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A B S T R A C T

Regenerative medicine is a rapidly developing field with far-reaching potential. To sustain progress in this
field, new advanced structures are needed. These include scaffolds for cell growth. Direct laser writing (DLW)
based on femtosecond laser multi-photon polymerization (MPP) was shown to be an attractive technology
for such structure fabrication as it combines vast selection of materials and the possibility to choose feature
size in scaffold to be smaller, bigger, or around the same size as a cell. At the same, there are issues related
to throughput which limit the widespread implementation of MPP for scaffold manufacturing. It is further
compounded by some material limitations making it difficult to print mechanically flexible scaffolds for soft
tissue regeneration. In this paper, we propose printing mechanically flexible scaffolds out of mechanically
rigid material SZ2080 by employing chainmail architecture. We explore capabilities to optimize the printing
procedure of this kind of scaffold, achieving printing times of less than 10 min for a 1 × 1 mm scaffold while
maintaining micro-level precision. The superb biocompatibility of such scaffolds is shown both qualitatively
and quantitatively and is proven to be independent of the used photoinitiator. Finally, manipulations of
scaffolds with cells are performed with no adverse impact on the cell viability or proliferation after such
procedures. Overall, this work proposes a methodology for rapid printing of shape-shifting scaffolds which
could be used in regenerative medicine both for cell cultivation and potential direct implantation into soft
tissue.
1. Introduction

Multi-photon polymerization (MPP) based direct laser writing (DLW)
has become a well-established tool for high-precision additive 3D
micro- and nanomanufacturing [1]. Through the years it was demon-
strated to be suitable for producing structures for numerous applica-
tions, such as photonics [2,3], microoptics [4,5], organs-on-chip [6,7],
microfluidics [8,9] and micromechanics [10,11]. There are multiple
reasons which led to the wide proliferation of this technique. First off,
it allows continuously vary feature size/resolution of produced voxels
from hundreds of μm down to hundreds of nm [12], with the option
to go to tens of nm if specialized methodologies are applied [13,14].
This then can be leveraged to perform true 3D manufacturing, where
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the shape of the object is created not only in standard 3D printing
layer-by-layer fashion but also by continuously scanning the volume
of the material in 3D [15,16]. Additionally, it provides a convenient
way of controlling the polymerization degree of produced structures,
which then allows to tune the refractive index [17] and mechanical
properties [18] of the final prints. The overall selection of materials is
also wide [19–21], allowing to choose the material best suited for any
given application. Multi-material printing in a single structure is also
possible [22,23]. Thus, overall, MPP has many advantages which can
be exploited in various highly imaginative ways.

One of the fastest growing areas where MPP is being employed
is biomedical research and regenerative medicine/veterinary [24,25].
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The primary structure used for research in these fields are scaffolds for
cell growth [26]. Numerous technologies have been used for this task
through the years [27–31]. However, MPP shows the greatest promise
in this area due to the possibility to combine all the already listed
advantages of this technology towards purpose-built structures. These
include but are not limited to cell investigation [32–34], culturing [35,
36] and scaffolds for tissue engineering [37,38]. The last application
is extremely promising, as such scaffolds could potentially offer a way
to completely rebuild tissues damaged or destroyed by severe injury or
disease. However, while current progress in the area already reached
the pre-clinical stage [38], there are a lot of barriers that limit further
advances. One of them is the mechanical and biological properties
of the materials used. Indeed, most tissues in the human body are
to some extent soft, while the most common pre-polymers applied
in MPP are hard [18,39–41]. Logically, it means that scaffolds made
out of such materials can only be used for hard tissues in the body,
such as bone. Otherwise, the rigidity of scaffolds might become coun-
terproductive, creating inflammation points, or even breaking after
implantation subsequently creating multiple micro-shards which could
cause multiple problems. To combat this various biomaterials are being
investigated [42–46], but in a lot of cases their fabrication properties,
such as ease of printing or mechanical stability leave a lot to be desired.
Soft materials are also being proposed, but a lot of them are non-ideal
either due to an excessive (more than 10%) shrinkage [47] or poor
fabrication properties [48]. This problem is further compounded by the
necessity to produce scaffolds in the size range of mm to cm, which
requires that materials would permit very high printing speeds and
would be mechanically stable enough not to break during the hours-
long manufacturing process. This rules out thermal polymerization 𝑣𝑖𝑎
ltrashort pulse exposure, as it requires substantial overlap of laser
ulses resulting in necessity to limit translation velocity (𝑣) to just few
m/s [49]. Therefore, there is a capability gap in MPP for producing

caffolds suitable for soft tissue regeneration.
To combat this challenge, unconventional thinking is required with

egards to MPP capabilities. While soft tissues seemingly would require
caffolds made out of soft materials, the alternative would be to just
roduce a shape-shifting scaffold out of well-known rigid pre-polymer.
ere we have to remember that MPP allows assembly-free movable
D structure printing [11,12,50]. This allows us to look into the hard
ature of most pre-polymers not as a limitation, but as an advantage,
llowing us to produce scaffolds that could move independently of ma-
erial properties. One option to achieve viable movable scaffolds out of
igid materials would be producing numerous very small sub-structures
hat then can be seeded with cells and used as a paste [51,52]. In that
ase, parts of the final scaffold are ‘‘assembled’’ during the delivery of
he paste to the tissue defect. Nevertheless, such an option requires mul-
iple mixing steps before usage, and quite a specific post-development
anipulation of produced structures before cell seeding resulting in
ifficulties with real-world implementation and widespread applica-
ion. Therefore, in this work, we investigate the possibility to produce
hape-shifting chainmail scaffolds [53] for regenerative medicine out of
ery popular hard pre-polymer SZ2080 [54]. Then, such ring structure
an be printed as single-layer chainmail but later put in the irregular
haped wound or damaged tissue and conform to that shape, forming
D scaffold structure in it for cell growth. Such structure also does
ot need to be biodegradable, as it acts as micro-level equivalent of
edical stitches. Also, data comparing advantages of biodegradable

nd non-biodegradable scaffolding for cell growth is scarce, use of
on-biodegradable polymer scaffolding has previously been tested and
nsured effective cell proliferation [55]. Inert and biocompatible non-
iodegradable scaffold would provide a long-term attachment point for
ells and tissue regeneration, eliminating the need for multiple inter-
entions in cases where scaffold degrades prematurely. We propose
nd test an advanced printing strategy, which enables using linear
rinting with 𝑣 of 10 cm/s. It allows to produce mm-sized scaffolds in
2

matter of minutes. Furthermore, we qualitatively and quantitatively
show that such movable rings are superb for cell proliferation and
growth. Overall, the presented results allow us to consider ring or other
similar intertwined element-based shape-shifting scaffolds made out of
hard material as an attractive alternative to similar structures made out
of soft polymer.

2. Materials & methods

2.1. Materials

A standard pre-polymer SZ2080 was used for the work [54]. It was
chosen as it has nominal shrinkage [54], well characterized mechanical
properties [18], allows usage of cm/s level 𝑣 [12], and has an overall
wide fabrication window [46]. Two variations then were produced
using different photoinitiators: with 1 wt% of photoinitiator Irgacure
369 (IRG) and 0.5 wt% 4,4’-bis(dimethylamino)benzophenone (BIS).
The idea behind testing and comparing them in this work is severalfold.
First, SZ2080 with both of these photoinitiators can be easily tested
with our setup, while in some cases one or the other needs to be chosen
due to their absorption peculiarities [56]. Also, knowledge about any
other differences between scaffolds made out of these two SZ2080
variations would be useful. Pre-polymer was prepared for structuring
by drop-casting material on the glass substrate. They were pre-backed
at 60 ◦C for 2 h to turn liquid resin into a hard gel. Development was
carried out in 4-methylpentan-2-one for 45 min.

2.2. Laser fabrication setups

Fabrication was performed using ‘‘Laser Nanofactory’’ setup [12]
tuned for polymerization [Fig. 1]. The main laser is Erbium-based
fiber femtosecond (fs) oscillator ‘‘C-Fiber 780’’ (Menlo Systems GmbH)
outputting ∼780 nm fundamental wavelength, at 100 MHz repetition
rate and 100 fs pulse duration. The oscillator was chosen for this setup
because due to the very high repetition rate it is better suited for
high-speed printing than kHz-level amplified fs-laser systems which
start to show limitations due to decreasing pulse overlap during struc-
turing [15]. As it was shown in the literature [57], even at these
repetition rates, there should be virtually no thermal accumulation
when nonlinear polymerization optimized material is used and pulse
duration does not exceed ∼100 fs. Process might become more complex
if longer pulses in the range of hundreds of fs and/or material without
photo-sensitizing are used [58]. Therefore, we consider that polymer-
ization process presented in this work is based on nonlinear absorption
and not thermal polymerization. The laser radiation is directed to
the beam control unit (BCU) which houses acousto-optical elements
acting as power control elements and fast shutter, as well as dispersion
compensation optics, which guarantees that the pulse duration before
the objective is ∼100 fs.

2.3. Biocompatibility testing

Cell lines tested for capacity to populate the scaffold were im-
mortalized rat liver (WB-F344 Cellosaurus Accession No. CVCL-9806)
and monkey kidney (Vero ATCC No. CCL-81; MARC-145 ATCC No.
CRL-12231) cells. All cells were cultured in maintenance medium con-
sisting of Minimum Essential Medium (MEM; Gibco, Grand Island, NY,
USA) with additional 10% heat-inactivated fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 μg/ml
streptomycin. Cells were incubated at 37 ◦C in 5% CO2 atmosphere.

Laser made scaffolds were disinfected and seeded by a three-step
process. Primary disinfection was done by submerging chainmails in
96% ethanol for 5 min. Subsequent washing was done in phosphate-
buffered saline (PBS; 1x, pH 7.2; Gibco) with 100U/ml penicillin and
100 μg/ml streptomycin. Finally, cleaned scaffolds were transferred to
the chosen cell culture which was in the 96-well large growth area and

secure handling tissue culture test plates.
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Fig. 1. Schematics of setup used in this work. Here BCU — beam control unit, M - mirrors, BE — automated beam expander, DM — dichroic mirror, F-var — a lens with
automated focal distance control, Obj — objective.
Experiment design was as follows: test scaffolds were submerged
into maintenance medium in 96-well culture plate containing WB-F344,
Vero and MARC-145 cells and incubated alongside control wells for
5 days. All wells were incubated in decuplicates. Test scaffolds were
either treated with 0.25% Trypsin-EDTA (Gibco, Grand Island, NY,
USA) and harvested for cell counting, or transferred to cell culture wells
containing fresh maintenance medium and incubated for additional
5 days before Trypsin-EDTA treatment for a total of 10 days. Cell
counting was performed using bright line Neubauer hemocytometer
(Thermo Fisher Scientific, Waltham, MA, USA). Optical microscopy
images were acquired at days 2 and 10 of cell incubation. Average
viable cell count for each cell population was determined by excluding
uncharacteristic cells based on forward (FSC) and side scatter (SSC)
profiles provided by FACS analysis. Flow cytometry data was analyzed
using FlowJo v10 (BD, Franklin Lakes, NJ, USA). Acquired statistical
bio-testing results were shown graphically in the form of a boxplot
with notches. The notches are defined as ±1.58IQR/

√

𝑛, where IQR is
interquartile range and 𝑛 is number of data points. It represent the 95%
confidence interval for each median. Non-overlapping notches give
approximately 95% confidence that two medians statistically differ.
Differences in results were additionally assessed by Tukey’s Honest
Significance Test.

3. Results

3.1. Efficient printing of micro-chainmail

Through the years it was shown that MPP technology is the most
potent when object size does not exceed several hundred μm. This
is due to the fact that most high NA (0.6 and up) objectives have
working fields below 500 μ m × 500 μm. As a result, if a structure
is around the same size or smaller, it can be easily printed using
only galvo-scanners. However, if the size of the structure exceeds the
working field of an objective, stitching has to be used [59–61]. This
induces optical and mechanical defects to the structure. To overcome
this, a synchronization of linear stages and galvo-scanners can be
employed [15]. Thus, intuitively, it would seem that for bioscaffold,
3

which needs to be at least ∼2 in overall size, this would be a more
suitable option. However, the proposed chainmail structure has some
distinct features which might not be ideal for synchronized fabrication.
First, the size of rings in this work is 60 μm in diameter, meaning that
each ring is smaller than the working field even for high numerical
aperture (NA) optics. For instance, the working field of the 0.8 NA
objective lens used in this work can be considered 300 μm × 300 μm
square, which is 5 times smaller. Also, if the chainmail structure is
prepared as a single 3D file, after the slicing step there are huge gaps
between rings that have to be traveled by positioning systems between
fabricating the rings themselves. Let us take a simple 10 × 10 ring array
as an example. 0.8 NA objective, standard 𝑣 = 1 cm/s with slicing step
of 1 μm and hatching step of 0.2 μm will be used for calculation. We
will choose ring diameter as 60 μm, with ring thickness of 5 μm as such
dimensions are relatively similar to the average size of cells. If simple
raster scanning with no optimization is used, fabrication time for an
array is 29:42 min. [Fig. 2(a)]. Optimization using traveling salesman
algorithm [62] can help to reduce overall fabrication time to 7:23 min.
[Fig. 2(b)]. Nevertheless, there are still a lot of movements in each
overall layer between rings.

The final option of producing rings is one-by-one. Then, the trav-
eling between rings is minimized and the fabrication time of the same
10 × 10 array is 8:17 min. [Fig. 2(c)], i.e. ∼3.6 times faster than non-
optimized raster fabrication and, surprisingly, 1.1 times slower than
optimized single 3D model case. This is due to the fact, that even
while fabricating each ring separately, there is a substantial amount
of redundant movement inside the ring itself. It is not needed when
traveling is done from the ring to ring in the same layer in an optimized
case. Take note that in a separate ring fabrication case each ring is
fabricated as three parts strategically separated in the Z direction. It
is needed, so produced ring is not shadowing the ring being produced
next [63,64]. This is also one of the reasons why rings are produced
as slanted rings. It also helps to maintain ring diameter even ring-to-
ring, because if some rings would be vertical and some horizontal voxel
anisotropy [12] would make their shapes irregular. The decision to
produce these structures in a layer-by-layer fashion is also deliberate.
In standard MPP systems scanners support only X and Y axis, while Z



Optics and Laser Technology 162 (2023) 109240L. Jonušauskas et al.
Fig. 2. (a), (b), and (c) show 10 × 10 chainmail array complied for fabrication in a non-optimized single 3D model case, optimized single 3D model method, and ring-by-ring
fashion respectively. Yellow lines show laser translations with an open shutter, red — with closed. Structure is only produced during yellow movements, while red jogging just
moves from one part of the structure to the other. Thus, reduction of redundant red movements is one of the ways to shorten overall translation trajectory and increase throughput.
Note the substantial decrease of red lines as optimization becomes increasingly efficient. This is reflected by fabrication times — 29:42 min for (a), 7:23 min for (b) and 52 s in
case of (c). This increase throughput is possible due to shortening of translations within rings, allowing to employ only galvo-scanners and allowing to increase 𝑣 10 fold from
1 cm/s in (a) and (b) to 10 cm/s in (c).
Fig. 3. (a) Optical microscope image of chainmail being released. (b) - SEM micrograph showing partially folded structure. (c) - chainmail after manipulation resulting in complete
twisting of the structure. While some rings are broken, overall structural integrity is unaffected and rings are holding together.
is still mechanical, meaning that usage of fast movement is only truly
effective for XY axes. Meanwhile, the Z axis has limited applicability
in fast 3D scanning. Therefore, true 3D translation was only employed
when the movement of the 𝑍-axis is relatively slower than movement
in XY, for instance in micro-lens production [15]. Regardless, ring-by-
ring fabrication in a layer-by-layer fashion, while not as fast when the
same 𝑣 is used for the whole array case, allows for the use of only the
scanners for ring fabrication. This, in turn, enables to increase 𝑣 from
standard 1 cm/s to 10 cm/s during ring printing without any loss of
structure quality. Surface roughness did not change after this increase
as well and was in the range of several hundred nm, as dictated by
the ‘‘stepping’’ in the rings due to the layer-by-layer manufacturing
method and determined from SEM images. This is acceptable as some
surface roughness is desirable for good cell adhesion and growth [65].
Linear stages then move between the rings at 𝑣 = 1 cm/s. A similar
increase in 𝑣 would not be realistic with fully synchronized linear stages
and galvo-scanners because feedback timing of synchronized systems
(48 kHz or ∼20 μs in this system [15]) would lead to linear stages
starting to deviate too much before scanners could correct for it. As
a result, using such a smart scanning strategy of printing in a ring-by-
ring fashion manufacturing time of a 10 × 10 ring array is reduced
to ∼1 min at 𝑣 = 10 cm/s. It is important to note that subsequent
tuning of the setup itself or application of inherently faster scanning
methodologies [66] could lead to an even higher throughput increase
in the future.

After optimization, chainmail printing followed. For bio testing,
two main kinds of scaffolds were prepared: 500 × 500 μm for initial
testing (10 × 20 rings) and general viability study and 1 × 1 mm ring
arrays (20 × 40 rings) for main statistical measurements. The necessity
to use a 1:2 aspect ratio for ring amount to acquire square scaffolds
was a result of how rings were arranged in a 3D model. 𝑣 = 10 cm/s
was employed, allowing to produce both kinds of structures in several
minutes (∼2 min for the small one and ∼8 min for the bigger one).
Rings were made inside the volume of SZ2080 without securing them
to the substrate, allowing them to be release easily during development
[Fig. 3(a)]. Subsequent SEM analysis showed that the structures had a
4

good mechanical quality and rings could move easily [Fig. 3(b)–(c)].
Using such protocol 20 + 40 chainmail structures were produced for
biotesting 10 + 20 with BIS photoinitiator and 10 + 20 with IRG, where
the first number shows the amount of smaller scaffolds and second —
main batch numbers. Overall printing time was just over 6 h. This level
of throughput provides a capability for MPP to be used for relatively
fast on-demand biotesting with a statistically significant amount of
scaffolds.

3.2. Biocompatibility testing

The influence of photoinitiator on the biocompatibility of 3D printed
structures is argued in the literature quite extensively [46,67–69].
Therefore, a direct comparison between two easily obtainable com-
mercial photoinitiators IRG and BIS was performed as the first bio
experiment of this work. Indeed, it is known from literature that even
small amounts of these photoinitiators (down to hundreds of μg/L) can
be considered toxic [70]. Amount of photoinitiators present in materials
before polymerization is in the range of ∼%. Therefore, such materials
should be inherently toxic. For this testing, chainmails were seeded
with cells with minimal manipulation and cell count for all tested cell
types (WB-F344, VERO, and MARC-145) was measured. Measurement
showed high biocompatibility of all materials to all tested cell lines.
For both IRG and BIS photosensitized scaffolds cell growth was very
good and almost indistinguishable [Fig. 4]. This can be explained by
several factors. First, for scaffold fabrication, we used laser power close
to the upper limit of the fabrication window (20 mW for fabrication
while the damage threshold was ∼22 mW). Therefore, we consider
that the polymerization degree of the material was very high [17].
This meant that most of the photoinitiator was used up during the
printing process. Also, the rigid polymer matrix of SZ2080 should have
prevented left-over photoinitiator molecules from being released [71].
This is in sharp contrast to most hydrogel materials, which tend to swell
extensively in different media [22], releasing any leftover monomers
and photoinitiators into the environment. Overall, due to this result
from this point onwards, we will not differentiate between IRG and BIS
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Fig. 4. WB344, VERO, and MARC-145 cell count grown on scaffold affected by different IRG and BIS in SZ2080. Good biocompatibility with no clear difference between tested
materials can be observed.
photosensitized SZ2080 when testing cell proliferation and viability.
Additionally, it means that if the printing setup is limiting usage of
either IRG or BIS due to the spectral reasons of the light source resulting
in low two-photon absorption cross-section [46], choosing either of
photoinitiators would not impede bio experiments.

The next thing to consider is the manipulation of micro-chainmail.
Intuitively, it would seem that after such a structure is developed and
released it should be relatively fragile. Indeed, mechanical stability of
material should not be overlooked and was studied quite a lot recently,
both in stand-alone fashion [18,72] as well as in biological settings [38,
46]. In all of those experiments SZ2080 was shown to be mechanically
stable and not prone to breaking, with Young’s modulus in the range of
1 GPa (exact value depends on the fabrication parameters) [18]. What
we discovered during experimentation is that chainmails made out of
SZ2080 photosensitized with IRG were highly resilient to mechanical
stress [Fig. 5(a)]. This coincides well with previous works where it
was shown to be highly resilient to external stress and usable even
for micro-spring manufacturing [12]. However, chainmails made out
of SZ2080 photosensitized with BIS showed a tendency to break if
manipulated not carefully [Fig. 5(b)]. Explanation for such behavior
most likely lies in the relatively more rigid nature of SZ2080 with BIS,
which leads to the tendency of structure breaking under mechanical
stress. Therefore, SZ2080 scaffolds with BIS required somewhat more
gentle manipulation to avoid such mechanical damage.

In order to test both kinds of scaffolds with no mechanical dam-
age occurring special handling protocol was developed. Each scaffold
produced was placed in an alcohol filled Eppendorf tube. Before sub-
merging scaffold into a maintenance medium, the alcohol was carefully
removed by pipetting the scaffold with PBS. Standard 100–1000 μL tips
were utilized for pipetting, however, they were cut shorter to allow the
lumen to suit the size of the scaffold without compromising its integrity.
Overall this allowed us to perform cell cultivation experiments with
very high repeatability without breaking printed structures. Using an
optical microscope it was established that all used cell types tend to
grow on scaffolds well, in most cases completely covering them [Fig. 6].
These photos show that due to the chosen ring size and configuration
cells were growing in free-form manner on all surfaces of the rings,
signifying that such structure acts as a true 3D scaffold. What is more,
scaffolds were so resilient that after biocompatibility experiments some
of them were cleared of cells and new ones were seeded. Cell growth
on chainmails during this second time usage was indistinguishable
from the first time they were seeded on the scaffolds. While these
results were not used for any statistical analysis presented in this work,
5

generally speaking, chainmails (and, potentially, other types of SZ2080-
based movable scaffolds) can actually even be considered for multi-time
use if cell cultivation is the ultimate goal of the procedure.

Additionally, cell proliferation on scaffolds exceeded what was
achieved on flat control samples for all cell types, with WB-F344
cell line having the highest result at ∼30% [Fig. 7(a)]. This once
again shows how important surface topography is for cell-based ex-
periments [65]. For comparison, when flat SZ2080 with IRG samples
were tested against flat glass control, SZ2080 performed relatively
worse [46]. One important thing to note is that such ring structure
surfaces are, at a micro level, quite rough. Due to the sliced fabrica-
tion nature, stepping occurs on the surface, resulting in the surface
roughness of a few hundred nm. Exact value is hard to estimate due
to roughens varying depending on the ring surface orientation in
relation to the slicing direction. Nevertheless, what is important in
the biological context, is that such stepping increases effective surface
area and allows better adhesion of cells to chains. This hypothesis is
supported by the fact that chainmails could be transferred from test
plate wells where initial cultivation took place to new ones and cell
proliferation would continue. Both cell count and cell viability are
rate exceeded 70% in all tested cell types after such an operation
[Fig. 8]. Cell count increase after the transfer was up to 28% higher
than proliferation on the initial sample for WB-F344 cells and around
the same for other cell types [Fig. 7(b)]. This is an very important
discovery because such transfer with cells on scaffold would take place
during regenerative medicine procedure, where scaffolds with cells
would be implanted in the patient’s body. Also, our experiments show
that the movement of rings during transfer does not influence cells
in any adverse way. Thus, even if such a scaffold is produced out of
non-biodegradable material, it should not have any negative impact
on the patient even though such hard rings would move in relation to
each other. At the same time, although the prospect of chainmail use
as a scaffold for cell growth in regenerative medicine is far-reaching,
several questions remain unaddressed. The immune response plays a
significant role in tissue regeneration [73]. Therefore, the interplay
between reactions associated with the immune response at the lesion
site and the scaffold graft must be investigated. Moreover, as with
other forms of inorganic grafting, immunocompatibility between the
immune system of the recipient and the scaffold material is crucial for
the successful application of chainmail graft technology in regenerative
medicine.



Optics and Laser Technology 162 (2023) 109240

6

L. Jonušauskas et al.

Fig. 5. Difference between mechanical stability of IRG (a) and BIS-based (b) SZ2080 scaffolds during ell seeding and manipulation experiments. IRG containings scaffolds were
shown to be substantially more resilient. As a result, a more gentle manipulation protocol was developed.

Fig. 6. Optical image of cells growing on the structure. WB-F344 (A), VERO (B), MARC-145 (C) cell lines. Cells after 2 days of cultivation (1,2); after transfer of cell-containing
scaffold to cell-free medium at 10-day incubation (3,4). Size reference — all rings are 60 μm in diameter.

Fig. 7. (a) - WB-F344, VERO, and MARC-145 cell count in the test group that represents overall cell number collected from both scaffold and tissue culture test plate. Control group
(C) representing cell number collected from tissue culture test plate after 5-day incubation (* 𝑝 < 0.05; ****𝑝 < 0.0001). All cell types showed better proliferation on chainmails,
with WB-F344 showing the best result with ∼30% higher cell count than a control. (b) - Same cell type count change after transfer of cell-containing scaffold to cell-free medium
(T) at 10-day incubation (*𝑝 < 0.05). WB-F344 again showed the best result with proliferation on transferred sample exceeding original by ∼28%. Other cell types showed no
significant difference between transferred and non-transferred case.
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Fig. 8. The average proportion of viable cells in WB344 (A), VERO (B), and MARC-145 (C) cell samples are based on forward (FSC) and side scatters (SSC) profiles. Viable cell
gates were established (1) and cell count based on cell size was demonstrated (2). The result is identical to what was to be expected from a standard control experiment, showing
that scaffold transfer from one test plate well to other has no negative impact on cell viability.
4. Discussion

Throughput was always considered to be one of the weak points
of MPP technology. Fabrication using very small voxels, with a single
voxel volume potentially down to less than ∼1 μm3, it is hard to
imagine how mm and cm scale structures could be produced in a
reasonable time of several h per structure. One way would be to use
lower NA, which increases voxel volume [12,74]. However, then one
of the main selling points of MPP, its resolution, is lost. Another rather
trivial way to increase throughput would be to continuously increase
𝑣. Technically it is possible with more and more advanced scanning
systems or even by using acousto optical deflectors [66]. Indeed, as
of today, there are works claiming of using even 𝑣 ≥ m∕s, albeit
with NA below 0.5 [75,76]. While this path seems promising, it has
a very hard ceiling dictated by the fs laser repetition rate and a gap
formed between exposed areas [15]. If an amplified fs laser source is
used, at 𝑣 = 1 cm/s and 1 MHz repetition rate (which is quite common
for commercial systems) distance traveled between pulses is 10 nm. If
we consider laser spot size of around 2𝜔0 = 1 μm it means that each
exposure is created after the system moved ∼1% of the laser spot. At
these experimental conditions, such exposure leads to a continuous line.
However, if 𝑣 = 10 cm/s, as used in this work, we get a distance moved
of 100 nm which translates to ∼10% of the laser spot. This would still
be acceptable for continuous lines, but with very little room for further
increase in 𝑣. There are also questions about how it would impact me-
chanical properties and if it would make rings break easier. If 𝑣 would
be increased by one more order of magnitude to 100 cm/s = 1 m/s
distance between laser exposure would grow to 1 μm, which would
mean that no continuous line was formed. The situation, of course, is
a lot better with optics that do not focus on such a small laser spot,
like f-theta lenses used in ablation/surface structuring [77–79]. Then
𝑣 can be increased even further as 2𝜔0 < tens of μm. However, for
sub-μm level manufacturing, usage of amplified laser systems for m/s
level 𝑣 is rather limited. Then, MPP is reduced to a role of a supporting
function in otherwise subtractive manufacturing-centric hybrid fabri-
cation workstation [8,9,80]. Application of oscillators, which prohibit
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such systems from hybrid additive–subtractive manufacturing, should
allow quite high 𝑣, as repetition rate in such systems can go as high as
100 MHz. Then, even at 𝑣 = 100 m/s distance between pulses would be
in the 10 nm range. Therefore, while fs oscillators have a substantially
higher ceiling for maximum absolute 𝑣, it is still not infinite.

All of this leads to the challenge of finding other methods (or their
combinations) to increase the throughput of MPP in the long run.
One of the most common ways to do it is to use beam-shaping 𝑣𝑖𝑎
diffractive optical elements (DOE) or spatial light modulators (SLM).
Both of these options were explored quite thoroughly and shown to
increase throughput by either shaping of voxel/exposed volume into a
more desirable shape [81,82] or distribution or forming multiple focal
points [83,84]. The disadvantage of the latter approach is a sacrifice of
complete free-form geometry of the structure. Distance between each
focal point becomes its independent working area. This is completely
acceptable for periodic structures like metamaterials, or chainmail
shown in this work. However, for bigger, more complex structures
this would be a huge disadvantage, leading to potentially undesirable
stitching [59–61]. Thus, the approach of single voxel shaping is more
attractive for big, irregular 3D structure printing. While both of these
options are attractive, they are highly limited by the repetition rate
of current commercial SLMs, the vast majority of which operate at
60 Hz, with faster options being mainly in development [85,86]. Fi-
nally, to save time during manufacturing advanced AI-based algorithm
optimization could be employed [87,88]. While this alone would not
make MPP exceedingly fast, it can be easily paired with other discussed
approaches, allowing for the compound advantage gained. Neverthe-
less, while there are multiple approaches how MPP can be made faster,
there is no definite answer to where technology could move after ultra-
fast scanning and multi-focal printing are exploited to their maximum
potential.

One of the major considerations when discussing MPP (and other
related technology) usage in regenerative medicine is how easy it
would be to introduce proposed structures to the workflow of medical
procedures. Modern medical procedures are very complex and require
the usage of a lot of different devices, tools, and techniques, which have
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to work together in perfect, synergistic harmony. Anything new which
would be introduced to medicine with any hope of wide adoption either
has to be perceived by medical professionals as compatible with what
is already in the use or be so disruptive that there would be enough
drive to replace older practices [89,90]. While some literature considers
additive manufacturing to be such a revolutionary approach [91–93],
the evolutionary approach should not be overlooked. It would lead to
fast-track implementation which could start helping patients as soon
as possible. Proposed chainmail is more on this side of the spectrum
of innovations as created handling protocol uses readily available lab
equipment and tools. Additionally, due to being shapeshifting scaffold,
it is a lot easier to manipulate, because normally MPP made stiff
structures at mm scale, due to very thin features, as shown in this
work in the case of BIS containing chainmails, can be relatively fragile.
Finally, a procedure for fast printing of such structures could allow
printing several square cm sized patches of such chainmail, which then
could be cut using standard medical scissors to the size needed for
the procedure. In other words, instead of trying to design different
scaffolds for each different case of tissue damage, the required size
chainmail patch could be cut and then used. As it is a shape-shifting
scaffold, it would automatically assume the required shape, without the
need for any other complex design procedures. While individualized
scaffolds designed for a specific patient and the precise condition is
the end goal of additive manufacturing-based regenerative medicine,
chainmail allows transitional approach, which, on the one hand should
be highly acceptable for medics as it does not require any new tools and
procedures to implement, but at the same time would allow to open the
door and legitimize additive manufacturing-made scaffolds as a viable
and desirable tool in widespread medicine.

Despite the promising results that demonstrate the capacity of im-
mortalized cell adhesion to the surface of the micro-chainmail, the
limitations of the study and the future prospects need to be addressed.
While our findings confirm the viability of the pre-polymer SZ2080 use
for flexible scaffold manufacture and cell binding, more evidence is
required to further confirm the capacity of the micro-chainmail as a
scaffold for tissue regeneration. Firstly, a wider range of cells, including
primary cells, need to be tested. Immortalized cells were selected for
this study due to their accessibility, ease of use, and capacity for
indefinite replication, which allowed us to establish the time frame
required for cells to completely populate the micro-chainmail surface.
However, similar experiments should be carried out gradually moving
towards the tissue model, starting with individual and combinations
of primary cells typically found within the tissue of interest (such
as epithelial or connective tissue cells) and eventually attempting to
integrate the micro-chainmail graft within an in vivo system. Secondly,
the host’s immune response to any graft is the primary concern of
transplantology. We did not test interactions between the structure and
immune cells in the present study. However, before its use as a scaffold
for tissue regeneration, an extensive investigation of SZ2080 viability
as an immunologically inert substance should be carried out.

5. Conclusions

In this work we proposed, produced, and tested micro-chainmail
scaffolds for the eventual use in regenerative medicine. Due to the
periodic 3D ring array arrangement of such objects, the smart-scanning
algorithm was employed using primarily galvo-scanners for laser print-
ing. This allowed us to exploit 𝑣 = 10 cm/s without any adverse impact
on the mechanical quality of the rings or loss of micro-level precision.
Printing time for one scaffold then was reduced to 2 and 8 min for
500 × 500 μm and 1 × 1 mm scaffolds, respectively. Overall, 60 micro-
chainmails were produced to assure statistically significant results of
biotesting. Overall production time for all 60 scaffolds - ∼6 h. SZ2080
pre-polymer was employed for fabrication with two photoinitiators —
BIS and IRG, with half of the structures being produced with one and
the other half with the second one. Biotesting showed that there is
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no significant biocompatibility difference between SZ2080 scaffolds
with IRG or BIS photoinitiators. However, mechanically, BIS containing
chainmails were shown to be somewhat more fragile. To combat this,
a special handling procedure was created. To make it more convenient
and accessible only standard lab equipment and simple procedures
were employed for it. This allowed us to use IRG and BIS-containing
chainmails interchangeably. Overall, bio testing showed very high cell
proliferation potential on ring-like scaffolds, with cell count on scaf-
folds exceeding flat control by ∼30% after 5 day incubation period.
What is more, when the scaffold was transferred from a seeding test
plate wells to a new ones, cells continued to proliferate and did it
even faster than in the initial growth environment by up to ∼28%. Cell
viability was also excellent and well within what would be expected
from the control. This has serious implications for the field of regener-
ative medicine, as it offers enabling technology which would enable the
simple, fast, cheap, and convenient introduction of MPP-made scaffolds
into general medical practices with minimal introduction barriers.
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