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Bioprinting is emerging as an advanced tool in tissue engineering. However, there is still a lack of bioinks
able to form hydrogels with desirable bioactivities that support positive cell behaviors. In this study,
modified plasma proteins capable of forming hydrogels with multiple biological functions are developed
as bioinks for digital light processing (DLP) printing. The Plasma-MA (BM) was synthesized via a one-pot
method through the reaction between the fresh frozen plasma and methacrylic anhydride. The methacry-
lated levels were observed to influence the physical properties of BM hydrogels including mechanical
properties, swelling, and degradation. The photo-crosslinked BM hydrogels can sustainedly release vascu-
lar endothelial growth factor (VEGF) and exhibit positive biological effects on cell adhesion and prolifer-
ation, and cell functionality such as tube formation of human umbilical vein endothelial cells (HUVECs),
and neurite elongation of rat pheochromocytoma cells (PC12). Meanwhile, BM hydrogels can also induce
cell infiltration, modulate immune response, and promote angiogenesis in vivo. Moreover, the plasma
bioinks can be used to fabricate customized scaffolds with complex structures through a DLP printing
process. These findings implicate that the modified plasma with growth factor release is a promising
candidate for bioprinting in autologous and personalized tissue engineering.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Three-dimensional (3D) bioprinting is emerging as a power-
ful tool in tissue engineering with the unprecedented advantages
in fabricating personalized complex structures [1-6]. Digital light
processing (DLP) 3D printing is a light-assisted printing technol-
ogy that has attracted much attention in tissue engineering [7,8].
DLP 3D printing can create bio-scaffolds with superior resolution
and speed through patterned photopolymerization of bioinks layer-
by-layer [5,9,10]. Bioinks are the fundamental component of bio-
printed scaffolds, which should be photopolymerizable for DLP
printing [11]. Currently, various natural polymers have been devel-
oped as potential bioinks for light-assisted printing [12,13], such as
gelatin [14], collagen [15], hyaluronic acid [16], alginate [17], and
silk fibroin [18,19]. These natural prepolymers are biodegradable
and can provide a friendly microenvironment for cell growth. How-
ever, the biological functions of hydrogels formed by these pho-
topolymerizable bioinks are still unsatisfactory to support positive
cell behavior and functionality that are present in native tissues.
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In recent years, several strategies have been developed to im-
prove the biological functions of hydrogels formed by natural poly-
mers. As a strategy, different natural polymers have been blended
to formulate composite natural hydrogels to better mimic the
physical and biochemical properties of the native extracellular ma-
trix (ECM) [12,20-22]. However, the formulation of the polymers
needs to be optimized to achieve the desired properties, which
is complex and labor-intensive. Additionally, incorporating growth
factors into biopolymers has also attracted much attention in pro-
viding biochemical cues for cell functionality [23,24]. Nevertheless,
the incorporation of a single exogenous growth factor cannot repli-
cate the formulation of the endogenous growth factors under a
physiological environment, and the biological functions of these
hydrogels are still not ideal for tissue engineering.

Plasma is abundant in natural proteins and endogenous growth
factors, such as vascular endothelial growth factor (VEGF), hepa-
tocyte growth factor (HGF), fibroblast growth factor (FGF), nerve
growth factor (NGF), and brain-derived neurotrophic factor (BDNF)
[25,26]. Notably, the formulation of growth factors and proteins
in plasma is close to that of physiological conditions in vivo.
These growth factors and proteins can be involved in various
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Fig. 1. Plasma bioinks with growth factor release for bioprinting via photopolymer-
ization. (a) Schematic illustration of the fabrication of Plasma-MA (BM) by chemi-
cal modification with methacryloyl (MA) groups. Plasma was obtained from whole
blood by centrifugation, then reacted with methacrylic anhydride, and purified by
salting out through ammonium sulfate precipitation. (b) Schematic illustration of
DLP printed patterned BM hydrogels with growth factor release.

biological processes, including cell recruitment, and cell survival,
proliferation, migration, and differentiation [27]. Plasma exhibits
biological functions such as promoting angiogenesis, chondrogene-
sis, myogenesis, anti-apoptosis, and immunoregulation [25]. It has
been demonstrated that plasma has positive effects on tissue re-
generation, including cartilage, muscle, nerve, tendon, bone, and
skin [25,28-30]. Therefore, plasma is of great potential to be used
as a functional bioink for DLP printing in tissue engineering. In
our study, we developed photocurable plasma bioinks with growth
factor release for DLP 3D printing through modification of fresh
frozen plasma (FFP) with methacryloyl (MA) groups (Fig. 1).
Initially, plasma methacryloyl (Plasma-MA, BM) was synthe-
sized through the reaction between methacrylic anhydride (MAA)
and the primary amino groups of FFP (Fig. S1 in Supporting in-
formation). The reaction was performed in phosphate buffer (PB,
pH 7.4) under an ice bath, which was beneficial for maintaining
the stability and bioactivity of protein molecules. With different
molar ratios of MAA to primary amino group, various BM (BM1,
BM2, BM3 and BM4) were prepared, and the degree of substitution
(DS) was determined (Table S1 in Supporting information). Sub-
sequently, the methacryloylation was confirmed through 'H nu-
clear magnetic resonance (NMR) spectroscopy (Fig. 2a). The char-
acteristic peaks of methyl-acrylyl group (§ =5.4 and 5.6 ppm) and
methyl group (6§ =1.8 ppm) appeared upon adding of MAA. Con-
versely, there was a gradual decrease of the lysine methylene peak
at approximately 2.9 ppm with increased MAA amounts, which
indicated the substitution of the lysine residues. The modifica-
tion of MA was further identified by Fourier transform infrared
spectroscopy (FTIR) (Fig. 2b). The peaks at 945 and 857 cm~! in-
creased with DS, corresponding to the bending vibration of the
methyl-acrylyl group. With the increase of DS, the peak intensity
around 1630 cm~! corresponding to the B-sheet decreased gradu-
ally, while the intensity of the band around 1660 cm~! represen-
tative of the a-helix/random coil increased (Figs. 2c-h). In addi-
tion, the overall shape of the amide I band in BM remained un-
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changed, indicating that BM still maintained a conformation simi-
lar to the original plasma. The results demonstrated the synthesis
of the MA modified composite biological molecules via a mild one-
pot method.

Subsequently, BM hydrogels with different DS were formed
with prepolymer solution (20% w/v) under exposure to UV light
(405 nm), and the physical properties of BM hydrogels were inves-
tigated. As shown in Fig. S2a (Supporting information), all BM hy-
drogel samples exhibited uniform and interconnected porous mi-
crostructures, and there was a progressive decrease in the pore size
with the increase of DS (Fig. S3 in Supporting information). The
mechanical properties of BM hydrogels were evaluated through
compressive and tensile tests. The compressive strain decreased
with the DS under the same stress (Fig. S2b in Supporting infor-
mation), while the compressive modulus of BM hydrogel increased
gradually with higher DS (Fig. S2c in Supporting information). For
tensile property, the increase of DS brought about a decrease in
the breaking elongation and an increase in the tensile modulus of
hydrogels (Figs. S2d and e in Supporting information). With higher
DS, the denser crosslinking may increase the number of polymer
chains and make the individual chains shorter, thus improving the
stiffness but causing brittleness [31]. Meanwhile, the mass swelling
ratio was observed to decrease gradually with increasing DS (Fig.
S2f in Supporting information). Besides, BM1, BM2, and BM3 hy-
drogels were completely degraded after 16 h in 0.25% trypsin so-
lution, while the degradation rate of BM4 was about 90% (Fig. S2g
in Supporting information). The results indicated that the physical
properties of BM hydrogels could be modulated by DS.

To investigate the biological function of BM hydrogels, we eval-
uated their effect on human umbilical vein endothelial cells (HU-
VECs). As shown in Fig. S4 (Supporting information), HUVECs on all
hydrogels proliferated and exhibited a spreading morphology with
good substrate attachment. The tube formation assay was further
performed to evaluate the angiogenic effect of BM hydrogels. Re-
markably, HUVECs on BM hydrogels rearranged into interconnected
tube-like networks after culture for 18 h (Fig. 3a). Statistical anal-
ysis showed that the number of tubes, tube area percentage, and
total tube length of BM hydrogels were significantly higher than
those of GelMA hydrogel (Figs. 3b-d). Besides, the number of junc-
tions in the BM1, BM2, and BM3 groups was impressively greater
than that in the GelMA group (Fig. 3e). The results demonstrated
that BM hydrogels with various DS were biocompatible and could
promote tube formation of HUVECs. Based on the results, BM2
with a moderate DS was used for further experimental studies.

Vascularization is highly dependent on the biochemical pro-
angiogenic microenvironment, especially for the angiogenic factors
[32]. There might be bioactive angiogenic factors released from
the BM hydrogels. VEGF is one of the key inducers of angiogen-
esis [32]. To investigate the growth factor release behavior of BM
hydrogel, we incubated BM2 hydrogel with PBS buffer (Fig. 3f)
and performed an ELISA assay to determine the released VEGFE. As
shown in Fig. 3g, BM hydrogel exhibited a sustained VEGF release
over 42 days. After photopolymerization, the growth factors might
be bound with adhesive proteins, physically entrapped, or cova-
lently crosslinked in the BM hydrogel. Through diffusion interac-
tion and hydrogel degradation, the growth factors could be sus-
tainedly released from the BM hydrogel. The sustained release of
growth factors would be involved in various biological processes
for tissue regeneration [25,28-30].

Plasma contains various proteins and growth factors beneficial
for cell proliferation, adhesion, and spreading [26]. The effect of
plasma hydrogels on the proliferation and morphology of NIH/3T3
cells was investigated. The proliferation of NIH/3T3 cells on BM hy-
drogel was comparable to that of GelMA hydrogel (Fig. S5a in Sup-
porting information). After culturing for 48 h, NIH/3T3 cells on BM
hydrogel gathered to form small clusters, which was significantly
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Fig. 2. Characterization of Plasma-MA. (a) '"H NMR of plasma and BM with different DS. (b) FTIR of plasma and BM with different DS. The deconvolution of amide I peak of
plasma (c), BM1 (d), BM2 (e), BM3 (f), and BM4 (g). (h) Quantitative analysis of the secondary structures. Data are shown as mean + standard deviation (SD, n=3).

different from that on GelMA hydrogel (Fig. S5b in Supporting in-
formation). To further investigate the effect of BM hydrogel on cell
behaviors, we used Schwann cells and rat pheochromocytoma cells
(PC12) as models in this study. Schwann cells are the main glial
cells of the peripheral nervous system, and PC12 cells can exhibit
several neuronal properties [33]. As shown in Figs. S6a-d (Support-
ing information), Schwann cells and PC12 cells grew well and ex-
hibited more spreading morphologies on BM hydrogels, indicating
BM hydrogel was favorable for the adhesion, spreading, and prolif-
eration of cells. Then, rhodamine labeled phalloidin staining was
performed to analyze the neurite length of PC12 cells (Fig. S6e
in Supporting information). The average neurite length of the BM
group (50.92 + 23.38 pm) was significantly larger than that of the
GelMA group (39.34 + 1721 pm, P < 0.001) and control group
(35.09 + 14.78 ym, P < 0.001) (Fig. S6f in Supporting informa-
tion). The results revealed that BM hydrogel could promote neu-
rite elongation of PC12 cells. It might be due to that the proteins
and growth factors, such as insulin-like growth factor 1 (IGF-1), ba-
sic fibroblast growth factor (bFGF), transforming growth factor-8
(TGF-B), NGF, and glial-derived neurotrophic factor (GDNF), induce
the activation of signal pathways that promote neurite outgrowth
[34-36]. The results indicated that the BM hydrogels might exhibit
positive effects on cell behaviors and functionality.

The biological effect of BM hydrogel in vivo was further stud-
ied in a subcutaneous implant model (Fig. S8a in Supporting in-

formation). The animal experiments were performed in compli-
ance with the guidelines and regulations of West China Hospital
of Sichuan University Animal Research Ethics Committee (approval
No. 20220712001). GelMA hydrogels were seldom degraded after
1 week, while BM hydrogels were partially degraded (Fig. S7a in
Supporting information). Histological analysis showed no inflam-
matory response in GelMA hydrogel but obvious cell infiltration
in BM hydrogel (Fig. S7b in Supporting information). Then, the
biodegradation and cell infiltration of BM hydrogel were further
investigated (Fig. S8b in Supporting information). As shown in Fig.
S8c (Supporting information), cell infiltration could be observed 3
days after implantation, and the infiltrated cells significantly in-
creased at the 7-day timepoint. BM hydrogels still displayed a high
density of infiltrated cells at the 14-day timepoint, and almost
completely degraded at the 21-day. The infiltrated cells within BM
hydrogel were mainly inflammatory cells, possibly related to the
immunoregulatory proteins in plasma [26]. Moreover, there were
newly formed blood vessels within BM hydrogel at the 7-, 14-, and
21-day timepoints. The results indicated that the biodegradable BM
hydrogel could recruit cells, modulate immune response, and pro-
mote angiogenesis. Vascularization is crucial for reestablishing or
improving blood flow and restoring tissue function in tissue engi-
neering [28]. Meanwhile, the function of the immunomodulatory
protein may be advantageous for activating immune response of
the body and enhancing the self-healing capacity of injured tissues
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Fig. 3. Tube formation of HUVECs on BM hydrogels and VEGF release from BM hydrogel. (a) Representative images of cytoskeleton staining of HUVECs. Red color represents
rhodamine-phalloidin, and blue color represents 4,6-diamino-2-phenyl indole (DAPI). Scale bar: 100 pm. (b) Number of tubes. (c) Tube percentage area. (d) Total tube length.
(e) Number of junctions. (f) Schematic illustration of in vitro model for growth factor (GF) release. (g) The release profile of VEGF from BM hydrogel. Data are shown as mean

+ SD (n=3). *P < 0.05, **P < 0.01, ***P < 0.001. ns, P > 0.05.

[26]. Therefore, the developed plasma bioinks might be promising
candidates for personalized vascularization tissue construction and
damaged tissue repair.

To evaluate the printing performance of BM, a series of cus-
tomized scaffolds were designed and printed. Firstly, the linear ar-
rays were fabricated with high precision and fidelity (Fig. 4a(i)).
The line arrays were designed with a width of 15, 25, 35, and 50
um, respectively, while the actual line width of the printed scaf-
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Fig. 4. Printability of BM for DLP printing. (a) Patterned arrays. (i) Linear array
structures with the design size of 15, 25, 35 and 50 um from left to right. Scale
bar: 200 pm. (ii) FITC labeled pattern array of triangle, square, pentagon, and circle.
Scale bar: 500 pm. (b) Schematic illustration of continuous DLP printing technol-
ogy. (c) Scaffolds with different shapes. (i) A snowflake-like scaffold and a Sichuan
University emblem scaffold. (ii) Complex hollow scaffolds.

folds was 13.25 £ 0.27, 24.67 + 0.81, 34.33 £+ 1.37, and 45.50
+ 0.55 pm, respectively. Meanwhile, fluoresceine isothiocyanate
(FITC) labeled pattern arrays could also be printed with high fi-
delity (Fig. 4a(ii)), such as triangle array (side length, 200 pum vs.
196.18 + 1.75 um), square array (side length, 225 pm vs. 224.84 +
2.83 um), pentagonal array (side length, 225 pm vs. 227.71 + 2.97
um), and circular array (diameter, 150 um vs. 150.17 &+ 2.42 um).
Besides, scaffolds with different shapes were constructed through
a continuous DLP printing process (Fig. 4b). A snowflake-like scaf-
fold (1.32 cm in size) and a Sichuan University emblem scaffold
(1.81 cm in size) were printed (Fig. 4c(i)). In addition, complex hol-
low structures were also fabricated by a continuous DLP 3D print-
ing method (Fig. 4c(ii)). BM was demonstrated to be a promis-
ing bioink for fabricating complex constructs by DLP 3D printing,
which could be useful in bioprinting for personalized tissue engi-
neering.

In recent years, several studies have investigated the potential
of platelet-rich plasma (PRP) and FFP for bioprinting [26,27,37-41].
In these studies, polymers such as alginate, gelatin, or cellulose
were often combined with plasma to improve its intrinsic low vis-
cosity. However, plasma itself has not been used as a bioink for
bioprinting via photopolymerization. In this study, we firstly de-
veloped photocurable FFP for DLP printing through a mild one-pot
method. We also demonstrated the growth factor release and bio-
logical functions of the plasma hydrogels for the first time.

In summary, we developed novel fresh frozen plasma based
bioinks for DLP printing through modification with the methacry-
loyl groups. Such modification allows the production of photo-
crosslinked BM hydrogels with tunable physical properties. Growth
factors such as VEGF could be gradually released from the BM hy-
drogel. The BM hydrogel could support positive cell behaviors for
tissue regeneration such as cell adhesion and proliferation, tube
formation of HUVECs, and neurite elongation of PC12 cells. In ad-
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dition, the plasma bioinks have good printability to build complex
constructs with high precision and fidelity. This functional plasma
bioink with growth factor release has the potential for bioprinting
via photopolymerization for autologous and personalized tissue en-
gineering.
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