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Multiphoton 3D lithography is becoming a tool of choice in a wide variety of fields. Regenerative medicine is one of them. Its true
3D structuring capabilities beyond diffraction can be exploited to produce structures with diverse functionality. Furthermore, these
objects can be produced from unique materials allowing expanded performance. Here, we review current trends in this research
area. We pay particular attention to the interplay between the technology and materials used. Thus, we extensively discuss
undergoing light-matter interactions and peculiarities of setups needed to induce it. Then, we continue with the most popular
resins, photoinitiators, and general material functionalization, with emphasis on their potential usage in regenerative medicine.
Furthermore, we provide extensive discussion of current advances in the field as well as prospects showing how the correct
choice of the polymer can play a vital role in the structure’s functionality. Overall, this review highlights the interplay between
the structure’s architecture and material choice when trying to achieve the maximum result in the field of regenerative medicine.

1. Introduction

Additive manufacturing-based 3D printing is a revolutioniz-
ing field of technology which is gaining a substantial foothold
in industry [1]. It offers new possibilities in producing
various structures or entire devices in a relatively short time,
minimizing the time from the idea to the final physical
object. There are numerous different ways to realize the
additive manufacturing method [1]; however, multiphoton
polymerization-based 3D laser lithography (3DLL) stands
out among all other current 3D printing techniques. The
idea behind this technology is to sharply focus a laser (in
most cases, femtosecond (fs)) beam into a special photoac-
tive material initiating highly localized photomodification
via multiphoton absorption and/or other related nonlinear
light-matter interactions [2]. It combines resolution below
the diffraction limit [3, 4], virtually no limitations to the
3D architecture of an object with the structuring process
not bound to layer-by-layer printing [5, 6], and a huge variety

of the materials that could be used [7, 8]. Due to this, it was
used in numerous fields, which include photonics [9, 10],
microoptics [11, 12], micromechanics [13, 14], microfluidics
[5, 15], and biomedicine [16, 17].

One of the key attributes in this technology is the vast
array of suitable materials [7, 8]. Indeed, the requirements
for the materials applicable to 3DLL are rather minimal: they
have to be transparent to the laser wavelength and must
possess absorption characteristics suitable for multiphoton
absorption, which leads to photopolymerization. For this
reason, materials such as acrylates [18], epoxies [19], hydro-
gels [20], hybrids [21], or biopolymers [22] were structured
through the years using 3DLL. The correct choice of the
material sometimes can be a main issue in a specific applica-
tion. Thus, when talking about 3DLL and multiphoton poly-
merization, polymers and their properties should be one of
the key aspects which needs to be addressed.

Among other 3DLL applications, regenerative medicine
(RM) stands out as one with the most promise and possible
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implications for everyday life. RM can be defined as the
field which aims to replace, engineer, or regenerate human
cells, tissues, or organs to restore or establish their normal
functions [23]. However, the combination of achievable res-
olution, freedom of design, and applicable materials made
RM one of the key research areas where 3DLL produced
structures are being tested [24–26]. It enables to create
objects that could help heal damaged tissue or even replace
entire segments of the body. Besides the impressive possi-
bilities, a lot more consideration has to be made in choos-
ing both the geometry of the structure and the suitable
polymer. The latter, alongside the two requirements men-
tioned previously, also have to be biocompatible and/or
have properties beneficial for RM. Furthermore, RM
research relies on structures with sizes well into the mm
scale [16, 27, 28] and statistical testing based on simulta-
neous examination of multiple structures. This requires
high-throughput fabrication. Thus, in RM applications,
deep understanding of 3DLL technology and polymers is
mandatory.

The main goal of this review is to explore 3DLL structur-
able polymers in the light of RM application. In order to pres-
ent the reader with all the necessary information, we start by
briefly introducing the basics of 3DLL technology. This
includes both a brief discussion of underlying physical phe-
nomena and the engineering required to realize it practically.
Then, we proceed to 3DLL materials. Here, we discuss the
main categories of polymers used in 3DLL. Photoinitiators
(PIs) are also discussed in some detail because the correct
choice of substance can lead to some very desirable (for
instance, high throughput) or adverse (toxicity) effects.
Additionally, the possibilities of polymer functionalization
will follow. After that, various biomedical applications are
shown with main attention on how in each case the correctly
chosen material benefits it. Finally, we conclude by provid-
ing an outlook for the perspectives in the field, highlighting
some of the challenges and opportunities currently present
in this area. Relevant connections to other fields or structur-
ing techniques are presented through the text to reference
the usage of 3DLL in RM in the broader, more complete
way. Finally, while this review is dedicated to RM, 3DLL
was used with huge success in other biology and medicine-
related fields, such as microfluidics [29] and in fabricating
microneedles [30]. In order to avoid confusion, these areas
will not be discussed in detail and only referenced in the
context relevant to RM.

2. Multiphoton 3D Lithography

We will begin the review by discussing the fundamentals of
3DLL. These include mechanisms of multiphoton excitation,
the kinetics of polymerization reaction, and which practical
setups are required to realize it.

2.1. Multiphoton Excitation. In standard UV and stereolitho-
graphy, the polymerization reaction is induced via linear
one-photon absorption (Figure 1(a)) and the structure is
formed layer by layer [1]. In that case, the photon energy
Ep is equal or greater than the bandgap of the material Eg.

Keeping in mind that Ep = hν = hc/λ, it means that a shorter

wavelength (λ) is needed. Here, we also introduced ν—the
frequency of laser light. In most cases, UV light sources with
λ < 350 nm are used. The absorption of the photon causes the
electron to be exited from an energy state corresponding to
the valence band to a state in the conduction band. This
might lead to a multitude of outcomes. For instance, an elec-
tron might return to the valence band while heating up the
material or emitting another photon causing fluorescence.
However, it can also alter the chemical bond inducing chem-
ical reaction. In the case of lithography, it is the polymeriza-
tion reaction that cross-links the material. The exact
pathways of such reactions will be discussed later. Light is a
potent tool to induce such reactions because it can be done
on-demand in localized regions. It is also a contactless
method, meaning that there is no contamination to the sam-
ple or material by the processing tool.

One photon absorption has some distinct disadvantages.
While collimated light can induce polymerization reaction in
the relatively big (up to cm) area with high repeatably [31],
achieving true 3D shapes is tricky. The standard way used
in stereolithography is stacking 2D layers on top of each
other. This leads to the necessity to use supports if free-
hanging features are made [32]. Another way is using tilte-
d/rotated samples [33]. Then, more geometries become avail-
able, yet it is still limited and rather complex process. Also,
resins need to be liquid in order to cast a new layer after
the previous one is done. Furthermore, if biomaterials are
used, UV light might induce damage to the mixed-in living
organisms. Therefore, direct bioprinting potential is limited.
Finally, due to the nature of such polymerization, relatively
significant amounts of unpolymerized resin might remain
in the structure. As such resins are very chemically active,
they might make manufactured structures toxic [34]. Thus,
while one-photon absorption is a powerful tool for
manufacturing various structures, including medical ones,
there are also some severe limitations.

Linear absorption can be induced even with the low
power noncoherent light sources. However, if the light inten-
sity is increased, nonlinear absorption can take place. While
such interaction was predicted as early as 1931 [35], it took
the creation of the laser to demonstrate nonlinear absorption
and subsequent fluorescence [36] experimentally. The
absorption during this interaction is induced by the absorp-
tion of two or more photons via virtual levels (Figure 1(b)).
Due to the extremely short lifetime of the virtual levels (∼fs
[37]), photons have to be absorbed almost simultaneously.

(a)
E2

E1

(b) (c)

Figure 1: Energy level diagrams of one- (a), two- (b), and three- (c)
photon absorption. Solid lines represent real arbitrary energy levels
E1 and E2; dotted lines represent virtual states.
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This leads to two important conclusions. First, such interac-
tion is possible only with light intensities that are high
enough (>GW/cm2). Second, the probability of multiphoton
interaction increases with the decrease in the number of pho-
tons involved in the single absorption event. Thus, the two-
photon absorption (TPA) can be considered as the most
likely process. This is well reflected in the fact that sometimes
3D manufacturing technology discussed in this article is
called two-photon polymerization (2PP/TPP). For the sake
of simplicity in this article, we will consider only this effect
unless otherwise specified.

In TPA case, the number of photons absorbed np per time

t can be calculated using the following equation:

dnp
dt

= σ2NF2
: ð1Þ

Here, σ2 is the TPA cross-section of a particular material
(quantified by Göppert-Mayer units, GM= 50−50 cm4 s), N is
the density of the absorbing component, and F is the photon
flux which can be defined as F = I/hν. From Equation (1), we
can draw conclusions about what practical considerations
should be made when trying to apply TPA for polymeriza-
tion. First, the photon absorption rate is proportional to I2,
making excessive I one of the main considerations. The N
should also be sufficient for the reaction. Finally, the material
needs to be reactive enough to have high σ2. The first require-
ment is realized using an appropriate processing setup, the
second and third by tuning the material properties. The non-
linearity of the process behind 3DLL is the key to achieving
fabricated features below the diffraction limit as the threshold
I might be well below the size of the laser spot. Due to it, sub-
100nm lines were directly structured using 3DLL [3, 4].

For the final note, it is important to stress that TPA is
only one of many light-matter interaction regimes that might
appear when matter is exposed to high I. Higher-order
absorption can take place [38, 39]. Also, if the pulse duration
is long enough, one can expect avalanche ionization to
become comparable or even surpass TPA in chemical bond
cleavage [2, 40]. Finally, in some cases, thermal effects can
start to have an impact on the reaction [41, 42]. Keeping in
mind all of this and the fact that there is an active discussion
in the field about the nature and impact of some of these pro-
cesses, one must be careful when naming discussed technol-
ogy simply as 2PP/TPP. Using multiphoton 3D lithography
or just 3DLL terms are a lot more general and correct
options. This is especially true if exotic materials or nonstan-
dard laser sources are used.

2.2. PolymerizationMechanisms.Knowing the principles that
are important for understanding photoexcitation, we can
now proceed to the photopolymerization process itself. The
main goal of using light in lithography is to induce photo-
cleavage of the chemical bond and initiation of photochemi-
cal reactions. As mentioned before, this is done by the
multiphoton process in 3DLL. Depending on the peculiari-
ties of the material, it produces radicals or cations. In turn,
polymerization reactions can be divided into radical and cat-

ionic polymerization [43]. Schematics of both processes are
shown in Figure 2.

In the case of radicals, after they are formed, they can
proceed to interact directly with other species in the material
or form secondary radicals via hydrogen abstraction. Various
chemical bonds can be cleaved this way, including C-C, C=O,
C-S, or C-Cl to name a few. In the majority of cases (but not
necessarily always), PI is used for this task. Radical generat-
ing PIs can be further classified into type I and type II [44].
Type I PIs generate radicals directly after light absorption,
while type II requires the presence of some other constitutes
in the material like amines or alcohols. Radicals are then gen-
erated after these additional constitutes transfer hydrogen
atoms to the PI. Hydrogen abstraction involves aromatic
ketone which, after light exposure, forms ketyl radical and
donor radical. In those cases, the hydrogen donor radical is
responsible for initiating polymerization reaction with ketyl
radical couples into a growing polymer chain [45]. As the
number of radicals increases, the probability of their collision
rises accordingly [46]. After such interaction, radicals are
deactivated, and the reaction is terminated. The interplay
between radicals can take several different paths. Combina-
tion of two active chain results in one long chain. Alterna-
tively, an active chain end can interact with an initiator
radical, or radical disproportionation can happen, in which
two radicals react to form two different non-radical products
by transferring hydrogen from one chain end to the another
[47]. Furthermore, radicals can interact with quenchers, for
instance, stable radicals, easily reduced or oxidized materials,
and salts of some metal [48]. Oxygen also can induce the ter-
mination of the polymerization reaction which is exploited in
modern stereolithography [49].

In the cation case, after photoexcitation, the charge is
transferred to the monomer. It then becomes reactive and
can interact with other monomers leading to polymerization.
Some of the most popular cation PIs include Brønsted acids
such as arenediazonium, diarylodonium, and various sulfo-
nium salts [50]. This is rather problematic in the light of
RM as such initiators generate protonic acids that have an
adverse impact on cell cultures [51]. In the cationic case,
the reaction ends with a combination of an anionic fragment
from the counterion with the propagating chain end, as
shown in Figure 2.

While in most cases the excitation is discussed in more
details, one must not underestimate the importance of termi-
nation of polymerization reactions. If polymerization reac-
tion is not properly terminated, it can expand beyond the
selectively exposed region, nullifying the intent of spatially
selective lithography [52]. On the other hand, smart usage
of quenching mechanisms can significantly improve the
technology. For instance, first stereolithography machines
were based on a resin reservoir with the lowering platform.
This required a massive tank of resin to be available at all
times, making the whole process less convenient [1]. How-
ever, as oxygen is the quencher to most photolithographic
materials, in modern 3D printers, structuring is done with
only a thin layer of polymer over a transparent, but oxygen
access-restricting, window. Then, the printing platform can
be raised up out of the resin, and due to quenching, the
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structure does not adhere to the window [49]. For 3DLL, cor-
rect control of initiation and quenching is also imperative.
Indeed, it can greatly influence the spatial resolution of print-
ing and/or mechanical properties of the final structure [53,
54]. In the light of 3DLL, in RM, the resolution requirements
are rather loose. On the other hand, due to the necessity to
test exotic materials, correct control of when and where poly-
merization reaction stops can be very important. Thus, the
control of polymerization reaction termination should not
be overlooked. However, additional quenching is very rarely
used in RM, as it adds additional species to the material that
could in some ways compromise biocompatibility. Further-
more, RM structures have, in most cases, features large
enough to not require any additional ways to increase print-
ing resolution.

Last, the cross-linking degree must not be overlooked.
One of the peculiarities of photopolymerization reaction is
the different amounts of photoactive species used, which
depends on the exposure parameters. This percent can be
somewhere in between ∼6% and ∼70% depending on the
material, excitation, and position in the focal region (decreas-
ing farther from the center) [55]. The last property was
employed to generate nanothreads between solid supports.
Also, it gives another degree of tunability when considering
the concept of the structure [56]. Indeed, refractive index
[55], thermal response [13], and mechanical strength [54, 57]
depend on it. Consequently, it was exploited in creating
various optical and mechanical devices. On the other hand,
it means that the characterization of polymers becomes
incredibly tricky. Not only must one define what the optical
and mechanical properties of the final material are, but also
at what conversion degree it was achieved. Therefore, while
there will be some characteristic properties of materials
listed in this article, one must interpret them with some
caution and keep in mind at what exposure parameters it
was achieved.

2.3. Fabrication Setup and Strategies. In order to realize TPA,
a special workstation is required. In a very generalized case,
there are 4 main components in each 3DLL setup: laser
source, relay optics, sample positioning, and imaging system
(Figure 3). Furthermore, choosing correct writing strategies

are also extremely important, because they can influence
both the mechanical properties of the structure and the
manufacturing throughput. Thus, when considering the
capabilities of 3DLL, the hardware/software part of the tech-
nology should not be overlooked.

As discussed previously, TPA is a nonlinear process
requiring high light I. On a very general level, one can
acquire peak I in the focused Gaussian beam by applying
the following:

I0 =
2P

fω2
0πτ

: ð2Þ

Here, P is the average laser power, f is the laser repe-
tition rate, ω0 = 0:61NA/λ is a radius of the beam waist
(NA is numerical aperture), and τ is the pulse duration.
As we can see, the laser source is responsible for most
parameters leading to high I (P, f , and τ). For this reason,
ultrafast fs laser with high P (up to a few hundred mW),
reasonable f (which rarely exceeds MHz), and very short
τ (tens/hundreds of fs range) is the best candidate to
induce it [58]. Nevertheless, picosecond (ps) [59], nanosec-
ond (ns) [60], and even continuous wave (cw) [42] lasers
were used for 3DLL. However, in these cases, TPA is sur-
passed by thermal effects and avalanche ionization as a
dominant process for inducing polymerization. This
resulted in a decrease in the fabrication window and/or
necessity to use a substantially lower translation velocity,
thus making ultrafast lasers a primary choice for high-
efficiency 3DLL setups. It is interesting to point out that
both oscillators and amplified fs laser systems can be used.
The latter laser systems are also capable of subtractive
laser manufacturing, such as ablation or selective glass
etching [5, 15, 61]. Thus, a setup with such laser can per-
form both additive and subtractive laser processing. While
at the moment it has limited uses in RM, it was applied
for great effect in other medical fields, for instance, pro-
ducing functional as lab-on-chip (LOC) devices.

The purpose of relay optics is quite straightforward—
direct laser light from laser to the sample. However, peculiar-
ities of this operation should not be overlooked. As established
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Figure 2: Schematics of radical and cation polymerization reactions initiated by one-photon absorption. hν: absorbed photon; R∗ and B∗: free
radicals; M: monomer; Mn+1R

∗ and ∗A-M+
n+1: neutral and cationic macroradicals, respectively; Q: quencher; (A-B)+: cationic initiator; A∗+:

cationic radical; AH+: protonized cation; RH and A: neutral molecules; H+: proton; H-M+: protonized monomer; H-M+
n+1: protonized

polymer; X−: counterion. Red markings show the active ingredient that is either causing the reaction or the result of it.
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in the last paragraph, laser should be emitting fs pulses. In the
case of oscillators, such pulses can be extremely short (sub-
100 fs) and, in turn, have relatively broad spectrum width.
Furthermore, several laser harmonics might be used in one
3DLL setup [6]. Therefore, optics in the setup have to be able
to sustain all of the relevant harmonics with respective spec-
tral widths. In addition, optics have to assure that there is the
minimal temporal pulse broadening due to dechirping of the
pulse as it passes various optical elements or it is appropri-
ately controlled for the benefit of printing [62, 63]. Alongside
spectrotemporal requirements, the optical chain also has to
assure that there are no spatial disturbances to the beam.
Indeed, to achieve maximal possible writing accuracy, the
laser beam has to be as close to Gaussian as possible [64].
What is more, the beam diameter should match the aperture
of focusing optics, introducing the need of a telescope.
Finally, appropriate NA objective should be chosen to
accommodate the needed feature size/throughput compro-
mise [1]. The light intensity in the focal region of Gaussian
beam can be defined as

I r, zð Þ = I0
ω2
0

ω zð Þ2
exp

−2r2

ω zð Þ2

 !

: ð3Þ

Here, r is the distance from the optical axis and z is the
distance from the focal plane parallel to the optical axis.
Because ω0 depends on NA, by changing the objective, one
can relatively easily tune the size of the modified volume.
Indeed, in most cases, RM requires relatively big structures
(up to cm) with features in the range up to tens of μm
[16, 27, 28]. This is substantially bigger than the hundred
nm level features possible with 3DLL. Thus, it is common to
use objectives withNA< 1when fabricating structures for RM.

3DLL is realized by moving a focused laser beam in rela-
tion to the sample or the sample in relation to the laser beam.
On the onset of the technology, piezoelectric (piezo for sim-
plicity) stages were used [65]. They provide extreme preci-
sion down to the sub-nm scale. However, their working
area is extremely limited (no more than several hundred
μm) and translation velocities are limited. They were also

sensitive to physical overloads due to the danger of the piezo-
crystals cracking. These problems meant that piezostages
were gradually phased out from the fields where high-
throughput printing was necessary, including RM. The next
two easily applied options were galvanometric scanners and
linear stages. Scanners are a superb positioning tool for very
high-throughput fabrication due to the minimal inertia
[66]. This means that cm/s translation velocities can be
achieved even while fabricating very complex shapes. The
downside of this approach is the printing area being confined
to a working field of an objective which is in the order of sev-
eral hundred μm. If structure dimensions exceeded the work-
ing area of an objective (which is the case for most RM-
applicable structures), it had to be divided into segments
which were then printed one by one, resulting in stitching
between segments [67–70]. Stitches induce optical and
mechanical defects which might compromise functionality
of the structure. Linear stages do not have this problem and
can produce cm-sized structures at high translation velocities
(up to cm/s) if the structure is simple and based on straight
lines [71–73]. However, due to the high inertia of the stages,
distortions might appear in more complex cases also creating
a limitation. The solution to these problems is synchroniza-
tion of galvanometric scanners and linear stages allowing to
achieve stitch-free printing with superb quality of complex
3D shapes at high translation velocities [6]. As a result, it
was already used in RM-related research [16].

The final component necessary for practical 3DLL setup
is the integrated imaging system. In the simplest case, it is
needed to assure that the structure is fabricated at an appro-
priate position of the sample and for real-time observation of
the printing process [72]. At the same time, the functionality
of the imaging system can be expanded to include additional
roles, such as autofocus. In a general sense, autofocus is
needed to find the interface between the prepolymer and sub-
strate. It minimizes the workload on the setup operator and
enhances repeatability and precision of such an operation.
Depending on the desired result, it can be achieved by using
existing imaging hardware and additional image post
processing [74] or by introducing more components into
the setup [75]. It is important to note that implementation

Scanner and
imaging system

Sample

Z Obj

Y
X

LED

M

T

RPM

M RM M

PP1

G1

G2 RM

Yb:KGW
1030 nm
15 W
1 kHz–620 kHz
200 fs-10 ps

M

515 nm
(343 nm)

Figure 3: Simplified schematics of a 3DLL fabrication setup employing an amplified fs laser and harmonic generator. PP1: phase plate; G1 and
G2: Brewster angle polarizers; M: mirrors; RM: removable mirror; RPM: removable power meter; T: telescope; Obj: objective. Adapted with
permission from [6] © The Optical Society.
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of autofocus is relatively simple in the 3DLL case due to fluo-
rescence of most processable polymers. This sharply con-
trasts with finding the interface between two nonfluorescent
transparent mediums where more advanced solutions are
needed [76].

3. Materials for Multiphoton Polymerization

Alongside the fs laser setup, polymeric materials employed
are the most important part of the technology. They define
both structuring peculiarities and the characteristics of the
produced structures. Therefore, the material has to be care-
fully chosen, especially in biological structures. Thus, in this
part of the review, we will discuss some of the most prom-
inent materials that were employed in 3DLL, as well as
PI/inhibitors, and finish off with some ways of functionaliz-
ing them.

3.1. Common Photopolymers

3.1.1. Acrylates. Acrylates are one of the most common pho-
topolymer families currently in use in 3D printing. This is
due to them being extremely photoactive and chemically tun-
able. Historically, it was the first polymer structured in 2PP
fashion [18]. Acrylates are a family of polymers made from
acrylate monomers which are esters. The significant feature
of acrylates is that vinyl groups are directly bonded to the car-
bonyl carbon. These monomers are important due to their
bifunctionality. The vinyl group is responsive for polymeriza-
tion [77]. The carboxylate group carries numerous function-
alities providing the ability to modify the composition and
chemical structure of acrylates. The polymerization chemis-
try of acrylates is based on the differences between two vinyl
carbon atoms. Usually, vinyl groups are electron rich, while
carboxyl groups are very polar. Therefore, the carboxyl group
in acrylates attracts electrons from the vinyl group that leads
to a deficit of electrons in the alpha carbon and an excess in
the beta carbon (Figure 4). This behavior results in the high
activity of acrylates in the free radical polymerization reac-
tions described previously.

Many acrylates with a variety of properties can be
obtained by changing groups connected to the alpha carbon
and carboxylate, for instance, methyl, ethyl, or other organic
chain having acrylic, methacrylic, and cyanoacrylic esters
[78]. There are abundant acrylate monomers and oligomers
that are photosensitive, such as hydroxypropyl acrylate,
hexanediol diacrylate, polyester tetraacrylate, hexaacrylate,
oxazolidone acrylate, pentaerythritol triacrylate, urethane
acrylate, some fluorinated acrylates, and methyl methacrylate
[79]. Many acrylates have attractive properties depending
upon the chemical structure, such as high chemical and heat
resistance, stability, toughness, favorable stiffness, flexibility,
optical clarity [78, 80], or 3DLL forming possibility.

It is known that, for instance, in polymethyl methacry-
lates, the softening point, density, and refractive index
decrease and the toughness increases as the ester chain
increases. In polymethyl methacrylate, by changing the ester
group frommethyl to isobutyl, the density can be varied from
1.02 to 1.19 g/cm3, refractive index can be varied from 1.45 to

1.48, softening point can be varied from 62 to 125°C [78]. On
the other hand, if it is necessary to have polymers with special
properties, there is a possibility to combine other monomers
or modifiers by copolymerization reactions. As a result, the
copolymers [78, 81] and blends, also known as acrylic multi-
polymers [78], are obtained. Some components like ethoxy-
lated trimethylolpropane triacrylate are used in order to
reduce shrinkage upon photopolymerization [82]. In order
to promote hardness of the polymer, tris(2-hydroxyethyl)iso-
cyanurate should be added [82]. Various modified acrylates
were used in 3DLL through the years [83–85]. Overall, acry-
late groups play an important role in polymers that will be
discussed later, making acrylate chemistry one of the back-
bones of 3DLL.

3.1.2. SU8. SU8 is a chemically amplified negative photoresin
which was introduced commercially in 1996 [86]. It is spe-
cially tuned for usage in UV lithography. As a material which
was specially designed to be photostructurable, it was natural
for it to be applied in 3DLL very early [87, 88]. It is based on
the acid-labile groups and the photoacid generator [86]. This
results in a rather strict processing protocol. First, it is pre-
baked to remove the solvent making it hard. It is followed
by UV exposure, which generates a strong low concentration
acid, for example, hexafluoroantimonic acid from PI decom-
poses which protonates the epoxides on the oligomer. Such
protonated oxonium ions are capable to react with neutral
epoxides in cross-linking reactions after irradiation. During
this process, the acid also regenerates resulting in a very
strong reaction in exposed areas. This reaction is also helped
by the fact that in normal circumstances, there are 8 receptive
epoxy sites on eachmonomer (Figure 5). The end result is very
well-defined structures that can be relatively big (up to cm) or
can have very small features (down to tens of nm [89]).

3DLL processing of SU8 has some interesting features in
comparison to the standard UV case. First off, exposure and
postbake can be combined into a single processing step [41].
It is possible due to the capability to induce both nonlinear
absorption and subsequent heating during the same laser
scanning step. The polymerization kinetics are also some-
what different. Raman spectra reveals that when SU8 is
exposed to 800 nm, 100 fs, and 1 kHz Ti:saphire, the absorp-
tion dynamic is different from the standard UV case. How-
ever, the end result is basically the same as SU8 polymerized
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Figure 4: Structural formula of acrylates before and after
polymerization. Here R1 and R2 are organic substituents and n is
the degree of polymerization. Alpha, beta and carbonyl carbon
atoms are shown.
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with UV light and TPA has nearly identical Raman spectra
[19]. Both subdiffractive structures [88] and mm scale
objects [90] were fabricated using 3DLL out of SU8. Due
to relatively good adhesion of SU8 to various functional sub-
strates, structures can be printed directly on them. One of
the examples is fiber tips [91]. SU8 consists only of the
organic matter; therefore, it can also be removed by calcina-
tion in ambient atmosphere in rather low temperature of
600°C, making it a good candidate for the template material
for other substances that are hard to shape in 3D directly
[92]. Interestingly, SU8 usage in medicine is rather sparse,
especially in the 3DLL case. This can be explained by the fact
that other materials are more customizable, biodegradable,
and/or bioinert. However, it is still a potent candidate if
structures with well-defined and mechanically strong features
are needed.

3.1.3. Hydrogels.Hydrogels can be described as the polymeric
networks which have the ability to take and storage an
extremely large amount of water in their 3D structures. The
reason for this is a chemical structure of material. The hydro-
gels are formed by hydrophilic groups which are hydrated in
an aqueous medium [93, 94]. Generally, hydrogels are insol-
uble in aqueous solution because of polymeric cross-links.
Nevertheless, because of the large quantities of water due to
the hydrogen interactions inside the polymer network, these
materials exhibit the capability to swell in aqueous solutions
[94]. As a result, chemically hydrogels can be defined in
two conditions: one of them is the water-insoluble polymeric
chain and the other is the hydrophilic functional groups.

The two requirements described above lead to a wide
variety of hydrogel precursors. In order to facilitate under-
standing of hydrogels, they are classified in many aspects.
According to the hydrogels origin, they can be classified to
the natural or synthetic polymers. Furthermore, the classifi-
cation based on polymeric composition allows grouping
hydrogels into homopolymeric, where a basic structure con-
sists of a monomer, and copolymeric—of two or more differ-

ent monomer species with one hydrophylic component and
multipolymeric interpenetrating polymeric hydrogels con-
sisting of two independent cross-linked polymers. Further-
more, hydrogels can be classified according to crystallinity,
for example, amorphous, semicrystalline, or crystalline. Also,
based on polymeric chains and the electric charge of hydro-
gels, they can be grouped into nonionic, ionic (that include
both cationic and anionic), amphoteric (with acidic and basic
groups), and zwitterionic (including both anionic and cat-
ionic groups) [94].

However, not all hydrogels can participate in photopoly-
merization. In 3DLL, precursors of hydrogels are usually liq-
uid and should immediately respond to irradiation of light.
Therefore, PIs which accelerate photopolymerization reac-
tions are necessary. Multifunctional cross-linkers, such as
acrylic acid or (meth)acrylates, create links between the poly-
meric chains. Frequently, monofunctional reactive dilutes are
added in order to adjust the viscosity [26]. Photopolymeriz-
able hydrogel precursors could be HA-MA/acrylamide, mod-
ified gelatin, collagen, fibrinogen, fibronectin, concanavalin
A, lyophilized BSA (bovine serum albumin), BSA, PEGda/-
HEMA, and so forth, together with eligible PIs [26]. One
of the most used hydrogels for several decades is PEGDA
[95, 96]. Its structural formula is depicted in Figure 6.
PEGDA consists of polyethylene glycol with two acrylate
substituents at the ends of the chain. PEGDA is functional-
ized by polyacrylic or polymethacrylic acids in order to form
cross-linked hydrogels. These compounds have an oxygen
atom in a polyethylene glycol part and carboxylic group in
an acid part. The hydrogen bond between these groups is
formed. This behavior depends on pH, because the reason
for hydrogen bond formation is the protonation of the car-
boxylic group [93]. However, properties of hydrogels can be
changed not only by changing pH properties. Various
factors, such as temperature, pressure, solvent composition,
or ion changes, can control them, including cross-linking
density, hydrophobicity, swelling rate, permeability, degrad-
ability, and mechanical strenght [26], of gels which are
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Figure 5: Structural formula of SU8, consisting only of the organic matter.
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important for the 3DLL process and for the applicability of
the final product.

Biocompatibility is one of the key properties of hydrogels
that make them attractive and promising in RM. The ability
to polymerize them with 3DLL further extends their applica-
bility [26]. Indeed, frommost of the currently available mate-
rials, they offer one of the best analogs for the extracellular
matrix. Thus, numerous different structures were created
out of hydrogels over the years using 3DLL [20, 72, 97, 98].
Their peculiarities will be discussed in more detail further
in this article.

3.1.4. Hybrid Organic-Inorganic Photopolymers. With the
advances of polymer chemistry came the possibility to add
a lot of different functional groups to the cross-linkable
monomers. One of the key achievements in the field is the
possibility to prepare hybrid materials that are cross-linked
via organic constitutes yet have diverse and significant inor-
ganic part. In most cases, they are prepared by sol-gel tech-
nology [99, 100]. The sol-gel synthesis method includes a
powerful and adjustable strategy for the preparation of func-
tional organic-inorganic hybrid materials. It provides easy
control of the configuration of the materials as well as molec-
ular composition that permits hybrids more applicable to
fundamental or applied research and industry. The sol-gel
chemistry is based on hydrolysis and polycondensation reac-
tions of suitable molecular precursors such as metal alkoxides
M(OR)x [101, 102], where M is the metal or metalloid ele-
ment, for instance, Si, Sn, Ti, Zr, Hf, Ge, Al, Mo, V, W, and
Ce [103], while R is the alkyl chain or any other organic
group. The possibility of using metalorganic materials in
3DLL requires one important condition of the alkoxide
organic group—one or more organic groups must have a
functional group involved in photopolymerization reactions.
Therefore, in 3DLL, a silicon-based metalorganic monomer
(MAPTMS, TEOS, TMOS [103], or other silane) is used
together in the presence or absence of another metal isoprop-
oxide which is usually stabilized by methacrylic acid
(Figure 7). The sol-gel method provides the opportunity to
synthesize homogeneous materials with the degree of mixing
of the organic-inorganic components and a variety of metals
that allows a variation of its appealing properties such as
molecular homogeneity, transparency, flexibility, and dura-
bility [103]. As mentioned above, the hydrolysis and conden-
sation reactions of monomeric metal alkoxides and organyl
alkoxides are the two main stages of sol-gel synthesis [104].
In solution, the alkoxides are hydrolyzed and condensed
to form polymeric species composed of M-O-M bonds
[102, 105]. Both reactions occur by acid- or base-catalyzed
bimolecular displacement reactions. The acid-catalyzed
mechanisms are carried on protonation of OH or OR sub-

stituents attached to silicon or other metal element, whereas
under basic conditions, hydroxyl anions attack metal or the
metalloid element directly. Both reactions occur simulta-
neously and, depending on reaction equilibrium, start to
form three-dimensional inorganic molecular networks.
The geometry and length of condensation bonds strongly
depend on catalysts, steric and inductive effect of the alkyl
radical, and solvents [105]. Such hybrids with different
composition and diversity of geometry are promising mate-
rials for various applications.

Hybrids offer huge tunability in terms of mechanical and
optical properties by changing the ratio between the organic
and inorganic parts. For this reason, they become extremely
popular in 3DLL. Indeed, hybrids with Si [21], Zr [106], Ge
[107], and Ti [108] constitutes were tested over the years to
name a few. However, they vary heavily in terms of ease of
preparing them, shelf life, and general structurability. This
led to Si- and Zr-based hybrids becoming the most popular
ones. Zr-based hybrids are especially interesting as they were
created on purpose for use in 3DLL and offer minimal
shrinkage [106]. Zr based initially created with the intent to
use it in photonics [106]. Nevertheless, over the years, it
was used in basically all research areas where 3DLL can be
applied, including photonics [9], microoptics [109], and
micromechanics [110]. It was also proven to be exceptionally
susceptible to modification, including surface tuning [10] or
doping with organic dies [6, 111] or nanoparticles [112]. In
RM, the Zr-containing hybrid was employed in the
manufacturing standard [16, 73] and shape-shifting scaffolds
[113] as well as functional elements such as valves that could
be used as implants replacing analogous elements in veins
[110]. Biological use of the Zr hybrid is heavily motivated
by the superb biocomaptability of the material, proven both
in vitro [73] and in vivo, going as far as preclinical trials [16].

3.1.5. Elastomers. As the name implies, an elastomer is an
elastic polymer. It owns this property to relatively weak inter-
molecular forces, low Young’s modulus (∼MPa), and rela-
tively high failure strain. Most of the elastomers are cured
using heat, making them very convenient for technologies
such as fast replication [114] or microfluidics [115]. While
numerous elastomers were created and tested over the years,
one of the most popular is the commercially available polydi-
methylsiloxane (PDMS) (Figure 8), which is sold under the
name Sylgard® 184. Furthermore, more monomers were
studied by researchers, such as elastomers in photopolymer-
ization. Alongside appropriate monomer reactive, diluents
and chain transfer agents [116] are needed too. In the PDMS
variant, such a systemmay consist of MMDS ((mercaptopro-
pyl)methylsiloxane-dimethylsiloxane copolymer) which is
oxidized by adding different amounts of the IBDA (iodoben-
zene diacetate) solution, vinyl-terminated PDMS, PI, and
photoabsorber [117]. In other systems, some acrylates may
be used as the base monomers. These include aliphatic
polyester urethane diacrylate, urethane monacrylate in 20%
EHA and aliphatic urethane acrylate oligomer, as reactive
diluents such materials as 2-(((butylamino)carbonyl)-oxy)-
ethyl acrylate, 2-ethylhexyl acrylate, 2-hydroxyethyl acrylate,
and 2-cyanoethyl acrylate. As the chain transfer agents, the
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Figure 6: Structural formula of polyethylene glycol diacrylate
(PEGDA). Here, n is a degree of polymerization.
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pentaerythritol tetrakis(3-mercaptopropionate), and 3,6-
dioxa-1,8-octane dithiol are applied [116]. The reagent
names indicate that acrylates are the inseparable part of elas-
tomers. However, it should be noted that only a small part of
acrylates can exhibit elastomeric properties.

Medical applications are one of the areas where elasto-
mers show huge promise. Here, they excel due to their bio-
compatibility, capability to pass through gas while retaining
liquids and being generally transparent to visible and UV
light. One of the areas where it was exploited heavily was
LOCs [115]. Cells could live in biological liquids contained
in such devices, while also being able to “breath.” Transpar-
ent nature of elastomers also allows easy assessment of such
biological systems. Biooriented scaffolds made out of various
elastomers and their composites were also produced for RM
applications [118–120].

The importance of 3D nanostructuring of elastomers was
recognized very early in 3DLL. However, while 3D structur-
ing of PDMS was achieved, it was done in very slow
100ms/voxel exposure [121]. In further works, the speed
was increased from tens [122] up to thousands [123, 124]
μm/s, but the problem of the narrow fabrication window
and shrinkage remained. Due to their elasticity and polymer-
ization post-fabrication, the shrinkage remains one of the
main problems of 3DLL-compatible elastomers, even if spe-
cial purpose-built species are used [124]. Thus, while 3DLL
structuring is possible and materials are RM compatible, they
are not easy and straightforward to use.

3.1.6. Biopolymers. Ever increasing material synthesis capa-
bilities led to the creation of polymers similar to ones found
in nature (for instance, synthetic proteins) or based on natu-
rally derived raw materials. Due to these connections, in this
review, we will consider both of these types of materials to be
biopolymers. Their main attraction is the possibility to
extremely closely mimic the biological environment, use
readily available natural raw materials, or both.

In a world with dwindling oil resources and ever growing
consumption of energy, alternatives for oil-based polymers

are highly desired. Naturally derived raw material-based bio-
polymers are designed to answer this challenge. The polylac-
tic acid (PLA) is one of the first polymers of this kind to be
commercialized. Based on corn, it offers an extremely low
price (∼several dollars for kg) and easy handling [125]. It also
shows favourable degradation properties [125, 126]. Both
additive [127] and subtractive [128] manufacturing were
achieved with PLA. Yet it and other associated biopolymers
were rarely used in photolithography due to the difficulties
in additive photostructuring. Movement to photolithography
requires to tune both monomer formulations and choose the
correct PI. It was shown that standard one-photon polymer-
ization might be tricky and hard to use [52]. Interestingly,
when moving to TPA, some of these problems are signifi-
cantly reduced [129]. This might be related to a lot more
aggressive and localized energy introduction mechanism in
the 3DLL case.

Talking about biomimicking polymers, several kinds
were tried over the years, including protein [130, 131], colla-
gen [132], chitosan [22], and gelatin [133]. However, most of
these materials are not easy to structure via fs lasers. Species
with special PIs and even ones without were tried with vary-
ing degrees of success. In some cases, deformed, barely stand-
ing 3D structures were demonstrated with intent to showcase
the possibility of such processing. In other cases, well-defined
and usable 3D objects were manufactured. Overall, this area
is relatively new, and a lot of advances in further developing
biopolymers for 3DLL might be expected.

3.1.7. Positive Photoresins. All photopolymers discussed so
far are of the so-called negative tone kind. It means that
areas which were exposed to the light are cross-linked and
remain after the development. However, the opposite can
also be realized by using so-called positive tone resists. In
that case, under irradiation, exposed regions of photosensi-
tive material are removed during development. Typically,
positive resists consist of a polymer matrix with protected
functionalities, small molecular photoactive generator, sol-
vent, and other additives [134, 135]. One of the most
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significant requirements of these systems is photosensitivity
of the photoactive generator which is basically called a
photoacid generator due to its property to produce acid after
the light irradiation. The photoactive generators can be
divided into two types, first is the ionic, which mostly con-
tains onium salts and upon UV light is able to produce
Brønsted acids, while the second type is nonionic that can
generate sulfonic, carboxylic, and phosphoric acids. Gener-
ally, polymers having tertiary carboxylate, tertiary carbon-
ate, tertiary ether, acetal, hemiacetal ester, or other easily
protonizable group are used in positive tone resist systems.
In that case, after the photoactivated acid-catalyzed reac-
tions, such polymers are decomposed into poly-carboxylic
acids or poly-phenols [134], depending on the initial func-
tional group, and the smaller molecular weight having non-
polymeric compounds. Thereafter, polymers having acidic
functional groups can easily dissolve in an alkaline solvent.
The described system is called the amplification resins.

But what if the polymer does not have an easily protoniz-
able functional group? The most prevalent type of positive
tone photoresist consists of diazonaphthoquinone (DNQ),
phenol formaldehyde polymer (Novolac), and propylene
glycol monomethyl ether acetate (PGMEA) as the solvent
[136–139]. In this way, at normal conditions, the dissolu-
tion of the polymer is blocked by the hydroxyl group of
Novolac and DNQ interactions. However, after the photoil-
lumination, indenecarboxylic acid is formed via ketenes
[136] of the DNQ; as a result, the Novolac polymer becomes
soluble [140].

Positive tone resists were applied in 3DLL [141] with the
primary focus on the possibility to use them in microfluidics
[142]. However, due to their nature, they are relatively chem-
ically unstable with short shelf life and narrow fabrication
window. Thus, in recent years, they were used less and less
in favour of easier to use and applicable negative tone resists.

3.2. Photoinitiators in Regenerative Medicine. The correct
choice of PI or photoexcitation mechanism is imperative
for 3DLL. In most cases, a specific PI is used for it. PI’s influ-
ence to the whole printing process is immense because it
determines what laser wavelength should be used and what
is the fabrication window. When 3DLL was first used, photo-
polymers with PIs designed for one UV photon absorption
were applied due to being readily available [18, 121]. From
the first glance, it might seem that adoption of one-photon
PIs for TPA should be pretty straightforward by just making
sure that the fs laser wavelength is half of the absorption peak
of the PI. However, interestingly enough, it was shown that
sometimes PIs with huge one-photon absorption cross-
section σ1 can have very small σ2 in the range of tens of
GM [143]. In comparison, if appropriate chemistry is used,
σ2 can go as high as more than a thousand GM [143]. This
proves the necessity to create PIs specially designed for TPA.

TPA-oriented PIs can be realized by applying D-π-D,
D-π-A, D-π-A-π-D, and A-π-D-π-A types chemical
compounds showing large changes of dipole/quadrupole
moments upon excitation, with extended conjugation in
molecules [144]. Here, π is a π-conjugated backbone (for
example, vinyl groups in ethynylphenyl, ethynylene, or

phenyl); D usually represents hydrogen, methoxy, and
alkylamino, such as dimethylamino, diphenylamino, and
dibutylamino groups which act as electron donators; and
A is the acceptors (for instance, various cycloketones,
ketones, pyridine, or pyridinium) [144–146]. D-π-D and
D-π-A-π-D are two of the most commonly used PI systems
in TPA. One of the D-π-D type, commercially available PIs,
which is known as Irgacure 2959, could have attractive
properties for medicine application as PI, due to its biocom-
patibility and solubility in water [145]. However, it is only
appropriate to the 515 nm wavelength, which may cause the
denaturation of proteins, which is critical when processing
in the presence of cells [145, 147]. Therefore, D-π-A-π-D
system PIs are more attractive in medical applications due
to the charge transfer between electron donor (D) and accep-
tor (A) groups which are responsible for the appearance of
low-energy excitations [148], such as 800nm [146].

If the final structure is expected to be used in RM PI,
despite the discussed necessity of low energy excitation, it
must match even more requirements. First, it has to be bio-
compatible. This can be tricky, because PI molecules are pur-
posely designed to be extremely chemically active resulting in
possible cytotoxicity [95, 149]. It is known that the cytotoxic-
ity is determined by singlet oxygen quantum yields during
photoinitiation. In the case of D-π-A-π-D, cytotoxicity was
found to be influenced by the composition of the activator.
The smaller number of C atoms in the cycle of cycloketones
(at least from C4 to C7) showed the less amount of the singlet
oxygen quantum yield [150]. Furthermore, they have to be
water dissolvable. This requirement stem from the desire to
use water-soluble hydrogels in RM and potentially avoid
organic solvents in development process. It was shown that
some standard PIs can be biocompatible as long as they are
used in inert hard polymer matrices, such as hybrid
organic-inorganic photopolymers [16, 73, 113]. Purpose-
designed bio-PIs were also developed. In order to achieve
water solubility, water-born functional groups can be intro-
duced. These can be, for instance, quaternary ammonium
cations or carboxylic sodium salts. Biocompatibility of such
water-soluble PIs was proven by both seeding scaffolds with
cells and printing structures with whole organisms. It was
shown that such bio-PIs can have σ2 high enough to support
printing speeds well over cm/s [151]. Therefore, the selection
of PIs suitable for RM is quite big, fully supporting the
growth of the technology.

As mentioned above, another important requirement of
PIs is the sufficient two-photon absorption cross-section
value which is most dependent on the chemical structure,
hydrophilicity/-phobicity, and solvent. According to Albota
et al., the two photon absorption cross section increases due
to the increasing conjugation length of the molecule or the
increasing extent of symmetrical charge transfer from the
ends of the molecule to the middle or vice versa [152]. Fur-
thermore, with the hydrophilic PI P2CK (Figure 9) under
800 nm excitation in water, the TPA cross-section value was
equal to 176 GM, while its hydrophobic analogue (B3FL) in
chloroform was 466 GM [153]. The hypothesis of such behav-
ior is interpreted by hydrogen bonding between the solute and
solvent and changes in the PI geometry or aggregation [145].
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While PIs are the primary way to induce cross-linking, it
was also shown that in some cases, polymerization reaction
can be induced even without PI present [2, 133, 154]. This
potentially eliminates the need to use PI and, thus, optimize
its printing and biocompatibility-related properties. On the
other hand, it reduces the fabrication window, potentially
weakens the structure mechanically, and creates additional
requirements for the light source [154]. This is due to the
change in the undergoing light-matter interaction. It was cal-
culated that if PI is not present, avalanche ionization might
become comparable or an even greater contributor to chem-
ical bond cleavage than TPA [40]. However, as the avalanche
requires time to achieve its full potential, relatively longer
pulses in the range of hundreds of fs are necessary. Another
way to achieve PI-less structuring is to specially design the
material to have double bonds breakable directly by TPA
[133] (Figure 10). Then, the material acts as polymer and
PI. PI-free structuring alongside bio-PIs make selection of
photosensitization mechanisms very broad which is
extremely suitable for such a subtle field as RM.

3.3. Material Functionalization and Modification. In a lot of
cases correct choice of the polymer and PI is sufficient to sat-
isfy the needs of the application. However, in some special
cases, further modification of the material might be desired.
Due to the extreme flexibility of 3DLL, a lot can be done to
the polymers used while retaining the possibility to structure
them in 3D fashion.

3.3.1. Organic Modifications. Polymeric matrix might be
enhanced by using organic additives. These might serve sev-
eral functions. First, these additives might be various biolog-
ical or curing agents that are released as the biodegradable
polymer dissolves in a living tissue or bioliquid [155]. If the
scaffold is produced out of such material, it both supports
the cell growth and potentially provides cure for the trauma/-
disease in its proximity. Second, additional organic dyes can
be added [6, 111]. It makes structures easier to see in either
ambient lighting or under UV light. This is attractive for
medical applications if nondegradable scaffolds need to be
observed or removed. However, as with the PIs, care should
be taken to make sure that such dyes are not cytotoxic if
application is biology oriented. Also, the absorption of the
dye needs to be considered and 3D printing performed with
laser wavelength for which such material is transparent [6].

3.3.2. Inorganic Modifications. The problem with organic
fluorescent dyes is their bleaching overtime under UV radia-
tion. If long-term emission is needed, inorganic additives are
superior. In that case, 3DLL-applicable polymers can be
mixed with various inorganic nanoparticles and quantum

dots. Indeed, by controlling the shape and size of such
nanoobjects, their absorption and emission characteristics
can be changed from UV to IR wavelengths [156, 157]. In
the 3DLL case, they can be introduced into polymer either
after printing [158] or just by mixing them into prepolymer
before printing [112, 159, 160]. The second option is
extremely attractive due to its simplicity and is always used
if possible. Alongside well-controlled absorption/emission
characteristics, nanoadditives can also be used in other ways.
For instance, they can be used as PIs. With very small con-
centrations needed (∼10−3% w.t.) and comparable photoacti-
vation to standard Pi [112], gold nanoparticles are promising
in biological applications as a replacement for standard PIs.
Finally, enhanced and/or controlled photosensitivity can be
realized with other nanoadditives such as ZrO2 [161] or
upconverting lanthanide-doped upconversion materials
[162]. Thus, this approach can be considered to be extremely
versatile and applicable to multiple materials.

Modifications using inorganic additives extend beyond
just a control of photosensitivity. Quantum dots can also be
used to modify the mechanical and optical properties of the
nanocomposite beyond what could be achieved with only
polymer chemistry [159] (Figure 11(a)). Furthermore,
magnetic properties can be introduced to the polymer via
magnetic nanoparticles [163]. Alongside 3DLL-enabled con-
ductive nanocomposites [164], it creates a precedent for the
completely controllable electromagnetic properties of the
structure. This is extremely relevant for RM as some tissues
rely on electric conductivity of the surrounding medium. At
the same time, it would enable printing miniaturized active
implants such as heart simulators or microrobots. There-
fore, nanoadditives and resulting nanocomposites are an
extremely important area for development with huge prom-
ises to 3DLL overall and with interesting implication to RM
in particular.

3.3.3. Postprocessing Solutions. In its essence, 3DLL is only
capable of printing polymeric materials. While polymers
can be tuned in extremely diverse ways, there are properties
that are nearly unreachable with polymers. Thus, ways to
expand additive laser 3D manufacturing beyond polymers
exist. Recent works showed that one of the best ways to
achieve free-form 3D nanomanufacturing of inorganic mate-
rials is combining 3DLL and thermal postprocessing [154,
165–167]. The usage of this methodology can lead to several
outcomes. Heat might be used to remove organic polymer
completely. Then, it can be used as a mold for a material that
could not be directly structured via 3DLL, for instance, metal
[168]. The end result in such a case is high-quality metallic
micro- and nanostructures. In a similar fashion, heat can also
be used to directly form inorganic structures. Then, the 3D
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Figure 9: Structural formulas of TPA PIs. Here, P2CK is PI-soluble in water, while B3FL is soluble in organic solvents.
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structure is produced by using 3DLL using hybrid organic-
inorganic photopolymer or similar mixture. Postprocessing
is then used to remove most of the organic constitutes leaving
inorganic 3D structure. As an added bonus, during this pro-
cess, a substantial downscaling of a structure occurs—up to
21% of initial size in the 2D line case [165] and 60% in the
3D case [154]. The shrinkage was observed in both nanola-
tices [154, 165] and bulk 3D structures [166, 167]. It is also
completely isotropic in all directions making it very predict-
able [166]. Thus, it was used to produce even extremely com-
plex 3D microstructures [166, 167] (Figure 11(b)). A method
of this kind was already shown to have huge promise in pro-
ducing true 3D glass microfluidic systems [169]. While it was
not applied in RM, so far, the possibility here would be to
produce ceramic implants that could well mimic bone or
teeth. Scaffolds of required geometry and overall size were
already demonstrated with possible further works in RM
direction in the near future.

Finally, surface modifications should not be overlooked.
It was shown that correct surface topography and chemistry
has immense impact on the functionality of medical implant.
Functional groups like carboxylic acid groups, hydroxyl
groups and amine groups generally produced by plasma
treatment are used to chemically functionalized polymer sur-
faces. In the case of 3DLL-made structures, such as scaffolds,
surfaces can be functionalized by plasma treatment for
acrylic acid surface polymerization and further grafted with
laminin-1 or gelatin in order to enhance human cardiac pro-

genitor cell (CPC) survival and differentiation potential
[170]. Furthermore, surface properties which are significant
in medical application, such as adhesion, surface hardening,
surface wettability, tribology, blood compatibility, and diffu-
sion barrier, can be obtained by functionalizing polymeric
surfaces with organic materials. For example, superhydro-
phobic materials are obtained by using tetrafluoroethylene
or 1H,1H,2H,2H-perfluorooctyl acrylate precursor plasma
polymerization. Also, in order to make blood-compatible
surfaces, the hexamethyldisiloxane can be used to reduce loss
of blood cells through blood contact. For the thermal resis-
tance and electrical properties, a polymer can be functional-
ized by covering of cyano groups [171]. At the same time,
conductive and/or magnetic coating can be selectively depos-
ited on 3DLL-made objects. Then, the metallization process
is based on three stages. The first stage is seeding of metal,
such as silver, when the 3D structure is immersed in an aque-
ous solution of silver nitrate (AgNO3), where silver ions con-
nect together with amine moieties, which are only on the
polymeric structure’s surface, thus forming the initiation of
the silver nanoparticles growth. In the second step, metal ions
are reduced, in this case, by aqueous solution of sodium
borohydride (NaBH4), and silver nanoparticles are formed.
The amount of silver plated onto the structures depends on
the duration of these stages. Finally, during the plating, the
structure is immersed in the reducing agent to form a smooth
final layer of metal [10, 172, 173]. The result is a metal layer
just only on 3DLL-made structures. This was shown to lead
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Figure 10: Proposed interaction in the acryl group in hybrid organic-inorganic photopolymer SZ2080 (SZ) during PI-free cross-linking.
Direct cleavage via nonlinear absorption of a double bond in a group results in radicalization and subsequent polymerization. Adopted
from [154].
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Figure 11: (a) Refractive index change and structure topography of material doped with different concentration of PbS quantum dots.
Substantial change of both is clearly visible. Scale bar: 50μm (adopted from [159]). (b) Scaffold structure made out of hybrid organic-
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to conductive 3D structures [172] or plasmonic functionality
[10]. Magnetic interaction-based cell transportation was also
shown [173]. In medicine, this can be relevant as a way to
introduce electricity to various electromechanical implants
or simulators.

4. Applications in Regenerative Medicine

In order to achieve the final goal of RM, a lot of different, sep-
arate, yet intertwined research topics have to be investigated.
Living cell behavior on different materials and geometrical
topographies have to be onsidered. These results have to be
compared to true living tissues. Novel designs for RM-
oriented structures then have to be developed in accordance
to obtained results and precise medical needs. Then, overall
body response to printed objects have to be known as the
final goal of the RM is to have structures and methods that
could be used in the human body. All of these directions
are being tackled with the help of 3DLL.

One of the key backbones of RM research is scaffolds for
cell growth and tissue engineering [174]. They allow both
investigating cell behavior in different conditions and being
used for curing damaged tissue. When creating scaffolds, a
lot of different considerations have to be taken into account.
The 3D aspect is especially important here. While a huge
array of cell-related research was performed with 2D struc-
tures [175–177], the extent of capabilities to mimic living
body in 2D environments is limited. Thus, 3D objects are
required for any high-level research. Diverse methods were
used to fabricate scaffolds. Some of them are considered pas-
sive and include phase separation [178], porogen leaching
[179], gas foaming [180], freeze-drying [181], and electro-
spinning [182]. The key advantage of these methods is the
capability to create scaffolds for virtually any synthetic or
natural material. Furthermore, the feature/pore size in such
structures can be tuned to be in the range of what is found
in natural ECM. This is extremely important in RM, as
ECM influences cell behavior in a variety of different ways,
including their proliferation, migration, or mass transporta-
tion. However, all of these methods are to some extent random
in nature, making predetermined scaffolds with precise archi-
tecture nearly impossible. Here, various 3D printing tech-
niques show huge advantage due to structure on-demand
capabilities [183]. However, from all of the standard 3D print-
ing techniques available today, only 3DLL have the correct
blend of achievable resolution and acceptable throughput [1].

3DLL-made scaffolds were used in a huge variety of ways
to investigate the peculiarities of cell and printed structure
interaction. Specially designed wells with channel-like struc-
tures were applied to investigate the peculiarities of neuron
growth and connection, showing that directionality of sur-
rounding structures is extremely important [184]. Also, pore
size in the scaffold can have huge implications to cell migra-
tion and mass transportation [185] (Figure 12(a)). Even if
gaps in the scaffold structure are smaller than the cell itself,
the macromolecules can still pass through such barrier
[186]. Understanding these mechanics is imperative in
creating scaffolds that are custom tuned to allow certain cell
migration and, at the same time, unrestricted communication

between cells. Cell adhesion is another important topic. Bio-
chemistry behind the cell-ECM interaction is extremely elab-
orate. Some materials might have superb cell adhesion while
others might repel the cells. The first effect was shown to be
extremely useful when controlling cell attachment points in
a specially designed scaffold having functionalized points
made out of bioactive species on top of the inert scaffold. This
can be further expanded to include both repelling and
attracting species in a single scaffold [17]. Then, the four-
sided supports are printed out of a basic hydrophilic resist,
consisting of a mixture of commercially available compo-
nents: a trifunctional acrylate as the network-forming species
(trimethylolpropane ethoxylate triacrylate, TPETA) and a PI
(Irgacure369), with a functional photoresist, which has pro-
tein- and cell-repellent properties along with a photoreactive
component that can be activated by DLW in order to change
its properties to attract protein binding; as a result, protein-
binding surfaces are obtained on the cross-beams. Such resist
is obtained by mixing previously described basic resist
(TPETA) and a methacrylate containing either a phenacyl
sulfide (PS) or an o-methylbenzaldehyde (photoenol precur-
sor) (PE) part. Finally, the inorganic-organic hybrid photore-
sist OrmoComp is used as a third resist providing an inherent
protein-adhesive surface on the opposite cross-beam ends of
the scaffold. Subsequent UV light leads to biotinylation of the
functional resist cross-beams, making them either attracting
for specific binding of the vitronectin. Due to the passivating
properties of both basic and biotinylated resists, fibronectin
on laminin only bind to the OrmoComp beams. In this par-
ticular case, epithelial (A549) and fibroblast (3T3) cells were
chosen: the first kind has good adhesion to OrmoComp-
laminin cross-beams and is repealed by the vitronectin, while
the second type has completely inverted adhesion-repulsion
properties [17]. As expected, cells were shown to attach to a
preferential material proving that 3DLL can be employed
for complete tissue engineering, starting with the completely
freely definable 3D geometry and on-demand chemical func-
tionality all done in the size range that can be smaller, bigger,
or the exact cell size.

Having good knowledge about cell-scaffold interaction,
scaffolds can be applied directly for treatment purposes. Here
3DLL can be used in a huge variety of ways. For instance,
scaffolds might be used as a breeding platform to acquire cells
for various cell-based treatments [73] (Figure 12(b)). Then,
relatively simple geometry scaffolds with pore sizes opti-
mized for the particular cell type can be made. Such colonies
can be up to mm in size, making the entire amount of growth
chambers in the range of tens or even hundreds. Further-
more, it can induce the genetic reprogramming of the cell,
once again showing the importance of the scaffold shape
and subsequent cytoskeletal tension in the cell [187]. While
direct cell therapies have huge promise, in some cases,
movement of the liquids in the body might destroy new cell
colonies. A primary example is the blood flow in the cardio-
vascular system. Then, more rigid scaffolds can be applied to
keep cells in place [71]. Then, the question of biodegradabil-
ity arises.

Sometimes it would be desired that after cells are self-suf-
ficient, the scaffold would degrade and entirely normal tissue
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would grow [188]. On the other hand, in some cases, nonde-
gradable scaffolds are also acceptable. For instance, they
could be employed in bone regeneration where they outper-
form modern cologne membranes [16, 189]. The middle
ground between degradable and stiff scaffolds is shape-
shifting structures [113]. 3DLL can be employed to print
burr-like structures that could later be seeded with cells.
Due to relatively small size and hooks on the outside, such
balls can then be applied to the wound as a gel. It then mimics
the shape of the wound. The freedom of geometry is a mas-
sive enabler in RM, and one could expect only more precisely
tuned or nontrivial geometries to be used.

Most of the research conducted so far was performed
in vitro. Results acquired in this manner are extremely
important for the development of the field. However,
in vivo applications need to follow. So far, several works were
done in this area. For example, a 3D structure was printed in
hydrogel in the presence of the whole organism [72]. The
Caenorhabditis elegans used in this work was shown to not
only survive in photoactive hydrogel but also live through
the printing process (Figure 12(c)). This again shows that
the cold nature of fs processing is extremely attractive in

RM. Keeping in mind that 3DLL can be realized through an
optical fiber [190] which can also have advanced imaging
lenses [12] or manipulation tools attached to it [14], true in
situ bioprinting inside a living human can be envisioned in
the future. Finally, preclinical in vivo trials were also per-
formed, showing that hard hybrid polymer 3D scaffolds can
outperform standard collagen membranes in healing trauma
[16]. The presented results were acquired in the time frame of
up to 6 months. It proves that 3DLL made scaffolds can be
implanted into living organisms for prolonged amount of
times with the positive impact to the healing, which is the
final goal of RM.

5. Challenges and Perspectives

The results presented so far show great potential of 3DLL in
RM. Nevertheless, a lot more needs to be done before it
becomes a widespread solution. Here, we look into some of
the newest trends in 3DLL with the emphasis on how these
can benefit RM in the future.

Biocompatibility is the key requirement in RM. While a
lot of biocompatible materials were tested already [26, 124,

(a)

(b) (c)

Figure 12: (a) SEM images of 3DLL-made structures with varied pore areas used to test cell interaction in scaffolds which might be smaller
than the cell itself [186]. (b) Supermatrix of nichoids as a cell culture containing 218 matrices at a distance of 30 μm. Such structures show
clear capabilities of 3DLL to be employed at mass production of biological scaffolds [73]. (c) Real-time view via setup imaging system
depicting the writing of a scaffold in the presence of a living Caenorhabditis elegans showcasing that 3DLL combined with a biopolymer
can be completely biofriendly and does not have adverse impact on living organisms [72].
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188], this area is still relatively active. The key questions here
are compromise between effectiveness of PI and fabrication
throughput, dissolvability in water, and other appropriate
solvents and long-term effects of PI presence in the living
body. Indeed, some materials require extensive exposure to
fully start the polymerization reaction [52]. Fast-acting PIs
are being constantly developed [191]. Thus, one might expect
that with the constant increase in fabrication throughput
photoexcitation should not become the bottleneck of the
3DLL. What is more, these fast-acting new generation PIs
are also being made to be dissolvable in water, allowing them
to be used in biodegradable hydrogels [151]. On the other
hand, they also have to be biocompatible. Some of the long-
term studies showed that in some cases, PI can be completely
inert in nondegradable scaffolds even after being in a living
organism for up to 6 months [16]. Hydrogel-compatible
high-speed PIs also show great promise in this regard [151].
However, more research in this area is needed. Also, one
must not forget about the possibility to directly polymerize
materials without PI completely forgoing the problem of
PI’s biocompatibility [133, 154]. This is especially true keep-
ing in mind that PI-free printing was shown to be applicable
even at high-speed fabrication.

The next challenge lies in producing deformable scaf-
folds and structures that could move inside soft tissue after
being implanted. Most 3DLL-processable materials are rel-
atively stiff, with Young’s modulus well into ∼GPa. There-
fore, bone tissue replacement is one of the main areas
where 3DLL was tested extensively [16, 189]. In order to
apply it for soft tissue, several 3DLL-enabled tricks were
also employed. A scaffold can have deformable geometry
due to being made out of intertwined parts [6]
(Figure 13(a)) or having very small features that can
deform [13, 14]. Also, shape-shifting scaffolds made out
of microballs seeded with cells are also an interesting pros-
pect [113] (Figure 13(b)). However, true 3D nanostructur-
ing of elastomer is desired. Despite this, so far, it was
shown to be relatively complicated for several reasons. If
standard PDMS is used, translation velocity is limited and/or
the fabrication window is narrow (in comparison to standard
3DLL materials) [121, 122]. Shrinkage can also be a problem

[124]. Current progress in the field allows to relatively easily
print mm scale scaffolds out of elastic materials [192]. Further
downscaling could be expected in near future.

Alongside movement of soft tissue, mechanical flexibility
is also relevant for mechanical metamaterials. In short, meta-
materials are artificial materials with rationally designed fea-
tures allowing properties beyond what is normally possible
in nature [193], hence the Greek word meta, which means
“beyond.” So far, it was demonstrated that 3DLL is capable
of producing objects with negative Poisson index [194], con-
trollable thermal expansion [13], and negative effective static
compressibility [195]. The prospect of such special proper-
ties on-demand brings the new dimension to RM. First, 3D
microprinted stents become a possibility [196]. Then, basi-
cally any-sized blood vessel can be accommodated with
them. Furthermore, scaffold reacting to the temperature,
pressure, or chemical composition of surroundings can be
created. Indeed, the polymer has an inherent property to
swell or expand in the different liquids [197], meaning that
the scaffold can react to this as well, potentially protecting
cells from adverse materials in the immediate surrounding
or, alternatively, opening more when special healing liquids
are present. Overall, combining unlimited 3D geometry
and smart architecture has a huge promise in RM, and one
can expect this area to be exploited more and more in the
near future.

Purpose-driven material development also led to poly-
mers that can be dissolved after manufacturing. Indeed,
3DLL supports multimaterial printing [17, 197–199]. While
it is already a powerful tool in RM, the possibility to “erase”
some of the components that were 3D printed is an interest-
ing prospect. Thus, polymers based and dissolvable in softer
chemical solutions were developed [200]. The implication to
RM is scaffolds that can be dissolved in the body at different
stages on the treatment. Furthermore, keeping in mind
diverse chemistry of the body, such scaffolds might be
degraded by the body itself. Also, nondegradable and per-
manent materials might be combined in one structure.
One of the possible applications could be a nondegradable
valve [110] (Figure 13(c)) placed in veins with accompany-
ing scaffold for better initial growth. After some time, the

1 mm

Single working �eld (125 �m)

250 �m

(a) (b)

70 �m

(c)

Figure 13: (a) A gradient chainmail-like structure which could be used as a mechanically flexible scaffold while still being made out of hard
material. The mm scale size is sufficient for usage in real clinical trials. It is important to note that it was done using a galvo scanner and linear
stage synchronization allowing to avoid stitching. It would have been detrimental to the mechanical quality of the structure (Adapted with
permission from [6] © The Optical Society.). (b) Burr-like ball seeded with cells. Due to the geometry of the structure and hook-like outer
ends, multiples of such objects can join together in the wound forming a shape-replicating structure (Reproduced from [113], with the
permission of American Vacuum Society.). (c) Example of a passive microvalve allowing the flow of liquid only in one direction.
Enhanced and custom-tuned objects of this kind could potentially be used in the veins to replace worn out biological analogs (adopted
from [110]).
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scaffold would degrade leaving a very well-attached perma-
nent valve.

Finally, material development should not overshadow
challenges in the hardware and software needed for 3DLL.
The key advances here are related to minimized workload
to the user and increased throughput. Operator workload is
being reduced by employing advanced software, which
allows to perform monotonous tasks (for instance, structure
placement on substrate) and printing optimization easier
[70, 74]. In terms of hardware, additional components can
be placed into the optical path enhancing throughout or ver-
satility of the setup. The primary example in this regard is the
spatial light modulator (SLM), which might help to increase
fabrication throughput [201, 202]. If a cheaper and simpler
solution is required, passive light shaping can be done [203,
204] sacrificing flexibility and tunability. Spatiotemporal
light shaping is also possible [62, 63]. While it is highly prom-
ising for RM due to the capability to print relatively big (up to
cm) structures, it has a disadvantage of being relatively com-
plicated. Lastly, hardware solutions for very fast translation
velocities are also coming. Current positioning systems based
on galvo scanners, linear stages, or their synchronization can
go as fast as mm/s–cm/s [6, 72]. However, with the advent of
polygon scanners [205] and acoustooptics [206], these trans-
lation velocities might exceed m/s or even more. Neverthe-
less, both of these solutions have some distinct limitations.
Polygon scanners cannot easily change the direction of scan-
ning and have limited flexibility. Thus, they are suitable only
for mass production of designs that will not change or will
change minimally. Acoustooptical deflectors do not have this
problem but are bound by limitation in sustaining polariza-
tion and possible temporal broadening of a fs pulse due to
the severe dispersion. Therefore, a lot of work has to be done
in order to apply these solutions to 3DLL technology.

6. Conclusions

RM is an extremely complex and challenging topic. As shown
in this review, 3DLL is capable of overcoming these chal-
lenges.One of themain reasons is the extremelywide selection
of materials and structuring regimes. Indeed, combining free
choice of 3D architecture of a structure and usage-specific
monomer-PI covers basically any need for RM, starting from
hard scaffolds for bone regeneration to EM-imitating multi-
component structures. Keeping in mind that new materials
directly tailored for this field are being constantly developed,
printing technology improved, and new 3D geometries tested,
one might realistically expect widespread adoption of this
technology in the near future.
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