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A B S T R A C T   

As photocrosslinkable materials, methacryloyl-modified hydrogels are widely used as bioinks in tissue engi-
neering. Existing printing methods to use these hydrogels, including changing the viscosity of the material or 
mixing them with other printing components, have been explored, but their application has been limited due to 
low printing quality or high cost. In addition, the complex operation of bulky equipment restricts the application 
of these existing printing methods. This study presents a lightweight stereolithography-based three-dimensional 
(3D) bioprinting system with a smart mechanical and structural design. The developed bioprinter dimensions 
were 300 mm × 300 mm × 200 mm and it can be placed on a benchtop. The equipment has a mini bioink 
chamber to store a small amount of bioink for each printing. We systematically investigated the point-by-point 
curing process in the 3D bioprinting method, which can print mixed cells accurately and have good biocom-
patibility. Here, we provide a compact, low-cost stereolithography bioprinting system with excellent biocom-
patibility for 3D bioprinting with methacryloyl-modified hydrogels. It can be potentially used for drug screening, 
studying pathological mechanisms, and constructing biological disease models.   

1. Introduction 

Three-dimensional (3D) bioprinting is a technique that combines 
biological culture and additive manufacturing and has shown great 
potential in tissue engineering and regeneration medicine [1–5]. With 
the aim of achieving a breakthrough in the functional application of 3D 
bioprinting, the research direction in this field has gradually shifted 
from shape to function [6–8]. Selecting the appropriate bioink is key to 
achieve the challenging goal of functional bioprinting. Recently, natural 
hydrogels modified with methacryloyl (e.g., GelMA, Hyaluronic Acid 
Methacryloyl (HAMA), Silk fibroin Glycidyl Methacrylate (Sil-MA), etc.) 
have been widely used as bioink. While retaining the biocompatibility of 
natural hydrogels, modified hydrogels easily crosslink upon light 
exposure due to the presence of photocrosslinkable methacrylamide 
groups [9–11]. However, these hydrogels still have inherent flaws, 

including low viscosity and slow crosslinking, which lead to poor 
printability and limit printing [12]. Therefore, it is necessary to develop 
an efficient method combined with a compact and low-cost device for 
the printing of photocrosslinkable bioinks. 

Photocrosslinkable hydrogels are currently used as bioinks in various 
bioprinting techniques, including inkjet-based, laser-assisted, and 
extrusion-based bioprinting [13–16], as well as other printing methods 
[17–22]. In inkjet-based bioprinting, photocrosslinkable hydrogels are 
first converted into microdroplets, which are then received using a 
droplet receiver and subsequently photocrosslinked with visible light 
[23], which has the advantages of low cost, high cell viability and high 
speed. However, this technique has proven to be difficult for large-scale 
manufacturing of 3D structures using photocrosslinkable hydrogels due 
to its small driving pressure and low printing accuracy. Extrusion-based 
bioprinting is the most widely used printing technique due to its 
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simplicity, relatively low cost, and compatibility with various materials. 
As a result, many extrusion-based strategies for printing with photo-
crosslinkable bioinks have been developed, including pre-crosslinking to 
increase the viscosity of the bioink [24], post-crosslinking to quickly 
cure the photocrosslinkable hydrogel [25], in situ crosslinking to retain 
the stability of the filament [26], and two-step crosslinking to improve 
the printability of the ink mixture [27]. Extrusion-based bioprinting has 
been widely studied and used in various applications, including sus-
tained drug release, angiogenesis, and cartilage differentiation. The 
aforementioned methods can successfully print photocrosslinkable bio-
ink, but in most of them bioink preparation involves altering the vis-
cosity of the material or mixing it with other printable components [27]. 
Such as mixing it with alginate to increase the strength of the hydrogel 
[28] or mixing it with nanoclay to increase the viscosity of the hydrogel 
[29], which can enhance its supporting performance. However, with the 
increase of the strength and viscosity of the hydrogel, the cell damage 
due to shear stress will increase during the printing process and lead to 
reduced cell viability; also, photocrosslinking is only used for final 
shaping [24,29,30]. In addition, extrusion-based bioprinting uses a 
nozzle, which also produces shear stress, resulting in reduced cell 
viability and poor printing accuracy [31]. At present, the research on the 
accuracy of bioprinting usually focuses on the accuracy analysis of the 
hydrogel filament obtained from extrusion printing, including the 
evaluation of filament collapse and filament fusion of hydrogel [32], the 
evaluation of the extrusion state of the filament [33], the evaluation of 
the standard grid structure of filament printing [34], and the analysis of 
the relationship between material composition and printing accuracy 
[35]. However, currently, most of the bioprinting systems are 
extrusion-based, and there is no report on the systematic analysis of 
stereolithography (SL) bioprinting methods. Therefore, to achieve the 
high precision and biocompatibility required in scientific research, a 
manufacturing method based on the principle of visible light curing 
needs to be urgently developed. 

SL is a rapid prototyping technique that uses a visible laser beam to 
solidify photocrosslinkable materials by a point-by-point curing tech-
nique to construct complex 3D prototypes with high fidelity. This 
technique allows the manufacture of microscale bionic structures [36, 
37]. Besides, SL is a nozzle-free method, which results in high cell 
viability exceeding 95% and print repeat accuracy reaching 10 μm [38]. 
Consequently, SL has great advantages in biocompatibility and 
manufacturing accuracy [39]. However, most commercial SL equipment 
can only print photosensitive resin, which is not suitable for printing soft 
photocrosslinkable hydrogels [40–42]. Only a few SL devices can print 
photocrosslinkable hydrogels [43,44]. In addition, high cost and the 
inconvenience involved in the aseptic operation of bulky equipment 
limit the application of SL in biological manufacturing research. SL 
printing of photocrosslinkable hydrogels has been used in previous 
studies, but the printed structures in such studies showed no vertical 
change in shape, which is not strictly 3D printing [45]. Accordingly, a SL 
bioprinting system consisting of efficient printing crafts and a compact, 
low-cost device with superior biocompatibility has been developed. 

In this study, we propose a lightweight SL bioprinting system that is 
compact, easy to operate, cost-effective, and with high cell viability. A 
low-cost SL device, equipped with a visible laser transmitter and a Petri 
dish, was first shown to rapidly print GelMA hydrogel. With this device, 
the printing light source is devised by replacing the commercial laser 
projector with a visible laser transmitter, thus reducing the cost price to 
USD758.537 (September 2019) and consuming a considerably small 
amount of bioink for each printing (in the milliliter scale). Furthermore, 
to establish a SL bioprinting system to solve the problems of the poor 
printability and long crosslinking time of photocrosslinkable hydrogels, 
we focused on studying the point-by-point curing-based 3D bioprinting 
method in order to accurately construct complex structures. In this 
study, GelMA hydrogel is regarded as a representative light-curable 
hydrogel for printability research due to its wide range of applications 
and superior biological properties. In summary, this study 

systematically investigated the point-by-point curing process in the 3D 
bioprinting method, evaluated the printing results by establishing 
characteristic values, and verified its biocompatibility. This study can be 
used as a reference for drug screening, as well as for the study of the 
pathological mechanism and construction of biological disease models. 

2. Materials and methods 

2.1. Preparation of materials 

In this study, 5, 10, and 15% (w/v) solutions of photocrosslinkable 
hydrogels were prepared by dissolving methacryloyl gelatin (GelMA, 
EFL-GM-90; Suzhou Yongqinquan Intelligent Equipment Co., Ltd., Suz-
hou, China) in Minimum Essential Medium (MEM) containing 0.4%– 
0.6% (w/v) of the photoinitiator lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP; Suzhou Yongqinquan Intelligent 
Equipment Co., Ltd.) and 0.2%–0.3% (w/v) of New Coccine (Light 
Blocker B113325; Aladdin Industrial Corporation, Shanghai, China) 
with continuous stirring at 37 ◦C for 1 h. 

2.2. Setup of the stereolithography bioprinting system 

The SL bioprinting system needs to perform the 3D movement of the 
platform, generate a visible laser, and have temperature control. The 
final dimensions of the 3D motion platform of the device are 300 mm (L) 
× 300 mm (W) × 200 mm (H) with a 10-μm printing repeatability, and a 
printable area of 20 mm (L) × 20 mm (W) × 30 mm (H). The visible laser 
emitter acting as a curing light source is connected to the computer and 
placed directly above the printing groove to irradiate the visible laser 
spot into the GelMA ink. The visible laser emits light at 405 nm wave-
length, and the laser spot diameter is 1 mm. The light source has an input 
power of 200 mW and a working voltage of 3.3 V. A temperature control 
platform is attached below the printer trough to prevent the GelMA 
hydrogel from condensing at room temperature. The temperature of the 
platform is controlled with an ATmega328 P microcontroller (Microchip 
Technology Inc., Chandler, AZ, USA), which is heated by a 12 V-rated 
voltage heating film with a heating area of 40 mm (L) × 40 mm (W) and 
rated heating power of 24 W. 

2.3. Rheological characterization of the bioinks 

In the rheological characterization of bioinks, 5 and 10% GelMA 
hydrogels were evaluated. First, the hydrogels were scanned at the printing 
temperature, the clamp diameter was set to a 40 mm parallel plate, the fixed 
strain was 1%, the angular frequency was 5 rads, and the time scanning was 
performed at 37 ◦C. Second, the scanning time of the photocuring process of 
the hydrogel was performed. The diameter of the fixture was set as the 40 
mm parallel plate, with a fixed strain of 1%, and an angular frequency of 2 
rad/s, and was kept at 37 ◦C. The 405-nm visible photochemical cross-
linking was performed at 30 s and the illumination time was 20s. 

2.4. Printability analysis of the GelMA ink 

In this study, a SL bioprinting system was used to print GelMA 
hydrogel spots. The GelMA ink solutions consisted of GelMA (5, 10, and 
15%) solutions with LAP (0.25%) and New Coccine (0.25%). The 
printing process is performed at 37 ◦C. The cross-section of the “curing 
spot” was observed using a stereomicroscope, and the visible light- 
curing spot height and visible light-curing spot width were deter-
mined. By controlling the GelMA concentration and printing speed, the 
relationship between these parameters and cylindricity was determined. 
Subsequently, to systematically evaluate the degree of linking between 
points, we printed 2 adjacent GelMA hydrogel spots and measured the 
cross-section. By controlling the printing speed, GelMA concentration, 
and interval, the relationship between these parameters and the Overlap 
Ratio was determined. 
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2.5. Mechanical characterization of the constructs 

In the mechanical test, two kinds of grid scaffolds with GelMA con-
centration of 5 and 10% were prepared. The overall dimensions of the 
grid stent were 10 mm × 10 mm × 5 mm. The grid stent contained 16 
square through holes with side length of 1 mm, and the calculated cross- 
sectional area was 84 cm2. In the stress-strain test, the slope of the first 
10% strain section of the stress-strain curve is taken as the Young’s 
modulus of the hydrogel grid structure. 

2.6. Biocompatibility characterization 

2.6.1. Cell culture and fabrication of crosslinkable bioink 
Unless otherwise stated, mouse bone marrow mesenchymal stem 

cells (mBMSCs) were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with streptomyces (100 μg/mL), 10% fetal 
bovine serum, and 1% penicillin (100 units/mL). The mBMSCs were 
cultured in 75 cm2 cell culture flasks incubated at 37 ◦C in 5% CO2, and 
the culture medium was replaced every 2 d. When the cell confluence 
reached 90%, the mBMSCs were passed after washing with phosphate- 
buffered saline (PBS) and detachment using the trypsin- 
ethylenediamine tetraacetic acid (trypsin-EDTA) separation method 
(0.25% trypsin-EDTA and incubation in the incubator at 37 ◦C in 5% 
CO2 for 3 min). Subsequently, the cell suspension was centrifuged for 5 
min at 1,000 rpm, supernatant was removed, and the cells were resus-
pended in MEM medium at a final cell concentration of 2 × 10 6 cells/ 
mL. The photocrosslinkable bioink was prepared by mixing mBMSCs 
into the GelMA hydrogel. After reducing the concentration of the light 
blocking agent (New Coccine) in order to reduce its damage on the cells, 
a sterile hydrogel consisting of 5% GelMA, 0.4% LAP, and 0.2% New 
Coccine was obtained. Ultimately, the photocrosslinkable hydrogel was 

mixed with the cells in a volume ratio of 1:1, the final concentration of 
GelMA in the bioink was 5% (w/w), and the cell density was 1 × 10 6 

cells/mL. 

2.6.2. Cell viability analysis 
Cell viability was analyzed using the LIVE/DEAD Viability/Cyto-

toxicity Kit (KeyGen Biotechnology Co., Ltd., Nanjing, China). Cell- 
laden scaffolds were first rinsed 3 times with PBS. A PBS solution con-
taining 8 μM propidium iodide (PI) and 2 μM calcein AM was added to 
the cell-laden scaffolds, which were then incubated in the dark for 
20–35 min and washed 3 times with PBS. The cell-laden scaffolds were 
eventually observed and imaged under an Olympus FV-3000 confocal 
laser scanning fluorescence microscope (Olympus Corporation, Tokyo, 
J). The sample of the scaffold to be tested was placed under the confocal 
laser scanning microscope for 5 d, and images showing the survival of 
cells were captured on days 1, 3, and 5. The calculation formula is given 
by 

Nl

Nt
× 100%  

where Nl is the number of living cells, and Nt is the total number of cells. 

2.6.3. Cell morphological analysis 
F-actin and nuclei were stained with phalloidin- 

tetramethylrhodamine B isothiocyanate (phalloidin-TRITC; YEASEN 
BioTech Co., Ltd., Shanghai, China) and 4′,6-diamidino-2-phenylindole 
(DAPI; Solarbio, Beijing, China), respectively, to characterize the cyto-
skeleton and assess cell morphological changes. After washing cell-laden 
scaffolds 3 times in PBS and fixing in 4% paraformaldehyde for 30 min, 
they were washed with PBS and infiltrated with 0.5% Triton X-100 for 5 
min. Afterwards, the cell-laden scaffolds were washed 3 times with PBS 

Fig. 1. Design of the stereolithography bioprinting system. (a) Diagram of the stereolithography bioprinting system. The photocrosslinkable hydrogel structure is 
formed by controlling the motion of the visible laser emitter and the printing platform; (b) Fabrication of the stereolithography bioprinting system: (i) line forming, 
(ii) surface forming, and (iii) 3D structure forming. 
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and stained with phalloidin-TRITC (0.1 μM) in the dark for 30 min. The 
cell-laden scaffolds were washed again with PBS and stained with DAPI 
(10 μg/mL) for 10 min, and ultimately washed with PBS. Images were 
eventually captured under the confocal laser scanning fluorescence 
microscope. 

3. Results and discussions 

3.1. Stereolithography bioprinting system design 

A schematic representation of the printing of a photocrosslinkable 
bioink for use in a SL bioprinting system is shown in Fig. 1(a). Due to its 
photocrosslinkable characteristic, the bioink was easily photo-
crosslinked with visible light and transformed into a gel. The curing 
process of the ink using a visible laser emitter to form a hydrogel point 
and the fabrication of the pattern point-by-point by stacking the 
hydrogel point are shown in Fig. 1 (b). 

The adhesion ability between printed layers and the supporting 
performance of the bioink are highly desired during printing to ensure 
that the bioinks meet the requirements of SL bioprinting, namely, the 
fluidity of the bioink. As shown in Fig. S1, the bioink exhibits excellent 
adhesion, and the fluidity of the bioink supports the automatic replen-
ishment of printing materials. Moreover, the self-supporting property of 
the bioink enables the construction of complex structures. The suit-
ability of the photocrosslinkable hydrogel for its application in a SL 
bioprinting system is established by its characteristics. 

Fig. 2. Stereolithography bioprinting device. (a) Overall appearance of device and (b) The stereolithography bioprinting device placed on an ultraclean worktable 
(the material trough is replaced with a 24-hole plate). 

Table 1 
Cost of the proposed system.  

Item Amount Cost (USD) 

Linear Module（X axis、Y axis） 2 506.16 
Linear Module（Z axis） 1 70.3 
visible laser transmitter 1 40.774 
Circuit controller 1 14.06 
Power Supply 1 7.733 
Heating Film 1 2.812 
Fuselage Metal Frame 1 28.12 
PLA Parts 500 g 4.218 
Total  758.537  

Fig. 3. Rheological characterization of the bioinks. (a) The time scanning test at the printing temperature; (b) The time scanning test of the visible light- 
curing process. 
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3.2. Setup of the stereolithography bioprinting system 

To meet the printing accuracy requirement for the photo-
crosslinkable hydrogel, the device needs to have high repeated posi-
tional accuracy, compact structure, and superior biocompatibility. To 
achieve these goals, we set the SL bioprinting device, which consisted 
mainly of three linear modules and a visible laser emitter (see Fig. 2). We 
used a Petri dish or a 24-well plate as the printing groove. The amount of 
ink needed for each printing was only a few milliliters. The generally 
compact structure (300 mm × 300 mm × 200 mm) of the device was 
suitable for operating on an ultraclean table. The repeated positioning 
accuracy of the three-axis motion of this device can reach 50 μm. 
Regarding costs, the proposed SL bioprinting device costs considerably 
less, compared with existing bioprinting equipment (Table S3, 
Table S4), and the final cost can be kept to about USD758.537 (Table 1). 
Therefore, the parameters of the proposed SL bioprinting device met the 
requirements for printing photocrosslinkable hydrogels and the device is 
suitable for research on 3D bioprinting with hydrogel. 

3.3. Analysis of the printability of the photocrosslinkable hydrogel 

The rheological properties of the material determine its suitability 
for printing and thus can reveal whether the hydrogel meets the printing 
requirements. Accordingly, we verify the changes in the printing process 
by evaluating the rheological properties of the 5 and 10% GelMA 
hydrogel solutions used for printing, in order to verify that the bioink 
meets the requirements for SL-based 3D bioprinting. 

The two different concentration solutions of GelMA hydrogels used 
for printing were scanned at the printing temperature (Fig. 3(a)) and the 
visible light-curing process (Fig. 3(b)). The time scanning test results at 
the printing temperature reveal that the loss modulus (G′′) of the two 
different concentration solutions of GelMA hydrogel remains at a stable 
value at 37 ◦C. Additionally, the G′′ is much larger than the storage 
modulus (G′), indicating that the state of the GelMA hydrogel is liquid, 
and the loss modulus of the 10% GelMA hydrogel solution is clearly 
stronger than that of the 5% GelMA hydrogel solution. On the other 
hand, at 37 ◦C, the strength of the 10% GelMA hydrogel solution is 
stronger than that of the 5% GelMA hydrogel solution, and also has 
better molding accuracy. The time scanning test results of the visible 
light-curing process reveal that after applying blue light for 20 s to two 
kinds of printing solutions at 37 ◦C, at first, the modulus changes of the 

two solutions show that the G′′ is much larger than the G’. Then, the G′ of 
the GelMA hydrogel solution increases gradually with the increase of 
illumination time, and eventually the value of the G′ exceeds the value of 
the G′′. After stopping the illumination, the G′ of GelMA hydrogel 
remained stable, and the G′ of the 10% GelMA hydrogel was much 
higher than that of the 5% GelMA hydrogel. These findings show that 
during the printing process, the GelMA hydrogel gradually changes from 
a flowable liquid to a photocrosslinked and solidified gel and maintains 
a stable strength after visible light-curing. The strength of the higher 
concentration GelMA hydrogel is significantly stronger than that of 
lower concentration GelMA hydrogel, which is beneficial to printing. 
Through the analysis of the rheological test results, we can determine 
whether the strength and curing time of the GelMA hydrogel are suitable 
for SL bioprinting. 

The printing performance of the GelMA hydrogel needs to be eval-
uated to determine the optimal printing parameters to use the SL bio-
printing system for printing high-precision photocrosslinked hydrogel 
structures. The process of printing the photocrosslinkable hydrogel is 
divided into two steps: (i) curing the ink to form hydrogel spots and (ⅱ) 
connecting the hydrogel spots to form a 3D structure. Therefore, print-
ability analysis must be conducted at these two steps. 

3.3.1. Analysis of the printability of the photocrosslinkable hydrogel during 
spot curing 

During spot curing, the printings with the two different concentra-
tion solutions of photocrosslinkable hydrogel exhibit a “normal distri-
bution” pattern (Fig. 4(a)) with two characteristics: (i) Due to light 
scattering and the excitation of photocrosslinkable methacrylamide 
groups in the hydrogels, the GelMA ink around the printing pattern is 
solidified, and the lateral dimension of the cured hydrogels is larger than 
the diameter of the visible laser spot. (ii) The width of the cured 
hydrogel decreases with the increase of the depth of the cured hydrogel. 
The visible light-curing spot height and width are affected by the 
hydrogel concentration and printing speed, as shown in Fig. 4(b). At the 
same GelMA hydrogel concentration, the curing width and depth are 
inversely proportional to the printing speed: as the printing speed in-
creases, both the curing height and width decrease. At the same printing 
speed, the depth of the curing light and width of the curing area are 
proportional to the concentration of the GelMA solution. 

In this study, cylindricity describes the accuracy of the printed spot 
(cylindricity = R(0.2h)2/R(0.8h)2, where h is the height of the hydrogel). 

Fig. 4. Analysis of the printability of photocrosslinkable hydrogel during spot clearing curing. (a) The schematic and actual effect of visible light-curing spot height 
(h) and visible light-curing spot width (d); (b) Effect of printing speed on the (i) visible light-curing spot width and (ii) visible light-curing spot height; (c) Effects of 
printing speed and GelMA concentrations on cylindricity. 
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The cylindricity ranges from 0 to 1; the closer it is to 1, the higher the 
accuracy of the cured hydrogel spot; the closer it is to 0, the lower the 
accuracy of the cured hydrogel spot. The results in Fig. 4(c) show that 
the cylindricity value increases with increasing printing speed and de-
creases when it reaches the peak, whereas it decreases with increasing 
GelMA concentration. The visible light-curing spot width of the three 
hydrogels is inversely proportional to the printing speed and directly 
proportional to the GelMA concentration. The line chart shows that the 
hydrogel does not exhibit a monotonically increasing cylindricity similar 
to that of the visible light-curing spot width and height, but shows a peak 
(5% GelMA: 4 mm/min, 10% GelMA: 8 mm/min, 15% GelMA: 16 mm/ 
min). The cylindricity of the hydrogel prepared at the peak printing speed 
is higher, and too low or too high printing speeds prevents printing of a 
suitable hydrogel structure. Different GelMA concentrations correspond 
to different cylindricity peak positions. Thus, we can obtain the optimal 
cylindricity by changing the printing parameters. Experimental data 
indicate that as the concentration of GelMA hydrogel increases, the 
printing speed of the peak cylindricity also increases, and the position of 
the peak moves in accordance with the GelMA hydrogel concentration. 

3.3.2. Analysis of the printability of the photocrosslinkable hydrogel during 
linking of cured spots 

During the linking of cured spots, the link relationship between 
points determines the formation of the surface and 3D hydrogel struc-
ture of the 3D hydrogel (Fig. 5(a)). The degree of linking between two 

cured spots is affected by the concentration of the photocrosslinkable 
hydrogel, interval, and printing speed (Figs. 5(b) and 4(c)). The Overlap 
Ratio describes the linking degree of adjacent cured hydrogel spots 
(Overlap Ratio = h2/h1, where h1 is the average cure depth of two 
adjacent hydrogel spots, and h2 is the cure depth at the overlap of two 
adjacent hydrogel spots). The Overlap Ratio ranges from 0 to 1, and the 
closer it is to 1, the higher the degree of linking between two cured 
GelMA spots, and vice versa. The results shown in Fig. 5(b)(i) and 4(b) 
(ii) reveal that h1 increases with increasing GelMA concentration. 
However, at the same GelMA concentration, h1 does not change with 
increasing interval, whereas h2 decreases with increasing interval. Also, 
the results in Fig. 5(b)(iii) show that the Overlap Ratio value decreases 
with increasing interval. Due to differences in the curing width at 
different GelMA concentrations, the Overlap Ratio test interval segments 
vary. For example, when the interval is 1000 μm, the Overlap Ratio of the 
15% GelMA hydrogel with a larger curing width can reach 15%, but the 
5% GelMA hydrogel with a smaller curing width results in complete 
detachment. Notably, due to the sparse microstructure and poor me-
chanical properties of the low-concentration GelMA hydrogel, its spot 
tends to adhere. The tension it produces in the solution leads to the large 
Overlap Ratio fluctuations of the 5% GelMA hydrogel, which can only 
qualitatively show the Overlap Ratio trend. In addition, higher GelMA 
hydrogel concentrations can achieve a higher Overlap Ratio as the in-
terval decreases. The results in Fig. 5(c)(i) and 4(c)(ii) reveal that h1 and 
h2 decrease with increasing printing speed. The results in Fig. 5(c)(iii) 

Fig. 5. Analysis of the printability of the photocrosslinkable hydrogel during cured-spot linking. (a) Schematic and comparison of intervals (d1); (b) Effects of the 
interval on (i) h1 and (ii) h2 and (iii) the overlap ratio; and (c) Effect of speed on (i) h1, (ii) h2, and (iii) overlap ratio. 
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also show that the Overlap Ratio decreases with increasing printing 
speed. The Overlap Ratio curves depicting different GelMA concentra-
tions show that the Overlap Ratio increases in a gradient after curing with 
GelMA solutions at different concentrations. 

In summary, after systematically evaluating the point-by-point 
curing 3D bioprinting method, the linear relationship between various 
parameters, including GelMA concentration, printing speed, and layer 
thickness, was determined. When the GelMA concentration was less 
than 5%, the strength of the cured GelMA spots was considerably low, 
and printing could not be controlled. On the other hand, when the 
GelMA concentration exceeded 15%, the curing speed was considerably 
high, rendering the printing window of other parameters too small (also 
known as “nonprintable parameters”). After the experimental evalua-
tion, the printing window of the main parameters related to SL bio-
printing was determined (Table 2). 

3.3.3. Printing of complex 3D structures 
During the formation of the 3D structure using the SL bioprinting 

system, the printing window further decreased with a change in the 
print structure. In this study, we further investigated the effect of the 
selection of the printing parameters of specific 3D structures on two 
levels complex geometric structures and bionic tissue structures to verify 
the printability of photocrosslinkable hydrogels and determine the 
optimal printing parameters. The resulting printing parameters are lis-
ted in Table S1. 

Based on the aforementioned printability analysis, the optimal 
printing parameters were selected to manufacture the complex geo-
metric structure, such as the grid structures, the text “EFL”, and a large- 
inclination structure (Fig. 6). The grid structure was the simplest and 
easiest to 3D structure (Fig. 6(a)(i)) to construct with photocrosslinkable 
hydrogels 3D bioprinting. Numerous 3D bioprinting models are 
currently based on the grid structure, and the hydrogel structure with an 
appropriate mesh size contributes to cell growth. Various grid structures 
printed using the SL bioprinting system mainly vary in the grid line 
spacing (Fig. 6(a)(ii)). With an increase in the porosity of the grid 
structure, the grid structure exhibits increased resistance to 

deformation. Besides, the SL bioprinting system can print thin-walled 
structures and large-inclination structures (Fig. 5(b) and (c)) that are 
difficult to print with conventional printers. 

A complex geometric structure is an important feature in bionic 
structure printing (Fig. 7), and the bionic structure manufactured in this 
study has the aforementioned complex geometric structure. The porous 
scaffold (Fig. 7(a)) and thin-plate liver unit structure (Fig. 7(b)) are a 
combination of a grid structure and a thin-walled structure. Meanwhile, 
the truss liver unit structure (Fig. 7(c)) is a combination of a grid 
structure and a large-inclination structure. The functionalization of 
hydrogels can be achieved by constructing its biomimetic structure. In 
summary, by combining the selected optimal parameters in the printing 
process, we can construct a complex geometric model, which is difficult 
to manufacture using traditional 3D bioprinting. Subsequently, the bi-
onic structure can be printed to simulate the complex geometric shape of 
biological tissues. 

3.4. Mechanical characterization of the constructs 

In order to perform the mechanical characterization of the con-
structs, a compression test of the printed grid structure was carried out 
(Fig. 8). The compression test revealed that the stress and Young’s 
modulus of the printed structure increased with the increase of the 
hydrogel concentration (Fig. 8A and Fig. 8B) (9.432 ± 0.276 and 25.587 
± 0.562 KPa, respectively). There is a significant difference in Young’s 
modulus between the high concentration grid structure and low con-
centration grid structure. These results show that the concentration of 
the hydrogel improves the mechanical strength of the printing structure. 

3.5. Biocompatibility characterization 

To determine the influence of the SL bioprinting system on 
biocompatibility, we printed mBMSC-laden GelMA scaffolds (Table S2) 
and subsequently cultured the mBMSCs on the scaffold. Considering the 
effect of the intensity of the visible light-curing of the GelMA on cell 
viability, we chose the 5% GelMA for cell printing. 

3.5.1. Cell viability analysis 
Images of cells cultured in the GelMA scaffolds for 5 days are shown 

in Fig. 9. The analysis of cell viability by staining the mBMSCs-laden 
GelMA scaffolds using the LIVE/DEAD kit, shown in Fig. 9 (a), 
revealed that the cell survival rate in GelMA scaffolds printed by the SL 
bioprinting system is considerably high, exceeding 95%, and the cell 
distribution is concentrated on the surface of GelMA scaffolds. In addi-
tion, as shown in Fig. 9(b) and (d), the cells are uniformly dispersed on 

Table 2 
GelMA printing window.  

Printing parameters Printing window 

GelMA concentration 5%～15% 
Printing speed 2 mm/min～40 mm/min 
Layer thickness 50 μm～200 μm 
Photoinitiator (LAP) concentration 0.4%～0.6% 
Light absorbent (New Coccine) concentration 0.2%～0.3%  

Fig. 6. Printed complex geometric structures. (a) Printed grid structures with different (i) porosity levels and (ii) degrees of tensile deformation; (b) Printed thin- 
walled structure (the text “EFL”); and (c) Printed large-inclination structure. 
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Fig. 7. Printed bionic structures. (a) Printed porous scaffold for nutrition transport; (b) Printed thin-plate liver unit structures; and (c) Printed truss liver 
unit structures. 

Fig. 8. Mechanical characterization of the constructs. (a) Stress/strain curves of grid structure with different GelMA concentration; (b) Young’s modulus of grid 
structure with different GelMA concentration. 
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the GelMA scaffolds, and the overall geometric shape of the GelMA 
scaffolds is not apparent. The cells appear spherical on day 1. Also, as 
shown in Fig. 9(c) and (f), the cells gradually migrate to the surface of 

the GelMA scaffolds, and the number of cells at the edge of the scaffolds 
is greater than that of cells in the interior of the scaffolds, and the cells 
start appearing elongated on day 3. The images in Fig. 9(d) and (g) 

Fig. 9. Cell viability analysis. (a) Cell LIVE/DEAD staining of the mBMSC-laden GelMA scaffolds; (b–d) A 3D view of the cell LIVE/DEAD staining of GelMA scaffolds 
on Days 1, 3, and 5; and (e–g) Partly enlarged view of the cell Live/Dead staining of GelMA scaffolds on Days 1, 3, and 5. 

Fig. 10. Cytoskeleton staining of the mBMSC-laden GelMA scaffolds. (a–c) 3D cytoskeleton staining view of GelMA scaffolds on Days 1, 3, and 5; (d–f) Partly 
enlarged view of the cytoskeleton staining of GelMA scaffolds on Days 1, 3, and 5; (g–i) Partly enlarged view of the 3D cytoskeleton staining of GelMA scaffolds on 
Days 1, 3, and 5. 
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reveal that the cells gather on the surface of the GelMA scaffolds by cell 
division and proliferation, and the geometry of the GelMA scaffolds can 
be clearly identified by LIVE/DEAD staining on day 5. The grid pores are 
clearly visible, the cells gradually elongate, linking to one another and 
initially showing the functional cell morphology. After culturing for 5 
days, mBMSCs showed excellent survival on the GelMA scaffold, had 
stretched appearance and migrated exhibiting certain functional 
structures. 

3.5.2. Cell morphological analysis 
The images of the experiments to determine cell survival, extension, 

and migration of mBMSCs on the mBMSC-laden GelMA scaffolds on days 
1, 3, and 5 are shown in Fig. 10. As shown in Fig. 10(a)–(c), with 
increasing culture time, the cells stretch and migrate in the hydrogel, 
clearly showing the 3D structure of the GelMA scaffolds. In Fig. 10(d)– 
(f), most of the cells in the interior of the GelMA scaffolds migrate to the 
surface, indicating that cells can migrate freely inside the GelMA scaf-
folds after culturing for 5 d. In Fig. 10(g)–(i), the morphology of the cells 
changes with the extension of culture time. In mBMSC tissue, a reticular 
“functional structure” of cross-connection exists between cells, indi-
cating the extension and functionalization of cells in the hydrogel. In 
summary, the mBMSC-laden GelMA scaffolds printed with the SL bio-
printing system enables the cells to survive, stretch, and migrate inside 
the scaffolds. 

4. Conclusion 

In this study, a lightweight SL bioprinting system was developed. 
This printing system enables the convenient printing of complex bionic 
structures while maintaining good biocompatibility. By systematically 
evaluating the point-by-point curing process in the 3D bioprinting 
method with photocrosslinkable bioinks, we explained the formation 
mechanism underlying the visible light-curing process of hydrogels. 
Additionally, we systematically analyzed the relationship between 
printing accuracy, printing speed, hydrogel concentration, biocompati-
bility, and other factors. The results demonstrated that this SL bio-
printing system provides an efficient and low-cost strategy for the 
printing of complex structures with excellent shape fidelity using pho-
tocrosslinkable bioinks. This strategy has great potential for widespread 
application in drug screening, the study of pathological mechanisms of 
diseases, and the development of biological disease models. 
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