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ARTICLE INFO ABSTRACT
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3D cell culture is a relatively recent trend in biomedical research for artificially mimicking in vivo environment
and providing three dimensions for the cells to grow in vitro, particularly with regard to surface-adherent
mammalian cells. Different cells and research objectives require different culture conditions which has led to

lé"ilfabnc,anon an increase in the diversity of 3D cell culture models. In this study, we show two independent on-carrier 3D cell
ell carriers . . . . . . . .
CAD culture models aimed at two different potential applications. Firstly, micron-scale porous spherical structures

PLGA fabricated from poly (lactic-co-glycolic acid) or PLGA are used as 3D cell carriers so that the cells do not lose their

Silk fibroin physiologically relevant spherical shape. Secondly, millimetre-scale silk fibroin structures fabricated by 3D inkjet
bioprinting are used as 3D cell carriers to demonstrate cell growth patterning in 3D for use in applications which
require directed cell growth. The L929 fibroblasts demonstrated excellent adherence, cell-division and prolif-
eration on the PLGA carriers, while the PC12 neuronal cells showed excellent adherence, proliferation and spread
on the fibroin carriers without any evidence of cytotoxicity from the carriers. The present study thus proposes
two models for 3D cell culture and demonstrates, firstly, that easily fabricable porous PLGA structures can act as
excellent cell carriers for aiding cells easily retain their physiologically relevant 3D spherical shape in vitro, and
secondly, that 3D inkjet printed silk fibroin structures can act as geometrically-shaped carriers for 3D cell
patterning or directed cell growth in vitro. While the ‘fibroblasts on PLGA carriers’ model will help achieve more
accurate results than the conventional 2D culture in cell research, such as drug discovery, and cell proliferation
for adoptive cell transfer, such as stem cell therapy, the ‘neuronal cells on silk fibroin carriers’ model will help in
research requiring patterned cell growth, such as treatment of neuropathies.

1. Introduction complex bodies of higher organisms have nearly all of their cells residing

in a three-dimensional (3D) and physiologically active environment

Cell culture is the growth of cells in vitro under controlled laboratory
conditions [1]. Conventionally, cell culture is carried out in two ways, as
cell suspensions and on the flat surface of agar plates or culture flasks
[1-3]. Cell suspensions are suitable for culturing prokaryotes, such as,
bacteria and algae, and non-adherent eukaryotic cells. Similarly, agar
plates fed with nutrients are mostly suitable for cultivating prokaryotes
and several types of eukaryotic cells. For culturing the cells and tissues of
higher organisms, such as mammals, cell-culture flasks are used because
most mammalian cells are adherent cells which require a substrate for
attachment growth and replication [1-3].

A culture flask only provides a flat two-dimensional (2D) substratum
for cell adherence and does not emulate the in vivo environment [4]. The

where the cells interact with each other and with the extra-cellular
matrices (ECM) through a variety of cell signalling molecules and
other chemical and mechanical cues [5]. Most cells, when detached from
their native tissue systems and grown onto 2D plastic surfaces, become
flat, divide and proliferate irregularly, and lose their natural phenotypic
and physiological characteristics [6-9]. Gene expression and mRNA
splicing patterns can vary considerably between 2D and 3D cultures of
the same cells [10-12]. Similarly, different cell membrane proteins are
biosynthesised at different rates on different substrates [13]. Moreover,
primary mammalian cells are extremely sensitive to any biochemical,
anatomical and topological changes in their micro-environment with the
detrimental effects of 2D in vitro culture visible during differentiation

* Corresponding author at: School of Pharmacy, Changzhou University, Changzhou 213164, China.

E-mail address: xiubo.zhao@cczu.edu.cn (X. Zhao).

https://doi.org/10.1016/j.colsurfb.2023.113350

Received 16 October 2022; Received in revised form 7 February 2023; Accepted 12 May 2023

Available online 15 May 2023

0927-7765/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:xiubo.zhao@cczu.edu.cn
www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2023.113350
https://doi.org/10.1016/j.colsurfb.2023.113350

P. Kumar et al.

[14,15]. Another vital attribute is cell polarity, which is easier to be
maintained in a 3D culture where cells are relatively relaxed, not bound
by gravity, and free to move, migrate and explore their microenviron-
ment. For such cells as epithelial glandular cells and neuronal cells,
maintenance of cell polarization is essential for directional secretion of
biologically active molecules [16]. In 2D culture, the cell-to-cell inter-
action is also restricted to communication with adjacent cells in single
plane only, whereas in 3D culture, the cells can interact with adjacent
cells from any plane [17]. It is thus evident that the physiological
irrelevance and other limitations of conventional 2D or monolayer cell
culture methods hold a high probability of yielding inaccurate results in
crucial research areas, such as drug discovery, cell-based assays,
regenerative medicine, cancer and tumour modelling, organoid
bio-banks, and cosmetics industries. This in turn leads to over-reliance
on animal trials, which themselves are highly variable in accuracy,
and may even lead to unexpected or adverse results during human trials
[18]. 3D cell culture systems, therefore, hold a significant advantage by
providing an in vitro platform for cells to maintain their native
three-dimensional shapes, polarities and freedom of movement [19,20].

Structural design-wise, 3D cell culture systems are either scaffold/
carrier-free or scaffold/carrier-based [21-26]. Among the
scaffold-based systems are the in-scaffold systems where cells can grow
throughout the inner volume of soft and diffusive scaffolds, e.g.,
hydrogels, and the on-scaffold systems where cells can grow only on the
outside of rigid scaffolds, e.g., silk fibroin. While in-scaffold or in-carrier
culture is good for tissue engineering and organoid culture, the
on-scaffold or on-carrier culture is excellent for drug discovery,
extracting cellular products such as secretory proteins, cultivating cells
at a fast pace, and cell guidance and patterning [4,21,27].

A relatively rarer but potentially important area of application of 3D
in vitro cell culture and cultivation is in ex vivo gene therapy in which the
pluripotent stem cells are removed from a terminally ill patient’s bone
marrow, their genetic defects are corrected through gene editing, and
the modified cells are then transplanted back into the marrow [28-31].
Blood and immune cell disorders, such as X-linked SCID, Wiskott Aldrich
syndrome, sickle cell anaemia and f-thalassemia, are usually treated
through such a method of gene editing and transplantation [32]. Here,
the genetically corrected bone-marrow-derived cells need to be prolif-
erated rapidly in vitro for their transplantation while also ascertaining
that the cells do not over- or under- express any genes during the pro-
liferation process [33,34]. But, as stated earlier, the conventional 2D
culture holds a potential risk of the cells losing their potency and normal
phenotypic expression. Therefore, the first 3D cell culture model
described in this paper is a preliminary insight into the possibility of
using 3D cell culture as a platform for rapid cell proliferation while
maintaining the spherical cell shape. For this objective, mouse 1929 fi-
broblasts were cultured on porous spherical carriers fabricated from
poly (D, L-lactide-co-glycolide) or poly (lactic-co-glycolic acid) or PLGA.

Guided cell growth or in vitro patterned growth and differentiation of
cells is another area in which 3D culture platforms are desired [27,35,
36]. The diversity in culture platform’s shape and size can be brought
about by various sophisticated equipment including 3D bioprinters.
Patterned culture of neuronal cells on biocompatible 3D carriers has the
potential for cultivation and differentiation of brain tissue or ganglia for
investigating neuronal diseases, neurotrophic drug discovery and for
adoptive cell transfer or nerve tissue grafts for the repair and treatment
of peripheral nerve damage from injuries or degeneration [37-39].
Therefore, the second 3D cell culture model described in this paper is a
preliminary insight into the possibility of using 3D cell culture for
developing patterned neuronal cell grafts. For this objective, rat
neuronal PC12 cells were cultured on the millimetre-sized 3D structures
fabricated from silk fibroin.
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2. Experimental methods
2.1. Materials

Bombyx mori silkworm cocoons were obtained from Biological Sci-
ence Research Centre, Southwest University, China. The L929 immor-
talized mouse fibroblasts and the PC12 neuron-like rat tumour cells were
obtained from American Type Culture Collection (ATCC). Ultrapure
high quality deionized water (DI water), filtered with a 0.2 pm filter, was
used in all experiments wherever required. Unless otherwise stated, all
the chemicals were commercially obtained and were of analytical grade.

2.2. Fabrication of PLGA and fibroin carriers

Porous spherical PLGA carriers (henceforth called PLGA carriers)
were prepared using oil-in-water emulsion solvent evaporation tech-
nique. For this, 200 mg of amorphous PLGA powder (lactide-to-glycolide
ratio = 75:25; MW = 4000-15,000) was dissolved in 8 mL chloroform to
produce the organic phase. 2.5 mL of 10% ammonium bicarbonate
(NH4HCO3) was added to the PLGA-chloroform solution. Ammonium
bicarbonate acted as a porogen by dissociating and releasing minute CO»
bubbles to yield pores in the spherical carriers. Porous PLGA carriers
have shown to be better for 3D culture of cells than the non-porous or
smooth ones [40]. The solution was mixed well using a homogenizer at
1200 rpm for 1 min. For the inorganic phase, 250 mL of 1% poly-vinyl
alcohol (PVA) solution was prepared in a beaker. A magnetic stirring
bar was placed into the beaker and the beaker itself was kept on a
magnetic stirring plate. The thick homogenized organic phase was then
withdrawn into a syringe and injected through a needle into the PVA
solution stirring at 400-500 rpm in the beaker. The emulsion thus
formed was left stirring for 12 h to allow chloroform to evaporate away.
After chloroform evaporation, the PLGA carrier suspension was
retrieved and centrifuged at 600 rpm for 5 min. The centrifugation was
repeated twice with distilled water to remove any remaining PVA.

For the fabrication of rigid geometric fibroin carriers (henceforth
called fibroin carriers), the silk cocoons were cut into small pieces (<1
cm?) and boiled with constant stirring in 0.02 M sodium bicarbonate
(NayCO3) solution at 100 °C for 90 min for the removal of sericin. The
‘degummed’ silk or fibroin, thus obtained, was rinsed three to four times
with DI water to ensure total removal of sericin. Afterwards, the fibroin
fibres were dried overnight at 60 °C in a drying oven and then dissolved
in Ajisawa’s reagent (CaCly:ethanol:water = 1:2:8 molar ratio) [41] at
80 °C for 90 min. The viscous solution thus obtained was dialyzed in
DI-water until a conductivity of < 5 puS in the dialysing water was
reached. The resulting fibroin solution was then centrifuged for 10 min
at 10,000 rpm to remove undissolved fibroin and other particulate
matter. Fibroin carrier designing through computer aided design (CAD)
and fabrication by 3D inkjet printing was done according to method
described in our previous works [42-44]. In brief, the fibroin biomate-
rial ink was prepared by adjusting the fibroin concentration to 40
mg/mL and adding PEG4qo for better printability. Afterwards, a ‘plus’
(+) shape was designed in CAD and imported into the computer con-
trolling an in-house built inkjet printer. The size of the carrier was kept
at 2.5 mm in length and 0.5 mm in breadth for both the lines of the
plus-like shape. For 3D printing, the deposition of each layer of fibroin
ink was followed by the deposition of methanol on the exact same po-
sition for crosslinking the regenerated (liquid) fibroin or Silk I into the
insoluble Silk II structure. The printed structures were removed after
100 layers of deposition. The carriers were then gently submerged in
70% ethanol for sterilization and air dried inside biological safety cab-
inet (BSC) before use in cell culture experiments.

2.3. Surface functionalization of PLGA and fibroin carriers

To improve adherence and subsequent spread of cells, the PLGA
carrier surface was functionalized with vitronectin, which readily
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adsorb on a variety of surfaces and also bind to cell membrane proteins
called integrins. For this, 6.25 pg/mL of human recombinant vitronectin
(PeproTech Ltd.) was dissolved in DI water and added to the PLGA
carrier suspension which was then left overnight at 2-8 °C for allowing
vitronectin to adsorb on their surface. For fibroin carrier surface func-
tionalization, the printed fibroin carriers were carefully taken out of the
ethanol, air-dried under sterile environment, and submerged in the cell
adhesion molecule poly-L-lysine (PLL) (MW = 70-150k) diluted to
0.01% (w/v). The structures were then left overnight at 2-8 °C to allow
the PLL coat their entire surface.

2.4. Culture of L929 mouse fibroblasts and PC12 rat neuronal cells

The L929 and PC12 cells were cultured at 37 °C and 5% CO- in
medium-sized T75 culture flasks using DMEM-F12 (1:1) medium with
high glucose and supplemented with 10% foetal calf serum (FCS), 1%
penicillin-streptomycin, 1% glutamine, and 0.5% Amphotericin B
(Fungizone™). On confluence, the cells were detached with 0.25% (w/
v) trypsin—EDTA, extracted, centrifuged, and resuspended in serum free
culture medium for use in 3D cell culture. For cell seeding, the cells were
counted both with a haemocytometer slide and with an automated cell
counter (Bio-Rad Laboratories, Inc.) with trypan blue.

2.5. Cell seeding on carriers

For L929 cells, the PLGA carriers were centrifuged and resuspended
in culture medium, and serially diluted to 5 carriers/pL. Similarly, the
cell suspension was serially diluted to 50 cells/pL. For allowing initial
adherence of cells on carriers, 60-well Terasaki plates were used as they
can be inverted to produce hanging drops where the cells can come in
contact with carriers due to gravity. Each 20 pL well in the Terasaki plate
was filled with 10 pL of PLGA carriers and 10 pL of cells, thus totalling to
50 carriers and 500 cells in each well. After 24 h, the carrier-cell sus-
pension was transferred in replicates to V-bottom 96-well plates and
more medium was added for cell proliferation. For PC12 cells, the
fibroin carriers were removed from PLL solution and resuspended in
culture medium. As fibroin carriers are too big and heavy for use with
Terasaki well plates, they were directly seeded on V-bottom well plates
whose conical shape also serve to bring cells and carriers in contact and
avoid and cell adherence on well surface itself. One fibroin carrier and
1000 cells were seeded per well of a V-bottom 96-well plate and the
remainder of the wells were filled with culture medium in one set of
samples and with culture medium with added nerve growth factor (NGF)
in the other sample set.

2.6. Characterisation and imaging of carriers and 3D carrier-cell
constructs

PLGA carrier size distribution was analysed with a DLS Particle
analyser (Malvern Mastersizer 2000). For light micrographs, the carrier-
cell constructs were imaged with a Zeiss light microscope controlled by
Zeiss Zen software. The morphology and size of the PLGA carriers and
the 3D carrier-cell constructs were analysed with a scanning electron
microscope (Hitachi S4800) at 1.5 kV voltage. For SEM sample prepa-
ration, the carrier-cell constructs were withdrawn from the Terasaki
plate, collected in a 1.5 mL Eppendorf tube and centrifuged for 2 min at
600 rpm. The supernatant was discarded and 150 pL of PBS was added to
the tube for washing away the remaining culture medium by centrifu-
gation and discarding the supernatant PBS. The samples were then fixed
by adding 150 pL of glutaraldehyde in the tube and leaving it for 5 h.
Afterwards, glutaraldehyde was removed by centrifugation and the
sample was completely dehydrated by adding 150 pL of hexamethyldi-
silazane and leaving for 2 h. The tubes were shaken gently and hex-
amethyldisilazane along with the suspended 3D constructs was taken
out with a micropipette and gently poured on circular carbon tabs
already stuck on the SEM stub. The sample on the carbon tabs was left to
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air dry overnight in a sterile fume cabinet and then taken for SEM im-
aging after it had completely dried.

Fibroin carriers with adherent cells were imaged after 24, 48 and 72
h of incubation under a wide-field fluorescence microscope (Nikon
Eclipse LV100). Following incubation for the different time periods, the
medium was carefully removed and the cell-carrier constructs in the
well plates were gently washed with PBS. The sample was then fixed in
3.7% paraformaldehyde for 20 min, followed by washing with PBS and
then added in 0.1% Triton X-100 for 10 min to enhance cell membrane
permeability for fluorophores. Afterwards, the sample was washed with
PBS and stained for 60 min with phalloidin-TRITC to label the cytoplasm
and DAPI to label the nucleus. The labelled cells on carriers were washed
twice with PBS to remove extra dyes and fresh PBS was added before
imaging. Several micrographs were taken by focussing different parts of
the 3D constructs lying at different focal planes in the Z axis, and stacked
together to form a single Z-stacked image using a focus stacking soft-
ware. The morphology and size of the fibroin carriers and the 3D carrier-
cell constructs were analysed with a scanning electron microscope (FEI
Inspect F) at 1.5 kV voltage. For SEM sample preparation, the cell-carrier
constructs were fixed as described above for 1929 cells, carefully
retrieved from the well plates, placed on the carbon tabs and then air
dried before imaging.

2.7. Live / dead cytotoxicity assay

Qualitative live / dead cytotoxicity was conducted to assess and rule
out any potential toxicity from PLGA and fibroin to the cells. For the
assay, 2500 L929 cells with 100 PLGA carriers per well, and cells
without carriers as negative control, were added in replicates in a 96-
well plate and incubated for 24 h at 37 °C and 5% COj. After 24 h,
the culture medium was carefully removed and each well was washed
with PBS. Meanwhile, calcein-AM and ethidium homodimer-1 (ETHD-1)
were dissolved in PBS at the concentrations of 0.5 pL/mL and 1 pL/mL,
respectively, to formulate the fluorophore-PBS solution. 50 pL of this
fluorophore-PBS solution was added to the cells in each well and then
incubated at 37 °C and 5% CO» for 15 min. All the wells were then
washed with PBS and filled with fresh 150 pL of PBS. The cells were then
imaged at 20x magnification with a fluorescence confocal microscope
(Zeiss LSM 710), using three laser excitation wavelengths of 403, 488
and 543 nm. For the PC12 cells, the culture medium in the wells was
removed and a serum-free medium containing 0.001% (v/v) SYTO 9™
(Invitrogen) and 0.0015% (v/v) propidium iodide (PI) were added into
the wells. The well plates were then incubated for 30 min at 37 °C and
5% CO,. Afterwards, the medium was removed and the wells were
washed and filled up with PBS. The cell-carrier constructs in the wells
were then imaged using a wide-field fluorescence microscope with a UV
illumination source and appropriate filters for different fluorophores.

2.8. Cell metabolism / proliferation assay

The cell proliferation or metabolic activity rates were analysed for
both 3D and 2D cultures at 24 h, 48 h and 72 h post-incubation using the
fluorescence resazurin-resorufin (alamarBlue™) assay. For the assay,
culture medium was carefully removed from the wells containing the
cell-carrier constructs and 100 uM resazurin dissolved in PBS was added
in the emptied wells along with assay-dependent (phenol-free and
serum-free) culture medium to make a 10% resazurin concentration in
the medium. In addition, three empty wells per plate were also filled
with 10% resazurin solution in culture medium to obtain the back-
ground fluorescence intensities, which were later averaged and filtered
out from the fluorescence intensity data of the cells. The well plates were
then incubated for 4 h at 37 °C and 5% CO-. After incubation, the
reduced resorufin from the wells were carefully transferred well-to-well
into black 96-well plates and the fluorescence intensity was measured
with a fluorescence plate reader (FLx800, Biotek Instruments Inc.) at
540/635 nm.
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2.9. Statistical analysis

Origin™ was used for all statistical analyses for comparing the cell
proliferation or metabolic activity rates across different culture times
and between 3D and 2D cultures and for plotting the resazurin-resorufin
assay data. One-way ANOVA was used as the test of significance and the
p-values of at least < 0.05 were taken as significant.

3. Results
3.1. Characterization of PLGA and fibroin carriers

The freshly fabricated carriers were characterized using light mi-
croscopy, scanning electron microscopy and dynamic light scattering
(only PLGA carriers). Fig. 1 (a) show the light microscope images and 1
(c—d) show the scanning electron microscope images of the porous PLGA
carriers along with their various sizes, surface morphology and pores.
The porous structure allows free-flow of nutrient-waste and gas ex-
changes while also allowing for stronger adherence of the cells. Fig. 1 (b)
show the light microscope images and 1 (e-f) show the scanning electron
microscope images of fibroin carriers printed in a pre-designed shape
(plus-like in this case) along with their surface morphology. The plus-
like shape was adapted from our previous work on biological
millimetre-scale self-propelled motors [44], and therefore, more geo-
metric shapes can be fabricated and tested in future for 3D cell
patterning research. The size distribution of the PLGA carriers was
measured to be 10-150 pm in diameter with the peak range of 50-100
um, as shown in the graph in Fig. 1 (g), using a dynamic light scattering
(DLS) instrument.

3.2. Characterization of the carrier—cell constructs

Fig. 2 (a) shows the light micrograph of a hanging drop in a well of
the inverted Terasaki plate containing 1.929 cells freshly incubated with
PLGA carriers. The cells are drawn close to the carriers under the in-
fluence of gravity in the hanging drop. Fig. 2 (b) shows the light
micrograph of a well of the upright Terasaki plate after 12 h of incu-
bation where the cells have begun adhering to the carriers. The number
of cells adhering on an individual PLGA carrier was variable depending
on the size of the carrier. Fig. 2 (c) shows the light micrograph of a
carrier-cell construct extracted after 24 h of incubation in Terasaki plate.
Here, the L929 cells can be seen adhering very strongly to the PLGA
carriers while also being able to maintain their native spherical shape.
The PC12 cells seeded on and incubated with fibroin cell carriers were
imaged at 24h, 48h and 72h post seeding with the fluorophore
phalloidin-TRITC (red). The fibroin cell carriers inadvertently showed
absorption of the fluorophores resulting in significant background noise.
Z-stacked wide-field composite images of carrier-cell constructs are
shown in Fig. 2 (d-f). The cells showed prominent adherence and
visually evident proliferation in number which was later confirmed with
cell proliferation or metabolic activity assay. Culturing the PC12 cells in
the medium added with nerve growth factor (NGF) showed stronger
adherence, spreading of cells and onset of differentiation as shown in the
fluorescence images in Fig. 2 (g-i), which was later confirmed with
scanning electron microscopy. The fibroin carriers, thus, not only aid
neurons maintain their natural morphology in 3D culture as observed in
Fig. 2 (d-f), but also facilitate axon and dendrite growth for neuron
patterning. Differently shaped carriers can thus be fabricated as needed
for nerve guidance as observed in Fig. 2 (g-i).

Fig. 3(a-d) shows the scanning electron micrographs of the 3D
carrier-cell constructs retrieved after 24 h of incubation of 1929 cells
with PLGA carriers. Cells are observed to be adhering strongly even after
the rough procedure of sample preparation for scanning electron mi-
croscopy, during which a majority of the adhering cells fell off. Cells
undergoing division are also seen very clearly with the cytokinesis
constrictions indicated by red arrows. Fig. 3 (e-h) shows the scanning
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electron micrographs of NGF-doped PC12 cells on fibroin carriers where
several cells clearly show the onset of differentiation initiated by NGF
and marked by the distinctive growth of cytoplasmic extensions and
dendrites. Some of the cells show cytoplasmic extensions indicated by
red arrows while some others show dendritic growths indicated by blue
arrows.

3.3. Live/dead assay

Fig. 4 (a—b) shows almost no cytotoxicity in the L929 cells grown in
96-well plates with PLGA carriers and assayed after 24 h of incubation.
The cell-permeable and non-fluorescent calcein-acetoxymethyl (calcein-
AM) gets cleaved metabolically only inside live cells releasing the green
fluorescent calcein. On the contrary, the red fluorescent -cell-
impermeable ethidium homodimer-1 (ETHD-1) binds only to the
nucleic acids of dead cells where the nucleic acids are exposed. Some
cells are seen adhering to the PLGA carriers while most can be seen
fallen off during to the sample dyeing procedure. The PLGA carriers also
adsorbed the red colour of ETHD-1, however, their large size clearly
distinguishes them from the much smaller dead cells, few of which can
be observed in the images. Similarly, Fig. 4 (c-d) shows no evidence of
cytotoxicity in the PC12 cells which were incubated with fibroin carriers
in 96-well plates and assayed after 24 h with fluorophores SYTO 9 and
propidium iodide. The cell-permeable SYTO 9 binds to the nucleic acids
of live cells. On the contrary and similar to ETHD-1, the red fluorescent
cell-impermeable propidium iodide (PI) binds only to the nucleic acids
of dead cells where the nucleic acids are exposed. The fibroin cell car-
riers inadvertently showed mild adsorption of the fluorophores resulting
in background fluorescence noise. The PC12 cells took up the membrane
permeable SYTO 9 and showed its green fluorescence while the red
fluorescence of impermeable PI was not observable, suggesting that very
few to no cells became non-viable while adhering to the fibroin carriers.
Similar to the L929 cells, the PC12 cells showed prominent adherence
but sloughed off the carriers in significant quantities during the sample
staining process.

3.4. Cell metabolic activity assay

During the resazurin-resorufin (alamarBlue™) assay, the blue-
coloured, non-toxic, cell-permeable and non-fluorescent resazurin gets
reduced to the pink-coloured and fluorescent resorufin through a reac-
tion which occurs in the mitochondria and is catalysed by the enzyme
NADPH dehydrogenase. Thus, the more the number of cells the more
will be the resorufin content and the resulting fluorescence intensity.
Fig. 5 shows significant increase in the fluorescence intensities of both
1929 cells and PC12 cells in their respective 3D cultures after 72 h of
incubation in comparison to the values after 24 h and 48 h. Addition-
ally, in case of L929 cells, the wells containing cells incubated with
PLGA carriers (3D culture) show much higher fluorescence than the
wells having only cells (2D culture) after the same time intervals of 48
and 72 h. A plausible explanation for this observation could be that as
the PLGA carriers provide a 3D platform and also increase the surface
area for the cells to grow on, there would be more cells in the wells
containing PLGA carriers, whereas, in the cell-only wells, the flat two
dimensions of freedom and limited surface area would act as the limiting
factor for cell proliferation. Nonetheless, in case of PC12 cells, no sig-
nificant difference in the cell proliferation rates could be observed be-
tween the 3D (cells with fibroin carriers) and 2D (cells only) cultures.
The plausible reason behind this could be the well-observed phenome-
non of clustering or aggregation of neuronal cells, such as PC12 cells, in
vitro when a high enough cell density is reached. Such cell clusters are
one of the two morphologies, with the other being the regular separated
cells, in which several neuronal cell lines tend to exist [45,46]. In such a
situation, the clustered cells would tend to fall off the carriers under
their mass and lose viability or undergo apoptosis if they become too big.
Therefore, unlike 1929 cells, there is an observed limitation in the
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Fig. 1. (a, b) Light micrographs of (a) freshly fabricated spherical porous PLGA carriers showing its morphology and size diversity, and (b) freshly printed fibroin
carriers in a required shape (plus-like in this case). (c, d) Scanning electron micrographs of PLGA carriers of various sizes at two magnification levels showing their
topographical features, such as pores. (e, f) Scanning electron micrographs of 3D printed silk fibroin carriers at two magnification levels showing their topographical
features, such as texture. (g) Dynamic light scattering data showing the size distribution of PLGA carriers in the graph generated by the DLS instrument. The peak
carrier size range is approximately 50-100 pym.
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Fig. 2. (a) Light micrograph of a hanging drop in an inverted Terasaki plate containing L929 cells freshly incubated with PLGA carriers. (b) Light micrograph of L929
cells adhering on the surface of PLGA carriers in a well of an upright Terasaki plate after 12 h of incubation. (c) Light micrograph of a carrier-cell 3D construct
extracted from a hanging drop of the Terasaki plate after 24 h of incubation showing strong adherence of the cells on the carrier (some sloughed off cells are also seen
in the background). (d-f) Wide-field fluorescence z-stacked composite micrographs of PC12 cells adhering and proliferating on 3D fibroin carriers and imaged at (d)
24 h (e) 48 h (f) 72 h after incubation. The cells were stained with phalloidin-TRITC (red) which stains the cytoplasm. The fibroin itself absorbed a significant amount
of fluorophore and caused background noise in fluorescence. The cells can be seen as small red spherical dots adhering and growing on the carriers. (g-i) PC12 cells
cultured with nerve growth factor (NGF) show greater adherence, spread and growth of cytoplasmic extensions marking the onset of neurite growth as seen in the
wide-field fluorescence z-stacked composite micrographs imaged at (g) 24 h (h) 48 h (i) 72 h after incubation.

proliferation of PC12 cells in the 3D culture environment.
4. Discussion

The main achievement of this study is the demonstration of an easy
to fabricate, biocompatible, economical, and free-floating platform for
the adherence, culture, proliferation and directed growth of mammalian
cells while they are able to maintain their native spherical shape. Such
physiologically relevant 3D culture platforms hold the potential to make
the results and the interpretations of cell-based research more accurate
and, thus, replace animal testing to a great extent in the fields of drug
discovery, development of disease models, cancer and tumour research,

cosmetics research and regenerative medicine research. As studied here,
one important implication is the rapid in vitro cell proliferation without
loss of function in cells and without the need for repeated passaging.
This is helpful in such areas as adoptive cell transfer procedures, e.g.,
stem cell therapy and cancer immunotherapy, which involve ex vivo
gene editing, in vitro proliferation and transplantation of the genetically
edited cells back into the patient. Another important implication is in
vitro brain tissue and ganglion models for the understanding of neuro-
degenerative diseases and in vitro patterned neuronal culture for
developing nerve tissue grafts for the treatment of neurodegenerative
diseases. Different assessments, such as characterisation of 3D cell-
carrier constructs, cytotoxicity assay and cell metabolic activity assay,
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Fig. 3. (a-d) Scanning electron microscope (SEM) images of 3D culture of L929 fibroblasts on porous PLGA carriers showing strong cell adherence and division. The
constrictions between the dividing cells undergoing cytokinesis are indicated by arrows in red colour. Several cells sloughed off the PLGA carriers during the SEM
sample preparation procedure. (e-h) SEM images of the 3D culture of PC12 neuronal cells on fibroin carriers in medium containing nerve growth factor (NGF) and
imaged after 7 days. The red arrows indicate undifferentiated cells, while the blue arrows indicate differentiating cells along with significant cytoplasmic extensions
and neurite growth. The sample preparation for SEM caused a significant number of cells to slough off.
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Fig. 4. (a, b) Fluorescence confocal micrograph
showing 1929 cells incubated, (a) with PLGA
carriers and (b) without PLGA carriers, in a 96-
well plate for 24 h. The live cells cleave the
fluorophore calcein-AM to calcein which ap-
pears green on excitation. The small yellowish-
red dots are dead cells whose exposed DNA take
up the fluorophore ETHD-1. The PLGA carriers
also inadvertently appear reddish due to ETHD-
1 absorption. Several cells sloughed off the
PLGA carriers during the fluorophore-staining
procedure. (c, d) Fluorescence wide-field
micrograph of PC12 cells incubated, (c) with
fibroin carriers and (d) without fibroin carriers,
in a 96-well plate for 24 h. The live cells took
up the fluorophore SYTO 9 which appears green
on excitation. No dead cells stained by propi-
dium iodide were visible. Very few cells are
observable on the carrier as the majority of the
cells got washed away during the fluorophore-
staining procedure. The fibroin also inadver-
tently absorbed the fluorophores causing mild
background fluorescence noise.

Fig. 5. Cell proliferation or metabolic activity
as determined by measuring mean fluorescence
intensity (F. 1) in arbitrary units (a. u.) from the
resazurin-resorufin (alamarBlue™) assay. The
fluorescence intensities were measured after
24 h, 48 h and 72 h of incubation. (a) L929 cells
were incubated with PLGA carriers (3D culture)
and without PLGA carriers (2D culture) in 96-
well plates. Significant cell proliferation was
observed after 48 h when compared to 24 h and
after 72 h when compared to 48 h (significance
taken at p < 0.001 and denoted by ***). Also,
significantly larger cell proliferation was
observed in 3D culture after 72 h in comparison
to 2D culture after 72 h (significance taken at
p < 0.05). (b) PC12 cells were incubated with

PC12 (2D)

fibroin carriers (3D culture) and without fibroin carriers (2D carriers) in 96-well plates. Significant cell proliferation was observed after 48 h when compared to 24 h
and after 72 h when compared to 48 h (significance at p < 0.001 is denoted by *** and at p < 0.05 is denoted by *).

were conducted to ensure the suitability of a biocompatible and biode-
gradable synthetic polymer, such as PLGA, and natural polymer, such as
silk fibroin, to act as three-dimensional carriers of adherent mammalian
cells, such as L.929 mouse fibroblasts and PC12 rat neuron-like cells.
These assessments have returned favourable results and, therefore,
facilitate the future development of more complex on-carrier 3D cell and
tissue culture models. Fig. 6 (a) shows a light micrograph of L929 cells in
the conventional 2D culture in a contrasting comparison to Fig. 6 (b)
which shows the light micrograph of a carrier-cell construct extracted
after 24 h of incubation in a Terasaki plate. Similarly, Fig. 6 (c) shows a
fluorescence image of PC12 cells in the conventional 2D culture in a
stark comparison to Fig. 6 (d) which shows the fluorescence image of a
carrier-cell construct extracted after 48 h of incubation.

5. Conclusion and future prospects

In the present study, we have shown two different kinds of on-carrier
3D cell culture models aimed at two distinct objectives — one is 3D cell
proliferation with the maintenance of native spherical cell shape and the
other is 3D neuronal cell growth, spread and differentiation. While there
is no difference between the X —Y axes of 2D and 3D cultures, the cells in
2D lose their ‘thickness’ in the Z axis under the influence of gravity. In
comparison, 3D culture allows versatility in the cell shape and size in all
the three dimensions. This impact of the physical environment on cell
structure causes morphological and physiological differences between
the cells cultured in 2D and 3D. Virtually any field of research that re-
quires cell-based experiments benefits from 3D cell cultures owing to
their superior and more accurate replication of in vivo physiology. This
work has shown that porous PLGA carriers and inkjet printed fibroin
carriers are good prototypes for easy-to-fabricate free-floating 3D cell-
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Fig. 6. Comparison between conventional 2D culture and 3D culture of cells on free-floating carriers with regard to different applications such as (a, b) maintenance
of cell shape, polarity and proliferation and (c, d) cell shape, polarity and proliferation and, after the addition of nerve growth factor, spreading and

patterned growth.

carriers. The results also represent the versatility, diversity and uni-
versality of the biocompatible, chemically stable, mechanically rigid and
geometrically flexible 3D polymeric carriers for cell attachment, pro-
liferation and spreading. Additionally, unlike 3D cell spheroids, in
which necrosis of the core cells is a common occurrence, the approach in
this study doesn’t have a size or cell number limitation. As cells divide,
more free-floating carriers can be added in the culture or bioreactor to
accommodate the increasing cell population instead of continually
passaging them. Furthermore, as the cells are inherently sensitive to
their microenvironment in which they reside along with the ‘niche’ cells,
more research with co-cultures will be required to standardise these
techniques and make them clinically feasible.
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