
bioengineering

Article

In Vitro Growth of Human Keratinocytes and Oral
Cancer Cells into Microtissues: An Aerosol-Based
Microencapsulation Technique

Wai Yean Leong 1, Chin Fhong Soon 1,2,*, Soon Chuan Wong 1, Kian Sek Tee 1,
Sok Ching Cheong 3, Siew Hua Gan 4 and Mansour Youseffi 5

1 Faculty of Electrical and Electronic Engineering, Universiti Tun Hussein Onn Malaysia, 86400 Parit Raja,
Batu Pahat, Johor, Malaysia; joeyleongwaiyean@gmail.com (W.Y.L.); scw90@hotmail.com (S.C.W.);
tee@uthm.edu.my (K.S.T.)

2 Biosensor and Bioengineering Laboratory, MiNT-SRC Research Center,
Universiti Tun Hussein Onn Malaysia, 86400 Parit Raja, Batu Pahat, Johor, Malaysia

3 Cancer Research Malaysia, 1, Jalan SS12/1A, Subang Jaya 47500, Malaysia;
sokching.cheong@cancerresearch.my

4 Human Genome Centre, School of Medical Sciences, Universiti Sains Malaysia,
16150 Kubang Kerian, Kota Bahru, Malaysia; shgan@usm.my

5 School of Engineering, Design and Technology, Medical Engineering, University of Bradford,
Bradford BD7 1DP, UK; m.youseffi@bradford.ac.uk

* Correspondence: soon@uthm.edu.my; Tel.: +60-7453-8614; Fax: +60-7453-6060

Academic Editors: Julian F. Dye and Naresh Kasoju
Received: 10 April 2017; Accepted: 12 May 2017; Published: 14 May 2017

Abstract: Cells encapsulation is a micro-technology widely applied in cell and tissue research, tissue
transplantation, and regenerative medicine. In this paper, we proposed a growth of microtissue model
for the human keratinocytes (HaCaT) cell line and an oral squamous cell carcinoma (OSCC) cell line
(ORL-48) based on a simple aerosol microencapsulation technique. At an extrusion rate of 20 µL/min
and air flow rate of 0.3 L/min programmed in the aerosol system, HaCaT and ORL-48 cells in alginate
microcapsules were encapsulated in microcapsules with a diameter ranging from 200 to 300 µm.
Both cell lines were successfully grown into microtissues in the microcapsules of alginate within
16 days of culture. The microtissues were characterized by using a live/dead cell viability assay,
field emission-scanning electron microscopy (FE-SEM), fluorescence staining, and cell re-plating
experiments. The microtissues of both cell types were viable after being extracted from the alginate
membrane using alginate lyase. However, the microtissues of HaCaT and ORL-48 demonstrated
differences in both nucleus size and morphology. The microtissues with re-associated cells in
spheroids are potentially useful as a cell model for pharmacological studies.

Keywords: alginate; aerosol; microencapsulation; microtissues; keratinocytes; oral squamous
cell carcinoma

1. Introduction

Monolayer cell cultures in plastic culture vessels are routinely used in biological studies. However,
the use of a two-dimensional (2D) cell model has limitations in drug delivery [1,2]. In 2D culture, the
proliferation, differentiation, gene and protein expression, functionality, and morphology of cells are
considerably different from their physiological origin in vivo [3]. By contrast, the three-dimensional
(3D) cell culture creates an artificial environment where cells are permitted to grow or interact with
their surroundings. Three-dimensional cell culture was suggested to have better approximation to
the tissue model for cell and tissue research as it can restores specific biochemical and morphological
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features similar to the corresponding tissue in vivo [4] with more native-like connections between
cells [3,5].

Cutting edge biotechnology for creating living functional tissues in vitro is urgently needed for
the application in cell culture and tissue engineering [6], pharmacological testing, bioengineering [7],
and regenerative medicine [8,9]. Hanging drop [10] and liquid overlay [11] techniques are typically
used for 3D spheroid culture. The hanging drop method is based on the sedimentation of cells by
gravitational force. The volume of hanging drops is small, between 20–200 µL. For this method, it is
difficult to exchange the media before mature microtissues are formed [12]. In addition, the media
can evaporate easily at such a low volume [12,13]. The liquid overlay method stimulates cell-cell
aggregation on a non-adherent layer on the culture plate. This method is straightforward but suffers
from some shortcomings such as low reproducibility [10], production of spheroids in a wide range of
sizes, and non-uniform shape of the spheroids [11,14].

To address issues of the previous techniques, an aerosol microencapsulation technique is proposed
to produce a more uniform size of microcapsules of cells in high quantity through air flow dispersion.
Microencapsulation is a research of intense interest which allows for the creation of cell and tissue
models for rehabilitation of functional tissues [15] and therapeutics [16,17]. It is a technique which
entraps cells within a membrane or shell with a diameter in the range of a few micrometers to several
thousands of micrometers [18,19]. The semipermeable membrane of the microcapsule can facilitate
the transportation of proteins, DNA, and drugs, thus allowing the diffusion of oxygen, nutrients,
therapeutic products, and wastes, while blocking the entry of antibodies and immunocytes [20].
In drug delivery, microcapsules were used for loading both drugs and cells that are more cost effective
in comparison to direct drug delivery [21] and, thus, overcome rejection of the implanted organ [22].

To date, various types of biopolymers including agarose, collagen, alginate, chitosan, and gelatin
have been widely applied for encapsulation of cells [8,19]. Among them, alginate is the most commonly
used biopolymer for encapsulation of living cells because of its many advantages [23,24]. Alginate is a
naturally derived polymer, biocompatible both in vitro and in vivo, with excellent biodegradability;
it provides a fast gelation process at room temperature [25]. Furthermore, alginate is recognized as a
clinically ready material by the U.S. Food and Drug Administration (FDA) [20,26].

Despite its promising application, the growth of microtissue models for human skin and oral
cancer cell studies is slow. Tumor spheroids provide an in vitro proliferating model for the studies
of tumor growth that provides a well-defined structure of cells mimicking the microtissues of
tumors [3,27]. Spheroids represent the clusters of cells usually formed by the re-association of
dissociated cultured cells. The basic principle of using spheroids in 3D culture is that the cell
aggregates are capable of organizing themselves into groups to form tissue-like architecture. It is now
well accepted that the tumor spheroids, as a three-dimensional model, closely resembles the initial
avascular stages of small solid tumors in vivo [28,29]. For normal cells, the spheroids of keratinocytes
can function as a better wound healing model than the 2D wound model [30,31]. Hence, the growth
of both cell types into biomimetic microtissues would be useful in tissue implant and even cancer
therapeutic drugs studies. Based on an aerosol technique developed in-house, we report on the
microencapsulation of the human keratinocyte (HaCaT) cell line and an oral squamous cell carcinoma
(OSCC) cell line (ORL-48) in calcium alginate as a strategy to grow cell spheroids.

2. Materials and Methods

2.1. Cell Culture and Preparation

Human keratinocyte cell line (HaCaT) was purchased from cell line services (CLS, Eppelheim,
Germany) while the ORL-48 OSCC cell line was established by Cancer Research Malaysia [32,33].
HaCaT and ORL-48 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco®,
Life Technologies, Camarillo, CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen,
Carlsbad, CA, USA), fungizone (2.5 mg/L, Sigma Aldrich, Dorset, UK), penicillin (100 units/mL,
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Sigma Aldrich, Dorset, UK), and streptomycin (100 mg/mL, Sigma Aldrich, Dorset, UK) at 37 ◦C in a
5% carbon dioxide (CO2) humidified environment. Upon reaching 80% confluency, the media was
removed from the cell culture flask and the flask was washed three times with Hank’s Balanced Salt
Solution (HBSS, Invitrogen, Carlsbad, CA, USA). Following removal of the HBSS solution, cells were
detached from the flask with 1 mL of trypsin (0.5 mg/mL, Sigma Aldrich, Dorset, UK) and pelleted for
the microencapsulation experiment.

2.2. Preparation of Cell-Alginate and Calcium Chloride Solutions

Sodium alginate solution at 1.5% wt/v (Sigma Aldrich, St. Louis, MO, USA) and calcium chloride
solution at 1% wt/v (Sigma Aldrich, St. Louis, Missouri, USA) were prepared by dissolving the solid
crystals of sodium alginate and calcium chloride in distilled water, respectively. Both HaCaT and
ORL-48 cells were added to 100 µL of alginate solution at cell densities of 3× 107 and 9 × 107 cells/mL,
respectively. In our experiment, ORL-48 cells did not grow further into microtissues at the lower
cell density of 3 × 107 cell/mL. Hence, a higher cell density of ORL-48 at 9 × 107 cells/mL was
applied. The cell-alginate suspension was filled into a 0.5 mL syringe (Becton, Dickinson and
Company, Franklin Lakes, New Jersey, USA) with a 29-gauge insulin needle. The syringe was
fitted to a syringe pump (NE-4002X, New Era, Farmingdale, NY, USA) functioned to extrude the
cell-alginate suspension (Figure 1a). Subsequently, calcium chloride solution was filtered using a
0.2 µm Polytetrafluoroetylene membrane Acrodisc® syringe filter (Pall® Life Sciences, Port Washington,
New York, USA). The needle was inserted into the air tube extending from the air pump system as
shown in Figure 1a. The developed electronic aerosol system [34] (Figure 1a) was applied to extrude
microdroplets of cell-alginate at an extrusion rate and air flow rate of 20 µL/min and 0.3 L/min,
respectively. Filtered calcium chloride solution (4 mL) was then prepared in a sterile petri dish of 6 cm
diameter for crosslinking the microdroplets of cell-alginate. The petri dish was placed 6 cm under the
insulin needle as shown in Figure 1a.
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Figure 1. (a) Schematic illustration of the electronic aerosol microencapsulation system; (b) The
photomicrographs of microcapsules (50×magnification) produced at the extrusion rate of 20 µL/min
and air flow rate of 0.3 L/min (Scale bar: 200 µm); (c) Size distribution of the microcapsules.
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2.3. 3D Cell Microencapsulation Using Aerosol Technique

In the aerosol microencapsulation system, HaCaT and ORL-48 cells were encapsulated in
independent experiments. During the experiments, the aerosol system dispersed the microdroplets
of cell-alginate from the aperture of the needle, the microdroplets dropped into the petri dish
and were then polymerized in calcium alginate solution for approximately 10 min. The standard
polymerization time was determined by the mean absorbance at 330 nm using Multiskan™ GO
Microplate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, the
solution in the petri dish was carefully discarded, leaving only the polymerized microcapsules of
HaCaT or ORL-48 cells. The microcapsules containing cells were rinsed three times with HBSS
solution followed by incubation in 2 mL of DMEM at 37 ◦C in a 5% CO2 humidified incubator for
16 days. The media was replenished every two days to provide enough nutrients for the growth of
the encapsulated cells. All experiments were performed in a SC2-4A1 biological safety cabinet (ESCO,
Singapore). The growth of both HaCaT and ORL-48 cells encapsulated in the microcapsules were
monitored every two days up to 16 days of culture. Photomicrographs of the cells were captured using
an inverted phase contrast microscope (TS100, Nikon, Tokyo, Japan) coupled with a Go-5 CCD digital
camera (QImaging, Surrey, UK).

2.4. DAPI Staining

DAPI (4′,6-diamidino-2-phenylindole dihydrochloride) staining was performed to investigate
the cells or nuclei distribution in microtissues for both HaCaT and ORL-48 following 16 days of
culture. First, DAPI (0.1 µg/mL) (Sigma Aldrich, St. Louis, MO, USA) was diluted in HBSS. Both the
microcapsules of HaCaT and ORL-48 were separately washed in HBSS and then incubated in DAPI
solution for 20 min in the dark. Subsequently, the DAPI stain was removed and the stained microtissues
were washed with HBSS solution. The stained microtissue images were viewed and captured using a
BX53 fluorescence microscope (Olympus, Tokyo, Japan) mounted with a DP73 CCD camera (Olympus,
Tokyo, Japan).

2.5. Live and Dead Cell Staining

The live/dead® viability kit for mamalian cells (Invitrogen, Paisley, UK) was used to stain the
live and dead cells of the microtissues formed in the calcium alginate microcapsules. The live/dead®

cell viability kit can differentiate live cells from the dead cells by double staining of both the HaCaT
and ORL-48 cells in the microtissues with green-fluorescent Calcein-Acetoxymethyl (AM, Invitrogen,
Paisley, UK), which indicates intracellular esterase activity, and red-fluorescent Ethidium homodimer-1
(EthD-1) (Invitrogen, Paisley, UK), which indicates the loss of plasma membrane integrity. After
16 days of culture, the HaCaT and ORL-48 microtissues formed in the calcium alginate microcapsules
were incubated in 2 µM of Calcein-AM and 4 µM of EthD-1 stain solutions for 20 min in the dark.
Subsequently, the stain solutions were removed and the microtissues were washed three times in HBSS
solution. The stained microtissues were captured using a BX53 fluorescence microscope (Olympus,
Tokyo, Japan) mounted with a DP73 digital camera.

2.6. Alginate Lyase Activity

The alginate shell of the microcapsules of HaCaT and ORL-48 were removed by using alginate
lyase (Sigma Aldrich, St. Louis, MO, USA) at 0.2 mg/mL prepared in a media after 16 days of culture.
Alginate lyase catalyzes the biodegradation of complexly structured alginate by cleaving the glycosidic
bond via a β-elimination reaction [35]. Within 1 to 2 min of immersion in the alginate lyase media,
the 3D microtissues released from the alginate shell were collected and washed three times in HBSS.
The purified microtissues were ready for physical examination using a field emission-scanning electron
microscopy (FE-SEM).
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2.7. Field Emission-Scanning Electron Microscopy

The shapes, external morphology, and surface structure of both HaCaT and ORL-48 microtissues
were examined by using a JSM-7600F field emission-scanning electron microscope (FE-SEM, JOEL,
Tokyo, Japan) with an upper secondary electron imaging (SEI) detector. Before imaging, the
microtissues of HaCaT and ORL-48 were fixed in 4% formaldehyde (Sigma Aldrich, St. Louis, MO,
USA) for 24 h at 5 ◦C. The fixed microtissues were then transferred and placed on 2 × 2 cm microscope
glass slides before being left to air dry at room temperature. Subsequently, the glass slides containing
the 3D microtissues were coated with a conductive gold coating in a JFC-1600 Auto Fine Coater (JOEL,
Tokyo, Japan) powered at 20 mA for 30 s. Then, the gold coated glass slide containing the microtissues
was mounted to a mounting stub using double-sided carbon tapes before loading into the FE-SEM for
imaging. During the FE-SEM scanning, both the microtissues of HaCaT and ORL-48 were exposed
to an accelerated voltage beam at 5 kV. The reflected beam from the samples was detected using an
upper secondary electron imaging (SEI) detector.

2.8. Re-Plating Microtissues

Re-plating of microtissues is our newly proposed method to investigate the physical changes in
the microtissues on a culture dish and examine the viability of the microtissues. The microtissues of
HaCaT and ORL-48 were extracted from the calcium alginate microcapsules and re-plated in a petri
dish. The released 3D microtissues from the calcium alginate microcapsules were washed three times
in HBSS and then transferred to two independent petri dishes with a diameter of 35 mm. Two mL
of DMEM was then added into the petri dish. The physical changes in the microtissues following
the removal of the alginate shell were monitored every 24 h up to 72 h. The effects of re-plating 3D
microtissues were observed and captured using a TS100 inverted phase contrast microscope (Nikon,
Tokyo, Japan) that was linked to a Go-5 CCD digital camera (QImaging, Surrey, UK).

3. Results

Figure 1b shows that the samples of microcapsules produced in spherical shape using the aerosol
technique. The microcapsules of calcium alginate have a narrow size distribution ranging from 220 to
270 µm as indicated (Figure 1c). This range falls within the recommended ideal size of microcapsules for
epithelial cells to grow to the approximate thickness of the epidermis which is between 200 to 300 µm.

Based on the spectrophotometry of the microcapsules (Figure 2a), the threshold time for the
polymerization of alginate was approximately 5 min following the immersion of the sodium alginate
in the calcium chloride solution. This was based on the drastic change of absorbance at approximately
5 min after polymerization (Figure 2a). Hence, it was suggested to polymerize the microcapsules
of alginate with at least 5 min of immersion in the calcium chloride solution. The minimum period
for polymerization was studied to ensure the microcapsules produced have stiffness in the range
of approximately 136 kPa making them suitable for cell culture [36]. The un-polymerized alginate
microcapsules are transparent in comparison with cross-linked alginate microcapsules that appeared
white (Figure 2b).

Figure 3a,b shows the growth and transition of morphological changes of 3D HaCaT and ORL-48
cells in the microencapsulation of calcium alginate over a period of 16 days, respectively. The 3D
cells of HaCaT and ORL-48 cells were observed to have grown gradually into the microtissues after
approximately 16 days of culture. On the first day of culture (Day 0), the HaCaT and ORL-48 cells
(Figure 3) were scattered in the calcium alginate microcapsules. From Day 2 onwards, the quantity of
cells encapsulated in the calcium alginate microcapsules increased and continued to form aggregates
in the encapsulations (Figure 3). After approximately 14 days of culture, the clusters of cells in the
microcapsules grew into microtissues and the masses of cells completely filled the microcapsules.
Towards day 16 of culture, the grown microtissues of HaCaT and ORL-48 can be clearly seen with dark
appearance representing a high density of microtissues.
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The micrographs of DAPI staining indicate that the distributions of nuclei for both cell types are
highly concentrated in the microcapsules following 16 days of culture. These results indicated that
HaCaT (Figure 4a) and ORL-48 (Figure 4b) were tightly organized in the microcapsules. However,
ORL-48 cells had smaller nuclei as compared to that of HaCaT from a similar size of microcapsules
following 16 days of culture. The HaCaT and ORL-48 cells in the microtissues were distinguishable
in terms of size and shape, which may be caused by the often highly variable size of cancer [36].
In addition, the nucleus of cancer cells in the tissue is usually an abnormal shape due to damaged or
altered genes [37]. The ORL-48 cells had a stronger stain of DAPI when compared with that of HaCaT
cells (Figure 4a,b), although similar camera sensitivity was used. A previous report [38] revealed that
the stronger DAPI stain observed in cancer cells may be due to their excess DNA contents. Figure 4c,d
show the results of live and dead cell stainings for both the HaCaT and ORL-48 microtissues following
16 days of culture, respectively. The calcium alginate microcapsule membrane is semipermeable for
the live/dead stain to allow permeation into the core of the encapsulated microtissues. The green
(Calcein-AM) and red (Ethidium homodimer-1) fluorescence staining indicated live and dead cells
within the microtissues, respectively. Both microtissues revealed a high viability of cells.

Although the microtissues were confined in the spherical structure of the microcapsules, it is
interesting to determine if the microtissues that were formed were also indeed spherical. Figure 5
shows the HaCaT and ORL-48 microtissues before (Figure 5a,b) and after (Figure 5c,d) removal from the
alginate capsules, respectively. The calcium alginate microcapsule membrane disappeared completely
within 1 to 2 min after immersion in the media containing alginate lyase at 0.2 mg/mL. Both the
extracted microtissues of HaCaT (Figure 5c) and ORL-48 (Figure 5d) had good cell-cell integrity and
cell adhesions. No loose pieces of microtissues were observed even after re-immersion in baths of
different media. However, the microtissues of HaCaTs were not able to maintain a spherical shape
after a few rinsings with HBSS solution (Figure 5c).
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In order to further analyze the surface morphology of the HaCaT and ORL-48 microtissues
collected, FE-SEM was applied to investigate the overall and surface structure of the microtissues.
Figure 6 shows the FE-SEM micrographs of HaCaT and ORL-48 microtissues after 15 days of culture
at 300× and 1500× magnifications, respectively. HaCaTs and ORL-48 (Figure 6a,b) both had good
integrity of cells. However, ORL-48 microtissues appeared to be spherical in shape with a homogeneous
surface (Figure 6b,d), which was probably due to the binding by self-induced extracellular matrix
(ECM) proteins. A previous work [39] revealed that the surface of the human liver cancer (HepG2)
microtissue is similarly homogeneous with tight cell-cell adhesions.

Although the live and dead cell staining suggested that the cells in the microtissues were viable,
the technique could not reveal the basic functionalities of the cells, such as motility. The re-plating
experiment was performed to verify the functionality of the cells during migration and proliferation
in order to ensure that the cells retain their functions when they are still viable. Hence, the extracted
HaCaT and ORL-48 microtissues were then re-seeded in a petri dish to investigate their physical
changes (Figure 7). Several hours after transferring the microtissues of HaCaT (Figure 7a) and ORL-48
(Figure 7b) to a tissue culture-treated dish, the adhesion of the microtissues was examined by a mild
perturbation of media by gently shaking the media. The microtissues were found to be well adhered
to the surface of the petri dish. After 24 h of re-plating, the individual cells were found to be migrating
out of the microtissues (Figure 7a,b). As more and more cells migrated out of the microtissues after
48 h of culture, this induced a monolayer of cells to form around the microtissues. The 2D monolayer
of cells continued to proliferate with a larger covered area in the petri dish while the 3D microtissues
gradually disintegrated after 72 h of culture (Figure 7a,b). This indicates that the cells preferably
attached to a tissue culture treated dish.
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4. Discussion

In microencapsulation of cells, the size of the microtissues produced using the aerosoling method
is in the range of 220–270 um and these microspheroids were cultured in a large volume of culture
media. The aerosol microencapsulation technique produces microtissues that are easy to handle and
allows for the exchange of media every day while the cell aggregates are growing. In comparison
to hanging drop and overlay techniques [10], the aerosole method produces a high number of
microspheroids with controlled size and shape [34]. Microcapsules within a few hundreds of diameter
could reduce the mass transfer resistance by providing greater surface area for the diffusion of oxygen
and nutrients to the cells located at the core of the microcapsules [40]. The cells encapsulated in the
hydrogel-like capsule received sufficient nutrients and gases which allow them to stay viable after
16 days of culture. A recent work [11] based on the hanging drop method showed that 7-day old
spheroids with a size of approximately 500 µm were observed with central necrosis. This report
indicates that in culture, large microtissues that contain a small volume of media droplets are liable to
high metabolism and nutrient deprivation of cells in the center of spheroid [11,41].

The confinement of cells in microcapsules ensures close proximity of 3D cells with reduced
cell-cell distance in an enclosed environment, which is an important factor to stimulate the growth of
cells into microtissues [42]. However, the proliferation of cells seemed to be limited by the volume of
alginate microcapsules, and they remained quiescent without enlargement of size as observed after
formation of microtissues. This is similar to the culturing of monolayer of cells to full confluency,
in which the proliferation is limited by the size of the culture flask. In the culture media, the color
change of phenol red (from red to yellow) in the presence of the microcapsules of cells indicated an
exchange of catabolites and gases from the cells leading to a decrease of pH in the media. Additionally,
other factors, including the soluble factors in the media and the type of biopolymer used, may also
affect the growth of microtissues. However, the cell density is also a crucial factor for different cell
types to grow into microtissues. In this work, ORL-48 cells at a lower density of 3 × 107 cells/mL
were unable to grow into microtissues but were characterized with a few aggregations of cells in the
microcapsules. This could be due to the variation of cell growth rates for different cell types [43].
Hence, the growth of cells in micro-encapsulations is influenced by the size of microcapsules, cell
density, cell-cell interactions within the confinement, and rigidity of the growth environment.

Figure 4c,d indicate that both cell types in the microtissues were viable after 16 days of culture
since only a few HaCaT cells were stained in red (Figure 4c). This result indicated that the cells
encapsulated in the hydrogel-like microcapsules received sufficient nutrients and gases which allow
them to stay alive even after long period of culture. Nevertheless, the alginate lyase showed no
cytotoxicity to the microtissues.

The results showed that the microtissues may appear as spheroids due to the shape of the
microcapsules. To reveal the actual appearance of the microtissues without disrupting the structure
of the microtissues, alginate degradation was performed within a short period of time (1–2 min) to
reduce the viscosity of the alginate capsule. The microtissues after alginate degradation can be in
spheroids or non-spheroids depending on the self-organization ability of cells to form microtissues as
shown in Figure 5.

Between the microtissues of the two cell types, microtissues of ORL-48 retained their spheroidal
shape suggesting that cancer cells possess strong organization ability and adhesion properties.
The difference in the 3D structure restorations of HaCaT and ORL-48 suggested that cancer cells might
produce adequate extracellular matrix proteins which support good cell-cell adhesion, as observed in
FE-SEM microscopy.

Growing cell spheroids based on the microencapsulation technique has the advantages of spheroid
size control and re-association of cells based on self-generated extracellular matrix proteins. HaCaTs
and ORL-48 have the ability to self-assemble into microtissues if they are provided with a suitable and
biocompatible micro-environment such as alginate based microcapsules. The multicellular structure
serves as a protective layer for diffusion of molecules from the outer surface to the center core of
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microtissues. In this work, we did not observe uncontrollable reproduction of cancer cells as reported
in the literature [44], but both cells formed microtissues well within 16 days of culture. The morphology
of cells, cell-cell adhesion, cell-matrix interactions, and volumetric growth of microtissues are distinctly
different from 2D culture. Thus, making the microtissue a translational model for studying the efficacy
of drugs is fundamental to inform in vivo animal studies. For implementation in tissue transplantation,
the microcapsular membrane is a layer which protects the microtissues from the immune system of
the recipients [45]. However, the membrane can be easily removed if it is not needed, as demonstrated
in this work.

The re-plating experiments verified that the microtissues were composed of viable living cells that
could adapt and migrate in the culture dish. Furthermore, the surface of tissue culture treated dishes is
usually modified to be more hydrophilic by generating negatively charged hydroxyl groups on the
surface. The increase of negative charges on the surface of the culture dish would change the surface
properties of the dish [46]. This could attract cells to migrate from the microtissues to the surface with
higher affinity to the cells.

5. Conclusions

The microencapsulation of HaCaT and ORL-48 cells leading to the growth of microtissues based
on the aerosol technique was successfully demonstrated in this paper. The polymerization time for the
alginate requires a minimum of 5 min following the immersion of sodium alginate in calcium chloride
solutions. The feasibility of cell-enclosing microcapsules as a scaffold for microtissues growth within
16 days of culture was also revealed. The encapsulated cells had the ability to proliferate, self-assemble,
and grow into microtissues in the microcapsules of calcium alginate. Larger size of cell nuclei was
observed in HaCaT microtissues as compared to that in the ORL-48 microtissues, while ORL-48 cells
exhibited much more variability in cell size. The surface structure of the ORL-48 microtissues was
expressed with lower surface roughness when compared with that of HaCaT microtissues. Degradation
of calcium alginate membrane using alginate lyase provided for in vitro 3D microtissues model.
The microtissues re-plating experiment is a suitable test to examine the basic cell functionality of
the microtissues.

Acknowledgments: The authors would like to acknowledge the financial support for research from the Malaysia
Ministry of Education (Fundamental Research Grant Scheme, FRGS Vot. 1482 and IGSP Vot. 679).

Author Contributions: Wai Yean Leong wrote the paper; Chin Fhong Soon and Mansour Youseffi conceived and
designed the experiments; Kian Sek Tee, Wai Yean Leong, and Soon Chuan Wong performed the experiments;
Siew Hua Gan analyzed the data; Sok Ching Cheong contributed oral cancer cells.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Antoni, D.; Burckel, H.; Josset, E.; Noel, G. Three-dimensional cell culture: A breakthrough in vivo. Int. J.
Mol. Sci. 2015, 16, 5517–5527. [CrossRef] [PubMed]

2. Souza, G.R.; Molina, J.R.; Raphael, R.M.; Ozawa, M.G.; Stark, D.J.; Levin, C.S.; Bronk, L.F.; Ananta, J.S.;
Mandelin, J.; Georgescu, M.M.; et al. Three-dimensional tissue culture based on magnetic cell levitation.
Nat. Nanotechnol. 2010, 5, 291–296. [CrossRef] [PubMed]

3. Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L. Three-dimensional cell culture systems and their
applications in drug discovery and cell-based biosensors. Assay Drug Dev. Technol. 2014, 12, 207–218.
[CrossRef] [PubMed]

4. Kunz-Schughart, L.; Freyer, J.P.; Hofstaedter, F.; Ebner, R. The use of 3-D cultures for high throughput
screening: The multicellular spheroid model. J. Biomol. Screen. 2004, 9, 273–285. [CrossRef] [PubMed]

5. Soon, C.F.; Thong, K.T.; Tee, K.S.; Ismail, A.B.; Denyer, M.; Ahmad, M.K.; Kong, Y.H.; Vyomesh, P.;
Cheong, S.C. A scaffoldless technique for self-generation of three-dimensional keratinospheroids on liquid
crystal surfaces. Biotech. Histochem. 2016, 91, 283–295. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms16035517
http://www.ncbi.nlm.nih.gov/pubmed/25768338
http://dx.doi.org/10.1038/nnano.2010.23
http://www.ncbi.nlm.nih.gov/pubmed/20228788
http://dx.doi.org/10.1089/adt.2014.573
http://www.ncbi.nlm.nih.gov/pubmed/24831787
http://dx.doi.org/10.1177/1087057104265040
http://www.ncbi.nlm.nih.gov/pubmed/15191644
http://dx.doi.org/10.3109/10520295.2016.1158865
http://www.ncbi.nlm.nih.gov/pubmed/27008034


Bioengineering 2017, 4, 43 13 of 14

6. Stevens, M.M.; Qanadilo, H.F.; Langer, R.; Prasad Shastri, V. A rapid-curing alginate gel system: Utility in
periosteum-derived cartilage tissue engineering. Biomaterials 2004, 25, 887–894. [CrossRef] [PubMed]

7. Sugiura, S.; Oda, T.; Izumida, Y.; Aoyagi, Y.; Satake, M.; Ochiai, A.; Ohkohchi, N.; Nakajima, M. Size control
of calcium alginate beads containing living cells using micro-nozzle array. Biomaterials 2005, 26, 3327–3331.
[CrossRef] [PubMed]

8. Hunt, N.C.; Grover, L.M. Cell encapsulation using biopolymer gels for regenerative medicine. Biotechnol. Lett.
2010, 32, 733–742. [CrossRef] [PubMed]

9. Kang, A.; Park, J.; Ju, J.; Jeong, G.S.; Lee, S.H. Cell encapsulation via microtechnologies. Biomaterials 2014, 35,
2651–2663. [CrossRef] [PubMed]

10. Friedrich, J.; Seidel, C.; Ebner, R.; Kunz-Schughart, L.A. Spheroid-based drug screen: Considerations and
practical approach. Nat. Protoc. 2009, 4, 309–324. [CrossRef] [PubMed]

11. Zhang, W.; Li, C.; Baguley, B.; Zhou, F.; Zhou, W.; Shaw, J.; Wang, Z.; Wu, Z.; Liu, J. Optimization of the
formation of embedded multicellular spheroids of mcf-7 cells: How to reliably produce a biomimetic 3D
model. Anal. Biochem. 2016, 515, 47–54. [CrossRef] [PubMed]

12. Rungarunlert, S.; Techakumphu, M.; Pirity, M.K.; Dinnyes, A. Embryoid body formation from embryonic
and induced pluripotent stem cells: Benefits of bioreactors. World J. Stem Cells 2009, 31, 11–21. [CrossRef]
[PubMed]

13. Froehlich, K.; Haeger, J.D.; Heger, J.; Pastuschek, J.; Photini, S.M.; Yan, Y.; Lupp, A.; Pfarrer, C.; Mrowka, R.;
Schleussner, E. Generation of multicellular breast cancer tumor spheroids: Comparison of different protocols.
J. Mammary Gland Biol. Neoplasia 2016, 21, 89–98. [CrossRef] [PubMed]

14. Vadivelu, R.K.; Kamble, H.; Shiddiky, M.J.A.; Nguyen, N.-T. Microfluidic technology for the generation of
cell spheroids and their applications micromachines. Micromachines 2017, 8, 94. [CrossRef]

15. Scheller, E.L.; Krebsbach, P.H.; Kohn, D.H. Tissue engineering: State of the art in oral rehabilitation.
J. Oral Rehabil. 2009, 36, 368–389. [CrossRef] [PubMed]

16. Da Rocha, E.L.; Porto, L.M.; Rambo, C.R. Nanotechnology meets 3D in vitro models: Tissue engineered
tumors and cancer therapies. Mater. Sci. Eng. C 2014, 34, 270–279. [CrossRef] [PubMed]

17. Shin, C.S.; Kwak, B.; Han, B.; Park, K. Development of an in vitro 3D tumor model to study therapeutic
efficiency of an anticancer drug. Mol. Pharm. 2013, 10, 2167–2175. [CrossRef] [PubMed]

18. Sun, A.M. Microencapsulation of cells. Medical applications. Ann. N. Y. Acad. Sci. 1997, 831, 271–279.
[CrossRef] [PubMed]

19. Gasperini, L.; Mano, J.F.; Reis, R.L. Natural polymers for the microencapsulation of cells. J. R. Soc. Interface
2014, 11, 20140817. [CrossRef] [PubMed]

20. Paredes Juarez, G.A.; Spasojevic, M.; Faas, M.M.; de Vos, P. Immunological and technical considerations in
application of alginate-based microencapsulation systems. Front. Bioeng. Biotechnol. 2014, 2, 26. [CrossRef]
[PubMed]

21. Tiwari, G.; Tiwari, R.; Sriwastawa, B.; Bhati, L.; Pandey, S.; Pandey, P.; Bannerjee, S.K. Drug delivery systems:
An updated review. Int. J. Pharm. Investig. 2012, 2, 2–11. [CrossRef] [PubMed]

22. Rabanel, J.M.; Banquy, X.; Zouaoui, H.; Mokhtar, M.; Hildgen, P. Progress technology in microencapsulation
methods for cell therapy. Biotechnol. Prog. 2009, 25, 946–963. [CrossRef] [PubMed]

23. Sugiura, S.; Oda, T.; Aoyagi, Y.; Matsuo, R.; Enomoto, T.; Matsumoto, K.; Nakamura, T.; Satake, M.; Ochiai, A.;
Ohkohchi, N.; et al. Microfabricated airflow nozzle for microencapsulation of living cells into 150 micrometer
microcapsules. Biomed. Microdevices 2007, 9, 91–99. [CrossRef] [PubMed]

24. De Vos, P.; van Hoogmoed, C.G.; van Zanten, J.; Netter, S.; Strubbe, J.H.; Busscher, H.J. Long-term
biocompatibility, chemistry, and function of microencapsulated pancreatic islets. Biomaterials 2003, 24,
305–312. [CrossRef]

25. Lee, K.Y.; Mooney, D.J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106–126.
[CrossRef] [PubMed]

26. Jinchen Sun, H.T. Review alginate-based biomaterials for regenerative medicine applications. Materials 2013,
6, 1285–1309. [CrossRef]

27. Weiswald, L.B.; Bellet, D.; Dangles-Marie, V. Spherical cancer models in tumor biology. Neoplasia 2015, 17,
1–15. [CrossRef] [PubMed]

28. Jiang, Y.; Pjesivac-Grbovic, J.; Cantrell, C.; Freyer, J.P. A multiscale model for avascular tumor growth.
Biophys. J. 2005, 89, 3884–3894. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2003.07.002
http://www.ncbi.nlm.nih.gov/pubmed/14609677
http://dx.doi.org/10.1016/j.biomaterials.2004.08.029
http://www.ncbi.nlm.nih.gov/pubmed/15603828
http://dx.doi.org/10.1007/s10529-010-0221-0
http://www.ncbi.nlm.nih.gov/pubmed/20155383
http://dx.doi.org/10.1016/j.biomaterials.2013.12.073
http://www.ncbi.nlm.nih.gov/pubmed/24439405
http://dx.doi.org/10.1038/nprot.2008.226
http://www.ncbi.nlm.nih.gov/pubmed/19214182
http://dx.doi.org/10.1016/j.ab.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27717854
http://dx.doi.org/10.4252/wjsc.v1.i1.11
http://www.ncbi.nlm.nih.gov/pubmed/21607103
http://dx.doi.org/10.1007/s10911-016-9359-2
http://www.ncbi.nlm.nih.gov/pubmed/27518775
http://dx.doi.org/10.3390/mi8040094
http://dx.doi.org/10.1111/j.1365-2842.2009.01939.x
http://www.ncbi.nlm.nih.gov/pubmed/19228277
http://dx.doi.org/10.1016/j.msec.2013.09.019
http://www.ncbi.nlm.nih.gov/pubmed/24268259
http://dx.doi.org/10.1021/mp300595a
http://www.ncbi.nlm.nih.gov/pubmed/23461341
http://dx.doi.org/10.1111/j.1749-6632.1997.tb52202.x
http://www.ncbi.nlm.nih.gov/pubmed/9616719
http://dx.doi.org/10.1098/rsif.2014.0817
http://www.ncbi.nlm.nih.gov/pubmed/25232055
http://dx.doi.org/10.3389/fbioe.2014.00026
http://www.ncbi.nlm.nih.gov/pubmed/25147785
http://dx.doi.org/10.4103/2230-973X.96920
http://www.ncbi.nlm.nih.gov/pubmed/23071954
http://dx.doi.org/10.1002/btpr.226
http://www.ncbi.nlm.nih.gov/pubmed/19551901
http://dx.doi.org/10.1007/s10544-006-9011-9
http://www.ncbi.nlm.nih.gov/pubmed/17106639
http://dx.doi.org/10.1016/S0142-9612(02)00319-8
http://dx.doi.org/10.1016/j.progpolymsci.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22125349
http://dx.doi.org/10.3390/ma6041285
http://dx.doi.org/10.1016/j.neo.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25622895
http://dx.doi.org/10.1529/biophysj.105.060640
http://www.ncbi.nlm.nih.gov/pubmed/16199495


Bioengineering 2017, 4, 43 14 of 14

29. Carver, K.; Ming, X.; Juliano, R.L. Multicellular tumor spheroids as a model for assessing delivery of
oligonucleotides in three dimensions. Mol. Ther. Nucleic Acids 2014, 3, e153. [CrossRef] [PubMed]

30. Safferling, K.; Sutterlin, T.; Westphal, K.; Ernst, C.; Breuhahn, K.; James, M.; Jager, D.; Halama, N.; Grabe, N.
Wound healing revised: A novel reepithelialization mechanism revealed by in vitro and in silico models.
J. Cell Biol. 2013, 203, 691–709. [CrossRef] [PubMed]

31. Chen, Z.; Yang, J.; Wu, B.; Tawil, B. A novel three-dimensional wound healing model. J. Dev. Biol. 2014, 2,
198–209. [CrossRef]

32. Hamid, S.; Lim, K.P.; Zain, R.B.; Ismail, S.M.; Lau, S.H.; Mustafa, W.M.; Abraham, M.T.; Nam, N.A.; Teo, S.H.;
Cheong, S.C. Establishment and characterization of asian oral cancer cell lines as in vitro models to study a
disease prevalent in asia. Int. J. Mol. Med. 2007, 19, 453–460. [CrossRef] [PubMed]

33. Hidayatullah Fadlullah, M.Z.; Chiang, I.K.; Dionne, K.R.; Yee, P.S.; Gan, C.P.; Sam, K.K.; Tiong, K.H.;
Wen Ng, A.K.; Martin, D.; Lim, K.P.; et al. Genetically-defined novel oral squamous cell carcinoma cell lines
for the development of molecular therapies. Oncotarget 2016, 7, 27802. [CrossRef] [PubMed]

34. Leong, W.Y.; Soon, C.F.; Wong, S.C.; Tee, K.S. Development of an electronic aerosol system for generating
microcapsules. J. Teknol. 2016, 78, 79–85. [CrossRef]

35. Zhu, B.; Yin, H. Alginate lyase: Review of major sources and classification, properties, structure-function
analysis and applications. Bioengineered 2015, 6, 125–131. [CrossRef] [PubMed]

36. Cairns, R.A.; Harris, I.S.; Mak, T.W. Regulation of cancer cell metabolism. Nat. Rev. Cancer 2011, 11, 85–95.
[CrossRef] [PubMed]

37. Nandini, D.B.; Subramanyam, R.V. Nuclear features in oral squamous cell carcinoma: A computer-assisted
microscopic study. J. Oral Maxillofac. Pathol. 2011, 15, 177–181. [CrossRef] [PubMed]

38. Zink, D.; Fischer, A.H.; Nickerson, J.A. Nuclear structure in cancer cells. Nat. Rev. Cancer 2004, 4, 677–687.
[CrossRef] [PubMed]

39. Lou, Y.R.; Kanninen, L.; Kaehr, B.; Townson, J.L.; Niklander, J.; Harjumaki, R.; Jeffrey Brinker, C.;
Yliperttula, M. Silica bioreplication preserves three-dimensional spheroid structures of human pluripotent
stem cells and hepg2 cells. Sci. Rep. 2015, 5, 13635. [CrossRef] [PubMed]

40. Wilson, J.L.; McDevitt, T.C. Stem cell microencapsulation for phenotypic control, bioprocessing, and
transplantation. Biotechnol. Bioeng. 2013, 110, 667–682. [CrossRef] [PubMed]

41. Griffith, C.K.; Miller, C.; Sainson, R.C.; Calvert, J.W.; Jeon, N.L.; Hughes, C.C.; George, S.C. Diffusion limits
of an in vitro thick prevascularized tissue. Tissue Eng. 2005, 11, 257–266. [CrossRef] [PubMed]

42. Wong, S.C.; Soon, C.F.; Leong, W.Y.; Tee, K.S. Flicking technique for microencapsulation of cells in calcium
alginate leading to the microtissue formation. J. Microencapsul. 2016, 33, 162–171. [CrossRef] [PubMed]

43. Achilli, T.M.; Meyer, J.; Morgan, J.R. Advances in the formation, use and understanding of multi-cellular
spheroids. Expert Opin. Biol. Ther. 2012, 12, 1347–1360. [CrossRef] [PubMed]

44. De Berardinis, R.J.; Lum, J.J.; Hatzivassiliou, G.; Thompson, C.B. The biology of cancer: Metabolic
reprogramming fuels cell growth and proliferation. Cell Metab. 2008, 7, 11–20. [CrossRef] [PubMed]

45. Vaithilingam, V.; Tuch, B.E. Islet transplantation and encapsulation: An update on recent developments.
Rev. Diabet. Stud. RDS 2011, 8, 51–67. [CrossRef] [PubMed]

46. Ramsey, W.S.; Hertl, W.; Nowlan, E.D.; Binkowski, N.J. Surface treatments and cell attachment. Vitr. Cell.
Dev. Biol. Plant 1984, 20, 802–808. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/mtna.2014.5
http://www.ncbi.nlm.nih.gov/pubmed/24618852
http://dx.doi.org/10.1083/jcb.201212020
http://www.ncbi.nlm.nih.gov/pubmed/24385489
http://dx.doi.org/10.3390/jdb2040198
http://dx.doi.org/10.3892/ijmm.19.3.453
http://www.ncbi.nlm.nih.gov/pubmed/17273794
http://dx.doi.org/10.18632/oncotarget.8533
http://www.ncbi.nlm.nih.gov/pubmed/27050151
http://dx.doi.org/10.11113/jt.v78.8718
http://dx.doi.org/10.1080/21655979.2015.1030543
http://www.ncbi.nlm.nih.gov/pubmed/25831216
http://dx.doi.org/10.1038/nrc2981
http://www.ncbi.nlm.nih.gov/pubmed/21258394
http://dx.doi.org/10.4103/0973-029X.84488
http://www.ncbi.nlm.nih.gov/pubmed/22529576
http://dx.doi.org/10.1038/nrc1430
http://www.ncbi.nlm.nih.gov/pubmed/15343274
http://dx.doi.org/10.1038/srep13635
http://www.ncbi.nlm.nih.gov/pubmed/26323570
http://dx.doi.org/10.1002/bit.24802
http://www.ncbi.nlm.nih.gov/pubmed/23239279
http://dx.doi.org/10.1089/ten.2005.11.257
http://www.ncbi.nlm.nih.gov/pubmed/15738680
http://dx.doi.org/10.3109/02652048.2016.1142017
http://www.ncbi.nlm.nih.gov/pubmed/26878098
http://dx.doi.org/10.1517/14712598.2012.707181
http://www.ncbi.nlm.nih.gov/pubmed/22784238
http://dx.doi.org/10.1016/j.cmet.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18177721
http://dx.doi.org/10.1900/RDS.2011.8.51
http://www.ncbi.nlm.nih.gov/pubmed/21720673
http://dx.doi.org/10.1007/BF02618296
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and Preparation 
	Preparation of Cell-Alginate and Calcium Chloride Solutions 
	3D Cell Microencapsulation Using Aerosol Technique 
	DAPI Staining 
	Live and Dead Cell Staining 
	Alginate Lyase Activity 
	Field Emission-Scanning Electron Microscopy 
	Re-Plating Microtissues 

	Results 
	Discussion 
	Conclusions 

