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Cell encapsulation within alginate-poly-L-lysine (PLL) microcapsules has been developed to
provide a miniaturized three-dimensional (3D) microenvironment with an aqueous core while
promoting development of encapsulated cells into high cell-density structures. In this paper, a novel
method for fabricating shape-controlled alginate-PLL microcapsules to construct 3D cell structures
based on electrodeposition method is provided. Two-dimensional Ca-alginate cell-laden gel
membranes were electrodeposited onto a micro-patterned electrode and further detached from the
electrode. The PLL was coated onto the gel structures to form alginate-PLL complex as an outer
shell and sodium citric solution was utilized to melt the internal alginate to achieve miniaturized 3D
microcapsules (sphere, cuboid, and rod shape). By this proposed method, rat liver cells (RLC-18)
formed multi-cellular aggregates with high cell-density after cultivation for 2 weeks.

1. Introduction
Recent advances in tissue engineering have relied upon development of methods to place spatially
selective biological components at specific three-dimensional (3D) locations [1-3]. There is similar interest
in developing methods to assemble cells within bio-scaffolds for fabrication of 3D cell structures. Current
methods to assemble cells into two-dimensional (2D) or 3D structures include non-spherical polymeric
microparticle in situ photo-polymerization [4, 5], cell patterning on 2D surfaces by using dielectrophoresis
technique [6, 7], 3D bio-printing [8, 9], cell sheet engineering [10], and cell encapsulation units [11, 12].
Thus, many fabrication methods have been developed to immobilize and culture cells in 3D formats.
The use of alginate-poly-L-lysine (PLL) microcapsules has shown great potential in fabricating 3D cell
structures with high cell density ever since Lim et al. first reported this approach for fabrication of
microencapsulated islets for implantation in 1980 [11]. Lately, cell-laden Ca-alginate fibres or droplets
have been transformed into 3D microcapsules to form tissue-like cell spheroids and cylindroids after longterm cultivation [13, 14]. These microcapsules provide a soft and "liquid-like" platform that mimics the
embryonic microenvironment for self-assembly of cells [15]. Small molecular weight substances like
nutrient and oxygen molecules can pass through the alginate-PLL membrane of microcapsules, while cells
are blocked by the membrane [12, 16]. However, because of the mechanism of Ca-induced alginate gel
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formation, it is still difficult to precisely control the gelation process to produce alginate-PLL
microcapsules with specific shape. Therefore, despite the commonly used alginate fibres or droplets
generated microfluidic devices, there is still a lack of an efficient approach to achieve shape-controlled
alginate-PLL microcapsules for 3D cell structure fabrication.
For production of shape-controlled alginate-PLL microcapsules, the electrodeposition method is a
promising technique. Electrodeposition of Ca-alginate hydrogels on specific device plays an important role
in entrapment and immobilization of biological components, such as cells and bacteria, for studying cellcell signalling and 3D cell culture [3, 17]. Cheng et al. demonstrated a novel approach for fabrication of
alginate gels inside a microfluidic system [17, 18]. In their work, a Ca-alginate composite hydrogel biofilm
entrapping bacterial cells was fabricated on gold electrodes inside the microfluidic system, with its shape
controlled by using electrical signals. By electrodeposition, Ca-alginate gelation can be triggered by an
electrical signal, which enables us to fabricate an in situ Ca-alginate gel membrane with controllable size
and shape on microelectrodes. Consequently, other researchers have also focused on the fabrication of cell
structures by depositing cell-laden alginate gel on electrodes [19, 20]. Their results show that cell viability
can be maintained during culture, but cells did not spread because of the lack of cell adhesion molecules
and spaces within the Ca-alginate gel. Thus, promoting cell proliferation has become the main challenge
concerning the electrodeposition method for 3D cell structure fabrication.
Therefore, we introduced a new approach to solve the issue of cell proliferation in the electrodeposition
method. Our approach particularly aims at the fabrication of shape-controlled alginate-PLL microcapsules
for 3D cell structures based on electrodeposition. In this study, we applied the electrodeposition method to
alginate-PLL microcapsule fabrication by transforming the 2D gel membrane into 3D microcapsules. A
Ca-alginate gel membrane was formed on the micro-patterned fluorine-doped tin oxide (FTO) electrode,
thus forming a microfabricated conductive array. The electrodeposition-based gel-membrane formation
process was applied to cell encapsulation into alginate-PLL microcapsules with liquid cores (sphere,
cuboid, and rod), where cells were cultivated for 2 weeks. Our method was enabled by a suitable platform
for construction of 3D high cell-density structures by using shape-controlled alginate-PLL microcapsules.
This platform has potential to stimulate new uses for microencapsulation technology in various
applications such as in tissue engineering.
2. Materials and methods
2.1. Materials and solution preparation
Sodium alginate (A2033, Sigma-Aldrich, St Louis, MO), sodium citrate tribasic dihydrate (S4641, SigmaAldrich, St Louis, MO), PLL hydrobromide (molecular weight 30,000–70,000 Da, Sigma-Aldrich, St
Louis, MO), fluorine-doped tin oxide coated glass slide (surface resistivity ~7 Ω/sq, 735140, SigmaAldrich, St Louis, MO), and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 346-01373,
Wako Pure Chemical Industries, Osaka, Japan) were used. Calcium carbonate (CaCO3, ϕ 0.97 µm, #2300)
was supplied by Sankyo Seifun Ltd (Japan). Photoresist (AZ 5214 E) was purchased from AZ Electronic
Materials (Germany) GmbH. Water used to prepare the solution was deionized with a Millipore Direct-Q3
water purification system (Millipore, Worcester, MA).
2.1.1. Deposition solution. The deposition solution was prepared by dissolving 1% (w/v) sodium alginate
in solution containing NaCl (126 mM), KCl (2.7 mM), Na2HPO4·12H2O (8.1 mM), KH2PO4 (1.47 mM),
and HEPES (21 mM). The pH was adjusted to 7.3 by adding 0.5 M NaOH solution. CaCO3 (0.5%, w/v)
was uniformly dispersed in the solution by using a magnetic stirrer for 24 h.
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2.1.2. HEPES buffer solution. The HEPES buffer solution was prepared by dissolving HEPES (5 g/L) in a
solution containing NaCl (8 g/L), KCl (0.37 g/L), Na2HPO4 (1.076 g/L), and glucose (1 g/L). The pH was
adjusted to 7.3 by adding 0.5 M NaOH solution.
2.1.3. Calcium chloride solution. To prepare 1.1% (w/v) calcium chloride solution, 5.5 g of CaCl2
(anhydrous) was dissolved in 50 mL distilled water.
2.1.4. Sodium citrate solution. Sodium citrate tribasic dihydrate (1.62 g) was dissolved in 100 ml of 0.45%
(w/v) NaCl solution to prepare 55 mM sodium citrate solution.
2.1.5. Cell viability test solution. The cell viability solution was prepared by mixing 0.8 μL calcein AM (1
mg/mL, Wako Pure Chemical Industries), 2.8 μL propidium iodide (PI, 1 mg/mL, Wako Pure Chemical
Industries), and 1 mL HEPES buffer solution.
2.2. Fabrication of the micro-patterned electrode
The photolithographic technique was used to construct the electrode used in this experiment. Briefly, the
FTO glass slide was washed with acetone, isopropyl alcohol, and Milli-Q water by using an ultrasonic
cleaner. The patterned electrode was fabricated by coating 1.4-μm thick photoresist (AZ 5214 E) on the
surface of the FTO glass. The photoresist was exposed to UV light (power, 19 mW/cm2; 4 s) through a
specially designed chrome mask. To demonstrate the feasibility of this method for electrodeposition of Caalginate hydrogels with controllable shape and size, micro-patterns of different geometry, including circle,
square, and rectangle, were prepared as shown in figure 1(1). Diameter of the circular pattern was 1 mm,
length of the square pattern was 1 mm, and length and width of the rectangular pattern were 2.5 mm and
700 µm, respectively.
These geometries were chosen in the current work to eventually fabricate 3D cell structures in sphere,
cuboid, and rod shapes because of the following reasons. 1) Cell aggregations in spheroid forms are among
the most widely used models for 3D cell culture. Liver-specific gene expression has been observed to
increase for 3D cultured spheroids compared to 2D monoculture [20]. 2) Cuboid structures indicate the
capacity of the current method for fabricating predefined structures accurately because cells aggregations
tend to form spheroids rather than cuboids during regular 3D cell culture. 3) Cell-encapsulated rod
structures can be potentially applied to vascular tissue engineering [13]. Hepatocyte cylindroids show
highly differentiated functions and may be used to develop a hybrid artificial liver in the future [21].
2.3. Cell culture
Rat liver (RLC-18) cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin in a 10-cm tissue culture dish at 37°C
in a humidified 5% CO2 incubator. Upon reaching 90% confluence, cells were detached using
trypsin/EDTA (Invitrogen) and were gently pipetted to break aggregates. Cells were then centrifuged
(1000×g, 2 min, 37 °C), re-suspended, and counted for further passage or experimental use.
2.4. Fabrication of 2D Ca-alginate gel membranes on the electrode by using electrodeposition
The electrodeposition method is a powerful tool in cell manipulation and assembly because it is a
programmable method for the spatiotemporally controllable assembly of cell populations for 3D cell
culture and for studying cell-cell signalling [3, 17, 19]. Alginate and chitosan are commonly used
hydrogel-forming polysaccharides for electrodeposition [3, 22]. However, the pH change required to
trigger the formation of the chitosan hydrogel is lethal to cells, which makes chitosan unsuitable for cell
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entrapment. Unlike chitosan, the electrodeposition of alginate hydrogel provides a programmable and
biocompatible method for spatially selective cell entrapment and 3D cell culture [20].
The procedure for fabricating Ca-alginate gel membranes is illustrated in figure 1. A schematic illustration
of the mechanism for calcium alginate electrodeposition is shown in figure 1(3). Briefly, deposition
solution (500 μL) mixed with RLC-18 cells (cell density, 5 × 106 cell/mL) was placed on the patterned
electrode area. One copper wire was immersed into the deposition solution (about 1 mm length) as a
cathode while the other copper wire was attached to the FTO surface as an anode. Both wires were
connected to a DC power supply. The distance between the copper wire (cathode) and the FTO surface
(anode) was approximately 5 mm. A DC voltage (4.5 V) was applied to the FTO electrode for 15 s to
trigger H+ generation by the electrolysis of water and form a pH gradient at the anode surface (2H2O → O2
+ 4H+ + 4e-). Ca2+ was released from CaCO3 particles because of encountering protons at the anode (2H+ +
CaCO3 → Ca2+ + H2O + CO2). Ca-alginate hydrogel membranes were formed on the bare patterned
electrode area in the presence of Ca2+, because Ca2+ ions act as ionic bridges between L-guluronic acid
residues on adjacent chain segments (Ca2+ + 2Alg-COO- → Alg-COO-–Ca2+–-OOC-Alg). After 15 s, the
DC power supply was turned off, and the FTO electrode was immediately immersed into the HEPES
buffer solution in a 10-cm petri dish to flush away the deposition solution.
2.5. Detachments of the 2D gel membrane from electrode surface
The 10-cm petri dish was capped and manually shaken to wash gel membranes for several minutes until
the membranes showed a clear boundary. Then, gel membranes were detached from the FTO electrode by
gently pipetting and transferred into a 10-ml centrifuge tube for further experiments.
2.6. Formation of 3D alginate-PLL microcapsules
Process of alginate-PLL capsules system is illustrated in figure 1(5-7). Before reaction with the PLL
solution, Ca-alginate cross-linked gel structures within the HEPES buffer are composed of a matrix of
alginate and calcium with entrapped islets. After treatment with the PLL solution, sodium is substituted by
PLL to form a complex, alginate-PLL-alginate (APA), which is a semi-membrane and is approximately 4
µm in thickness [16, 23].
The alginate-PLL encapsulation procedure used in this study was a modified version of the conventional
technique [11]. After transferring gel membranes to a 10-ml plastic centrifuge tube with a conical bottom,
gels were washed with 1.1% (w/v) CaCl2 solution to harden the gel structure. The supernatant was then
removed by a vacuum aspirator. A semi-permeable alginate-PLL complex membrane was formed by
reacting Ca-alginate gel structures with 0.05% (w/v) PLL solution for 5 min. During this reaction, the
centrifuge tube was shaken gently to prevent microcapsules from sticking together. The microcapsules
were then washed with 1.1% (w/v) CaCl2 solution and HEPES buffer solution. Treatment with 2 ml of 0.03%
(w/v) sodium alginate solution for 4 min caused the formation of an outer layer on the capsules.
Microcapsule cores were liquefied with 55 mM sodium citrate solution for 6 min to from 3D alginate-PLL
microcapsules. The microcapsules were then washed several times with HEPES buffer solution to remove
the extra citrate and transferred to a 35-mm tissue culture dish.
2.7. Cell viability
To confirm whether the presented method is suitable for biological applications, the cell viability of gel
membrane soon after electrodeposition and that of 16-day cultured 3D tissue were measured. The
fabricated structures by electrodeposition were washed once with HEPES buffer solution and incubated in
the cell viability test solution for 30 min. Thereafter, the structures were washed with HEPES buffer
solution. A fluorescent microscope was used to observe the samples. By calculating the number of
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live/dead cells in each obtained image, cell viability was found. For the 16-day cultured high cell-density
structures, red (dead cells) and green (live cells) fluorescent areas in each image were measured using
ImageJ.
2.8. Cell culture within 3D alginate-PLL microcapsules
After formation of 3D alginate-PLL microcapsules, cells encapsulated within these microcapsules were
cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin in a 5% CO2 incubator.
After 1-day culture, the culture dish was changed to remove extra cells that grew on the dish. The
microcapsules were further cultured for 2 weeks to form 3D cell structures. These microcapsules were
observed under a microscope during culture.
2.9. Detection and analysis system
The Ca-alginate gel structures and alginate-PLL microcapsules were observed under a microscope (IX81,
Motorized Inverted Research Microscope, Olympus, Japan) in bright field and fluorescence modes. Images
were captured using the CCD camera on the microscope. An image analysis software (ImageJ, National
Institutes of Health, USA) was used to analyse characteristics of the microcapsules.
2.10. Statistics analysis
The values were expressed as mean ± standard deviation (SD). Whenever appropriate, the two-tailed
Student’s t-test was used to discern the statistical difference between groups. A probability value (p) of less
than 0.05 was considered to be statistically significant
3. Results and discussion
3.1. Fabrication of 2D Ca-alginate gel membranes on an electrode by using electrodeposition
Top images in figure 2(c–e) show designed patterns on the microelectrode (circular, square, and rectangle,
respectively). As shown in the left images of figure 2(c–e), the 2D Ca-alginate hydrogel membrane was
successfully fabricated on the microelectrode by using the electrodeposition. Figure 2(c) shows a circular
gel membrane with a diameter of approximately 1.2 mm, while the diameter of the micro-pattern was 1
mm. Figure 2(d) shows a square-shaped gel membrane with a characteristic length of 1.2 mm, while the
length of the micro-pattern was 1 mm. Figure 2(e) shows the right section of a rectangular gel structure
with the length of approximately 3 mm and width of approximately 900 µm, while the length and width of
the micro-pattern were 2.5 mm and 700 µm, respectively. The results indicate that the gel membranes were
slightly larger than their corresponding micro-pattern owing to the diffusion of calcium ions during the
electrodeposition process.
3.2. Detachment of the 2D gel structures from electrode surface
Generally, gel membranes can be easily detached from the FTO substrate by pipetting gently. However,
there are still several issues that need to be addressed. According to our study, gel membranes may break
into pieces during the detachment process because of incomplete gelation. Thus, a relatively high applied
voltage is recommended for electrodeposition to achieve a well cross-linked gel membrane that can
maintain its morphology during detachment. However, if the applied voltage exceeds a threshold (in our
experimental setup, it was 4.8 V for 15 s), bubbles are formed within the gel structure (figure S1), which
caused a partial PLL coating that ultimately failed. This phenomenon was also reported in other studies [3,
20]. Therefore, the applied voltage was limited to 4.8 V, and we chose to use a DC voltage of 4.5 V for 15
s to produce gel membranes. The produced gel membranes were strong enough for detachment and bubble
generation was avoided.
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3.3. Formation of alginate-PLL membrane microcapsules
Fabrication results of 3D hydrogel-PLL microcapsules are shown in figure 2(a). Sphere, cuboid, and rod
microcapsules were observed from different angles (figure 2(c–e)), which were confirmed by rotating the
microcapsules. The black granules remaining on the interior surface represent CaCO3 particles.
The architecture of these alginate hydrogel-PLL microcapsules includes a central core of Ca2+-cross-linked
alginate gel that can provide an aqueous microenvironment and a two-layer shell consisting of a PLL inner
layer and sodium alginate outer layer, as shown in figure 2(b). The alginate-PLL semi-membrane permits
passage of low molecular weight substances, such as nutrients and oxygen, to the core and passage of
metabolic products from the core, while retaining the core material within the microcapsule [12].
The success rate of transforming 2D alginate hydrogel membranes into 3D alginate hydrogel-PLL
microcapsules was relatively high (approximately 85%). However, if bubbles were present in gel structures
after electrodeposition, conversion to alginate-PLL microcapsules may fail because the bubbles create
holes in the gel structure (figure S1). Therefore, as mentioned in section 3.2, the applied voltage and
deposition time should be maintained within an optimum range to avoid bubble formation.
While performing the step of PLL coating and alginate coating, it causes the aggregation due to the
chemical reaction. Thus, before we add the reagent such as the PLL solution or alginate solution in each
step, the centrifuge tube should be shook gently to make the samples keep distance with each other instead
of stacking together. Thus, after adding the new reagent, aggregation was not happened.
In the present study, the average core diameter of the microspheres was approximately 630 µm, as shown
in figure 2(f). The average core length of the microcube was approximately 500 µm, as shown in figure
2(g). The length of the rod was approximately 1800 µm, while its width was approximately 240 µm (figure
2(h)). Compared with the initial size of the micro-pattern, the size of microcapsules was decreased to
approximately half. This shrinkage of calcium alginate gels after gel formation is a general phenomenon
also observed in other studies [14].
To quantitatively analyse this shrinkage phenomenon and investigate the relationship between sizes of 2D
gel structures generated after electrodeposition and those of 3D microcapsules, the following four
parameters were measured for each spherical, cubic, and rod microcapsules as shown in figure 2(f–h):
a: size of micro-pattern on electrode
b: size of 2D gel membranes after electrodeposition
c: size of microcapsules
d: size of core
Parameter c represents the total size of microcapsule, while parameter d only represents the size of core as
shown in figure 2(c–e). The edge area of gel structures was not transformed into the microcapsule and
consistently remained 2D (figure 2(a)). This phenomenon may be caused by the edge area of these 2D gel
structures after electrodeposition being too thin. After being coated with PLL and dissolution of the
alginate inside, these thin areas stick together.
Table I shows parameter ratios dependent on the shape of alginate-PLL microcapsules. The b/a ratio is
defined as the dimensional resolution, where parameters a and b denote sizes of circular, square, and
rectangular micro-patterns and corresponding sizes of Ca-alginate hydrogels produced by these micropatterns, respectively. The d/b ratio is also defined as the dimensional resolution, where parameter d
denotes the core size of the circular, square, and rectangular shapes. The d/b ratio shows a small range
from 0.40x to 0.50x, which indicates that size of microcapsules can be controlled using our method.
Therefore, these results validate the feasibility of our approach to fabricate shape-controlled alginate-PLL
microcapsules. Furthermore, it is noteworthy that prepared alginate-PLL microcapsules were strong
enough to be handled with tweezers.
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3.4. Cell culture within 3D alginate-PLL microcapsules
RLC-18 cells were successfully encapsulated within 3D microcapsules for long-term culture to form
structures with high cell-density (similar to that found in vivo: 108–109 cells cm−3). However, according to
our culture results, after 9-day cultivation, there was still much space that was unoccupied by cells [27].
Therefore, to reduce culture time, we reduced the size of the micro-patterns and eventually achieved cell
structures with sizes less than 500 µm in diameters within 2 weeks (figure 4(a)). Results of long-term
culture within the current microcapsules are shown in figure 4(b-d). After 2-week cultivation, 3D cell
structures (sphere, cuboid, and rod) were fully occupied by cells at high cell density.
3.5. Evaluation of cell viability
During electrodeposition, an acid gradient is generated around the electrode that may have a lethal effect
on cells viability. Thus, cell viability was studied soon after electrodeposition. Cell viability was found to
be maintained at approximately 75% by adding 20 mM HEPES to the deposition solution (figure 3).
Compared with other groups, for example, Cheng et al.[24] reported more than 80% cell viability after
immobilization and culturing of myeloma cells by using electrodeposition of calcium alginate gel.
However, cancer cells are not sensitive to changes in pH compared to normal cells [25]. Shi et al.[26]
reported the electroaddressing of Escherichia coli cells by deposition with Ca-alginate hydrogels. Here, we
successfully maintained cell viability by co-deposition with a normal cell line (RLC-18 cells) through the
electrodeposition process. Therefore, we confirm the feasibility of the current method for immobilizing
normal cells without compromising cell viability under physiological conditions.
Figure 5 shows cell viability in 17-day cultured 3D cell structures assessed using the live/dead assay kit;
the viability was approximately 96%. No necrotic area, caused by high cell-density due to cell proliferation
and tissue contraction, was found in the central tissue because the microcapsule size was optimal for
nutrient transportation. These results also indicate that presence of residual CaCO3 particles within
microcapsules has not caused serious toxic effect on encapsulated cells. However, the direct contact with
CaCO3 may cause the inflammatory of cells. To remove the possible side effects of residual CaCO3, nanoCaCO3 may go through the PLL-alginate semi-membrane instead of being entrapped within the
microcapsules. Furthermore, since our system allows precise control over the size of 3D microcapsules, it
is possible to fabricate cell structures that respond to varying cell lines.
Figure S2 shows fabricated microelectrodes used in this study. In total, there are 42 predefined
microelectrodes on the FTO glass slide, including 20 circular, 10 square, and 12 rectangular patterned
microelectrodes. The throughput of the approach described in this paper for cell encapsulation can be
increased by increasing number of microelectrodes since deposition time of electrodeposition process is
independent to the number of microelectrodes. Cell-encapsulated 3D microcapsules can potentially be
applied to tissue engineering. It has been reported that hepatocyte cylindroids have high cell activity and
maintain highly differentiated functions [21]. Shape-controlled microcapsules of 100-μm size have various
advantages, including high nutrient and oxygen transport and high cell activity. The technique describe in
this paper for fabrication of shape-controlled 3D cell structures will be useful for application to tissue
engineering and cell transplantation.
The present method only requires conventional chemicals and can be performed without a sophisticated
technique. Thus, the present electrodeposition method for fabrication of 3D cell structures is simple,
especially in the following points: (1) The electrodeposition approach is by now reasonably well
established, and electrodeposition of gel structures on 2D electrode have been well characterized in many
related work. (2) The detachment process of gel structures from 2D surface can be easily achieved by
pipetting or shaking as we discussed. (3) The gel structures are strong enough to maintain their
morphology without any defect while going through all the process. (4) The gel structures or
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microcapsules can be transferred simply by a 1 ml pipette. (5) The failure cases are mainly caused by the
bubble interference which can be avoided as we mentioned. Because of its simplicity, the present method
based on electrodeposition is applicable to the construction of shape-controlled microtissue.
4. Conclusion
In summary, we applied the electrodeposition method to produce 3D high cell-density shape-controlled
microcapsules. Achievements of our approach include generation of 3D alginate-PLL microcapsules with
specific shape by electrodeposition, successfully encapsulation of living cells, rat liver cell RLC-18, into
these microcapsules (sphere, cuboid, and rod shape), and generation of structures with high cell-density by
2 weeks of culture. This method enabled formation of precise micro-scale tissues during tissue formation.
Use of this method to achieve specific 3D cell structures will create new opportunities for application of
microcapsule technology to tissue engineering.
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Table 1. Parameter ratios dependent on the shape of alginate-PLL microcapsules

Alginate-PLL
capsules
Sphere
Cuboid
Rod

Ratio: b/a

Ratio: d/b

1.22± 0.02x

0.49 ± 0.03x

1.23± 0.05x

0.41 ± 0.02x

1.24± 0.03x

0.42 ± 0.02x*

*Average value of the width ratio is 0.26x and length ratio is 0.58x.
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Legend
Figure 1. Procedure for fabricating shape-controlled alginate-poly-L-lysine (PLL) microcapsules based on
electrodeposition. (1) Briefly, patterned FTO electrodes were fabricated by the photolithograph process, (2) and an
alginate solution with CaCO3 particles and cells was housed on FTO electrodes. (3) Alginate gel membranes were
formed on FTO electrodes by electrodeposition. Schematic illustration of mechanism of calcium alginate
electrodeposition. (3-1) An acid microenvironment formed by electrolysis degrades CaCO3 particles to release Ca2+
ions (3-2), which cross-link with alginate to form the hydrogel in situ (3-3). (4) The formed alginate gel membranes
were detached by manual pipetting. (5) A semi-permeable alginate-PLL complex membrane was formed by
reacting the gel with PLL solution, (6) and the microcapsules cores were liquefied by sodium citrate to form 3D
alginate-PLL microcapsules. (7) Finally, high cell-density cell structures were achieved after long-term cultivation.

Figure 2. (a) Fabrication of 3D shape-controlled alginate-PLL microcapsules in sphere, cuboid, and rod shapes (cell
not loaded). (b) Diagram shows the structure of alginate-PLL capsules, which includes an aqueous core loaded with
cells and a two-layer shell consisting of a PLL inner layer and sodium alginate outer layer. (c–e) Bright field images
of micro-patterned alginate hydrogel membranes formed by electrodeposition and 3D microcapsules in sphere,
cuboid, and rod shapes, respectively. (f–h) Size distribution of micro-pattern, gel membrane, microcapsules and
core in sphere, cuboid, and rod shapes, respectively.

Figure 3. (a) Bright field and (b) fluorescent micrographs of RLC-18 cells entrapped in 2D electrodeposited Caalginate gel membranes without addition of 20 mM HEPES to the deposition solution. (c) Bright field and (d)
fluorescent micrographs of RLC-18 cells entrapped in 2D electrodeposited Ca-alginate gel membranes with
addition of 20 mM HEPES. The photoresist layer also shows red fluorescence. (e) Significantly increased
percentage of live cells was observed after addition of HEPES to the deposition solution (*, p < 0.05).

Figure 4. (a) Size of micro-pattern electrode used for 3D cell structure fabrication. Cell encapsulation and growth in
alginate-PLL microcapsules with different geometries for 2 weeks to form 3D high cell-density structures. Cell
growth in 200-µm diameter microcapsules with rod shape (b). Cell growth in 400 µm-diameter microcapsules with
sphere shape (c). Cell growth in 340-µm length microcapsules with cuboid shape (d).

Figure 5. (a) Bright field image of 3D high cell-density structure in sphere, cuboid, and rod shapes. (b–d) Cell
viability of 17-day cultured 3D tissue as assessed by using the live/dead assay kit.
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Responce to reviewers

Reviewer #1: This reviewer failed to see the contribution of the current paper, in comparison to earlier, related papers
referenced in the manuscript submitted. The electrodeposition approach is by now reasonably well established, and
contributions of the recent HQP need to be considered.

Thanks for your comments. Recently, the group of Prof. Yi Cheng and Prof. Ino Kosuke have done a nicely work and
published the HQP on this research area that related to my manuscript. In their work, most of the fabrication are
restricted to a 2D surface due to the principle of electrodeposition. Our work have successfully overcome this limitation
to fabricate 3D high cell density shape-controlled structures. Therefore, we believe the contribution of our work will
create new possibilities for the future applications of electrodeposition approach.

Reviewer #2: The work related to this manuscript has been done nicely to showcase the approach of electrodeposition
producing high cell density shape controlled structures. The manuscript is written nicely touching every point necessary. The
selection of material to cells have been chosen nicely. I believe that few more points need to be incorporated to increase the
impact.
1. If we go through the material and methods, initially it looks little harsh for cells to undergo all these process, but your live
dead assay pictures support your work.

Thank you for the comments. As you indicated, the results show that these liver cells can undertake all these process
while maintaining their viability as shown in Fig. 5.

2. As a major comment, it would be worthwhile if we could have MTS readings for the time points suggested in the
experiment.

This paper is mainly focusing on the shape-controlled fabrication and confirmation of the cell viability. It would be
interesting to investigate the relationship between shape and metastatic potential. Thus, checking the biofunctions of
the fabricated microtissue and do so in a quantities manner are what we are studying now. For example, we are
currently measuring the albumin secretion, urea secretion and metabolism of the liver microtissue corresponding to the
different shapes but same dimension. We expect that the microtissue with a shape similar to our native tissue will give a
higher reading than that of the common in vitro cell model such as cell spheroids.

3. Can you comment on the hand-ability of these gel structures during the span of whole experiment?

In the revised manuscript, we add the discussion of the hand-ability of these gel structures as follow: “The present
method only requires conventional chemicals and can be performed without a sophisticated technique. Thus, the
present electrodeposition method for fabrication of 3D cell structures is simple, especially in the following points: (1)
The electrodeposition approach is by now reasonably well established, and electrodeposition of gel structures on 2D
electrode have been well characterized in many related work. (2) The detachment process of gel structures from 2D
surface can be easily achieved by pipetting or shaking as we discussed. (3) The gel structures are strong enough to
maintain their morphology without any defect while going through all the process. (4) The gel structures or
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microcapsules can be transferred simply by a 1 ml pipette. (5) The failure cases are mainly caused by the bubble
interference which can be avoided as we mentioned. Because of its simplicity, the present method based on
electrodeposition is applicable to the construction of shape-controlled microtissue.”

4. While performing the final step of alginate coating (2.6), it did not cause any aggregation?

To avoid such aggregation, before adding the reagent such as the PLL solution or alginate solution in each step, the
centrifuge tube should be shook gently to make the samples keep distance with each other instead of stacking together.
Thus, after adding the new reagent, there will be no aggregation happened.

In the revised manuscript, we add the discussion in 3.3 as follow: “While performing the step of PLL coating and
alginate coating, it causes the aggregation due to the chemical reaction. Thus, before we add the reagent such as the
PLL solution or alginate solution in each step, the centrifuge tube should be shook gently to make the samples keep
distance with each other instead of stacking together. Thus, after adding the new reagent, aggregation was not
happened.”

5. The difference in florescence of photoresist layer in Fig 3 b and d? Change the identification of 3C to 3E in figure legends.

The purpose of the fluorescence images of Fig 3 b and d is to evaluate the cell viability. In Fig 3 b, it is an autofluorescence image. In Fig 3 d, the images of green and red fluoresce were obtained separately under different
excitation UV wavelength. Then, the separated fluorescence (red and green) images were combined into one image.
Therefore, the florescence of photoresist layer in Fig 3 b and d appears difference. But there is no problem to evaluate
the cell viability from these figures.

The identification was changed.

6. Standard deviation for b/a in Table 1?

It was fixed as the revised manuscript.

7. Value of y axis in Fig. 2 h.

It was fixed as the revised manuscript.

8. Addition of "top" view as in Figure 1 for graphical abstract will be a value addition for reader.

Please do not adjust margins

Please do not adjust margins

Journal NameARTICLE
It was fixed as the revised manuscript.

9. How did you determine the presence of no necrotic areas?

The UV light was used to evaluate the live/dead assay of our fabricated microtissue since the structures were not very
thick.

10. Comment about possible side effects of residual CaCO3.

In the revised manuscript, we add the discussion in 3.5 as follow: “However, the direct contact with CaCO3 may cause
the inflammatory of cells. To remove the possible side effects of residual CaCO3, nano-CaCO3 may go through the
PLL-alginate semi-membrane instead of being entrapped within the microcapsules.”

Reviewer #3:
While the materials utilized are very well characterized in prior work, there is some contribution here in terms of the shape
control achieved. The authors need to do a much more extensive job of looking into the cell viability of their process, and do so
in a quantitative manner.
The figures are not clear with respect to error bars - although they appear to be present, the figures are too small and vague.
The manuscript is too brief and lacking in depth to be a regular article. If it is to be considered, it would need to be a brief
report.

This manuscript mainly focus on the fabrication of the shape-controlled microtissue and confirmation of the cell
viability. In the future work, we will study on the measurement of the albumin, urea and metabolism secretion of the
liver microtissue corresponding to the different shapes but same dimension. We expect that the microtissue with a
shape that similar to our native tissue will give a higher reading than that of the common in vitro cell model such as the
cell spheroids.

We have improved all the figures by using high quality images as revised manuscript.
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