanning speeds of up to 8 kHz and an extraordinary 8000
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Figure 6. Common scanning methods in two-photon polymerization systems. Created by the authors with Microsoft PowerPoint.

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; OBJ, objective.
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mm/s, representing the fastest processing throughput
for serial scanning known to date.”’ Resonant mirrors,
with their high-frequency operation, enable even faster
scanning speeds, requiring integration with high-speed
shutters to control energy modulation, thereby achieving
a raster scanning effect.

4.2, Parallel fabrication

4.2.1. Static multi-foci or light field

To enhance efficiency, optical devices can be employed to
generate multiple foci, enabling high-speed fabrication
when combined with the scanning method described in
Figure 6.

The scanning speed of serial methods is often
constrained by the capabilities of scanning devices,
whereas parallel devices such as micro lens array (MLA),
diffractive optical elements (DOE), and meta-lens
facilitate high-efficiency, multi-focus parallel processing,
thereby offering the potential for significantly enhanced
processing throughput.® In 2005, Katos team® first
introduced a parallel multi-focus printing method using
MLA with 41x41 lenses in a 10x10 mm? area, achieving
simultaneous printing of over 200 points.** However,
combining the microlens array with a galvanometer
to increase manufacturing speed inevitably resulted
in aberrations from large-angle incident light.”” In
2007, Dong et al.*® utilized DOE and a galvanometer to
fabricate complex 3D structures, significantly enhancing
manufacturing efficiency. Nonetheless, the dispersion and
pulse broadening introduced by the optical components
reduced the efficiency of two-photon absorption. There
is a contradictory relationship between focus size, energy,
distribution uniformity, and the number of focal points—

more focal points result in lower focus energy, larger laser
spots, poorer uniformity, and reduced resolution in direct
writing. In 2020, Hahn et al.® proposed a rapid multi-focus
3D printing method using an acousto-optic modulator
instead of a shutter and employing prisms and dispersion-
compensating prisms to offset pulse broadening caused
by optical components, ensuring the efliciency of two-
photon absorption and achieving a printing rate of over
10 million voxels per second.” In 2024, the team combined
DOE and MLA to optimize dispersion and uniformity,
achieving a manufacturing speed of over 10° voxels
per second (Figure 7).7°

TPP is fundamentally a photochemical process wherein
the spatial distribution of light dictates the polymerization.
Compared to point-by-point scanning, light field
modulation techniques offer additional dimensions of
control for TPP. In 2006, Jezek et al.”* utilized conical lenses
to generate Bessel beams, thereby achieving rapid printing
of hollow cylindrical structures.” In 2012, researchers in
Lithuania analyzed the differences among laser direct
writing, vortex light, and holographic lithography for
fabricating microtubes. Compared to laser direct writing,
holographic lithography increased efficiency four
hundredfold, and vortex light five hundredfold.”” In 2014,
the team from the University of Science and Technology
of China rapidly fabricated arrays of cylindrical tubes
using Fresnel lenses.”” That same year, Zhang’s research
team’ employed orbital angular momentum beams to
fabricate double-helical 3D microstructures, thereby
demonstrating optical chirality”* In addition to the
advancements mentioned above, the advancement of
light field modulation techniques, including Bessel
beams, Airy beams, Mathieu beams, and emerging
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Figure 7. Multi-focal scanning based on a DOE and an MLA. Scale bars: 1 mm, 10 mm, 20 um, and 200 pm. Reproduced with permission from Kiefer et al.”
Abbreviations: 3D, three-dimensional; DOE, diffractive optical element; LED, light-emitting diode; MLA, micro lens array.
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holographic technologies, has the potential to enable novel
opportunities in micro-nano fabrication.”””*

4.2.2. Dynamic multi-foci or pattern exposure

In addition to static multi-focus, dynamic multi-
focus or dynamic masking can be utilized to achieve
more flexible fabrication, enabling greater versatility
in structural manufacturing. The digital micromirror
device (DMD) and liquid crystal spatial light modulator
(LC-SLM) represent the two most widely utilized types
of spatial light modulators, and Figure 8 illustrates their
basic configurations within optical systems. Figure 8A
illustrates the application of an LC-SLM for computational
holography, Figure 8B demonstrates pattern projection
through a 4-f system using a DMD, and Figure 8C
illustrates binary holography with a DMD, utilizing a
grating to compensate for the dispersion introduced by
the DMD.

Parallel TPP based on beam-splitting devices has
effectively enhanced efficiency, but still faces challenges
in achieving precise control and remains confined to
the production of periodic structures. SLM allows for
greater flexibility in loading holograms and more precise
manipulation of the light field. In 2007, Kelemen et
al.” harnessed an LC-SLM to generate multiple foci,
demonstrating the adaptability of programmable devices
in creating multiple focal points.” Further optimization
of the holograms improved the uniformity of the multi-
foci, facilitating the fabrication of micro-nano optical
devices and photonic crystal structures.®’ In 2024, Zhang’s
team® optimized focal point uniformity by suppressing

zero-order spots and using a grayscale modulation
strategy, reaching a peak printing rate of 1.49x10° voxels
per second (Figure 9A).*' Beyond generating multiple
foci, different holograms loaded onto the SLM can enable
scanning capabilities without requiring mechanical
platform movement. In 2017, Yang et al.** introduced a
fabrication strategy using non-diffractive superimposed
Bessel beams. By adjusting the order of the superimposed
Bessel light fields, they were able to control the number of
foci generated. The complex 3D structures were fabricated
by dynamically controlling the focal pattern.*> In 2020,
Manousidaki et al® proposed a method for generating
3D holograms, which, by loading various holograms,
enables the spatial movement of foci without mechanical
platform motion, achieving efficiencies approximately 20
times greater than point-by-point scanning methods.* In
2022, Zhang et al.** successfully fabricated 3D structures
through predesigned holograms integrated with lens
phase modulation, eliminating the need for any movable
components during the construction process (Figure 9B).*

DMDs function as innovative intensity control
elements, offering a distinct advantage over LC-SLM.
By rapidly flipping surface mirrors, they achieve binary
modulation between “on” and “oft” states, thus offering
higher refresh rates.®* The employment of grayscale
holography has enabled efficient light field control, which
is now successfully applied in areas such as beam shaping,
pulse shaping, and two-photon microscopic imaging.*-%

In 2019, Geng et al”® developed a high-speed TPP
system with multi-foci capabilities using Lee holography.

Y

A LC-SLM B DMD C DMD
4 ’ ’ / —X— Filter
7
OBJ OoBJ oBJ
z i
X " — \ —

Grating

Figure 8. Dynamic modulation by spatial light modulators. (A) Computational holography utilizing LC-SLM. (B) Projection by DMD. (C) Binary
holography implemented by DMD. Created by the authors with Microsoft PowerPoint. Abbreviations: DMD, digital micromirror device; LC-SLM, liquid

crystal spatial light modulator; OBJ, objective.
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Figure 9. Multi-foci generated via spatial light modulators. (A) High-throughput two-photon polymerization enabled by holographic multi-foci high-
speed scanning. Reproduced with permission from Zhang et al.*' Copyright © 2024, American Chemical Society. (B) Microarchitectures fabricated by
dynamic holographically shifted femtosecond multi-foci. Reproduced with permission from Zhang et al.** Copyright © 2022, American Chemical Society.

This system facilitated synchronous scanning that printed technology, DMD now enables the creation of adjustable
up to several foci, with a refresh rate of 22.7 kHz and a 3D structures.””'® Beyond serving as a projection
resolution of approximately 500 nm.” By 2023, this tool, DMD also functions as a dispersion element. By
team had advanced to synchronously printing up to modulating the spatial chirp of a femtosecond laser pulse,
2000 foci, achieving speeds of 2,000,000 voxels/s, and the DMD confines a narrow pulse width exclusively to
by analyzing polymerization dynamics, they reached a the sample locations, achieving synchronized spatio-
maximum resolution of 90 nm (Figure 10A).”* In 2024, temporal focusing. This method achieves an impressive
Jiao et al.”* utilized a DMD as a digital mask, integrating lateral feature size of 140 nm and axial feature size of
an acousto-optic deflector with spatial light switching. 170 nm, alongside high throughput in 3D micro-nano
The acousto-optic deflector driven by a non-linear swept fabrication.'”"'> However, during the patterned exposure
signal significantly reduced the wavefront aberration. process, fluctuations in photochemical reaction intensities
This approach not only achieved a printing rate of 7.6x107 resulted in more proximity effects compared to point-by-
voxels/s but also facilitated the fabrication of non-periodic point scanning methods, thus requiring an extended and
structures (Figure 10B).” meticulous process optimization.

The multi-foci parallel approach can significantly . .
enhance throughput. The increase in laser power provides 5. High precision of
a basis for enabling patterned exposure through SLM. In two-photon polymerization
2014, Yang et al.** utilized an LC-SLM to generate large-
format holographic patterns for the manufacture of specific
patterns in a single exposure.”” However, due to optical
speckle noise, the printed surfaces lacked smoothness.
That same year, the team introduced a multiple exposure
technique that significantly improved the uniformity of the
processed structures’ surfaces, applying it to create high-

5.1. Processing parameters

The process parameters of TPP significantly influence
fabrication precision. Figure 11 illustrates the typical
workflow of TPP, encompassing direct writing,
development, and drying. Adjusting these parameters can
yield varying effects on the structures fabricated.

quality DOE.** Although the multiple exposure method The feature size formed by TPP is influenced by both
enhanced uniformity to some extent, it required the the optical diffraction limit and the threshold of polymer
continuous loading of computed holograms to average out cross-linking. By regulating the light flux, the precision
noise, thus reducing the throughput of the technique. In of the feature size can be improved, particularly when
2016, Zhang et al.”® developed the mixed-region amplitude the scanning speed is high or the pulse energy is low.
freedom holographic algorithm, which dramatically Moreover, when the spacing between two sets of cured
enhanced the quality of hologram generation, enabling structures is sufficiently small, re-polymerization occurs,
high-quality single-exposure print formations. Fabricating resulting in finer lines. In 2007, Tan et al.'® achieved line
masks with various patterns and projecting these designs widths of less than 25 nm, merely 1/50 of the excitation
through an optical system enables high-throughput wavelength, by modulating the light flux and increasing
manufacturing.”**® With the advancement of projection the scanning speed. By controlling the spacing between
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Figure 10. Employing a digital micromirror device for multi-foci parallel methods. (A) Efficient three-dimensional manufacturing facilitated by integrating
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Figure 11. The workflow of two-point polymerization. Created by the authors with Microsoft PowerPoint. Abbreviation: OB]J, objective.
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two sets of structures to induce re-polymerization, they
achieved feature sizes of approximately 15 nm.'®

However, solely controlling the laser dose also presents
certain limitations. Firstly, the overall degree of cross-
linking is low due to the reduced density of free radicals
in the cross-linked regions, leading to weak structures
that are prone to deformation during development and
are insufficient to support 3D structures.'™ Secondly,
this method does not reduce the spacing between lines.
Although the feature size of a single line can be very small,
free radicals persist around the lines. These free radicals
are insufficient for monomer cross-linking, but when high-
density patterns are inscribed, the residual free radicals
accumulate, resulting in unintended structures.'”®

During the post-processing phase, the developer
solution dissolves partially uncrosslinked structures,
thereby reducing the feature size of the sample. The
degree of cross-linking in TPP is typically below 75%,
as demonstrated by Raman spectroscopy and Fourier
transform infrared spectroscopy.’®'® In this process,
development time plays a crucial role. Insufficient time
can result in residual ink remaining on the structure, while
excessive time can compromise the structural integrity.
Thus, the development duration must be carefully tailored

to align with the properties of various ink types. In the
drying process, capillary forces induce deformation
in regions that lack sufficient strength to support the
overall structure.''® Additionally, certain materials, such
as glass, necessitate the incorporation of nanoparticles
into the photoresist for printing. The solid content of
these nanoparticles in the photoresist is comparatively
low. During the subsequent sintering process, the printed
structures experience further shrinkage, resulting in an
additional reduction in overall dimensions.""!

In 2009, Maruo et al.''* analyzed the overall structural
shrinkage resulting from drying in air compared to that
achieved with a critical point dryer.""* Ovsianikov et al.'”®
investigated the modifications in the photonic crystal
bandgap under varying shrinkage ratios, indicating
that shrinkage may be employed to enhance overall
manufacturing precision.'** In 2019, Liu et al.'** introduced
a heat-shrinking method to produce 3D-printed photonic
crystals, achieving sub-100-nm features with a full range of
colors (Figure 12).'"*

5.2. Optical systems
The optical system is crucial for the precision of the
manufacturing systems. This section introduces several
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Figure 12. Variations in shrinkage after heating for different times. Scale bar: 10 um. Reproduced with permission from Liu et al.'*
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methods to enhance precision based on optical imaging
principles, as illustrated in Figure 13. These include
reducing the wavelength, optimizing wavefront utilization
(4Pi), and utilizing the properties of ultrafast lasers
(spatiotemporal focusing).

According to the Rayleigh criterion, the diffraction
limit of an optical system is defined by o = 0.61A/NA,
where A represents the laser wavelength, and NA denotes
the numerical aperture of the objective lens. Under fixed
conditions for the objective lens, reducing the excitation
light wavelength effectively diminishes the spot size,
thereby enhancing resolution. Typically, the excitation
wavelength of commonly used initiators in TPP is
approximately 780 nm. Haske et al.'"® employed E,E-1,4-
bis[4-(di-n-butylamino)styryl]-2,5-dimethoxybenzene as
the initiator, exhibiting a two-photon absorption cross-
section of 200 GM at 520 nm. By decreasing the wavelength,
precision was significantly improved, ultimately achieving
a linewidth of approximately 65 nm.'”* In 2022, Liu et al."'¢
fabricated planar structures with a minimal feature size
of 32 nm using DMD with an excitation wavelength of
400 nm."'*

In super-resolution imaging, lateral resolution is
typically enhanced, while axial resolution is approximately
2.5 times lower. Achieving isotropic resolution remains a
significant scientific challenge. Generally, imaging with a
single lens covers only half of the spherical wavefront; if
the optical system could collect the other half behind the
focal plane, the system’s point spread function (PSF) would

retain its spherical shape due to restored symmetry.""” In
1992, Hell and colleagues'® invented the 4Pi microscope
using two opposing objective lenses, nearly capturing
the entire 4Pi steradian angle."® The properties of micro/
nanostructures fabricated using TPP are closely related
to the smallest feature size of the voxel. Enhanced axial
precision would improve the structural color exhibited
by fabricated photonic crystals. In 2019, Tickanas
et al.'’? proposed a TPP method based on 4Pi microscopy,
significantly enhancing axial precision.'”” Using a 1030
nm laser, they achieved feature sizes of 200 nm laterally
and 150 nm axially, resulting in nearly isotropic voxel
features. Additionally, periodic layered structures can be
directly fabricated using interference fringes formed in the
axial direction.

In TPP fabrication, a voxel is the smallest unit. Its
shape is directly related to the optical system’s PSE. In
single-photon absorption systems, the axial dimension
of the PSF is typically about twice that of the lateral
dimension. In contrast, femtosecond lasers offer richer
temporal and frequency information than continuous
lasers. This information can be utilized to effectively
improve axial resolution. The product of the pulse width
(Tp) in the time domain and the spectral bandwidth (Av)
of a laser pulse, known as the time-bandwidth product,
exceeds a specific constant «, denoted by Av - 7 2 «. In
1985, Strickland and Mourou'? proposed the chirped
pulse amplification technique, which involves temporally
stretching femtosecond pulses by separating the different

oBJ

0.614/NA

A Wavelength B 4Pi

oBJ

oBJ

C Spatiotemporal focusing

oBJ

. 4

AT - Av < const

Figure 13. The enhancement of precision in two-photon polymerization through optical principles. (A) Reducing the wavelength of the laser.
(B) Employing a 4Pi printing system. (C) Utilizing a spatiotemporal focusing system. Created by the authors with Microsoft PowerPoint.

Abbreviation: OBJ, objective.
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frequency components, thereby reducing peak power.
After amplification, the pulses are then compressed. This
technique was awarded the Nobel Prize in Physics in
2018. It fully exploits the temporal, spatial, and frequency
characteristics of femtosecond pulses and has been widely
applied in femtosecond laser-based technologies.

In two-photon imaging, the signal-to-noise ratio
deteriorates with increased penetration depth. In 2005,
Zhu’s team'?! proposed a spatiotemporal focusing method.
By broadening the femtosecond pulses with a grating to
form spatial chirps and employing a 4f system during
transmission, different frequency components converge
at the focal point. Due to the time-bandwidth product,
the peak power is insufficient to generate two-photon
fluorescence signals after forming spatial chirps. However,
at the focal point, the pulse width is minimized, achieving
the focused pulse width necessary for effective two-photon
fluorescence.’?! This method improves the PSF aspect
ratio and enhances the axial precision of nonlinear optical
systems. It has found broad applications in isotropic
processing, two-photon imaging, and femtosecond laser
filamentation.'*"'»

In 2010, an MIT research team utilized a mask and
spatiotemporal focusing for high-throughput 3D printing.
However, this method was confined to the fabrication of
specific structures.'” In 2012, Li et al.'”” used a DMD as
a digital mask combined with spatiotemporal focusing
for TPP (Figure 14A)."” This approach entails a complex
optical path due to the necessity of coupling the DMD
with grating devices. In 2014, the team synchronized

the DMD as a projection element and grating, achieving
spatial light modulation and spatial chirp.” Despite this
advancement, large-area manufacturing with DMD
continued to encounter issues of inhomogeneous energy
distribution and low structural precision. In 2017, Gu
et al.'® achieved uniform laser ablation using a beam
homogenizer with spatiotemporal focusing, which resulted
in a surface roughness not exceeding 96 nm.'”® By 2018,
this system was applied to metal 3D printing."”* In 2019,
it enabled the rapid fabrication of nanoscale precision 3D
structures, achieving up to 140 nm horizontal and 170 nm
axial feature size, and improving manufacturing efficiency
by more than three orders of magnitude compared to
traditional point-by-point scanning methods.”’" In 2021,
Somers’ team'”> demonstrated the feasibility of this system
for efficient large-scale micro- and nano-manufacturing
(Figure 14B)."” By 2022, Han’s team'* expanded this
technology’s precision using expansion microscopy,
employing hydrogels as templates to assemble materials
such as metals, two-dimensional materials, oxides,
semiconductors, polymers, biological materials, and
molecular crystals, achieving resolutions ranging from 20
to 200 nm in two-dimensional and 3D structures.'*

This technology harnesses the temporal and spatial
characteristics of femtosecond lasers, significantly
enhancing precision and efficiency. It offers a novel
technical direction for manufacturing cross-scale devices
using TPP. However, due to the shift in processing
paradigms, the fabrication of complex structures still
necessitates substantial effort.®>*!-13>
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Figure 14. Spatiotemporal focusing in two-photon polymerization for the fabrication of metamaterials. Scale bar: 50 um. Reproduced with permission

from Somers et al.'”® Abbreviation: DMD, digital micromirror device.
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5.3 Light-matter interactions

The TPP process involves both the optical system and the
complex interactions between the laser and matter. By
modulatingtheexcited-statedynamicsofthereactionsystem
or modulating the interactions between ink components
with light of varying wavelengths, it is possible to achieve
higher precision in micro-nanostructure fabrication.

Hell** pioneered far-field super-resolution technology,
specifically stimulated emission depletion (STED)
microscopy. This technique utilizes the principle of
reversible saturable optical linear fluorescence transition,
which involves molecules that can reversibly switch
between at least two states.*® In 2014, this technique
received the Nobel Prize in Chemistry, underscoring its
significance. The process begins with exciting molecules
to the excited state (A_ ). If another beam (A ,) is applied
before fluorescence emission, the excited molecules return
to the ground state via stimulated emission, thereby
reducing the rate of radiative transition. When both
beams are coupled as Gaussian light, no signal is detected.
However, when the excitation light is Gaussian and the
depletion light is a vortex beam formed by a phase plate,
their coupling effectively erases the PSE This method has
achieved a resolution of up to 2.4 nm, further highlighting
its potential.’” The mechanism and basic setup of STED
are depicted in Figure 15.%® Currently, methods that
enhance precision through light-matter interactions are
mainly inspired by STED technology. However, in their
specific implementation, TPP and imaging techniques
exhibit significant distinctions.

5.3.1. Kinetics

The kinetics, encompassing stimulated emission, electron
transfer, triplet absorption, and photoisomerization, have
been utilized in TPP. STED-assisted TPP was initially
inspired by STED. By analyzing the excitation spectrum

of the photoinitiator and selecting a wavelength close to
its fluorescence spectrum for depletion, manufacturing
precision is enhanced.”*” Unlike imaging techniques that
prioritize the fluorescence quantum yield of fluorescent
molecules—seeking the highest possible yield to minimize
photobleaching and phototoxicity—TPP is inherently a
photochemical reaction. It features a low fluorescence yield
and a high ISC rate, allowing the photoinitiator molecules
to participate more efficiently in chemical reactions.
However, adapting STED from microscopy to lithography
presents significant challenges to the material system.

The suppression of single-photon and TPP!0+1
significantly promoted the application of STED in super-
resolution lithography. However, the material systems
still face limitations in fabricating complex 3D structures,
including a slow response time and irreversible processes."*!
In 2010, Fischer et al'® introduced a photoresist
based on the photoinitiator 2-isopropylthioxanthone
(ITX), achieving results similar to stimulated emission
depletion.”” In 2011, using the same experimental setup,
the group employed 7-diethylamino-3-thenoylcoumarin
(DETC) as a photoinitiator to fabricate visible light
photonic crystals, demonstrating the system’s ultra-high
resolution.'"”” Compared to the reference, the region in
the cloak exhibited invisibility under circular polarization
illumination. In fact, beyond the expected stimulated
emission pathway, when excited state molecules are
exposed to depletion light, some excited state absorption
or triplet state absorption may occur, which can increase
polymerization probability, reduce depletion efficiency,
and limit high-resolution performance.'

Photoresists for stimulated emission must possess
a large oscillator strength for the S-S, transition, long
excited state lifetimes, and high fluorescence quantum
yields. A pump-probe experiment comparing ITX
and DETC revealed that DETC exhibits a stronger
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Figure 15. The Jablonski diagram and structural schematic of stimulated emission depletion microscopy. Reproduced with permission from Liaros

and Fourkas."** Abbreviation: PSE, point spread function.
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stimulated emission effect compared to its excited state
absorption, making it more suitable as a photoinitiator
for the stimulated emission mechanism."** Although
ITX can achieve suppression in dual-color systems, it is
not primarily driven by the stimulated emission process.
DETC remains the leading photoinitiator supporting the
stimulated emission suppression mechanism.'* In 2013,
Wollhofen et al. achieved a feature size of 55 nm and a
resolution of 120 nm using DETC.'** In 2015, Fischer et
al. explored the mechanisms in STED-enhanced direct
laser writing.'*¢

With the advancement of this system, interest in
enhancing the throughput of stimulated emission TPP
has increased. In 2022, Zhu et al.'” proposed a parallel
peripheral-photoinhibition method by independently
controlling the two polarization components of a light
beam. They increased throughput while ensuring a
minimum feature size of less than 40 nm (Figure 16).""
To prevent the chromatic aberration of conventional
multicolor inhibition lithography, they also developed
single-color photoinhibition systems.'*%!*

The dual-color suppression method based on stimulated
emission offers process reversibility. Additionally, the short
fluorescence lifetime allows completion of this process
within a nanosecond timescale, making it highly promising
for high-throughput manufacturing.' However, given
the short fluorescence lifetime, the stimulated emission
rate must exceed the spontaneous emission rate, which
demands high intensity for the depletion light, thereby

increasing the method’s cost and complexity.'”' The

exploration of long-lived intermediate states to expand this
approach warrants in-depth investigation.

The DETC inhibition mechanisms have been
investigated in numerous studies. Fischer et al."** employed
the pump-probe technique to analyze the eflicacy of
inhibition at various temporal delays. If the inhibition
mechanism of DETC relies solely on stimulated emission,
the inhibition timescale correlates with the molecule’s
inherent fluorescence lifetime, typically a few nanoseconds.
Experimental findings revealed significant inhibition
effects within nanoseconds post-pulse, which subsequently
diminished.  Furthermore, experiments indicated
inhibition occurring before the excitation pulse, suggesting
a residual impact from the previous pulse. This suggests
that DETC’s inhibition mechanism involves pathways
additional to stimulated emission. In 2012, Harke et al.'*
explored the dynamics of super-resolution lithography
polymerization, using a 642 nm laser that surpasses the
fluorescence spectral range of ITX and DETC, discussing
the possibility of ISC induced by triplet state absorption.'*
In these experiments, significant inhibition effects were
observed even when the delay between the inhibition and
excitation lights (800 ns for ITX and 5 ps for DETC) far
exceeded the fluorescence lifetimes (0.1 ns—4 ns). To further
analyze the triplet state processes, Harke et al.'>* conducted
transient absorption studies on ITX and DETC, showing
enhanced absorption rates over a prolonged duration at
specific wavelengths. ITX absorbs at 630 nm, while DETC
absorbs across a spectrum from visible to near-infrared.

Channel 1, PPI on

39.8 nm

138.8 nm

PPI off

Figure 16. Enhancing two-photon polymerization precision through stimulated emission depletion microscopy. Scale bars: 1 pm, 2 pm, and 100 nm.

Reproduced with permission from Zhu et al.'¥
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Additionally, the discrete Fourier transform was utilized
to calculate the triplet state absorption spectra of ITX and
DETC, with the results aligning well with experimentally
obtained photo-induced absorption spectra.’”® Thiel et
al.** also successfully integrated the triplet state absorption
in fabricating dual-band polarizers using a dip-in mode.
Somers’ team conducted a systematic study on DETC,
examining the effects of co-initiators and various temporal
delays, and confirming triplet state inhibition under an 808
nm laser (Figure 17)."*

In 2009, Li et al."® first introduced the resolution
augmentation  through  photoinduced deactivation
(RAPID) technique for super-resolution lithography
using a single-color light."® As dye molecules typically
exhibit fluorescent lifetimes on the order of nanoseconds,
subsequent studies have shown that the inhibitory time
scale of this material system exceeds 13 ns, indicating
that stimulated emission alone cannot account for this
process. In 2011, Stocker and coworkers'® proposed a
self-inhibiting mechanism. In conventional photoresist
systems, the degree of polymerization correlates directly
with the laser dose; the slower the scanning speed, the
greater the accumulation of light, and thus, the larger the
polymer dimensions. However, an increased scanning
speed paradoxically led to wider line widths, a phenomenon
that classical excited-state dynamics models could not
explain. To explain this process, they posited the solvent-
stabilized electrons mechanism. After excitation to the
excited state, the initiator undergoes ISC to the triplet state.

Subsequently, molecules in the triplet state are converted
into solvent-stabilized electrons and free radical cations,
both of which can facilitate polymerization over extended
periods. However, upon irradiation with an additional 800
nm light, the solvent-stabilized electrons and free radical
cations recombine, resulting in the regeneration of the
photoinitiator within photoresists based on the RAPID
system. The method, owing to the extended lifetime
of intermediate states, requires lower light power, thus
enabling effective inhibition with relatively low-power
continuous-wave lasers.

In two-color schemes, residual, partially cross-linked
areas can persist if the suppression is not absolute,
resulting in less than 100% effectiveness. These areas,
though insufficient to reach the polymerization threshold,
may overlap when constructing dense structures,
leading to unwanted cross-linking. During the two-color
suppression process, the excited state molecules influenced
by the excitation light follow various pathways. The
inhibition light suppresses some of these pathways, and
when the inhibition light is strong, some non-suppressed
pathways may be enhanced, ultimately compromising
the suppression effect.'”® Decoupling the processes of
polymerization and cross-linking can mitigate this issue
and enhance resolution.'”” In 2018, Liaros et al."*” proposed
a three-color suppression scheme. Initially, using an 800
nm femtosecond laser, the material was pre-activated
without directly inducing cross-linking. Similarly,
illumination with a 445 nm continuous laser alone did
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Figure 17. Experimental results of triplet state inhibition with DETC. Scale bar: 10 um. Reproduced with permission from Somers et al.'> Abbreviations:
DETC, 7-diethylamino-3-thenoylcoumarin; ISC, intersystem crossing; RISC, reverse intersystem crossing; STED, stimulated emission depletion.
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not lead to cross-linking. Cross-linking occurred only
when both beams were applied simultaneously. A third
beam was then introduced for inhibition. This process,
by decoupling inhibition and cross-linking, significantly
enhanced feature precision.

Photochromic materials provide a method to directly
modulate either the transparency or the availability of
monomers to light. Mueller et al.'®® proposed a super-
resolution lithography technique using photoinduced
isomerization. In 2017, they developed their method
based on the cis-trans photoisomerization of intermediate
photoenol species derived from a-methylbenzyl. In the
presence of active enes, the E-enol undergoes a Diels-
Alder reaction to form stable products. The short-lived
Z-enol reverts to the original compound through a rapid
reverse hydrogen transfer. By irradiating with 440 nm
light, the E-enol is photoisomerized to Z-enol, inhibiting
the formation of cyclic products and achieving a linewidth
of 60 nm and resolution of 100 nm (Figure 18A)."* In 2019,
the team introduced a photoresist based on a methacrylic
copolymer, with side chains composed of photochromic
spirothiopyran moieties capable of forming crosslinks
via supramolecular interactions between chromophores,
achieving feature sizes as small as 31.2 nm (Figure 18B)."*
The variation in line thickness depicted in Figure 18
reflects the fabrication precision under two laser writing
conditions: excitation light alone and the addition of
quenching light.

5.3.2. Interactions among matter

In addition to regulating the behavior of individual
components, light-matterinteractions canalsobeemployed
to modulate the interaction between components. This
approach can alter a material’s light absorption properties
and govern interactions between two kinds of molecules or

between a molecule and the excited state of another type of
molecule, ultimately achieving enhanced precision.

In 2009, Andrew and colleagues utilized
photochromic materials to achieve super-resolution
lithography.'® In their study, a layer of photochromic film,
with two modes capable of absorbing either UV or visible
light, was applied to the surface of a photoresist. Exposure
to a specific light source toggled these molecules between
an “OPEN” state, which absorbs ultraviolet light, and a
“CLOSED?” state, which absorbs visible light. This dynamic
adjustment of the film’s transparency to ultraviolet light
narrowed the spatial distribution of ultraviolet exposure,
enabling the etching of sub-wavelength-scale patterns.
However, the method was limited by its relatively slow
switching times and a finite number of adjustable cycles.
The method of photoisomerization has broadened the
dimensions of super-resolution lithography. However,
challenges such as a slow photochromic response, low
direct-write efficiency, and limited switching cycles persist.
Enhancing the processing throughput of this system
continues to be a significant area of research.

160

The mechanism of photoinhibition employs two
distinct photonic pathways with different spatial
distributions and wavelengths to initiate varied chemical
reactions. One pathway promotes photopolymerization,
while the other generates substances that lead to
polymerization quenching. This photonic control of
chemical reactions effectively suppresses the production
of free radicals, thereby significantly enhancing the spatial
resolution of printing. In 2009, Scott et al.'” pioneered
this technique, achieving processing precision beyond
the diffraction limit. By shaping the inhibition light into
a “doughnut” mode and overlaying it with the excitation
light, they achieved lines as fine as 65 nm. However, the
monomers used in the work polymerized slowly, and the
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Figure 18. Enhancing two-photon polymerization precision through photoisomerization inhibition. (A) Achieving super-resolution through cis-trans
isomerization of photoisomerization molecules. Reproduced with permission from Mueller et al.'** Copyright © 2017, American Chemical Society.
(B) Regulating crosslinking of photoisomerization molecules. Reproduced with permission from Miiller et al'®® Copyright © 2019, American
Chemical Society.
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cured modulus was relatively low, potentially leading to
unforeseen precision loss. In 2011, Cao’s team'®' employed
BPE 100 photoresist, which boasts higher photosensitivity
and modulus, to form voxels as small as 40 nm within an
exposure time of 400 ms.'®" These studies were all based
on single-photon absorption. In 2013, based on this
system, Gan and coworkers'®> developed a method of
TPP photoinduced dissipative inhibition. A lateral feature
size of 9 nm is achieved by controlling the laser dose
(Figure 19).1* This technique requires relatively low power
for the inhibition light, typically only at the milliwatt level,
but its mechanism dictates an irreversibility that somewhat
limits the development of this method.

A quencher, which is a traditional component in TPP
inks, primarily inhibits radical diffusion and, as a result,
improves precision. In 2024, Guan et al.'®® conducted an
in-depth study on the relationship between initiators and
quenchers, which revealed that 2,2,6,6-tetramethyl-4-
piperidyl-1-oxyl efficiently quenches the excited state of
DETC. They proposed a novel manufacturing approach
based on the mutual suppression of light and matter,
achieving an impressive precision of 30 nm, as illustrated
in Figure 20.' The voxel sizes and throughputs have been
extensively summarized in some articles.”**' Improved
precision and higher throughput remain key trends in TPP.
The performance and details of different TPP technologies
are summarized in Figure 21 and Table 1.

Some techniques are very inspiring and show great
feature sizes; however, they do not demonstrate the ability
to fabricate 3D structures. Although these technologies
are typically realized using polymer resins, they still

face certain limitations before being fully applicable
to biomedical fields. Biomedical materials such as
gelatin methacryloyl and hyaluronic acid often require
high biocompatibility or softness. Nevertheless, these
technologies, as versatile platforms, offer promising new
possibilities for biofabrication.

6. Conclusion

This paper provides a comprehensive overview of TPP in
biomedical applications and explores advancements in
TPP. Although TPP is a powerful micro-nanofabrication
technique, its applications in biomedical engineering are
still limited. In tissue engineering, constructing a 3D cell
growth environment in vitro poses significant challenges
in terms of manufacturing accuracy, material strength, and
biocompatibility. Possible photodamage, along with the
toxicity of substances in partially crosslinked materials,
can significantly impact cell growth. Even if a micro-
nano device exhibits good properties at the cellular level,
for complex multi-level structures such as biological
systems, cellular-level performance is difficult to directly
guide macroscopic properties, thus necessitating higher
manufacturing throughput. Taking human dental enamel
as an example, this naturally occurring biomaterial,
renowned for its exceptional hardness, stiffness, and
toughness, provides valuable insights into the development
of new medical materials and technologies. Dental enamel
exemplifies a typical layered, multi-level structure; its
primary components are hydroxyapatite nanowires
(30-50 nm) tightly organized into enamel rods (4-6 um),
with the overall dimensions extending to the millimeter
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scale.® Achieving a fully biomimetic, multi-level ordered
structure requires exceedingly high precision, resolution,
and throughput from manufacturing technologies.
Current methods, while achieving high precision, often
struggle to maintain adequate physical, mechanical, and
optical properties. Furthermore, limited by proximity
effects, replicating the naturally densely packed
structure is challenging. To overcome these obstacles,
efforts can include, but should not be restricted to, the
following strategies.

Optically, advanced optical measurement technology
can be integrated with TPP to enable high-precision
manufacturing and facilitate real-time feedback. Some
technologies, such as two-photon fluorescence imaging,
optical coherence tomography, optical diffraction
tomography, STED, 4Pi, and expansion microscopy,
have been incorporated into the process.!!®!27130.140.164165
Moreover, certain approaches involving polar coordinates
and volumetric additive manufacturing also hold
promising potential in TPP!®'® TPP devices share
structural similarities with many imaging systems. Imaging
technology primarily focuses on information extraction.
Optical signals contain multidimensional information,
including time, space, frequency, and polarization. It
enables the observation of the dynamic processes of the
micro-robots and facilitates an understanding of the
principles governing their motion.'® Furthermore, new
light-material interaction mechanisms are also necessary
to broaden the range of material applications.

Chemically, a more comprehensive analysis of the
properties of photoresists is required, encompassing both
their steady-state and transient behaviors. Besides the
nonlinearity induced by the femtosecond laser, higher-
order nonlinear effects during the chemical reactions
initiated by different photoinitiators necessitate diverse
analytical techniques. Steady-state methods like Fourier
transform infrared spectroscopy, Raman, and coherent
anti-Stokes Raman scattering spectroscopy analyze
polymerization process and kinetics, while time-resolved
scattering and transient absorption spectroscopy examine
transient phenomena.'®'** Additionally, kinetic models of
different photoresist systems enable precise manufacturing
predictions through multi-physical field coupling models
using new computational methods.'® For instance,
COMSOL models reaction kinetics, MATLAB assesses the
impactofvariouskinetic processes,and molecular dynamics
analyzes experimentally challenging scenarios.'?%¢!17°

From a materials perspective, broadening the range
of functional materials and designing high-performance
photoinitiators remain critical objectives. To address

diverse applications, researchers have proposed various
strategies. For instance, coating polymer surfaces with
nickel and titanium enhances magnetic control and
biocompatibility of these devices, depositing metals on
polymer surfaces enhances the electric field for biosensing,
and integrating silica nanospheres within polymers creates
highly transparent glass structures. Moreover, exploring
visible-light photoinitiators offers potential to further
reduce phototoxicity and enable the application of TPP
in bioprinting.

In summary, TPP technology holds significant research
and practical value across multiple domains. By exploring
its primary development directions and technical
features, this paper underscores its indispensable role
in biomedicine. As throughput and efficiency improve,
TPP will increasingly impact the fabrication of advanced
interventional medical devices, single-cell interaction
studies, organ-on-chip research, and the development of
hierarchical materials.
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