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Introduction

Why 3D cell culture urgently needed?

Tissue engineering has extremely influenced the develop-
ment process of basic biological studies and biomedical
technology. For quite a long time, the vast majority of these
researches have been relying on the experimental results of
conventional two-dimensional (2D) cell culture in flask, petri
dish or well plate. However, these 2D culture results could
be very different with or even totally opposite to the actual
situations in vivo where cells grow inside a 3D extracellular
matrix (ECM). Therefore, 3D cell culture has been playing a
more andmore significant role because of its higher accuracy
and authenticity [1–4].

Whatmethods of 3D cell culture have been used?

So far, there have been three main classes of 3D cell culture
method, namely low-adhesion reunion culture, suspension
drop culture, and hydrogel encapsulating culture. In low-
adhesion reunion culture method, cells are usually seeded on
the surface of petri dish with low adhesion, so that the cells
tend to aggregate with each other to form 3D particles rather
than attach or spread. In suspension drop culturemethod, cell
suspension droplets are hanged upside down on the base-
ment material. Cells would settle down with gravity effect
and gather at the bottom of droplets to form 3D cell micro-
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spheres. In hydrogel encapsulating culture method, cells are
mixed with hydrogel precursor. After that, with some forma-
tion approaches, precursor can be formed into specific 3D
shapes with certain intensity and provide a 3D growing envi-
ronment for the encapsulated cells. Compared with the two
former methods, the hydrogel can be combined with many
3Dbioprintingmethods to form special 3D structures [5–10].
What’s more, an ocean of micropores is produced during the
cross-linking treatment. The encapsulated cells can acquire
enough space formaterial exchanging; thanks to the hydrogel
network, so that the 3D samples can be designed with much
larger general sizes. Therefore, hydrogel encapsulating cul-
ture method is more closed to the actual conditions in vivo
and owns more potential to be extended in a large scale.

Why 3D cell culture not popular so far?

In our opinion, if the operation approach of 3D culture is
simple as 2D culture, it could be widely used by most of the
researchers. As we all know, with a long-term development,
2D cell culture has formed a full set of nearly perfect strategy
from culture to postprocess and characterization.However, in
3D cell culture process, researchers are confronted with dif-
ficulties to build 3D environment in a simple way. Hydrogels
with higher biocompatibility usually have weaker strength,
which makes them difficult to operate. Moreover, for sub-
sequent characterization, it should be convenient to collect
the cells inside hydrogels and carry out a series of biological
examinations.

Start a simple and effective 3D culture journey

In this technical note, we would like to share a brand-new
protocol of 3D cell culture based on photocurable hydrogels,
which is as convenient and feasible as conventional 2D cell
culture from culture system establishment to cell collection
without injury and relevant characterizations (Fig. 1). This
novel strategy consists of fourmain steps: bioink preparation,
culturing in 3D environment, cells collection, and biological
testing.
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Fig. 1 Workflow sketch of the facile 3D cell culture solution with GelMA

Here, we designed a series of devices to accelerate this 3D
culture process. A series of gelatin methacryloyl (GelMA)
hydrogels which can match the environment of different
organs from liver to cartilage, curing rings, timing blue light
source, and GelMA lysis solution can be chosen for carrying
out the proposed strategy to meet different 3D cell culture
requirements. We examined and confirmed the feasibility of
this protocol by culturing and characterizing several kinds
of cells in this way. In summary, we believe this facile 3D
cell cultureworkflowbased on photocurable hydrogels, espe-
cially GelMA, will potentially become the mainstream in
biomedical research.

Workflow

Step I: Bioink preparation

In actual organisms, different tissues own matrix with spe-
cific components and strength to achieve a series of biological
functions. Therefore, in terms of 3D cell culturing, the first
factor needs to be considered is the selection of ECM.
An appropriate ECM for 3D culture in vitro owns three
main requirements: biocompatible hydrogel basement, suit-
able strength, and other necessary ECM components. Here,
GelMA hydrogel is chosen as the ECM basement for 3D
culture in vitro because of its excellent biocompatibility and

formation capability [11, 12]. Select GelMA hydrogel with
suitable degrees of substitution and other necessary compo-
nents according to the actual tissue in vivo. For example, if
researchers want to culture liver cells in 3D ECM, they need
to select appropriate GelMA type which can achieve 6–8 kPa
tensile modulus after being cured [13]. Importantly, the acel-
lular matrix of liver tissue is needed to be added into GelMA
prepolymer solution. In terms of cartilage cells, researchers
need to add enough hyaluronic acid to realize relevant bio-
logical functions. After the selection of GelMA and other
components, GelMA prepolymer solution is prepared by dis-
solving the freeze-dried GelMA in phosphate buffer saline
(PBS) at suitable concentration containing photo-initiator
lithium phenyl-2, 4, 6-trimethylbenzoylphosphinate (LAP)
and the chosen additions. Cells are detached from flasks and
resuspended with the prepared solution to form the bioink.

Step II: Culturing in 3D environment

In culture process, for one thing, 3D cell culture needs all-
round material exchanging space, so samples have to float
inside the culturing medium rather than simply sink to the
bottomof petri dish. For another, cross-linkedGelMAhydro-
gel, especially with lower degree of substitution, has lower
mechanical strength though it has higher biocompatibility.
These 3D samples are always too soft to maintain the ini-
tial shapes during culturing and to manipulate in subsequent

123



Bio-Design and Manufacturing (2021) 4:149–153 151

Fig. 2 Cell viability and spreading capability in 3D culturing. a Live/Dead of rat ADSCs. b Live/Dead of hBMSCs. c F-actin/DAPI of rat ADSCs.
d F-actin/DAPI of hBMSCs

characterizations. Therefore, considering these dilemmas,
we invent curing rings, on which the prepared bioink is
poured and cross-linked. The grabbing handles or support-
ing feet on it can make it convenient to grab and form more
space for material exchanging, and denser grid can maintain
the shape of cross-linked GelMA with lower modulus. Here,
the bioink is poured on the curing ring and cured by timing
blue light source for 5–10 s.

Step III: Cells collection

After being cultured for several days, the samples can be post-
treated for cell examination and analysis. Two situations exist
in 3D samples posttreatment. For one thing, hydrogel in some
samples do not have to be degraded, and cells can be simply
treated such as staining cell products. The stained samples
can be directly observed under optical microscopy or confo-
cal fluorescent microscopy. For another, in some biological
testing items, such as flow cytometry (FCM), polymerase
chain reaction (PCR), and enzyme-linked immunosorbent
assay (ELISA), cells in the 3D samples have to be separated
with hydrogel. Thus,we designedGelMA lysis solution,with

which the cured GelMA can be easily degraded without cell
damage.

Step IV: Biological testing

With the cells collected from Step III, researchers can carry
out a series of biological testing items such as microscopy
observation, FCM,ELISA, andPCR.According to these test-
ing and analysis results, researchers can conclude the effect
of 3Dcell culture in vitro and subsequently estimate the effect
of different stimulating factors in relevant biomedical appli-
cations.

To display this facile workflow more clearly, we cap-
tured the illustrationvideo in theSupplementary Information,
Video S1.

Examples

Experimental methods

Toexamine the feasibility of the proposed3Dcell culture pro-
tocol, we cultured different kinds of cells including human
umbilical vein endothelial cells (HUVECs), rat adipose-
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Fig. 3 Cell differentiation in 3D culture. aALP expression of hBMSCs. bARS staining of hBMSCs. cCD31 expression of HUVECs. d Proliferation
of HUVECs

derived stem cells (rat ADSCs), and human bone mesenchy-
mal stem cells (hBMSCs) in this way and characterized their
viability, spreading capability, and differentiation. Detailed
types of GelMA, curing rings, and blue light source are
introduced in Supplementary Information, Tables S1, S2 and
Figures S1, S2.

GelMA prepolymer solution was prepared with 5% (w/v)
EFL-GM-60, and 0.5% (w/v) LAP. HUVECs, rat ADSCs,
and hBMSCs were, respectively, mixed into it and cured on
EFL-SCR-2D-24-2. HUVECs and rat ADSCs were cultured
in complete medium, and hBMSCs were cultured in osteo-
genesis induction medium (complete medium + 0.1 mM
dexamethasone + 10 mM β-glycerol phosphate disodium
salt hydrate + 50 µg/ml L-ascorbic acid). The cells were
observed with confocal fluorescence microscopy or optical
microscopy.

Experimental results

As shown inFig. 2a, b, the encapsulated ratADSCs andhBM-
SCs show high viability both on the first day and the seventh
day of culture. From the general images of the curing ring,
we can find that the cells are uniformly distributed in the 3D
space inside the cross-linked GelMA.Moreover, as shown in
Fig. 2c, d, the encapsulated cells spread in the 3D environ-
ment after seven-day culture. This result demonstrates that
cells encapsulated in GelMA on 3D curing ring can keep
high viability and spreading capability in the proposed 3D
culturing protocol.

Moreover, the osteogenesis differentiation of hBMSCs
and vascularization differentiation of HUVECs were exam-
ined. As shown in Fig. 3a, inducted hBMSCs displayed
high alkaline phosphatase (ALP) expression compared with
the blank group after 14-day culture. And calcium nodules
stained by Alizarin Red S (ARS) in Fig. 3b also demonstrate
that the encapsulated hBMSCs realized osteogenesis differ-
entiation. Furthermore, Fig. 3c shows that the encapsulated
HUVECs showed high expression of platelet endothelial cell
adhesion molecule-1 (CD31) on cell membrane, and Fig. 3d
shows obvious cell proliferation.

Discussion

In this technical note, a brand-new 3D cell culture protocol
based on photocurable hydrogels is proposed. We designed
a series of relevant products, namely GelMA hydrogel, cur-
ing ring, timing blue light source and GelMA lysis solution,
which can be selected to match this workflow. It is worthy
to be mentioned that cell culture on the surface of hydrogel
[14–16] is another common culturing style, which is known
as 2D culture on scaffolds or 2.5D culture [17]. To illustrate
this, we also carried out a series of cell experiments described
in Supplementary Information, Additional Discussion, and
captured the workflow video displayed in Supplementary
Information, Video S1.

In the future, every step in this strategy can be further
developed. For example, we can further build 3DECMbased
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on other kinds of basic hydrogels, such as gelatin, alginate,
and hyaluronic acid. Furthermore, the basic material of cure
ring could be changed into functional material, such as con-
ductive material, high-intensity material or materials mixed
with biological factors, and nanoparticles in order to add
extra stimulations to the encapsulated cells. In conclusion,
we believe that this brand-new concept can lead the trend in
the field of cell culture and relevant biomedical applications.
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