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Abstract

3D bioprinting of plant cells has emerged as a promising technology for plant cell immobilization
and related applications. Despite the numerous progress in mammalian cell printing, the
bioprinting of plant cells is still in its infancy and needs further investigation. Here, we present a
systematic study on optimizing the 3D bioprinting of plant cells, using carrots as an example,
towards enhanced resolution and cell viability. We mainly investigated the effects of cell cluster
forms and nozzle size on the rheological, extrusion, and printability properties of plant cell
bioinks, as well as on the resultant cell viability and growth. We found that when the printing
nozzle is larger than 85% of the cell clusters embedded in the bioink, smooth extrusion and good
printability can be achieved together with considerable cell viability and long-term growth.
Specifically, we optimized a bioink composited with suspension-cultured carrot cells, which
exhibited better uniformity, smoother extrusion, and higher cell viability over 1 month culture
compared to those with the regular callus or fragmented callus. This work provides a practical
guideline for optimizing plant cell bioprinting from the bioink development to the printing
outcome assessment. It highlights the importance of selecting a matched nozzle and cell cluster and
might provide insights for a better understanding and exploitation of plant cell bioprinting.

1. Introduction

Plant cell immobilization has been introduced to
enhance the biotransformation of compounds for
decades [1]. Under the immobilization conditions,
plant cells can continuously produce secondary meta-
bolites without needing cell removal to collect pur-
ified products [2]. It has also been demonstrated
that some fragile plant cells cultured in immobil-
ized mode can be protected with an enhanced sur-
vival rate and increased metabolite production com-
pared to suspension culture [3, 4]. Recently, advanced
biofabrication technologies, such as 3D bioprinting,

have been introduced to the field of plant cell cul-
ture, which further adds the value of structural cus-
tomization to conventional plant cell immobilization.
In 2015, Lode and colleagues first introduced the
concept of green bioprinting by extrusion printing
microalgae in a spatially organized manner and cul-
tivated them over 12 d [5, 6], followed by an exten-
sion to land plant cells in 2017 [7]. Since then, plant
cell bioprinting has been believed to be promising
in different applications, such as high-value com-
pound biomanufacturing [8, 9], customized wood
[10, 11] and food production [12, 13], and cell-
microenvironment interaction studies [14].

© 2025 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Schematic. Illustration of 3D bioprinting of carrot cells with condition optimization.

The extrusion-based 3D bioprinting is currently
the most widely used technology for plant cell print-
ing, where plant cells are embedded in a hydro-
gel matrix to formulate a plant bioink for extru-
sion printing into 3D structures. Like mammalian
cell bioprinting, high shear stress accompanying the
extrusion process might cause irreversible damage to
the plant cells [15]. The cell walls could potentially
protect cells, but the large vacuoles of plant cells add
to the sensitivity to shear stress [16, 17]. Moreover,
plant cells usually exhibit nonuniform shapes and
tend to aggregate, making it difficult to disperse
them in the bioink uniformly. Unlike mammalian
cells, plant cells usually present as aggregates in the
bioinks. Researchers have attempted to mitigate shear
stress on cells by using nozzles with larger inner dia-
meters, such as ~1000 um nozzle for carrot callus
[12], ~840 pm nozzle for transgenic rice cells [9],
~840 pm nozzle for lettuce cells [13], ~770 um
nozzle for tobacco BY-2 cell [8], and ~610 pum nozzle
for basil cells [7]. However, a large nozzle usually
means poor fabrication resolution. To better present
the state of the art, we have collected and summar-
ized all the existing research articles on land plant
cell bioprinting, and currently, there are only nine
relevant articles to the best of our knowledge (table
S1). Indeed, most of the work relies on a large nozzle
to adapt to the processing of cell aggregates. Even
so, some work still compromises cell survival rate
[14] and some others showed live/dead images but
no quantitative survival rate data [7, 8, 12, 15]. In a
special example, Van den Broeck et al disrupted the
cell wall and used single protoplasts to formulate the

bioink, which allowed them to use smaller nozzles
[14]. The resultant cell survival rate was only ~30%
on day 5, which was likely due to the removal of pro-
tective walls.

Together, plant cell bioprinting is still in its
infancy, requiring further investigation and optimiza-
tion to refine the process. Specifically, it remains to be
investigated how to enhance the printing resolution
while maintaining the cell survival rate. Unlike mam-
mal and algae cells, the shape and size of plant cells
are highly contingent on their initial callus stage even
for those derived from the same region of explant,
leading to significant variability in collected callus
[18]. This variability complicates the optimization of
the bioprinting process, particularly in the selection
of printing nozzles, a critical factor that determines
printing resolution and cell viability [19].

Here, we systematically optimize the bioprint-
ing process by adapting different forms of plant cells
and nozzles of different sizes, using carrot cells as an
example (schematic). The objective of this study is
to address the trade-off between the printing resol-
ution and the viability of printed plant cells. Cells
from physically fragmented callus or suspension-
cultured cells are prepared and embedded in the gelat-
in/alginate composite hydrogel as the bioink, which
exhibits excellent printability for bioprinting in both
air and suspension bath environments. Compared
to the regular callus (R-Callus) and physically frag-
mented callus (F-Callus) obtained from the solid
medium method, the suspension culture method
can effectively lower the cell cluster size to nearly
single cell (S-Cell) level with enhancing dispersibility.
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Consequently, we deem suspension-cultured cells to
be optimal cell sources for bioprinting applications.
Using a matched nozzle with an inner diameter lar-
ger than 85% of cell clusters, the suspension carrot
cells can be bioprinted with a narrow nozzle and show
remarkable activity during the 35 d culture. Cell sur-
vival rate can be obtained to over 80% at day 4 after
bioprinting and the encapsulated cells keep stable
viability and uniform growth over a one-month cul-
ture. Notably, a centimeter-scale carrot-shaped 3D
architecture is well fabricated as a proof of concept
for large-scale manufacturing potential. Our study
not only optimizes the bioprinting of carrot cells with
finer filament building blocks and higher cell viabil-
ity but also provides practical guides and insights for
processing other land plant cells, paving the way for
advanced plant cell engineering applications.

2. Results and discussion

2.1. Preparation of the plant cell-laden bioinks

Three carrot cell clusters derived from the carrot
explant (figure 1) were used as cell sources to prepare
the bioink (figure 2(a)). The regular callus (R-Callus)
was cultured from fresh carrot explants source under
solid medium condition. Extruding the regular cal-
lus through a series of needles would shear the cell
clusters into fragmented callus (F-Callus). When cul-
tured the R-Callus in the suspension medium, nearly
single cells (S-Cell) could be obtained. Live/Dead
staining indicated considerable cell viabilities for all
cell clusters, which were 93.7 + 3.1%, 85.7 *+ 4.9,
and 97.8 £+ 1.9% for R-Callus, F-Callus, and S-
Cell, respectively (figure 2(b)). R-Callus exhibited
the largest diameter range with a mean diameter
of 712 + 363 pm. In contrast, the F-Callus had a
mean diameter of 298 + 153 um, and that of S-
Cell was only 174 &+ 79 pm (figure 2(c)). These res-
ults indicated that the injection treatment and sus-
pension culture could both produce cell clusters with
reduced diameter. Similarly, the size distribution of
these cell clusters measured by the laser particle ana-
lyzer showed a more concentrated distribution in cell
cluster size of the S-Cell group than those in the R-
Callus and F-Callus groups (supplementary figure 1).
To formulate the bioink, cell clusters were dispersed in
a hydrogel precursor solution composited of 10 wt%
gelatin and 1.5 wt% sodium alginate, with a cell dens-
ity of 0.12 g ml~!. Realizing that bioink uniformity is
pivotal for cell distribution within bioprinted struc-
tures, we conducted a transparency test to evaluate the
effects of cell types on bioink uniformity. Different
types of cells were mixed with a gelatin-alginate
solution at an equivalent cell concentration to for-
mulate corresponding bioinks. The callus aggregates
were optically visible in the vial. When placing the
gels on a lettered background, it was found that the
transparency of bioink decreased with an increase in
cell cluster diameter (figure 2(d)). Specifically, the
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underlying letters were hardly seen through the R-
Callus and F-Callus gels, while the letters were vis-
ible through the S-Cell gel. To further analyze the uni-
formity of these formulations, we conducted optical
density (OD) measurements of each bioink formu-
lation to evaluate the variance (figure 2(e)). The OD
value and its standard deviation of S-Cell were much
lower than those of the F-Callus and R-Callus, sug-
gesting that the S-Cell group had a relatively uniform
and dispersed cell distribution.

2.2. Rheological characterization and extrusion
assessment of the bioinks

A comprehensive rheological assessment is essential
to understand the properties of cell-laden bioink and
to evaluate printability. Temperature sweeps of cool-
ing and warming were conducted on the three cell-
laden bioinks, with acellular hydrogel as a control
(figures 3(a) and (b)). The inclusion of regular and
fragmented callus in the bioinks would both signific-
antly enhance the shear moduli and lead to a higher
storage modulus than loss modulus throughout the
tested temperature range (4 °C-30 °C) regardless of
cooling or warming procedures, without a typical sol-
gel transition. Though the presence of suspension-
cultured cells also slightly increased the shear mod-
ulus at high-temperature regions, the sol-gel trans-
ition was more similar to the acellular counterpart.
Nevertheless, the storage modulus of all the formu-
lations experienced a distinguishable increase from a
steady level at the high-temperature region to higher
values at lower temperatures. We defined the tem-
perature point where the storage modulus shifted
between a sharp change trend and a stable stage as an
equivalent rheological transition point. In the cool-
ing test, both the acellular and cell-laden bioinks
(R-Callus, F-Callus, and S-Cell) showed a similar
solidifying transition point around ~12 °C, while a
liquifying transition point at ~21 °C was observed
in the warming procedure. The thermal hysteresis
observed between cooling and warming cycles is
also reported in other thermosensitive hydrogels and
may related to varying energy requirements for the
association and disassociation of polymer networks
[20]. Shear-thinning behavior of bioink is funda-
mental for extrusion-based bioprinting, driving us
to verify whether the added cells affect the intrinsic
shear-thinning behavior of gelatin/alginate compos-
ite hydrogel (figure 3(c)). Both the acellular gel and
cell-laden bioinks displayed a desirable declining cure
of viscosity with an increasing shear rate, indicating
their shear-thinning behavior. According to previous
studies, the high concentration of either animal cells
[15] or yeast cells [21] showed less impact on the rhe-
ological properties of bioink. Our results are consist-
ent with a previous report [15] that the inclusion of
plant cells can significantly increase the viscosity of
bioink. Further, the larger clusters of plant cells could
lead to a higher shear stress [15]. Nevertheless, the
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Figure 1. Establishment of carrot cell sources from explants of fresh carrots. (i) Preparation of explants: fresh carrots were
thoroughly cleaned and debarked, followed by slicing and sterilization. After removing the sterilized surface, the residual carrot
tissue was cut into explants. (ii) Callus induction and culture: the explants were then placed on a solid medium to initiate callus
formation. After three rounds of subculturing, enlarged callus tissues were selected and further cultured. (iii) Stable callus culture:
to establish a stable callus culture system, the loose and soft callus was separated and used to reseed onto the solid medium for
long-term callus culture maintenance. (iv) Suspension cell culture: for the establishment of a suspension cell culture system, the
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centrifugation.

loose and soft callus was transferred to a liquid medium and cultured on a shaker. Suspension cells can be collected by

bioinks with different forms of plant cells show shear-
thinning behaviors.

Self-healing of bioink post-extrusion ensures the
shape maintenance of extruded filaments for sub-
sequent printing process. To evaluate this capacity,
we subjected the bioinks to a 3-step oscillatory test
that simulated shearing and restoration processes. All
samples exhibited a shear-thinning behavior at high
strain (e.g. 1000%) and subsequently restored at low
strain (e.g. 1%), suggesting their suitability for extru-
sion bioprinting (figure 3(d)). Next, we conducted
an extrusion experiment to verify the extrusion capa-
city of bioinks and optimize the extrusion nozzle for
each type of bioink (figure 3(e)). The R-Callus bioink
was proven to be easily clogged, even using the 18G
nozzle (inner diameter of 0.840 mm). This is not sur-
prising, considering the considerable amount of cell
clusters that are larger than the nozzle (figure 2(c)).
In contrast, the F-Callus bioink could be success-
fully extruded into hanging filaments with lengths of
58.0 & 7.6 mm, 47.8 & 9.2 mm, and 14.7 + 9.9 mm
by using 18G, 22G, and 24G nozzles, respectively.
Clogging occurred only with the narrower nozzle (e.g.
27G). The S-Cell bioink produced hanging filaments
with lengths of 52.5 £ 2.6 mm, 41.8 + 2.7 mm,
36.2 + 2.4 mm, and 9.7 £ 2.2 mm by using 18G,
22G, 24, and 27G nozzles, respectively, while clog-
ging started to occur with the 32G nozzle. Compared
to the F-Callus group, the S-Cell group exhibited a
more concentrated distribution of filament lengths,
potentially related to the uniformity of cell cluster size
(figure 2(c)). The uniformity of embedded cells con-
tributes to more consistent extrusion. These results
indicated that the size of cell clusters significantly

influences the selection of a printing nozzle and,
thus the printing resolution. Utilizing smaller S-Cell
clusters as the cell source and a narrower nozzle for
bioprinting could potentially enhance the printing
resolution.

2.3. Printability of the plant cell-based bioinks
Since the R-Callus bioink cannot be smoothly
extruded into hanging filaments with commonly
used nozzles, we focused on the comparison of the
F-Callus and S-Cell bioinks regarding the bioprint-
ing practice in the following studies. For optimizing
bioprinting parameters, we first explored bioprint-
ing S-Cell bioinks with 18G, 22G, and 24G nozzles
(figure 4). To study the relationship between extru-
sion speed and filament diameter, the bioprinter
moving speed was fixed at 5 mm s~! for the fol-
lowing experiments. With proper extrusion speed,
uniform and smooth filaments could be obtained
with 18G, 22G, and 24G nozzles (figure 4(a)), but
clogging occurred with a 27G nozzle (supplementary
figure 2(a)). The resultant filament diameters for 18G
(extrusion speed of 1.5 mm® min~!), 22G (extrusion
speed of 0.75 mm?> min~!), and 24G (extrusion speed
of 0.4 mm?® min~") nozzles were 1025.0 + 47.8 um,
822.7 £+ 40.7 pm, and 635.2 £ 28.8 um, respectively,
suggesting the feasibility of tuning printing resolu-
tion with proper nozzles. Next, we printed a stand-
ard lattice structure using these three nozzles, which
enabled desirable printability with similar Pr values
(figures 4(c) and (d)).

Next, to evaluate the influences of cell types on
bioprinting, we printed the bioinks into a standard
lattice structure using F-Callus and S-Cell bioinks

4
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Figure 2. Characterization of carrot cell clusters generated under different conditions. (a) Bright-field (upper panel) and

Live/Dead staining (lower panel) images of carrot cells suspended in the liquid medium. (b) Quantitative analysis of cell viability.
(c) Measured diameter of three types of cell clusters. (d) Photos of cured gelatin-alginate hydrogels encapsulated with R-Callus,
F-Callus, and S-Cell, with pure gel (Gel) as the control. (e) The OD value at 450 nm wavelength of four formulations in both gel

and liquid states (n = 10). Kruskal-Wallis test, **P < 0.01; ***P < 0.001. Scale bars: 400 pm (a), 4 mm (c).

with various nozzles of different sizes and assessed
their printability (figure 4(e)). The F-Callus bioink
produced uniform lattices with a 22G nozzle but
encountered partial deformation and filament miss-
ing with a 24G nozzle. In contrast, the S-Cell bioink
was successfully printed into lattices using both 22G
and 24G nozzles, while deformation issues only
occurred with the 27G nozzle (supplementary figure
2(b)). These observations suggest that filament miss-
ing, and over-extrusion are related to the clogging of
bioinks during extrusion, which in turn affects print-
ability. Therefore, selecting a nozzle that matches
the size of cell clusters is essential to achieve high-
resolution plant cell bioprinting. To generate instruct-
ive guidance, we quantified the fraction of cell clusters
smaller than the nozzle, which is termed critical frac-
tion (figure 4(f)). The 18G nozzle could cover 75.5%
of regular calli and 100% of the other two types of
cells. In contrast, less than 27% of regular calli could
fit into the 22G nozzle or smaller ones, explaining

the clogging and difficulty of extrusion (figure 3(e)).
For the fragmented callus, the critical fractions for
22G, 24G, and 27G were 85.3%, 71.7%, and 43.1%,
respectively. In contrast, the critical fractions of sus-
pension cells were above 85% regardless of the nozzle
size (27G or larger nozzles). By linking the printab-
ility outcomes with the critical fraction data, we can
conclude that when more than 85% of cell clusters fit
into the nozzle, the bioink can be well extruded into
3D constructs. It is worth mentioning that the cell
content in the bioink would also affect extrusion and
printability. To verify this, we changed the cell con-
centration of S-Cell within the bioink. As shown in
supplementary figure 3, increasing cell content could
lead to clogging, non-uniform, or broken filament,
destabilizing the printing process. The cell content
of 0.12 g ml~! and 0.06 g ml~! yielded considerable
uniform filaments. Drawing from existing research in
plant cell bioprinting (supplementary table 1), it is
evident that the cell content within bioink typically
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Figure 5. Viability characterization of carrot cells in various conditions. (a) Representative fluorescence images of carrot cells
embedded in bioink with Live/Dead staining and (b) quantitative analysis of cell viability before bioprinting. (c) Representative
images of Live/Dead staining of bioprinted lattice scaffolds under different conditions and (d) quantitative analysis of cell
viability. (e) A series of timeline images of Live/Dead stained bioprints showing the long-term viability and growth of carrot cells
using S-Cell bioink and a 24G nozzle. (f) Quantitative analysis of cell viability after bioprinting with different bioink
formulations. Green fluorescence indicated the live cells, while red fluorescence indicated the dead cells in (a), (c), and (e).
Mann-Whitney test with two-tailed P values (b), Kruskal-Wallis test (d), (f), ns, not significant; *P < 0.05, **P < 0.01. Scale

bars: 200 um (a, e), and 2 mm (c).

exceeds 10%. Given the similar widths of bioprinted
filaments observed between bioinks with cell contents
0f0.12gml ! and 0.06 gml ~! (supplementary figure
3), we fixed the cell contentto 0.12 g ml~! for all sub-
sequent experiments. Next, we focused on harnessing
cell cluster size and the selection of nozzles to balance
printing resolution and cell viability.
Extrusion-based 3D bioprinting is suitable for
fabricating heterogeneous constructs, which can be
readily achieved by printing multiple materials with
different printing nozzles. To demonstrate the feasib-
ility of gelatin/alginate composite hydrogel in multi-
nozzle printing of plant cells, we designed a carrot-
shaped structure with green-labeled ‘leaves” and red-
labeled ‘root’ as a proof of concept (figure 4(g)).
This structure was printed in a suspension bath that
possesses a self-healing behavior, enabling freeform
printing of complex structures. After crosslinking, the

resultant carrot structure displayed certain elasticity,
allowing recovery post-compression (supplementary
movie 1).

2.4. Cell viability and growth after bioprinting

To evaluate the viability of plant cells, we utilized a
Live/Dead™ staining assay for the cells and those
embedded in the bioprinted structures. Despite our
efforts to mitigate the influence on cell viability
by shearing the callus with nozzles of progressively
decreasing diameter, considerable dead cells could
be observed around the fragmented callus clusters,
while the S-Cell group exhibited fewer dead cells
(figure 5(a)). To quantify the viability of the plant
cells, we approximated the ratio of green area (live
cells) to the total area of green and red (dead cells),
representing the relative cell viability. As shown in
figure 5(b), cell viability is 81.4 & 8.6% in the F-Callus
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Figure 6. Long-term culture of bioprinted cell-laden structures. (a) Images documenting the development of bioprinted
cellularized structures over a 28 d culture period. (b) Normalized analysis of cell proliferation under different conditions.
Kruskal-Wallis test, ns, not significant; *P < 0.05 (n > 3). (c) Images of bioprinted cellular structures from different batches after
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group and 89.2 £+ 2.6% in the S-Cell group, with
significant differences. Post-bioprinting cell viability
was further evaluated on day 0 and day 4, reveal-
ing over 60%-70% cell viability on day 0 with an
increasing proportion of live cells by day 4 (~80%)
(figures 5(c) and (d)). The results showed that cells
in the F-Callus-22G and S-Cell-24G groups exhibited
slightly higher viability than those in the F-Callus-
24G group. The larger cell cluster sizes within the F-
Callus bioink might induce higher shear force in nar-
row needles (figure 4(f)). We further monitored the
cell viability during a 35 d culture (figure 5(e)). Cells
maintained a considerable viability and the size of
cell clusters became larger with time. However, when
assessing the bioprinting of S-Cell bioink using differ-
ent nozzles, a significant difference in cell viability was
noted between the largest 18G nozzle (96.3 £ 1.6%)
and the narrowest 27G nozzle (48.9 £ 14.8%) (sup-
plementary figure 2(c)). These results underscored
the negative impact of shear forces during bioprint-
ing on plant cells and, consequently, highlighted the
importance of balancing appropriate cell sizes and
nozzle diameters to maintain cell viability. The ini-
tial cell damage might be caused by the shearing force
during extrusion, while the plant cells can rapidly
revert to a high level of viability, similar to those
without printing. The reduction of living cells and
growing cells in the F-Callus-22G and F-Callus-24G
groups on day 4 may be related to programmed cell
death induced by non-lethal shear stress [22, 23]. In
contrast, the number of living cells seemed to increase
well in the S-Cell-24G group on day 4 (figure 5(c)).

We also studied the influence of cell content on cell
viability after 24G-nozzle bioprinting. The cell viab-
ility results indicated a slight increase in cell viability
with the decrease of cell content, though no signific-
ant differences were observed (figure 5(f)). This may
be associated with the loose structure of suspension
cell clusters, allowing for certain deformation to alle-
viate the shearing-induced damage as the cells pass
through the nozzles.

We further employed bright-field images to
record the bioprinted lattices and assess cell growth
(figure 6(a)). The S-Cell-24G group showed robust
growth, with macroscopic cell clusters visible from
day 7. In contrast, much smaller clusters were
observed in the F-Callus-22G group, and it was hard
to identify the growth of clusters in the F-Callus-
24G group. We conducted a quantitative analysis of
cell growth by normalizing the area of cell clusters
on different days to that on day 0 (figure 6(b)).
After 28 d culture, the area of cell clusters expan-
ded 3.6 £ 0.5 fold, 1.6 £ 1.2 fold, and 12.1 £ 1.8 fold
in the F-Callus-22G, F-Callus-24G, and S-Cell-24G
groups, respectively. The significant increase in the
S-Cell-24G group confirmed the rapid cell growth.
Combining these results with printability outcomes
(figure 4), we can appreciate the importance of select-
ing the appropriate nozzle gauge and corresponding
cell clusters to achieve good 3D printability and cell
viability.

To further verify the reproducibility of bioprint-
ing the S-Cell bioink, we carried out four inde-
pendent bioprinting and culturing experiments for
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Figure 7. Bioprinting of centimeter-scale carrot-shape structures. (a) Fabrication of centimeter-scale carrot structures using
S-Cell bioink with a 24G nozzle and Live/Dead staining post-bioprinting. (b) A series of timeline images of Live/Dead stained
bioprints showing the viability and growth of carrot cells within the carrot-shaped structure and (c) quantitative analysis of cell
viability. (d) Images of the 14 d culturing carrot structure documenting the structural integrity and the live-dead confocal images
showing the viability and growth of carrot cells within the carrot-shaped structure. Kruskal-Wallis test, ns, not significant. Scale

bar: 5 mm (a, b, d).

28 d (figure 6(c)). Scaffolds from different batches
all maintained their structure while exhibiting desir-
able cell growth over a 28 d culture, providing strong
evidence of reproducibility in both printability and
cell activity. Although the gelatin might escape from
the hydrogel during culture due to its uncrosslinked
status [24], the bioprinted structures well maintained
the integrity. We also observed that some cell clusters
would continue to grow throughout the scaffold
(figure 6(c)), which was also reported in the bioprint-
ing of mammalian cells [25]. In general, the gelat-
in/alginate composite hydrogel has proven to be com-
petent to support long-term culture of carrot cells.

2.5. 3D printing of large-scale plant model

In the scenario of printing large-scale models, there is
a risk of nutrition shortage for cells due to the pro-
longed printing duration. To address this, we forti-
fied the hydrogel formulation with sucrose, a nutrient
for plant cells. We created a centimeter-sized carrot-
shaped structure and performed the printing using S-
Cell bioink and a 24G nozzle (figure 7(a)). Leveraging
the self-supporting properties of the hydrogel, the
bioink was deposited layer-by-layer on a flat plat-
form. The crosslinking agent, supplemented with
sucrose, enables rapid crosslinking of the hydrogel in
a few minutes. The results demonstrated the struc-
tural integrity of the centimeter-scale construct with
distinct substructures, and cells displayed consider-
ably high viability and uniform distribution after
bioprinting. As shown in figure 7(b), living cells were
uniformly distributed within the carrot-shaped struc-
ture, with increasing size as the culture time grew.
The results revealed that cell viability rose to a high

level (>80%) after a 7 d culture period and main-
tained after a 14 d culture period (figures 7(c) and
(d)). These results suggest that the permeability of the
gel-based scaffolds is sufficient to support cell growth
within centimeter-scale structures.

We further performed gene sequencing to
determine the gene expression of bioprinted cells
(Bioprint, collected after 7 d of culturing) and non-
bioprinted cells (Control), as evidenced by hier-
archical clustering of differentially expressed genes
(DEGs). 16.5% of the genes showed significant dif-
ferential expression, with 3002 genes upregulated
and 1159 genes downregulated in the bioprinted
group (figure 8(a)). Gene Ontology (GO) enrich-
ment analysis which was conducted to categorize the
functions of these DEGs, revealed significant shifts
in both upregulated and downregulated fields, offer-
ing a deeper understanding of the cellular response
to the bioprinting process (figure 8(b)). Genes asso-
ciated with cell recognition, cell wall organization
or biogenesis, defense response, and oxidative stress
response were significantly enriched in the bioprint-
ing group, suggesting activation of stress adapta-
tion mechanisms, including structural reinforce-
ment and antioxidant defenses. Conversely, the
downregulation of carbohydrate metabolism path-
ways (e.g. glycolysis and sucrose metabolism), along
with nitrogen metabolism, may reflect a shift in the
plant’s metabolic state, reallocating resources from
primary metabolism to stress response and repair.
The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis (figure 8(c)) confirmed
the upregulation of pathways such as phenylpro-
panoid biosynthesis [27], crucial for lignin and cell
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wall component synthesis, flavonoid biosynthesis
[28], and antioxidant compound production. The
upregulation of the MAPK signaling pathway sug-
gests the activation of stress-responsive genes [29],
possibly in response to mechanical stress. Overall, the
gene expression analysis reveals the influence of the
bioprinting process on cells, with enhanced defense
mechanisms, structural reinforcement, and meta-
bolic adjustments to repair cell injury. However, if the
injury exceeds the defense capacity, programmed cell
death may ensue, potentially explaining the decrease
in living cells observed in the F-Callus group during
culture (figure 5(c)).

The capability of printing centimeter-sized
plant constructs with fine features has rarely
been reported before. This is only possible with
the systematic investigation of bioink formula-
tions and printing parameters, paving the way for
applications in plant-based materials production
[10, 11], plant cell factories [30], tissue engin-
eering scaffolds [31], and electronic plants [32].
Additionally, the comparative gene expression ana-
lysis revealed that the appropriate choice of nozzle
diameter can mitigate the stress on the repair mech-
anisms of plant cells following the bioprinting
process.

3. Conclusion

This study systematically optimizes the extrusion-
based 3D bioprinting of carrot cells, with a central
focus on the optimization of cell clusters and nozzle
selection. The suspension-cultured carrot cells with
smaller and more uniform sizes than regular calli
are demonstrated to be more suitable candidates to
formulate bioinks in favor of smooth extrusion and
formation of long hanging filament. Furthermore, a
critical fraction of cell clusters that fit into the nozzle
was used as a criterion to assess structural printabil-
ity and cellular survival rate, which were both favored
when the critical fraction was >85%. The structural
and biological differences between plant cells and
massively printed mammalian cells make it difficult
to directly adapt the existing protocols to plant cell
printing. The comprehensive investigation presented
in this work provides an intuitive understanding of
plant cell printing, which is achieved through a thor-
ough evaluation of rheological properties, extrusion
behavior, printability, cell viability, cell growth, and
gene expression. Together, our study provides prac-
tical guidance for better bioprinting of plant cells and
would contribute to the fabrication of precise plant-
like constructs while maintaining functionality.
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Along with producing secondary metabolites,
researchers have already attempted to generate tun-
able plant-based material with customized shapes
[10, 11]. Concurrently, decellularized plant-derived
scaffolds have emerged as a novel approach in tis-
sue engineering, directing mammalian cell behaviors
[33]. The convergence of plant and mammalian cell
bioprinting presents an intriguing and potentially
transformative technique to modulate tissue forma-
tion in tissue engineering, enhancing meat produc-
tion, and even creating unprecedented plant-meat
hybrid foods. However, the behavior of plant cells
within 3D hydrogel structures and the underlying
mechanisms requires further exploration to foster the
development of these applications.

4. Materials and methods

4.1. Materials

Carrot  Callus  Initiation  Basal  medium,
Murashige & Skoog (MS) Basal medium, 2,4-
dichlorophenoxyacetic acid, and Kinetin were pur-
chased from Phytotech (USA). Gelatin with a gel
strength of ~240 g, sodium alginate, and anhyd-
rous calcium chloride were purchased from Aladdin
(China). Sucrose and agar powder were acquired
from Solarbio (China). Carrots (Daucus carota
L.) were sourced from a local market (China).
Fluorescein diacetate was purchased from Coolaber
(China) and propidium iodide was purchased from
KeyGEN (China).

4.2. Carrot cell culture

We generated callus and suspension cells by devel-
oping a protocol based on previous reports [12, 34].
As shown in figure 1, carrot callus culture was initi-
ated from explants of fresh carrots, which were thor-
oughly rinsed to eliminate surface impurities, cut into
discs, and surface-sterilized in a clean bench envir-
onment. Then, the explants were placed on a solid
medium composed of Carrot Callus Initiation Basal
Medium supplemented with 3 wt% sucrose, 0.8 wt%
agar powder, 1 mg 17! 2,4-dichlorophenoxyacetic
acid, and 0.5 mg 17! Kinetin, with pH adjusted to
5.8 £ 0.1. After 4 weeks’ incubation in darkness at
25 °C, the induced callus was transferred to the fresh
solid medium. Healthy callus was screened and sub-
cultured every 4 weeks over 4 months to establish a
stable callus supply for the subsequent experiments.
For the suspension culture, 3 g of calli was suspended
in flasks containing 50 ml liquid MS Basal medium
supplemented with 3 wt% sucrose, 1 mg 17! 2,4-
dichlorophenoxyacetic acid, and 0.5 mg 1~! Kinetin
with pH adjusted to 5.8 &+ 0.1. The cells were pas-
saged every 4 d by transferring 20 vol% of cell suspen-
sion to 80 vol% fresh liquid medium. All liquid cul-
tures for suspension cells and bioprinted structures in
this study were maintained on an orbital rotary shaker
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(100 rpm, 15 mm shaking diameter) at room temper-
ature (25 = 1 °C) in darkness. To ensure the homo-
geneity of the suspension cells to be used in bioprint-
ing, we used the cells at passage 6 or 7.

4.3. Bioink preparation

The bioinks were formulated using hydrogel pre-
cursor solution and plant cells. The hydrogel pre-
cursor stock solution was prepared by dissolving
20 wt% gelatin, 3 wt% sucrose, and 3 wt% sodium
alginate in distilled water. A crosslinking agent was
prepared by dissolving 3 wt% calcium chloride
(CaCly) and 3 wt% sucrose in distilled water. All
solutions were sterilized via pasteurization and then
stored at 4 °C until use. For the preparation of the
callus solution at a concentration of 0.24 g ml~1,
2.4 g regular callus was suspended and homogenized
in 10 ml liquid medium and subsequently aliquoted
into two sterile tubes. One aliquot was subjected to
a series of extrusion treatments using 18G, 22G, and
24G nozzles to progressively reduce the callus cluster
size, leading to the F-Callus group. The other ali-
quot remained untreated as the R-Callus group. For
the preparation of the suspension cells solution at a
concentration of 0.24 g ml~!, the suspension cells
were collected and centrifuged at 800 g for 5 min.
After carefully removing the supernatant, the cell pel-
let was weighed and resuspended in an appropriate
volume of liquid medium to achieve the target cell
density. Finally, these cell-containing solutions were
mixed with hydrogel precursor stock solution in a 1:1
volume ratio to create distinct bioink formulations.

4.4. Diameter analysis of cell clusters and optical
analyses of bioink

To quantify the diameter of cell clusters, we ran-
domly captured images of three solutions contain-
ing with regular callus (R-Callus), fragmented cal-
lus (F-Callus), and suspension cells (S-Cell) using an
optical microscope (CKX53, Olympus, Japan). The
diameters of the cell clusters were measured using
Image] software (National Institutes of Health, USA).
Further, a laser particle analyzer (Mastersizer 3000,
Malvern Panalytical, UK) was used to determine the
size and distribution of the cell clusters. To verify the
transparency of the cellular bioinks, we photographed
the gelled samples positioned over a background of
white paper with black letters. Additionally, the OD
value of these bioinks in both liquid and gel states was
measured using a microplate reader (Thermo Fisher
Scientific, America) at wavelengths of 450 nm.

4.5. Rheological measurement

The rheological tests were conducted using an
MCR 302 rheometer (Anton Paar, Austria) with a
parallel plate (PP25) to characterize the viscosity,
shear-thinning behavior, thermosensitivity, and self-
healing properties of different bioink formulations.
The gap distance was standardized to 0.5 mm, and
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300 pl solutions were prepared for each test. To assess
the viscosity and shear-thinning property, rotational
experiments were performed with a shear rate ran-
ging from 0.01 to 10 s™!. To evaluate the thermo-
sensitivity, a temperature sweep from 30 °C to 4 °C
in oscillation mode (1% strain, 1.5 Hz) was per-
formed to monitor the storage (G’) and loss modulus
(G") over time. The self-healing capacity was assessed
using high (1000%) and low (1%) strain cycle oscil-
latory tests (1.5 Hz) on the samples gelled at 18 °C.

4.6. Extrusion experiments

The extrusion experiments and bioprinting were con-
ducted using the mechanical-driven 3D bioprinter
(SUNP Biomaker 2, China) to standardize extrusion
conditions. Briefly, three independent bioinks were
transferred into separate syringes and loaded into the
bioprinter. The temperature of cartridge was set at
18 & 1 °C and the extrusion speed was uniformly set
to 0.8 ml min~!. Following a 15-min incubation, the
bioink was extruded through a series of nozzles with
gauges 18G, 22G, 24G, and 27G. The process of fil-
ament extrusion was captured by a camera, and the
maximum length of hanging filament was measured.

4.7. Bioprinting

The lattice scaffolds were designed as 10 x 10 x 1.2 mm
square grids and printed using nozzles of 18G, 22G,
24G, and 27G gauges. The specific printing para-
meters are listed in supplementary table 2. The tem-
perature of platform and cartridge was controlled at
15+ 1 °Cand 18 £ 1 °C, respectively. After print-
ing, the scaffolds were immersed into a 3 wt% CaCl,
solution for 3 min to crosslink the alginate. Then
all the cell-laden scaffolds were washed twice with
liquid medium to remove the crosslinking agent and
then supplied with liquid medium for long-term cul-
ture. For the fabrication of complex structures, S-Cell
bioink was employed with a 24G nozzle to print the
carrot-shaped models. The temperature of cartridge
was set at 25 °C for printing in the suspension bath
to maintain the well-flowable state of the bioink.

4.8. Cell viability and growth

Cell viability was assessed using the Fluorescein
diacetate/Propidium lodide stain solution. Following
a 5-min incubation at 25 °C in dark, the cellular
samples were photographed using a confocal fluor-
escence microscope (FV3000, Olympus, Japan). The
area of green (live) and red (dead) cells was measured
by image J. The ratio of green cell area to the sum
of green and red cells was determined to be the cell
viability. A multi-modal confocal system (Dragonfly
200, Andor, UK) was used to create a fluorescent
panorama of scaffolds. Optical images of scaffolds
were photographed under a stereoscopic microscope
(SMZ745, Nikon, UK) to record the cell growth.
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4.9. RNA-seq expression analysis

RNA concentration and integrity were assessed using
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, CA, USA). Messenger
RNA was purified from total RNA using poly-T
oligo-attached magnetic beads for sequencing lib-
raries generation. The library was checked with
Qubit and real-time PCR for quantification and
bioanalyzer for size distribution detection. After lib-
rary quality control, different libraries were pooled
based on the effective concentration and targeted
data amount, then subjected to Illumina sequen-
cing. Fluorescence signals were recorded and conver-
ted into sequencing peaks for differential expression
analysis, including Gene Ontology (GO) and KEGG
enrichment analysis using the clusterProfiler R pack-
age. Differentially expressed genes (DEGs) were iden-
tified using |log,FoldChange| > 1 and P,g < 0.05
as thresholds. Only genes with significant functional
annotation or enrichment in GO terms or KEGG
pathways were included in the analysis.

4.10. Statistical analysis

All the experiments were independently repeated at
least three times, and the data was presented as the
mean =+ the standard deviation. The statistical ana-
lysis was executed using GraphPad Prism 9.5 (USA).
All statistical comparisons employed were detailed in
the corresponding figure captions. A value of P < 0.05
was considered statistically significant.
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