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P L A N T  S C I E N C E S

Establishing a reproducible approach to study cellular 
functions of plant cells with 3D bioprinting
Lisa Van den Broeck1, Michael F. Schwartz1†, Srikumar Krishnamoorthy1†, Maimouna 
Abderamane Tahir1,2†, Ryan J. Spurney1,3, Imani Madison1, Charles Melvin1, Mariah Gobble1, 
Thomas Nguyen1, Rachel Peters1, Aitch Hunt1, Atiyya Muhammad1, Baochun Li4, 
Maarten Stuiver5, Timothy Horn2*, Rosangela Sozzani1*

Capturing cell-to-cell signals in a three-dimensional (3D) environment is key to studying cellular functions. A ma-
jor challenge in the current culturing methods is the lack of accurately capturing multicellular 3D environments. 
In this study, we established a framework for 3D bioprinting plant cells to study cell viability, cell division, and cell 
identity. We established long-term cell viability for bioprinted Arabidopsis and soybean cells. To analyze the gen-
erated large image datasets, we developed a high-throughput image analysis pipeline. Furthermore, we showed 
the cell cycle reentry of bioprinted cells for which the timing coincides with the induction of core cell cycle genes 
and regeneration-related genes, ultimately leading to microcallus formation. Last, the identity of bioprinted Ara-
bidopsis root cells expressing endodermal markers was maintained for longer periods. The framework estab-
lished here paves the way for a general use of 3D bioprinting for studying cellular reprogramming and cell cycle 
reentry toward tissue regeneration.

INTRODUCTION
A tight coordination between cellular reprogramming, i.e., the dediffer-
entiation of cells into a pluripotent state, and cell cycle progression via 
cell-to-cell communication is required for tissue regeneration. For plant 
and animal cells, cell-to-cell communication is affected by mechanical 
and positional cues as a result of the physical and molecular interaction 
between cells and their microenvironment (1, 2). Alterations in cell-to-
cell communication due to a changing microenvironment can adjust 
cellular behavior and trigger cellular reprogramming. Thus, recapitulat-
ing the multicellular three-dimensional (3D) microenvironment behind 
cell-to-cell and cell-to-environment communication is key to gaining 
insights into the mechanical and positional context that governs cellular 
reprogramming toward tissue regeneration.

Multiple studies have established that conventional cell culturing 
methods do not entirely mimic the 3D microenvironment observed 
under natural conditions (2, 3). 3D bioprinting enables the generation 
of specifically designed 3D cellular constructs that better simulate 
natural in planta conditions (4). 3D bioprinting can be performed 
through the application of one or multiple modalities for the precise 
spatial deposition of biologically active material, referred to as a bio-
ink. To enable the spatial deposition of cells and simultaneously pro-
vide structural support, plant cells can be immobilized and bioprinted 
within a plethora of hydrogel scaffolds (5). As such, 3D bioprinting 
provides an amenable and controllable system to fabricate complex 
systems that capture cellular dynamics and interactions in a physio-
logically accurate manner toward tissue regeneration (6–9). For ex-
ample, human induced pluripotent stem cells have been bioprinted to 
study cell fate, phenotypic variation, and tissue regeneration (7). 

Plants inherently show extreme regenerative capacities. For example, 
the complete loss of the root stem cells can be fully replaced and func-
tional within hours (10). The regenerative capacities of individually 
isolated plant cells are greatly affected by cell type, tissue type, geno-
type, and the specific 3D microenvironment (1). Thus, to design and 
engineer 3D microenvironments that consistently reproduce a cellu-
lar response, genotype-specific and cell type–specific designs are needed 
(11). For such designs, mechanical properties, nutrient supply, de-
gradability, and tissue mimicry need to be considered (11). With 3D 
bioprinting, the mechanical and positional cues can be controlled by 
depositing living plant cells in a well-defined environment. In addi-
tion, to achieve a reproducible cellular response, bioprinting metrics 
should be considered, including construct dimensions, cell density, 
speed and pressure during extrusion, and nozzle diameter.

Here, we used Arabidopsis root–derived protoplasts, i.e., plant 
cells without cell wall, as a model system to showcase the potential 
of 3D bioprinting to study cell viability, cell division, and cellular 
reprogramming in a tunable microenvironment. Protoplasts are an 
alternative system to callus and suspension cultures that exhibit in-
dividual cellular behavior. Specifically, we maintained bioprinted 
Arabidopsis root cells isolated from two different tissue types for up 
to 7 days. In this time frame, we showed that the percentage of iso-
lated cells expressing endodermal markers increases, indicating that 
the identity of isolated cells changes over longer periods of time. 
Supportively, gene expression profiling showed an induction of 
stem cell lineage markers and regeneration-related genes, suggest-
ing that the bioprinted cells gain a stem cell–like identity. Last, we 
demonstrated the applicability of 3D bioprinting for studying re-
generation of isolated single cells for model and crop species.

RESULTS
Demonstrating the maintenance of 3D bioprinted 
Arabidopsis root cells
Cellular functions such as cell differentiation, cell cycle progression, 
responsiveness to stimuli, and cellular reprogramming are driven 
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by cell-to-cell and cell-to-environment communication. These cell-
to-cell and cell-to-environment signals are not entirely captured in 
suspension cell cultures due to the lack of a natural microenviron-
ment (12–14). On the other hand, 3D encapsulation methods can 
replicate the natural microenvironment. Moreover, they can immo-
bilize plant cells, allowing for more physiologically accurate cellular 
behavior. We used 3D bioprinting to recapitulate the plant cells’ 
microenvironment and behavior. For this, we optimized two key 
aspects of successful bioprinting, which include the bioink and bio-
printing parameters. The bioink is a combination of living cells and 
the scaffold material that provides support to the cells and the nu-
trients needed to ensure cell viability (15). To achieve long-term cell 
viability, we optimized tissue-specific bioinks and established a re-
producible experimental pipeline that consists of bioprinting proto-
plasts and maintaining and imaging the bioprinted constructs over 
time (Fig. 1A). In this pipeline, we focused on Arabidopsis thaliana 
roots, a tissue of which the maintenance outside its context is known 
to be technically challenging (16). In addition, to further gain in-
sights into whether different tissue types would be more prone to 
cellular reprogramming, we isolated protoplasts from both meristematic 
and differentiated root tissue and performed comparative analyses. 
These comparative analyses and time course experiments resulted 
in large-scale image datasets. To process and analyze these large im-
age datasets generated from our bioprinting pipeline, we developed 
a semiautomated and high-throughput image analysis pipeline that 
can quantify cells in confocal z-stack images (see Materials and 
Methods). To make it freely available for the scientific community, 
the entire pipeline was wrapped in a graphical user interface (GUI) 
(https://github.com/LisaVdB/Confocal-z-stack-cell-detection and 
10.5281/zenodo.7012765) (Fig. 1B).

Tissue-specific bioinks require the balancing of auxin and cyto-
kinin, which are critical for long-term cell viability and proliferation 
(1). In addition, several other compounds have been identified to 
activate the intrinsic cellular programs that trigger cell division. To 
establish a reproducible pipeline using plant cells for 3D bioprinting 
that supports viable cells for extended periods, we used optimized 
concentrations of auxin and cytokinin and added phytosulfokine 
(PSK) and folic acid, two compounds that stimulate cell prolifera-
tion, to the bioink (see Materials and Methods) (17–19). In addi-
tion, to avoid the formation of a thermal gradient within the bioink 
and our cells, we incorporated an axial piston in the cartridge. After 
optimization, a usual experiment yielded 62.2 ± 8.2% and 51.6 ± 
8.3% viable meristematic and differentiated protoplasts immediately 
(day 0) after 3D bioprinting. After 5 days, generally 27.7 ± 7.6% and 
29.5  ±  3.5% of the meristematic and differentiated isolated cells 
were still viable (Fig. 1C; fig. S1, A and B; and data S1). When 
stained with propidium iodide, a contrast staining for cell death, 
similar cell viability percentages were obtained (fig. S1, C to E). 
Thus, we opted to use bright field to assess cell viability so that we 
could use the red channel to quantify cell marker expression of, 
for example, pSCR:SCR-mCherry (pSCARECROW:SCARECROW- 
mCherry). Given that, after bioprinting, 40% of the root protoplasts 
were not viable, we compared the viability of bioprinted cells to 
manually pipetted cells. Manually pipetted meristematic and differ-
entiated protoplasts showed a slightly reduced but comparable 
viability to bioprinted cells of 44.9 ± 6.6% and 48.6 ± 6.6%, respec-
tively. These results indicate that the bioprinting process has no ob-
servable detrimental effect on cell viability but rather the protoplast 
isolation (Fig. 1D and data S1).

3D bioprinting requires a suitable scaffold that is biocompatible, 
ensures transfer of nutrients and oxygen to the cells, and offers struc-
tural support (20). As scaffold in our experimental pipeline, we chose 
low melting agarose because of its established biocompatibility and 
thermal cross-linking properties that facilitate the operational work-
flow (20). However, it was previously reported that Arabidopsis 
shoot cells encapsulated in sodium alginate were viable and able to 
regenerate (21, 22). To test the compatibility of sodium alginate with 
bioprinting Arabidopsis root cells, we bioprinted protoplasts in two 
different scaffolds, namely, 0.6% (w/v) low melting agarose and 
0.75% (w/v) sodium alginate (21,  22). After 5 days, we observed 
23.6 ± 5.8% viability within the agarose compared to 7.7 ± 1.3% with 
the sodium alginate (Fig. 1E and data S1), and after 7 days, we ob-
served mechanical deformations in the alginate constructs in some 
cases (fig. S1F). We reasoned that this was due to excess swelling as a 
result of the short cross-linking treatment, knowing that the dura-
tion of cross-linking directly determines the stiffness and thus the 
swelling of the bioprinted constructs (23, 24). In addition, posttreat-
ment cross-linking due to the calcium ions in our bioink could affect 
the swelling (25). Therefore, we chose to primarily use low melting 
agarose as the scaffold material in this study.

Overall, we demonstrated the utilization of extrusion-based 3D 
bioprinting to reliably deposit plant cells isolated from different tis-
sue types and demonstrated the possibility of using different scaffold 
materials in the bioprinting process. We showed the maintenance 
of Arabidopsis root protoplasts within 3D bioprinted constructs for 
5 days while maintaining a viability of more than 25%.

Applicability of 3D bioprinting toward plant 
cell regeneration
Bioprinting isolated cells into designed cellular constructs provides 
a system to evaluate cellular regeneration. Previous studies have 
shown that cellular regeneration by callus formation from root 
explants initiates with divisions of pericycle cells, rather than dedif-
ferentiation and cell cycle reentry of root cells (22). To our knowl-
edge, cell cycle reentry of protoplasts derived from Arabidopsis roots 
has not yet been achieved (16, 22). To understand whether bioprinted 
root cells can reenter the cell cycle, we evaluated divisions and 
microcallus formation. We observed that bioprinted Arabidopsis 
root cells undergo their first cell division as early as 3 days (Fig. 2, 
A and B). To map the cells’ potential to divide, we used the cell cycle 
marker pCYCB1;1:CYCB1;1-GFP, which is expressed at the transi-
tion from the G2 gap phase into mitosis (M phase) (fig. S2) (26). 
Over the evaluated time course, on average, ~5 and ~2% of the bio-
printed meristematic and differentiated root cells expressed CYCB1;1, 
respectively, indicating the restricted potential of protoplasts to re-
enter the cell cycle (Fig. 2C and data S1). After a 7- to 10-day period, 
~12% of the bioprinted constructs developed a microcallus, here 
defined as four cells or more (Fig. 2B and data S2). To investigate 
the cellular reprogramming underlying the initial cell divisions be-
fore microcallus formation, we collected RNA from isolated differ-
entiated root cells on days 0, 1, and 3 after bioprinting. Pairwise 
comparisons at each time point revealed 9071 differentially ex-
pressed genes (DEGs) (q ≤ 0.05, |fold change| ≥ 2) (fig. S3, A to D, 
and data S3). We identified seven clusters of coexpressed genes, and 
Gene Ontology (GO) enrichment analysis showed different biolog-
ical processes for these clusters (fig. S3, A and B). Cluster 1 con-
tained genes related to cell division and were up-regulated at day 3 
(fig. S3B). Specifically, in the analyzed time frame, several core cell 

https://github.com/LisaVdB/Confocal-z-stack-cell-detection
http://dx.doi.org/10.5281/zenodo.7012765
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cycle genes and regeneration-related genes are significantly induced 
(27,  28). Most of these DEGs showed peak expression at day 3, 
which coincides with most cell divisions (Fig.  2D and fig. S3B). 
These results suggest that the bioprinted Arabidopsis root cells have 
the ability to undergo cell divisions and form microcalli.

The division, maintenance, and regeneration of Arabidopsis shoot 
protoplasts are well established in prior studies (22, 29). To compare 
our current system with prior data, we bioprinted shoot protoplasts 

using our bioink optimized for root-derived cells. Similar to root 
cells, bioprinted shoot cells showed an initial viability of 57.6 ± 4.3% 
(fig. S4, A and B). After 5 days, the viability was reduced to 20.5 ± 
2.2% and further diminished after 7 days (fig. S4A). Although we 
observed cell divisions as early as 5 days, we did not detect any mi-
crocallus formation within the imaged time frame. We hypothe-
sized that the maintenance of cells derived from shoot tissue needs 
bioink and scaffold materials that are specifically optimized, and 
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Fig. 1. Maintenance of bioprinted Arabidopsis root cells. (A) Schematic overview of the key steps in our 3D bioprinting protocol (created with BioRender.com). Step 
1: Combining protoplasts and scaffold material to generate bioink. Step 2: 3D bioprinting. Step 3: Maintaining and imaging over time. (B) Screenshot of the graphical user 
interface (GUI) of our analysis pipeline for high-throughput quantification of cells in confocal z-stack images. (C and D) Percentage of viable cells isolated from meriste-
matic (Mer) and differentiated (Dif) root tissue upon 3D bioprinting (C) or manual deposition (D). (E) Percentage of viable cells upon bioprinting with two different scaf-
folds: 0.6% low melting agarose and 0.75% sodium alginate. Cell viability was evaluated with fluorescein diacetate staining immediately after bioprinting (day 0) and on 
days 1, 3, 5, and 7. Colored dots on box plots represent the independent experiments (C and D); number of bioprinted constructs (N) = 30 (C), 20 (D), and 10 (E); letters 
indicate significant differences (P < 0.05, Tukey test).

http://BioRender.com
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repeated the experiment using shoot-optimized bioink (see Materials 
and Methods) (21). After 8 days, we could observe microcalli in 5 of 
the 10 constructs (Fig. 2A). Thus, specially optimized bioinks might 
be necessary stimuli for microcallus formation from different tissue 
types. Similarly, we reasoned that successful 3D bioprinting requires 
optimized bioinks across species. To demonstrate the extension of 
bioprinting to crops for studying regeneration, we first optimized a 
bioink for soybean protoplasts isolated from embryonic shoot meri-
stems (see Materials and Methods) (fig. S4C) (30–37). In addition, we 
tailored the bioprinting parameters due to the challenges associated 
with bioprinting soybean protoplasts. Because the protoplast isola-
tion used a relatively short incubation time in the cell wall digesting 
enzymes, some tissue was partially digested. To avoid nonuniform 

extrusion due to nozzle blockages, we used a wider needle (~2×) for 
bioprinting, which had the added benefit of reducing shear stresses. 
Using this optimized pipeline, we bioprinted meristematic cells iso-
lated from Glycine max (L.) Merr. cv Thorne (38) and evaluated cell 
viability, cell division, and microcallus formation (39). Overall, iso-
lated soybean cells showed 28 ± 9.6% viability immediately after bio-
printing and 43 ± 11.2% viability after 14 days (fig. S4D). We observed 
that some cells anisotropically elongate, which correlates with the 
onset of cell division as early as 3 days after bioprinting. Further-
more, after 14 days, we observed the formation of, on average, five to 
six microcalli in 90% of the bioprinted constructs (Fig. 2B and data 
S2). These results indicate that bioprinting can be used as an enabling 
technology to study cellular regeneration in crops.
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Fig. 2. Cell division and microcallus formation of isolated cells from Arabidopsis roots, shoots, and the shoot meristematic region of the soybean embryonic 
axis. (A) From left to right: High-resolution confocal images of isolated protoplasts, isolated protoplasts undergoing cell division, and microcalli from Arabidopsis roots, 
shoots, or soybean shoot meristematic regions. Scale bars, 20 m. (B) Number of formed microcalli for Arabidopsis roots and soybean shoot meristematic region. Each 
dot represents a bioprinted construct. (C) Percentage of green fluorescent protein (GFP)–expressing pCYCB1;1:CYCB1;1-GFP meristematic and differentiated root cells on 
days 0, 1, 3, 5, and 7. Colored dots represent the independent experiments; number of bioprinted constructs (N) = 30; letters indicate significant differences (P < 0.05, 
Tukey test). (D) Heatmap of the transcriptional changes for significantly differentially expressed core cell cycle (left) and regeneration (right) genes 0, 1, and 3 days upon 
bioprinting of differentiated root cells.
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Identity maintenance of 3D bioprinting root cells
The root contains multiple cell types, and thus, the bioprinted root 
cell population is highly heterogeneous. To shed light on the identity 
of the isolated cells that remain competent for cellular reprogram-
ming leading to regeneration, we examined the cellular identity of 
our bioprinted root cells and the formed microcalli. To this end, we 
focused on the ground tissue identity and tracked it using cell type–
specific marker lines. Specifically, we used a nuclear-localized tran-
scriptional marker line for the endodermis and cortex endodermis 
initial (CEI) cells, pEN7:GFP (pENDODERMIS7:GFP), the transla-
tional fusion pSCR:SCR-mCherry to identify the endodermis, CEI, 
and quiescent center (QC), and the enhancer trap J0571 to mark the 
endodermis and cortex (fig. S2) (40). Immediately after bioprinting, 
we observed between 5.4 ± 1.6% and 10.1 ± 2.2% of meristematic 
and differentiated protoplasts with EN7 expression, which is com-
parable to the fractions of endodermal cells in an intact root (table 
S1). The percentage of EN7-expressing cells increases over time to 
25.3 ± 8.7% and 26.3 ± 6.3% on day 5 for meristematic and differen-
tiated root cells, respectively (Fig. 3A). We observed a similar trend 
with the translational fusion pSCR:SCR-mCherry where the marker’s 
expression increased in both meristematic and differentiated tissues 
to 54.4 ± 6.5% and 40.7 ± 4.1% on day 7, respectively (Fig. 3, B and C). 
Overall, we observed an increase in cells expressing the endodermal 
markers over time, as well as an induction of EN7 and SCR expression 
in our RNA sequencing (RNA-seq) time course (Fig. 3D). Similarly, 
published RNA-seq and ATAC-seq (Assay for Transposase-Accessible 
Chromatin sequencing) data of leaf protoplasts showed an induc-
tion of EN7 and SCR expression and chromatin accessibility upon 
protoplast isolation (29). For pEN7:GFP, both meristematic and 
differentiated bioprinted cells showed an equal fraction of fluores-
cent cells, while SCARECROW (SCR) expression was significantly 
increased in meristematic root cells compared to differentiated root 
cells (Fig. 3B). In addition, we analyzed the enhancer trap line J0571, 
which includes the additional fluorescence of the cortex (40). Simi-
lar to pEN7:GFP, J0571-derived protoplasts showed no prominent 
differences between meristematic and differentiated bioprinted cells 
(Fig. 3E). Conversely, the percentage of green fluorescent protein 
(GFP)–expressing cells from J0571 did not increase over time. Overall, 
the changes in the percentage of cells expressing the endodermal 
markers indicate that the identity of isolated cells changes over lon-
ger periods of time. In line, our RNA-seq showed that several genes 
required for the initiation or maintenance of the stem cell program 
are induced within a 3-day window (Figs. 2D and 3D). For example, 
CYCLIND6;1 (CYCD6;1) was induced at day 1, and SHORTROOT 
(SHR) and RETINOBLASTOMA-RELATED1 (RBR1) were signifi-
cantly induced at day 3 (Fig. 3D and data S3). RBR1 binds the SHR-
SCR complex to regulate, in coordination with CYCD6;1, the spatial 
restriction of CEIs’ asymmetric divisions (41). RBR1, CYCD6;1, and 
SHR are thus all determinants of ground tissue stem cells and their 
lineage. Together, the transcriptional induction of these stem cell 
markers and the changes in cells expressing identity markers sug-
gest that the bioprinted cells gain a stem cell–like identity.

To further gain understanding of the identity of the microcalli, 
we evaluated whether the formed microcalli showed expression of 
our marker lines. As such, we could at least partially identify which 
lineage-specific cells were reprogrammed to pluripotency. Because 
regenerating cells are very sparse, it is challenging to investigate 
this process. We only identified sufficient microcalli in the bio-
printed constructs of pSCR:SCR-mCherry. Namely, 100% of the 

pSCR:SCR- mCherry microcalli (seven in total) expressed mCherry 
fluorescence, which suggested that endodermal, CEI, and/or QC- 

derived cells were capable of proliferating. In addition, we identified 
microcalli expressing the pCYCB1;1:CYCB1;1-GFP reporter, the cell 
cycle marker, to evaluate the microcalli’s division potential. Of the 
pCYCB1;1:CYCB1;1- GFP microcalli, 33% showed GFP fluorescence, 
which suggests that 3D bioprinted cells are actively dividing.

To show that the microenvironment can be adjusted to evaluate 
cellular responses to specific conditions, we applied high salinity to 
the bioprinted constructs and evaluated their viability. Prolonged 
exposure to such high salinity was shown to induce cell death in 
Arabidopsis roots, leading to complete growth inhibition (42). We 
used the same experimental conditions and applied them to our 
bioprinted constructs. To assess the differential cellular response 
upon high salinity, we tuned the microenvironment after bioprinting. 
Specifically, we bioprinted isolated meristematic and differentiated 
pSCR:SCR-mCherry cells using our established protocol. To allow 
the bioprinted cells to fully acclimate to their environment, we 
started a high-salinity treatment 2 days after bioprinting by 
replacing the protoplast induction medium (PIM) refreshment for 
half of the bioprinted constructs with NaCl-containing PIM (200 mM 
NaCl). Similarly, as shown by Ambastha et al. (42), 1 day after treat-
ment, the cell viability decreased significantly. Under salt stress 
conditions, 43 and 62.1% of the meristematic and differentiated 
cells, respectively, were viable compared to the control conditions 
(Fig. 3F). While a 40% reduction of cells expressing SCR upon high 
salinity was observed in the root (42), we did not observe any signif-
icant reduction in the number of SCR-expressing cells (fig. S5). 
Overall, these results show that 3D bioprinting could be used as a 
tool to determine the influence of stressors on cellular responses.

DISCUSSION
Isolated single cells provide a great system for studying aspects of 
cell physiology, cell identity, cell-to-cell communication, and cell 
cycle reentry. Here, we maintained isolated Arabidopsis root cells 
with high viability for multiple days using a reproducible 3D bio-
printing pipeline. Our bioprinting pipeline and the complementary 
semiautomated image analysis pipeline allowed us to evaluate iso-
lated Arabidopsis cells, including several marker lines, through 
their developmental lineage. The percentage of isolated cells ex-
pressing endodermal markers increases over time, suggesting that 
the bioprinted cells might be either partially changing identity or 
transitioning to a previously unknown identity. A previous study in 
Arabidopsis leaf protoplasts suggests that protoplasts undergo in-
creased stochastic and ectopic gene expression multiple days after 
isolation (29). Thus, an increased ectopic expression might result in 
the observed changes in expression of identity genes. Another 
hypothesis is that the loss of an organizational structure, like that of 
an intact root, leads to non–cell-autonomous signals reaching other-
wise unreachable cells or not reaching their intended neighboring 
cells. This loss and gain of molecular signals and the following 
disruption in their respective signaling pathways could result in cell 
identity changes. To further gain insights into these two hypotheses, 
it would be essential to develop single-cell RNA-seq protocols com-
patible with encapsulated cells.

Our pipeline allowed us to design the cells’ local environment 
recreating conditions that sustain cell viability and microcallus for-
mation (Fig. 2). Cells isolated from meristematic and differentiated 
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Arabidopsis root tissue were able to reenter the cell cycle and form 
microcalli, indicating a key role for the 3D environment. In line 
with this hypothesis, preliminary studies in which transgenic 
A. thaliana were cultured within tailored 3D fibrous microenviron-
ments were observed to show growth and morphological character-
istics of greater complexity than those cultured on standard 2D 

scaffolds (3). The formed microcalli expressed the endodermal 
marker SCR. Previous studies showed that callus formation from 
roots explants was initiated by pericycle cells differentiating into 
cells resembling root meristems (16, 22). However, the expression 
of SCR in the bioprinted microcalli indicates that, in addition to 
pericycle-derived microcallus formation, another reprogramming 
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(D) Heatmap of the transcriptional changes for endodermal identity genes on days 0, 1, and 3 upon bioprinting of differentiated root cells. Stars indicate significant DEGs. 
(F) Percentage of viable cells isolated from meristematic (left) and differentiated (right) root cells 0, 1, and 3 days upon bioprinting. High-salinity treatment was performed 
on day 2. Representative high-resolution confocal images of 3D bioprinted cells are given. Scale bars, 20 m. Arrows indicate nucleus-located SCR expression. Colored dots 
represent the independent experiments; number of bioprinted constructs (N) = 20 (A and B) and 30 (C and F); letters indicate significant differences (P < 0.05, Tukey test).
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mechanism might trigger microcallus formation. The underlying 
molecular basis of microcallus formation from a single cell is of 
interest to enhance regeneration of recalcitrant species, increase 
transformation events, and enable gene editing studies. Using 3D 
bioprinting to improve single-cell transformation events in combina-
tion with gene editing will have potential applications within the 
agri-biotech field. In this study, we applied our bioprinting pipeline 
to reprogram meristematic soybean cells to pluripotency. We isolated 
cells from soybean embryonic axes and were able to show the forma-
tion of microcalli after 14 days, a comparable time line with previ-
ous studies (43). Further identifying structural polymers, signaling 
molecules, or cell types that generate cell type–specific environ-
ments to ensure efficient plant regeneration could have a signifi-
cant impact in agri-biotech by, for example, accelerating breeding 
programs.

Our study provides the groundwork for using 3D bioprinting in 
the plant sciences field and details protocols and guidelines. In addi-
tion to the potential applications of 3D bioprinting for studying cell-
to-cell communication and plant cell regeneration, 3D bioprinting 
can be used for researching cellular functions within a tunable envi-
ronment, including the subcellular and molecular visualization of 
regulatory proteins, stress-responsive signaling, or cell wall dynam-
ics (4). To enable these studies, the identification and detailed classi-
fication of the dimension parameters and signaling factors that 
stimulate plant cell processes, such as proliferation, cell attachment, 
regeneration, and differentiation, are crucial. Similar as in the mam-
malian field, 3D bioprinting can be used in the plant field to screen 
signaling factors and other compounds in a high-throughput man-
ner. Identifying compounds that ensure efficient plant regeneration 
or other cellular responses could be of interest in a wide range of 
biotechnological applications. In the future, scaffolds and bioinks 
based on a variety of synthetic and naturally occurring substrates will 
need to be designed in a case-by-case manner to engineer specific 
plant cell–based models and support 3D growth of cells. In addition, 
external stimuli to induce time-dependent changes in functionality of 
encapsulated cells may be adopted. Overall, we have shown the poten-
tial of 3D bioprinting to study cell viability, cell division, and cellular 
reprogramming in a tunable microenvironment.

MATERIALS AND METHODS
Plant lines and growth conditions
The following lines were used: wild type, pEN7:GFP (AT4G28100) 
(44), pSCR:SCR-mCherry (AT3G54220) (45), and pCYCB1;1:CYC-
B1;1-GFP (AT4G37490) (46) in Columbia-0 background, and J0571 
(40) in the C24 background. A. thaliana seeds were surface-sterilized 
using 50% bleach and 0.05% Tween 20 for 5 min, followed by a 2-min 
incubation in 70% ethanol for 2 min. Seeds were rinsed at least seven 
times with sterile deionized water. Following the last rinse, the seeds 
were stratified at 4°C for 2 days and plated on 1× Murashige and 
Skoog agar supplemented with sucrose (1% sucrose total) on top of 
Nitex mesh (Genesee). All plants were grown in a vertical position at 
22°C under long-day conditions (16-hour light/8-hour dark cycle).

Soybean [G. max (L.) Merr. cv Thorne] seeds were surface-sterilized 
using 70% ethanol for 2 min, followed by a 10-min incubation in 50% 
bleach and 0.05% Tween 20. Seeds were rinsed 10 times in sterile deion-
ized water. Following the last rinse, the seeds were placed in a sterile petri 
dish, covered with sterile deionized water, and imbibed at 27°C under 
long-day conditions (16-hour light/8-hour dark cycle) for 24 hours.

Isolation of protoplasts
To avoid contamination, all steps were performed in a laminar flow 
hood. To prepare the enzyme solution, 0.45 g of cellulase (EMD 
Millipore) and 0.03 g of pectolyase (Sigma-Aldrich) were dissolved 
in a 30-ml solution containing 5.465 g of mannitol, 0.05 g of 0.01% 
bovine serum albumin, 500 l of 0.2 M magnesium chloride, 500 l of 
0.2 M calcium chloride, 500 l of 1 M MES, 500 l of 1 M potassium 
chloride, 50 ml of deionized water, and tris-HCl (pH 5.5). The en-
zyme solution was sterilized using a 0.20-m syringe filter. For each 
sample, 7 ml of fresh enzyme solution was pipetted into 35-mm- 
diameter petri dishes. We avoided creating bubbles when pipetting 
the enzyme solution to avoid cell lysis at later stages in the protocol.

A 70-m cell strainer was placed in each 35-mm-diameter petri 
dish. Approximately 1 to 2 mm of the root tip were cut to isolate the 
meristematic region of the root and put into the strainer in enzyme 
solution. The samples were incubated for 2 hours at 85 rpm at room 
temperature with supplemental stirring every 30 min. Next, all of 
the cells and enzyme solution were transferred to a 15-ml conical 
tube and centrifuged for 6 min at 200g. The supernatant was re-
moved, and the pellet was resuspended with 100 l of PIM or proto-
plast callus induction medium (PCIM) for the shoot-derived cells 
(47, 48). PIM (A. thaliana) contains a cocktail of growth hormones, 
sugar, mannitol to ensure a proper osmolarity, folic acid (18, 19), 
and PSK (17, 49) (Table 1). The resuspended solution was trans-
ferred to a 70-m filter placed on top of a 50-ml conical tube. 
Another 100 l of PIM was filtered through to collect any leftover 
cells stuck on the 70-m filter. All the filtered liquid was transferred 
to a 40-m filter placed on top of a 50-ml conical tube. The subsequent 
filtered liquid contains the protoplasts used for bioprinting. The 
volume of cells in each solution was estimated using a hemocytometer. 
The starting cell densities are listed in Table 2.

For soybean protoplast isolation, 2% (w/v) cellulase (EMD Milli-
pore) and 0.03% (w/v) pectolyase (Sigma-Aldrich) were dissolved in 
a 30-ml solution containing 13% mannitol, KH2PO4 (27.2 mg/liter), 
KNO3 (100 mg/liter), calcium chloride (150 mg/liter), magnesium 
chloride (250 mg/liter), iron(III) sulfate (2.5 mg/liter), KI (0.16 mg/
liter), 50 ml of deionized water, and tris-HCl (pH 5.5). The enzyme 
was sterilized using a 0.20-m syringe filter. For each sample, 7 ml 
of fresh enzyme solution was pipetted into 35-mm-diameter petri 
dishes. We avoided creating bubbles when pipetting the enzyme 
solution to avoid cell lysis at later stages in the protocol.

A 70-m cell strainer was placed in each 35-mm-diameter petri 
dish. Meristematic shoot tissue from the embryonic axis from imbibed 
soybean seeds was isolated and put into the strainer in enzyme solu-
tion. The samples were incubated for 2 hours at 85 rpm at room tem-
perature with supplemental stirring every 30 min. Next, all of the cells 
and enzyme solution were transferred to a 15-ml conical tube and 
centrifuged for 6 min at 200g. The supernatant was removed, and the 
pellet was resuspended with 1 ml of bioink (Table 1). The resuspended 
solution was transferred to a 70-m filter placed on top of a 50-ml 
conical tube. All the filtered liquid was transferred to a 40-m filter 
placed on top of a 50-ml conical tube. The subsequent filtered liquid 
contains the protoplasts used for bioprinting. The volume of cells in 
each solution was estimated using a hemocytometer.

Bioink and 3D bioprinter
The isolated protoplasts were resuspended in a specialized bioink 
that consisted of the PIM that was supplemented with 0.6% low 
melting agarose (Sigma-Aldrich) to provide support for cell growth. 
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Namely, the PIM containing the protoplasts was mixed with a 
stock scaffold solution consisting of 2.4% agarose dissolved in PIM, 
at a ratio of 3:1, to yield the desired bioink used for bioprinting. 
For the experiments using alginate as scaffold material, the PIM 
or PCIM containing the protoplasts was mixed with a stock solu-
tion of 3% alginate dissolved in PIM or PCIM, respectively, at a 
ratio of 3:1.

The protoplasts were printed with a 3-ml syringe barrel that 
incorporated an axial piston, using an extrusion 3D bioprinter 
(CELLINK BIO X), into an eight-well -slide (ibidi), which facilitated 
the acquisition of cell images at multiple time points. To facilitate 
the collection of the bioprinted constructs for transcriptomics, the 
protoplasts were printed into a two-well -slide (ibidi). The bioink- 
embedded protoplasts are printed at a temperature of 37°C, rendering 

liquid low melting agarose. To minimize the effects of shear stress 
on the suspended cells during the 3D bioprinting process, the sterile 
blunt needle tip inner diameter and extrusion pressure were optimized. 
The optimized bioprinting parameters used are listed in Table 2. 
The extrusion of the protoplast-embedded bioink was followed by 
reversible thermal gelation of the agar by free convection, which 
resulted in a temperature reduction and solidification of the scaf-
fold material, thus ensuring the fabrication of the desired 3D con-
struct. The gelation of the alginate constructs in each well was 
achieved by a short treatment with 1% CaCl2 for 30 s. The protoplast- 
embedded bioink was extruded into eight-well -slides, with each 
well holding four bioprinted droplets. To prevent drying of the 3D 
constructs and allow for nutrient and hormone exchange, the cells 
are covered with 250 l of PIM in each well. Resupplantation of the 
PIM was performed every 2 days. The bioprinted constructs were 
kept in the dark. For soybean bioprinted constructs, 250 l of shoot 
induction medium was used as refreshment at 7 and 14 days after 
bioprinting.

Staining and confocal imaging
Before image acquisition, cells were stained with 0.01% fluorescein 
diacetate (Sigma-Aldrich), a cell-permeable esterase substrate that 
measures intracellular enzymatic activity. For fig. S1, cells were also 
stained with 1 M propidium iodide. Image acquisition was per-
formed on a Zeiss LSM 880 confocal microscope. For each indepen-
dent experiment, 10 bioprinted constructs were imaged by obtaining 
z-stack images with 5 to 20 m slices. Each z-stack contained be-
tween 50 and 300 cells. The obtained microscopy images were sorted 
per day, and each folder of images corresponding to a specific day 
was analyzed separately with our in-house developed pipeline to 
improve counting strategies.

Table 1. Recipe for PIM, SIM, and PCIM. The pH was set to 5.7 followed by autoclaving. Antibiotics were filter-sterilized and added after autoclaving. 
PIM, protoplast induction medium; SIM, shoot induction medium; PCIM, protoplast callus induction medium [adopted from Sakamoto et al. (21)]. 

PIM (A. thaliana) PIM (soybean) SIM (soybean) PCIM (A. thaliana)

in 100 ml of H2O in 100 ml of H2O in 100 ml of H2O in 100 ml of H2O
1/2 B5 medium Sigma-Aldrich 0.153 g 0.153 g 0.32 g 0.153 g

Sucrose Thermo Fisher Scientific 10.3 g 2 g 3 g /

Glucose Sigma-Aldrich / / / 2 g

d-Mannitol Sigma-Aldrich / 7.28 g / 7.28 g

2,4-D (2,4-Dichlorophenoxyacetic acid) MP Biomedicals 0.02 mg / / 0.1 mg

NAA (1-Naphthaleneacetic acid) Sigma-Aldrich / 0.1 mg / /

BAP (6-Benzylaminopurine) MP Biomedicals 0.03 mg 0.01 mg 0.11 mg /

TDZ (Thidizuron) Caisson Labs / / / 17.6 g

MES Thermo Fisher Scientific 0.01 g / 0.059 g 0.05 g

CaCl2-H2O2 VWR 37.5 mg / / /

Sodium succinate Sigma-Aldrich 27 mg / / /

Folic acid Sigma-Aldrich 0.2 mg / / /

Phytosulfokine MyBioSource 0.0085 mg / / /

Timentin VWR 2 mg 2 mg 5 mg 2 mg

Cefotaxime Caisson Labs / / 20 mg /

Vancomycin Research Products 
International / / 5 mg /

Table 2. 3D bioprinting parameters.  

Parameter Arabidopsis Soybean

Inner diameter needle 
tip 159 m (30 gauge) 413 m (22 gauge)

Extrusion pressure 20 kPa 20 kPa

Printhead Extrusion Extrusion

Extrusion temperature 37°C 37°C

Extrusion time 0.8 s 0.8 s

Printbed temperature Room temperature or 
15°C Room temperature

Average cellular 
density 1392 ± 152 cells/l 1379 ± 288 cells/l
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Automated image analysis pipeline
To facilitate repeatable, robust, and rapid analysis of a large number 
of confocal images of cells, we generated an automated open source 
image analysis pipeline that can be run through an R Shiny GUI (50). 
The GUI runs three in-house developed python scripts in the back 
end. The first python script separates the fluorescence and bright-field 
channels, performs a z-projection of the bright-field channel using 
minimum intensity, and saves the projections as .png files. This func-
tion relies on the pyimageJ package (51). The second python script 
quantifies cells in the bright-field channel using the publicly available 
OpenCV Computer vision library for tracking and counting of cells. 
The script performs contrast-limited adaptive histogram equalization 
on the bright-field images and uses an edge detection algorithm to 
detect and count cells (52). The third script separates fluorescence 
and bright-field channels, performs z-projection of the fluorescence 
channel using maximum intensity, and detects and quantifies cells 
in the fluorescent channels with ComDet v 0.5.3, an open source 
plugin for ImageJ (53). This function also relies on the pyimageJ 
package (51). The program code for the entire image analysis pipeline 
contained in Python and further developed into an R Shiny applica-
tion (50) can be easily accessed, along with the usage instructions, from 
the Github repository at https://github.com/LisaVdB/Confocal-z- 
stack-cell-detection or Zenodo at 10.5281/zenodo.7012765.

To run our shiny R GUI, the required dependencies need to be 
installed. We recommend using anaconda to set up the environment, 
which includes R (4.1.2), RStudio, python (3.8.12), OpenCV (4.5.4), 
pyimageJ (1.0.2), and JAVA jdk (11.0.9.1). More instructions on cre-
ating the correct environment can be found on the Github repository. 
Next, download and unzip the Github repository. To successfully run 
the GUI, the python path in the .Rprofile needs to be changed to the 
python path of the setup environment. Copy the to-analyze confocal 
lsm images in the “in” folder. To launch the GUI, open the “server” or 
“ui” file in Rstudio and click on “Run App” on the bar menu. The 
GUI will launch in your browser or within Rstudio depending on 
your settings. Adjust the parameters with the sliders to analyze the 
fluorescent and bright-field channels of the confocal images as fol-
lows. For the bright-field channel analysis, the minimum and maxi-
mum area determine the size of the detected cells. The threshold 
values are used to convert the .png images into multiple binary imag-
es, one for each threshold ranging from the minimum to the maxi-
mum threshold with a step of 2. Thus, pixels below the minimum and 
above the maximum threshold will always be 0, while the rest is set to 
255. Pick a small minimum threshold and adjust it such that there are 
little to zero false-positive and false-negative detected cells. The circu-
larity parameter defines how circular the cells are. The maximum cir-
cularity is 1 and describes a perfect circle. The convexity characterizes 
the shape of the cells to be detected. The more circular the cells are, 
the higher their convexity is. The color parameter filters can be set 
either to 0 or 1 to detect dark or light cells, respectively. For the fluo-
rescent channels, the area and threshold parameters can be set from 0 
to a certain value to determine the area of the detected cells or the inten-
sity difference between the foreground and background of the binary 
images, respectively. The options “include large cells” and “split large 
cells” are marked when it is necessary to quantify large particles and 
further split them into smaller ones, respectively. After the completion 
of the image analysis, the cell counts can be downloaded as a .csv file, 
and output images can be found in the “out,” “bf,” and “gc” folders. 
The cell counts were processed and visualized in R (version 4.0.2) us-
ing ggplot2 (54).

Transcriptomics
For the expression profiles, we collected RNA from bioprinted con-
structs and isolated cells from meristematic and differentiated root 
tissue as follows. The liquid PIM was removed from the two-well 
slides without disturbing the bioprinted constructs. Next, bioprinted 
constructs were collected in a 2-ml Eppendorf tube with 0.5-mm glass 
beads (Next Advance) using a 1000-ml pipette tip and immediately 
flash-frozen in liquid nitrogen. In addition, isolated cells before bio-
printing were also collected in a 2-ml Eppendorf tube with 0.5-mm 
glass beads (Next Advance) and immediately flash-frozen in liquid 
nitrogen. We performed three independent experiments. To extract 
the RNA, 500 l of TRIzol (Thermo Fisher Scientific) was added and 
the cells were disrupted within TRIzol using a mill mixer at 30 Hz for 
5 min at room temperature. RNA was further purified using chloro-
form and the RNeasy Micro Kit (Qiagen). cDNA synthesis and 
amplification were performed using the NEBNext Poly(A) mRNA 
Magnetic Isolation Module followed by the NEBNext Ultra II Direc-
tional RNA Library Prep and NEBNext Multiplex Oligos for Illumina 
(Dual Index Primers Set 1) and sequenced using an Illumina Nova-
Seq6000 sequencing machine, with 150–base pair paired-end reads.

Gene expression analysis of raw RNA-seq data was performed 
using the TuxNet interface (55). Specifically, TuxNet uses ea-utils 
fastq-mcf for preprocessing, hisat2 for genome alignment, and 
Cufflinks for differential expression analysis (data S4). The expression 
was scaled for each gene using a min-max scaler formula, where the 
minimum and the maximum were set to 0 and 1, respectively. Sig-
nificant DEGs were selected using a q value threshold of 0.05 and 
an absolute fold change threshold of 2 of the pairwise comparisons 
between the three time points in bioprinted differentiated root cells 
and between the bioprinted constructs and the isolated cells at day 0. 
Selected DEGs were clustered using hierarchical clustering. Enriched 
GO terms for each cluster were identified with PANTHER (56). To 
summarize and reduce redundant GO terms, Revigo was used (57). 
When comparing bioprinted constructs with isolated cells from mer-
istematic and differentiated tissue at day 0, we identified 1428 and 
1514 DEGs, respectively (fig. S6A). We further identified six clusters 
of coexpressed genes for the combined 2463 DEGs that showed dif-
ferent enriched GO terms (fig. S6B). The largest cluster 1 and cluster 
6 contain genes up-regulated in the isolated cells of which the en-
riched GO terms relate to metabolic processes. Clusters 2, 3, and 4 
contain genes up-regulated in the bioprinted constructs of which the 
enriched GO terms relate to protein folding and RNA transport.

Specific cell cycle or regeneration genes were selected by a key-
word search in The Arabidopsis Information Resource (TAIR) of 
genes associated with either “regeneration,” “redifferentiation,” 
“dedifferentiation,” or “mitotic cell cycle.” Additional cell differentiation- 
and regeneration-related genes were identified from callus regen-
eration studies (1, 28). To visualize gene expression, heatmaps of 
the scaled expression were generated in R (version 4.0.2) using 
ggplot2 (54). All sequencing data are available at Gene Expression 
Omnibus (GEO) (GSE208176).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp9906
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