Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Biocompatible polymers with tunable mechanical
properties and conductive functionality on two-
photon 3D printingf

i '.) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 8586

Lijun Men,® Kemin Wang,®® Ningning Hu,? Fule Wang,® Yucheng Deng,?
Wenjun Zhang*®® and Ruixue Yin ® *<

Two-photon polymerization (TPP)-based 3D printing technology utilizes the two-photon absorption
process of near-infrared radiation, enabling the fabrication of micro- and nano-scale three-dimensional
structures with extremely high resolution. It has been widely applied in scientific fields closely related to
living organisms, such as tissue engineering, drug delivery, and biosensors. Nevertheless, the existing
photoresist materials have poor mechanical tunability and are hardly able to be doped with functional
materials, resulting in constraints on the preparation of functional devices with micro—nano structures. In
this paper, TPP printable polymer formulas with good mechanical tunability, high resolution, strong
functional scalability, and excellent biocompatibility are proposed, by using the synergistic effects of
a hydroxyl group-containing photocurable resin prepolymer, UV acrylate monomer, long-chain
hydrophilic crosslinking monomer and photo-initiator. This can ensure the printability and help to
improve the flexibility of the printed polymer, thereby solving the problem the photosensitive materials
suitable for two-photon 3D printing in previous research had in balancing the formability and flexibility.
The results of nanoindenter analysis showed that the Young's modulus of the printed structure can be
adjusted between 0.3 GPa and 1.43 GPa, realizing mechanical tunability. Also, complex structures, such

as micro-scaffold structures and high aspect ratio hollow microneedles were printed to explore the
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Accepted 6th March 2023 structural stability as well as the feasibility of biodevice application. Meanwhile, the proposed polymer

formula can be functionalized to be conductive by doping with functional nanomaterial MXene. Finally,

DOI: 10.1039/d2ra07464h the biocompatibility of the proposed polymer formula was studied by culturing with human normal lung
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1. Introduction

Two-photon laser direct writing technology is a high-efficiency
and high-precision three-dimensional structure preparation
technology.! Compared with the traditional laser direct writing
technology, TPP has the advantages of high resolution, simple
process, adjustable parameters, and a wide selection of candi-
date materials in the fabrication of complex three-dimensional
micro-nano structures.”>® TPP technology greatly reduces the
difficulty of fabricating complex 3D structures, enabling truly
rapid 3D prototyping. As a powerful 3D designable nano/micro
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epithelial cells. The results indicated a good potential for biodevice applications.

prototyping technology, two-photon polymerization (TPP)
nanolithography has become a key technology for fabricating
3D nano/microstructures for biological applications including
cell engineering,”® tissue engineering,'*** drug delivery,**°
biological microfluidic devices,"”™*® biological microrobots,**>*
and biomedical devices. Currently, SU-8 resists, IP series resists,
polyethylene glycol-based hydrogel materials, protein biomole-
cules, and hybrid inorganic-organic materials (HIOMs) have
been used to construct 3D nano/micro-structures by TPP 3D
printing.>*** However, the existing photoresist materials have
poor mechanical tunability and are hardly able to be doped with
functional materials, resulting in constraints on the prepara-
tion of functional bio-devices with micro-nano structures.*?
Meanwhile, most micro-nano devices are aiming to biomedical
applications. Therefore, for TPP printed polymer structures,
they must have biocompatibility suitable for cell attachment
and proliferation, and be able to support the mechanical
stability of cell tissues. Till now, there is still a lack of biocom-
patible photoresists with specific tunable mechanical proper-
ties based on TPP printing. At the same time, how to quickly
optimize the laser parameters matched with a certain

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photoresist material to obtain high-quality devices is a chal-
lenging task.

In addition, to develop 3D functional structures, photore-
sist materials should be able to mix with various functional
nanomaterials.>”*® However, most of the functional materials
that can be doped, such as conductive carbon nanotubes
(CNTs), are toxic to a certain extent, and their biocompatibility
is not very good. Therefore, the reasonable selection of
biocompatible functional materials has a profound impact on
the fabrication of functional micro-nano devices. MXene has
been investigated as a more biocompatible conductive nano-
material for bio-device development. Rastin et al. developed
a conductive cell-loaded bioink for 3D printing, consisting of
TizC, MXene nanosheets dispersed in hyaluronic acid hydro-
gel, to fabricate wearable sensing devices at the millimeter
scale.”

Although researchers have prepared functional structures
through photolithography, the effective use of functional
composite resin materials strongly depends on the weight
percentage and dispersion quality of functional nanomaterials
in composite materials. It is still of great challenges in
preparing functional composite resin materials with high
doping concentration of functional nanomaterials. Wei Xiong et
al. proposed a method to incorporate well-aligned multi-walled
carbon nanotubes into 2D/3D polymer structures via TPP
printing technology, which significantly improved the electrical
conductivity and mechanical strength of the photoresist. And
a TPP-compatible, homogenous MTA composite resins with
high MWNT concentrations (up to 0.2 wt%) has been developed
by Wei Xiong's group.** However, to the best of our knowledge,
there are no reports on resin materials containing MXene
nanomaterials that can be used for two-photon 3D printing.
Therefore, in order to give full play to the potential of functional
materials, it is of great significance to develop TPP-adapted
resin formulations that can be doped with high-concentration
conductive MXene for the preparation of three-dimensional
micro-nano integrated functional devices.

This paper proposed a biocompatible polymers-based
photoresist formula with tunable mechanical properties and
functionalities, and demonstrated the feasibility to fabricate
complex structures with high resolution, such as nanowire
structures, hollow microneedles with high aspect ratios, micro-
spiral robots, and micro-logo structures. It helps to improve the
flexibility of printed structures, thereby solving the problem
that the photosensitive materials suitable for two-photon 3D
printing in previous research are difficult to balance formability
and flexibility. At the same time, the conductive functionality of
the photoresist can be achieved by adding high concentration of
Mxene, different from existed photoresists that cannot be
doped with Mxene due to too large viscosity. The mechanical
properties of printed micro-nano structures were well analyzed
by a nano-indenter. Functional composite materials with elec-
trical conductivity were obtained by adding high concentration
of 0.2 wt% Mxene into the formula. The biocompatibility of the
proposed material was investigated by culturing with human
normal lung epithelial cells (BEAS-2B).
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2. Materials and methods
2.1 Materials

BisGMA, epoxy methacrylate, was supplied by Sartomer, France.
SR3480P, ethoxylated bisphenol A dimethacrylate, was
provided by Sartomer, France. PEG600DMA, polyethylene glycol
dimethacrylate, was provided by Sartomer, France. IC819,
bisphenylphosphine oxide, was provided by Sigma Aldrich,
Germany. MXene, Ti;C,Ty, provided by China Neocene Tech-
nology Company. BEAS-2B, human lung epithelial cells,
provided by American type culture collection(ATCC). PBS,
Phosphate Buffered Saline, supplied by Cytiva. DMEM, dul-
becco's modified eagle medium, provided by Gibco. DAPI, cell
viability and cytotoxicity assay reagents, provided by Beyotime.

2.2 Resin formulation

In this study, the as-prepared material containing photosensi-
tizer, photoinitiator, and cross-linker for processing was
defined as photoresist. Our formula is to mix 30 wt% of BisGMA
and 70 wt% ofSR3480P, then add 50 wt% or 100 wt% of
PEG600DMA to them respectively, and then fully stir the three
to obtain a composite resin material. The chemical structures of
the materials used above are shown in Fig. 1a. IC819 was used
as the photoinitiator, and 2 wt% IC819 photoinitiator was
added to all the above resin formulations. The proportions of
each formula are shown in Table 1. In order to prepare a func-
tional material formula, we mixed MXene (Ti;C,T,) into the
formula, and used a shaker to make it evenly mixed so that
functional materials could be prepared. Finally, the resin
material formulation is stored in an environment below 4 °C.

2.3 TPP setup

In this study, the TPP setup, named Photonic Professional (GT)
system, was supplied by Nanoscribe company, Germany. GT
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Fig. 1 (a) Chemical structure of the main components of photoresist.
(b) Schematic diagram of TPP technique. (c) Oblique view of SEM
image for 3D hollow microneedle.

Table 1 Main components of photoresist

BisGMA SR3480P PEG600DMA MXENE 1C819
0 29 wt% 71 wt% 0 wt% 0 2 wt%
1 20 wt% 46.7 wt% 33.3 wt% 0 2 wt%
2 15 wt% 35 wt% 50 wt% 0 2 wt%
3 20 wt% 46.7 wt% 33.3 wt% 0.2 wt% 2 wt%
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system is designed to produce 2D, 2.5D, and 3D polymer
structures with feature sizes ranging from sub-micron to
millimeters using direct laser writing. The excitation parame-
ters of the system are as follows: the central laser wavelength is
780 nm, the repetition frequency is 80 MHz, and the pulse width
is 100 fs. The structures printed in this paper are mainly used in
the DILL configuration of the GT system, in which the objective
lens will be directly immersed into the photoresist. And since
the DILL configuration is a reverse manufacturing process, the
photoresist acts as both a photosensitive and immersion
medium. Therefore, the maximum height of the structure is not
limited, and structures with a height of less than 2 mm can be
manufactured. Fig. 1b is a schematic diagram of the fabrication
of microstructures using GT. In the fabrication process, the
photoresist is dropped on the substrate, and the laser intensity
is controlled by an attenuator. The focus of the laser is on the XY
plane by Galvo for high-speed two-dimensional scanning, and
the Z-axis direction is controlled by the movement of the piezo
stage. Through the above preparation process, the three-
dimensional micro-nano device shown in Fig. 1c can be ob-
tained as an example.

2.4 Fabrication of complicated micro-structures

In this paper, the influence of laser parameters on the thickness
of nanowire structures was investigated by preparing nanowire
structures corresponding to different laser parameters. Mean-
while, in order to explore the printability of complex structures,
specific structures have been fabricated, including a high-
aspect-ratio hollow microneedle with a height of 1500 um,
a helical robot structure with a length of 120 pm and a width of
40 um, and the logo of Shanghai University with a diameter of
200 um. We also prepared a scaffold structure with a height of
120 um and a length and width of 42 um, and analyzed the
stability of the structure through SEM characterization and
error analysis of the structure. In order to explore the
mechanical properties of the material formulation, a 20 pm x
20 pm x 12 pm bulk structure was prepared as a sample for
nanoindentation test in this study.

2.5 Characterization

Scanning electron microscopy (SEM, JSM-7500F) was used to
microscopically characterize the TPP fabricated structures. For
mechanical tests, we performed nanoindentation experiments
using a nanoindenter (UNHT®, Anton Paar) provided by Anton
Paar. In the nanoindentation experiments we used a diamond
indenter and set a constant force of 0.1 mN to ensure nonlinear
deformation of the polymer sample, and finally we can obtain
the displacement load curve of the material to determine the
Young's modulus. We used the ST2253 multifunctional digital
four-probe tester to test the resistivity of the polymer containing
the conductive functional material Mxene, so as to derive the
conductivity of the polymer.

2.6 Cell culture and in vitro cytotoxicity test

We used human normal lung epithelial cells (BEAS-2B, ATCC) to
perform biocompatibility experiments and cultured the cells
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using DMEM medium at a temperature of 37 °C and a carbon
dioxide concentration of 5%. Before the biocompatibility test,
we first sterilized the printed grid structures of the four
formulations under an UV lamp for 2 h and then soaked them
in normal saline (PBS) for 20 minutes. Aseptic treatment is
followed by seeding of cells on top of the polymer structure. We
first seeded primary human normal lung epithelial cells (BEAS-
2B) on glass slides with two-dimensional polymers (four meshes
with a size of 220 um s x 220 pm s~ x 32 um s~ ') with daily
media exchange. After one or three days of culture, cells were
washed with PBS buffer for 15 min at room temperature, and
then stained with DAPI for 30 minutes. Using a Zeiss 20x lens,
microscopic images were taken and the exposed glass surface
around the grid was used as a negative control.

3. Results and discussion

3.1 Parameters of TPP fabrication

Lateral Spatial Resolution (LSR) is the width of the thinnest
nanowires that can bemanufactured under a specific light
intensity.*® LSR has an significant influence on the precision of
TPP micro machining.” Therefore, we investigated the LSR of
photoresist formulations containing 0 wt% PEGDMA, 33 wt%
PEGDMA and 50 wt% PEGDMA, respectively. The SEM images
and related line width data were shown in Fig. 2 and 3,
respectively.

Fig. 2a shows the SEM images with laser power from 15.5
mW to 40 mW at a laser scanning speed of 15 um s~ for the
formula with PEGDMA content of 33 wt%. We observe that with
the decrease of laser power, the line width decreases progres-
sively, and the laser power corresponding to the minimal line
width can reach 20 mW. In order to deeply study the relation-
ship between the linewidth laser scanning speed, we set the
laser power to 25 mW, 30 mW, and 35 mW respectively, and
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Fig. 2 (a) SEM images of nanowire arrays fabricated at a constant
scanning velocity of 15 pm st with the laser power ranging from 15.5
to 40 mW. (b)—(d) Top view of the scanning velocity increased from 4
to 40 pm s~! with the laser power of 25 mW, 30 mW and 35 mW,
respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Corresponding dependence of the line width on the scanning
velocity for three kinds of as-prepared photoresist at different laser
power. (a) Control with 0 wt% PEG600DMA, 29 wt% BisGMA and
71 wt% SR3480P. (b) Photoresist with 33.3 wt% PEG600DMA, 20 wt%
BisGMA and 46.7 wt% SR3480P. (c) Photoresist with 33.3 wt%
PEG600DMA, 20 wt% BisGMA, 46.7 wt% SR3480P and 0.1 wt%MXENE.
(d) Photoresist with 50 wt% PEG600DMA, 15 wt% BisGMA and 35 wt%
SR3480P.

make the laser scanning speed increase in steps of 2 um s~ *

under each power. Fig. 2b—-d shows the nanowire arrays with the
laser scanning speed increasing from 4 um s~ to 40 pym s~ "
under different laser powers. It can be seen that with the
increase of the scanning speed, the line width tends to decrease;
and when the scanning speed remains unchanged, the line
width also increases gradually with the increase of the laser
power. For the three other photoresist formulations mentioned
above, we carried out the above experiments and obtained the
same results.

Fig. 3 is a quantitative comparison chart of the results from
Fig. 2, which shows the variation of the width of the nanowires

© 2023 The Author(s). Published by the Royal Society of Chemistry
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prepared with four different formulas as the laser power and
laser speed change. Fig. 3 shows that after adding PEG600DMA,
the line width has little effect, but the laser power range is
considerably expanded. When the content of PEGDMA is 0 wt%,
the lowest value of laser power is 25 mW, and the highest value
reaches 60 mW, but when the content of PEGDMA is 33 wt%
and 50 wt%, the lowest value of laser power can reach 15 mW,
and the highest value can reach 75 mW. On the right-hand
panels of Fig. 3a-d, it can be seen that when the laser power
is constant, the faster the laser speed, the finer the fabricated
nanowires. Based on the images to the left in Fig. 3a-d, when
the laser speed is constant, the smaller the laser power, the finer
the prepared nanowires. From the above results, it can be seen
that when using the two-photon printer to fabricate 3D micro-
nano devices, in order to improve the accuracy, the scanning
speed of the laser should be increased as much as possible and
the laser power should be reduced.

In order to compare the mechanical stability of the polymer,
a self-supporting scaffold with a height of 120 pm and a length
and width of 42 um was manufactured.** The thickness of the
horizontal bars was set to 1.5 um and the distance between each
bar was set to 8 pm. Its scanning electron microscope image is
shown in Fig. 4a-d. The laser intensity required for the scaffold
fabricated from the four photoresist formulas was 35 mW, and
the scanning speed was 2000 um s . During the preparation of
the three-dimensional scaffold structure, it is not difficult to
find that the lateral characteristic width of the horizontal bar of
the scaffold decreases with the increase of PEG600DMA
content. By comparing the lateral characteristic widths of the
horizontal rods of the scaffold structure prepared by the four
materials, it can be seen that when the content of PEG600DMA
is 50 wt%, the horizontal characteristic width of the horizontal
strips can reach a minimum of 3.04 um, and the accuracy can
reach 0.01. At the same time, as the content of PEG600DMA
increases from 0 wt% to 50 wt%, the lateral feature width of the
horizontal rods of the scaffold will decrease from 3.5 pm to 3.04
um. Fig. 4e is the data corresponding to the average area of the
nine grids in the top view of the scaffold structures prepared
with four different materials, and the area corresponding to
each grid is extracted by the software Image-j. The areas of the
grids in the view on the four formulas are 92.2 um?, 96.3 um?

owth 33wth  IIWLMXENE)  50wt%
Content of PEGDMA

Fig. 4 (a—d) SEM images of the freestanding scaffold (sample tilt of
45°) with different PEGDMA content, and the upper left corner of each
image corresponds to the top view of the current scaffold. (a) 0 wt%
PEG600DMA; (b) 33.3 wt% PEG600DMA; (c) 50 wt% PEG600DMA; (d)
33.3 wt% PEG600DMA and 0.1 wt% MXENE. (e) Average area of grids in
top view of scaffolds prepared with four formulas.

RSC Adv, 2023, 13, 8586-8593 | 8589
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98.4 um?, and 94.2 um?, respectively. The above results show
that after the addition of PEG600DMA, the lateral printing
accuracy of the scaffold structure is improved, and the scaffold
structure with high mechanical stability can still be fabricated
with the addition of MXene.

3.2 Fabrication of complicated 3D structures

A series of complex structures (see Fig. 5) have been prepared to
further explore the manufacturing ability of the proposed
photoresist. Fig. 5a and b shows the SEM images of a high-
aspect-ratio microneedle. The height of the actual printed
microneedle is 1480 um, the outer diameter is 42 um, and the
inner diameter is 12 um, and the error with the actual micro-
needle structure is only 0.01. The surface morphology of the
microneedle is smooth, which is highly adapted to our appli-
cation in the biological domain. And till now, there has never
been a hollow-core microneedle structure with an aspect ratio of
38.9 reported in literature, which has achieved a breakthrough
in process manufacturing to a certain extent. Fig. 5c is the logo
of Shanghai University with a diameter of 200 pm. The laser
intensity used in the manufacturing process is 25 mW and the
scanning speed is 3000 um s~ *. Fig. 5d shows the morpholog-
ical characterization of the helical robot structure with a length
of 120 um and a width of 40 pm prepared when the content of
PEGDMA is 33 wt%. From the logo of Shanghai University in
Fig. 5¢ and the micro-spiral robot in Fig. 5d, it can be seen that
our improved photoresist can prepare micro-nano devices with
complex and variable structures.

3.3 Mechanical properties and long-term stability

In this study, a nano-indenter was used to perform indentation
tests on the 3D structure of each formula to explore the
mechanical properties of the materials. In all experiments, the
maximum load was set to a force of 0.1 mN in order to ensure

the nonlinear deformation of the structure. From the

Fig. 5 SEM images of (a) top view of 3D hollow microneedle. (b)
Oblique view of 3D hollow microneedle. (c) Top view of Shanghai
University logo. (d) Top view of Helix Robot Array.
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Fig. 6 (a) Displacement-loading curves of structures prepared with
different contents of PEG600DMA. (b) Young's modulus bar chart of
structures prepared with different contents of PEG6E00DMA. (c-f)
Deformation of the hollow microneedle by manual pressing.

displacement load curve (Fig. 6a), it can be found that when the
formula does not contain PEG600DMA, the deformation of the
sample structure is the smallest, and the Young's modulus at
this time is 1.4 GPa, indicating that the material itself has
arelatively hard and crispy. On the contrary, with the increase of
PEG600DMA content, the deformation amount of the structure
also increases, indicating that the material itself is becoming
softer and tougher. And when the PEG600DMA content is
33 wt%, the Young's modulus of the sample can still be main-
tained at about 1.05 GPa. Fig. 6b shows the Young's modulus of
the four materials. It can be seen that with the increase of
PEGDMA content, the Young's modulus of the material gradu-
ally decreases. At the same time, the Young's modulus of the
formulation with the conductive material MXENE can also
reach 0.8 GPa.

The above nanoindentation experimental results show that
the materials provided in this study can achieve mechanically
tunable properties under the conditions of satisfying print-
ability and structural stability. In order to further determine the
mechanical flexibility of the material, we manually pressed the
hollow microneedle structure repeatedly, and finally found that
the microneedle could always return to its original shape after
multiple pressings. Fig. 6 c-f shows the operation of my
pressing experiment described above. Experiments show that
the improved material formula has strong flexibility. It can be
seen from the above results that our material formulas are
softer and more flexible than the BisSR*' proposed by Boris
Buchroithner et al. At the same time, by adjusting the content of
PEGDMA, the mechanical properties of our materials have been
improved in terms of flexibility, and the tunability of mechan-
ical properties has been achieved.

To test the long-term stability of the mechanical properties
of the microneedles, this study conducted another manual

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pressing experiment on the microneedle structure stored at
room temperature for two months, and found that its
mechanical properties were similar to those of the newly man-
ufactured microneedle structure. It can still return to its orig-
inal shape under repeated pressing. We have added a video of
microneedle for repeated compressions in the ESIf(see ESI
Video S1).

3.4 The electrical conductivity of functional materials

Fig. 7 shows the conductivity of the polymer corresponding to
the increase of the content of MXene from 0.2 wt% to 3 wt%.
With the MXene content of 3 wt%, the conductivity of the
polymer can reach 0.0035 S m~'. With the Mxene content of
0.2 wt%, the conductivity of the polymer can still reach 0.0025 S
m~'. However, when the concentration of MXene increases
from 0.2 wt% to 0.5 wt%, there is a downward trend in the
conductivity of the polymer. This may be caused by the uneven
dispersal of MXene into the polymer with 0.5 wt% of MXene.
The above experimental results show that among the polymers
containing 0.2 wt% Mxene, the conductive material Mxene has
the best dispersion in the polymer. And despite the fact that
there are fewer conductive materials, a good conductive
network can still be constructed.

3.5 Biocompatibility of 3D scaffolds

In this study, we verified the biocompatibility of the polymer
structure by live-dead cell experiments. We cultured human
lung epithelial cells on the polymer grid structure prepared by
four kinds of materials respectively. Fig. 8a and b show the
results of DAPI staining of BEAS-2B cells cultured for 24 hours
and 72 hours respectively. From the results shown in the Fig. 8,
it can be found that the cell viability is close to 100%. After 72
hours of culture, the cell density increased significantly
compared to the density after 24 hours of culture, indicating
that the material is not cytotoxic and the polymer mesh struc-
ture can support the proliferation of BEAS-2B cells. A small
amount of red image in the dead part in Fig. 8 is due to the
normal apoptosis of cells and the residue of red dye that has not
been cleaned.
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Fig. 7 Electrical conductivity of polymer corresponding to different
concentrations of MXene.
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Fig. 8 (a) Live-dead assay of BEAS-2B cells cultured on scaffold
surface for 24 h. (b) Live-dead assay of BEAS-2B cells cultured on
scaffold surface for 72 h.

4. Conclusions

This study proposes a biocompatible photoresist formulation
with tunable mechanical properties and doped MXene
conductive material. First of all, this research focuses on the
resolution of materials. By studying the structure of nanowires,
we found that when the laser scanning speed remains constant,
the smaller the laser intensity, the higher the printing resolu-
tion; when the laser intensity is constant, the greater the laser
speed, the higher the printing resolution. Subsequently, this
study used the above-mentioned photoresist materials to
prepare scaffold structures, high-aspect-ratio microneedle
structures, Shanghai University micro-logo and micro-helical
robot structures, which further verified that our proposed

RSC Adv, 2023, 13, 8586-8593 | 8591
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photoresist materials have high stability and excellent print-
ability. At the same time, the Young's modulus of the polymer
structure can be adjusted between 0.3 GPa and 1.5 GPa by
changing the ratio of PEG600DMA. Next, for photoresist mate-
rials with conductivity, this study achieved a doping amount of
MXene up to 0.2 wt%, and obtained a conductivity of 0.0025 S
m~'. Finally, human normal lung epithelial cells (BEAS-2B)
were cultured on the 2D structure for 1-3 days to carry out or
dead cell experiments, and the results fully showed that the
polymer structure we prepared had good biocompatibility. And,
we believe that our new material can be applied to living tissue
engineering,*** cell engineering” and micro-nano robot.***
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