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ABSTRACT: We are standardizing protocols to develop egg
white (EW) as a cost-effective platform for culture of three-
dimensional (3-D) multicellular tumor spheroids for application in
understanding tumor microenvironments and drug screening. In
this article, we describe several physical and physiological
characteristics of EW to use it as 3-D cell culture platform. Field
emission scanning electron microscopy revealed the presence of
different microstructures. Hydrodynamic size distribution data
indicated nano- and micron-sized particles. Rheological measure-
ments revealed the viscosity and viscoelastic behavior appropriate
for maintaining cell viability and supporting 3-D cell growth under
high-sheer conditions. It was found that thereis no autofluor-
escence, a requirement for imparting transparency and for
microscopic observations of the spheroids. The EW facilitated the development of 3-D tumor spheroids, with an emphasis of
difference in cell proliferation and intercellular cytoskeletal organization between two-dimensional and 3-D spheroid cultures. Put
together, EW proves to be a cost-affordable and simple platform for 3-D culture of tumor spheroids.

1. INTRODUCTION

Two-dimensional (2-D) cell culture is an important technique
practiced in cancer biology research to understand the
molecular mechanisms of tumor development and invasion
and to find appropriate drug targets. Even though it has been
in extensive use during the past several decades, certain
limitations have affected its use as an effective investigative tool
in cancer biology. Importantly, 2-D culture does not always
ensure productivity, whereupon cost and failure rates increase.1

Going a little deep into the issue, cells cultured in the 2-D
format on a rigid substrate are deficient in cell−cell and cell−
extracellular matrix (ECM) communications causing stretched
cytoskeletal elements. This in turn affects the cellular polarity
and leads to aberrant gene and protein expressions.1−4 To
overcome these limitations, models resulting from three-
dimensional (3-D) cultures have come up. In 3-D culture
systems, cells are cultured by embedding in a complex 3-D
native ECM-like substrate providing cell−cell as well as cell−
ECM communications, which help in maintaining the
intercellular junctional complexes and cell polarity. This
facilitates the cells to simulate the functional and physiological
characteristics of in vivo tumors.5,6 Especially, the 3-D
multicellular tumor spheroid (MTS) models facilitate a better
understanding of tumor growth, invasiveness, tumor cell
architecture, cell-signaling mechanisms, tumor cell dormancy,

angiogenesis, and so forth than other 3-D models.7,8

Importantly, properties of solid tumors, such as spatial
organization of cells, expression of genes, different zones of
proliferation, and involvement of local microenvironments
with the disease, can be recaptured by culturing cells in 3-D
MTS.9−11

Use of a hydrogel/scaffold is an attractive approach to
culture cells in the 3-D MTS format as it provides mechanical
as well as structural supports to the cells in a way similar to the
native tissue. The microstructures and interconnected pores
present in hydrogels/scaffolds enable retention of water and
efficient transport of nutrients and wastes.12 Our study aims at
using whole egg white (EW) from hen (Gallus gallus
domesticus; White Leghorn breed) as an easy-to-prepare and
cost-affordable platform as an alternative to hydrogels/
scaffolds to produce 3-D MTS. The composition of EW has
already been adequately characterized. It is composed of 9.7−
10.6% protein by weight, which contributes to the develop-
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ment of embryo.13,14 More importantly, extracts and proteins
from EW support cell growth and proliferation.15,16 Therefore,
EW can serve as a suitable material to culture cells in the 3-D
format. Furthermore, the nontoxic property, biocompatibility,
and biodegradability of EW are added advantages to use it as a
3-D cell culture platform.17−19 We conducted a preliminary
study of an EW cryogel bioscaffold for use in 3-D MTS and
found advantages such as extensive porosity, homogeneous
pore size, and amide linkages during cross-linking, in addition
to cost-affordability.20

The present study, developing further on our earlier findings,
aimed at characterizing the morphological features, particle size
distribution, rheological properties, and optical properties of
EW toward its application as a convenient platform to culture
cells in the 3-D MTS format. The effect of shear stress while
handling EW was addressed. The different cell types cultured
as 3-D MTS in EW were analyzed adopting light microscopy.
The proliferation efficiencies between the 2-D culture and 3-D
MTS were compared over the period of incubation. The
difference in the structure of the cytoskeleton between the 2-D
and 3-D MTS models was analyzed.

2. RESULTS AND DISCUSSION

2.1. Microstructural Characteristics of EW. The surface
morphological features of the EW were analyzed using field

emission scanning electron microscopy (FESEM) measure-
ments. The results showed that the EW contains different
morphologies with different ranges of sizes, nano- to
micrometers, among which interconnected aggregated struc-
tures were predominant (Figure 1A). Furthermore, self-
assembled morphologies (Figure 1B), flakes (Figure 1C),
sphere-like structures (Figure 1D), and porous structures of
different sizes (Figure 1E,F) were also observed. The spheres
measured a diameter between 0.22 and 1.5 μm and the average
sphere size was 0.65 μm (Figure 1C). The dimensions of flakes
(L × W) were in the range of 1.68 × 1.02 μm to 6.81 × 5.48
μm (Figure 1C,D). Also, the diameters of two different porous
structures, shown in Figure 1E,F, were between 2.28 μm and
7.47 μm with an average pore size of 4.5 μm and 0.78 μm ×
3.25 μm with an average pore size of 2.33 μm, respectively.
It is well known that hen’s EW, a thick fluid, contains 11%

proteins. Ovalbumin, conalbumin, ovomucoid, ovotransferrin,
and lysozyme are the major proteins. The other constituents
are fat 0.2%, ash 0.8%, and water 88%. The different
morphologies observed in scanning electron microscopy
(SEM) analysis are reflections of the different compositions.13

Ovalbumin constitutes 54% of total dry mass. EW albumins
undergo aggregation at this concentration. Also, it is known
that EW albumins can undergo aggregation in the pH range
4−9 at room temperature.21−23 Moreover, the polar and

Figure 1. Microstructure of the EW analyzed by SEM. Different morphological features were observed. (A,B) Aggregated and self-assembled
morphologies, respectively. Flakes and sphere structures are presented in (C). (D) Inset in (C). (E,F) Two different porous structures observed in
EW.
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nonpolar proteins present in EW may be responsible for the
different structures formed in EW. Especially, the polar nature
of the structural protein ovomucin is thought be the reason for
aggregation of EW to filamentous and fibroid structures. To
the best of our knowledge, this is the first report of elucidation
of the different morphologies present in the raw EW of hen
where previous findings reveal only the structure of proteins in
their purest form. Furthermore, the hydrodynamic size
distribution of the EW was assessed adopting dynamic light
scattering (DLS). The average size was found to be 485.7,
3568, and 6.469 nm (Figure 2). The results obtained from the
particle size measurement confirm the presence of nano- to
micron-sized particles in the EW and substantiate the data
obtained from FESEM analysis (Figure 1).
2.2. Rheological Characteristics. ECM is a macro-

molecular structure that provides mechanical and structural
supports to cells in tissues and maintains tissue polarity via the
cell−ECM interaction. More precisely, the viscoelasticity of the
ECM determines the fate of tissue homeostasis. Therefore, it is
necessary to provide in vivo relevant physiological force to the
cells in order to maintain their original tissue homeostasis
under laboratory conditions. In our study, the measurement of
viscosity against the shear stress shows gel-like elastic behavior
at the low stress level. At high shear stress, the overall viscosity
of EW decreased to near 0.1 Pa s, and a fluid-like behavior was
observed (Figure 3).
The study of viscoelasticity in oscillation frequency sweep

mode confirms the transition from a gel-like behavior into a
fluid-like under the constant strain. The result shows
frequency-dependent storage (G′) and loss (G″) modules.
The storage module (G′), responsible for elastic character-

istics, was initially higher than the loss module (G″) at low
frequencies (G′ > G″). It was decreased significantly below the
loss module (G″) in response to increased frequencies and, as
a result, the viscous behavior prevails over the elastic nature of
EW (Figure 4). The result justifies that the elastic behavior

maintained at rest will keep the cells in the viscous state, which
is advantageous to culture the cells as spheroids. As seen in
SEM analysis, most of the particles in EW that were revealed as
macromolecules were aggregates that help to maintain EW in a
highly viscous form. Under the deformation or shearing, these
macromolecules may disintegrate into smaller particles. At this
stage, the material shows shear-thinning flow behavior, which
may be useful to transfer the EW using syringes. Because the
EW has this property, the cells can get mixed homogeneously
with the EW, whereupon syringes and microtips can be used to
handle the cell−EW suspension. The viscosity of EW, as found
in the experiment, was 11.2 Pa G′, which is advantageous for
mammalian cell culture applications. Collagen matrices
affording G′ ≈ 4−60 Pa are appropriate to culture 3D soft
tissue.24

Importantly, the resurgence of viscosity after stress was
measured by shearing the material at 500 s−1 for 30 s. It was
observed that the viscosity of EW was established immediately
after shearing stopped (Figure 5). However, measurement of
dynamic complex viscosity, η*, versus angular frequency
showed a decrease in the structural strength of the EW
material after shearing. In this experiment, constant strain was
applied to decrease the structural strength of the EW material
and to study the equilibrium between internal structural
breakdown and rebuilding. The result shows a decrease in η*
under the effect of increasing frequency (before shearing), and

Figure 2. Hydrodynamic size distribution of EW analyzed by DLS measurement.

Figure 3. Apparent viscosity measurement in relation to shear stress
shows high viscosity at low shear stress, which decreased with
increased shear stress.

Figure 4. Frequency-dependent storage (G′) and loss modules (G″)
exhibit a viscous behavior with increased frequencies prevailed over
the elastic behavior observed at the rest.
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thereafter, start of structural build up upon deformation is
slowed (after shearing) (Figure 6). However, complex viscosity

was not fully recovered and the reduction may possibly be due
to disruption of the internal network structure present in the
EW. This reduction in complex viscosity after shearing may
affect the strength of the material while dealing with the EW
during experiment and it might affect homogeneous spheroid
formation. Overall, the results from the rheological experi-
ments facilitate the conclusion that the EW possesses
viscoelastic properties favorable to culture the cells. Especially,
transition from an elastic state to a fluid-like state and shear
stress viscosity that is 11.2 Pa G′ observed in EW are suitable
to mimic physiological ECM for culture of soft tissues.24 On
the other hand, the disruption in the internal structure of EW
observed under shearing conditions may affect its function as a
cell culture platform.
2.3. Injectability of EW for Cell Culture. The effect of

sheer stress on viability of cells while handling cell−EW
suspension was measured using syringes of different volumes
and needles of different gauge sizes. The results from the MTT
viability assay indicated that viability of cells was not affected
even in the case of smallest needle used (#26) (Figure 7). The
fluid-like behavior of EW as inferred from the rheological
observation may keep the cells viable even after high shear. It is
believed that EW may reduce the volume of suspension under
high shear stress, and the high composition of macromolecules
present in EW may contribute to this phenomenon. The 1−
300 μL pipette tip, routinely used in laboratory experiments, is
equivalent to a #20 needle.25

2.4. Optical Properties. Visualization of 3-D cultured
cells, without disturbing the culture conditions, is an important

aspect in developing a transparent cell culture medium. It
depends greatly on optical properties of the material used in
the 3-D culture. In our study, the optical property of EW was
analyzed by measuring the absorbance and fluorescence
spectra. The results from the UV−visible spectral analysis
show that the peak observed at 300 nm corresponds to the
high absorbance light (Figure 8A). Therefore, it is concluded
that the optical detection near 300 nm may be limited in the
EW. However, it is noted that the wavelength of visible light
used in most of the optical microscopes ranges from 400 to
700 nm. Thus, the absorbance at 300 nm may not hinder

Figure 5. Evaluating the EW viscosity after shearing the gel at 500 s−1

for 30 s demonstrates instant recovery of viscosity after shearing
stopped.

Figure 6. Dynamic complex viscosity, η*, of EW measured before and
after shearing. The results represent the lack of complete recovery of
η*, describing the structural deformation after shearing.

Figure 7. Injectability of EW for cell culture. The results after the
MTT assay show that the viability was not affected by injection with
syringes with needles of different gauge sizes. Error bars represent
mean ± SD (n = 6).

Figure 8. Optical properties of EW. (A) Absorbance spectrum of EW.
The peak was recorded at 300 nm, corresponding to the high
absorbance at 300 nm. (B) No autofluorescence was recorded in the
fluorescence spectral analysis of EW compared to pure water.
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visualization in the optical microscope and be helpful in
experimenting with live cell imaging. In addition, the property
of autofluorescence of EW was measured by scanning the
fluorescence spectra after excitation at 350, 480, and 511 nm
wherein hoechst 33258, acridine orange, and rhodamine 123
were used as the respective reference dyes. The excitation
wavelength chosen in our study is based on a wide range of
fluorescent dyes used in biological imaging under this
wavelength range. No fluorescent emission was observed on
excitation at different wavelengths (Figure 8B). Thus, it is
evident that the EW does not fluoresce and, so, suitable for
most of the fluorescence-based microscopic observations and
fluorescence-related quantitative methods.
2.5. Biocompatibility. The biocompatibility of EW was

tested using A549, MCF7, HepG2, and HEK293 cells. During
the experiments, different proportions of EW and growth
medium were mixed and added to wells of a 96-well culture
plate. The total volume was set as 200 μL and EW/culture
medium concentrations were maintained at five proportions:
0:200, 50:150, 100:100, 150:50, and 200:0 for groups 1, 2, 3, 4,
and 5, respectively. The results from the MTT assay after 48 h
of incubation with EW showed that the percentages of viability
of all four cell lines were significantly increased at 50 μL and
100 μL EW concentrations compared to the untreated or 0 μL
and 200 μL. The rate of viability was observed to be higher at
100 μL EW than the other concentrations (Figure 9). The

viability for all four cells was decreased at a volume of 200 μL
of EW. The alkaline pH of EW is also a factor that would affect
cell viability. The alkaline pH of isolated EW (pH 9−10) was
reduced to 7−8 by adding the growth medium when beginning
the cell culture. It is believed that while using a low volume of
EW, the alkalinity of EW may get neutralized by adding culture
media as in groups 2 and 3. However in groups 4 and 5, less or
no medium was added, which means less chance of
neutralizing the pH. The results reveal that increase of the
EW concentration affects the cell viability, and the alkaline pH
must be neutralized with growth media for cell culture
experiments. Most importantly, the EW contains numerous
proteins that promote cell proliferation when the pH gets
neutralized.

2.6. Light Microscopic Morphological Features of
Spheroids Grown in EW. The cells generally appear
polygonal or cuboidal when cultured in a monolayer. However,
when cultured as a spheroid, their morphology is cell-line
specific.10,26,27 Four morphological forms have been reported:
grape-bunch-like, round, mass-like, and stellate.28 In our study,
different cell types of human and mouse origins such as MCF7,
MDA-MB-231, 3T3, A549, HEK293, A431, HepG2, and SiHa
were cultured as 3-D spheroids using EW. The MCF7, 3T3,
A431, and HepG2 spheroids appeared as highly organized
masses, whereas MDA-MB-231, A549, HEK293, and SiHa
spheroids appeared grape-bunch-like (Figures 10 and 11). The
mass-like spheroids generally have cells exhibiting high cell−
cell adhesion and disorganized nuclei filling the core. The
grape bunch-like spheroids generally exhibit poor cell−cell
adhesion and disorganized nuclei.28,29 Despite the fact that
spheroid formation is cell line specific, the original character-
istics of cells such as proliferation, migration, and invasion are
not affected by the spheroid morphology.30,31 Importantly, the
material and the physiomechanical properties of the culture
system may exert a profound effect on spheroid morphology.31

Evidently, the property of different internal morphologies with
multiple scale structures, that is, nano to macro, and the
apparent viscosity related to the ECM of soft tissues observed
in EW may contribute to the control of spheroid organization
by facilitating cell−cell and cell−ECM interactions. In
addition, the stimuli received from cell−cell and cell−ECM
interactions determine the polarity of cells in spheroids.32−34

Measurement of the diameter of spheroids on days 3, 6, and 10
revealed that the spheroid size increased over the culture
period. It was noted that the size of MCF7, MDA-MB-231,
3T3, and HEK293 spheroids reached almost 100 μm on day
10, whereas A549 and SiHa spheroids were very small on this
day (Table 1).

2.7. Cell Proliferation. The results from the MTT assay
indicate that EW facilitates proliferation of A549, MCF7, and
HepG2 cells (Figure 12). In 3-D culture, the cell proliferation
increased gradually even if the cells were cultured continuously
for 10 days. The results show that cell growth in 3-D culture
was slower than that in its monolayer counterpart. The results
obtained from the quantification of genomic DNA are in good
agreement with the MTT assay results (Figure 13). This is
consistent with previous reports.35,36 The results indicate that
in 2-D culture all cells seeded on the plastic surface contact the
medium, so they can proliferate and produce daughter cells till
nutrients provided for and space allowed. The dead cells
formed due to the crowding and the necrotic cells can be easily
removed by changing the medium, and new daughter cells can
replace that particular area, whereas in 3-D culture, the EW
provides a larger area for cell proliferation all around, resulting
in more counts of cells by improving and maintaining the
proliferation rate. Also, the cells in the spheroids may pile up as
layers one over the other to define an external proliferating
zone and internal quiescent zone containing all states of cells
such as viable, dead, and necrotic. Therefore, there is ability to
maintain cell proliferation, but it is lesser with the 3-D format
than 2-D. The mechanical stimuli of EW and the choice of cell
lines can also affect the proliferation rate.27,37−39 Also, the slow
cell proliferation in 3-D culture is related to the differences in
the gene expression pattern of growth promoting and
restricting genes.30,40,41

2.8. Cytoskeletal Organization. The development of in
vitro structural configuration resembling the native tissue

Figure 9. Biocompatibility of EW with A549, MCF7, HepG2, and
HEK293 cells adopting the MTT assay. The results show difference in
percentage of viability against different volumes of EW and higher
viability at 100 μL EW compared to other concentrations. Error bars
represent mean ± SD (n = 3).
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involves a series of cellular events that are closely related to
dynamic cytoskeletal organization. Actin, the major component
of the intercellular junctional cytoskeleton, contributes to cell−
cell contact, cell maturity, tissue structure, and functionality.42

In the present study the junctional filamentous actin (F-actin)
filaments were intensely aggregated in the cortex and at the
intercellular junctions throughout A549, MCF7, and HepG2
spheroids (Figure 14). The formation of junctional F-actin has
been associated with the enhanced cellular adhesion and signal
transduction indicating the preservation of the in vivo-like
cytoarchitecture in the spheroids.43 In contrast, the monolayer
culture of all three cells shows stress fibers of F-actin in the
cytoplasm at the middle section of monolayers. The results
show prominent F-actin formation localized at the cell base in
monolayer cells where cells attach to the surface of the tissue
culture plates, instead of the cell−cell contact points. This
subsequently decreases cell−cell adhesion and cell signaling,
which consequently affects tissue-specific functions.44

2.9. Merits of EW over Hydrogels/Scaffolds for
Culture of 3-D MTS. The EW as a medium to culture 3-D
MTS has advantages as well as limitations. Unlike poly-
saccharides (e.g., alginate and chitosan), cellulose (e.g.,

Figure 10. Light microscopic observation of spheroids of MCF7, MDA-MB-231, 3T3, and A549 cells on culture days 3, 6, and 10. Scale bar
represents 50 μm.

Figure 11. Light microscopic observation of spheroids of HEK293, A431, HepG2, and SiHa cells on culture days 3, 6, and 10. Scale bar represents
50 μm.

Table 1. Spheroid Diameter Measured from Microscopic
Observationsa

cell line day 3 day 6 day 10

MCF7 51.99 ± 8.81 69.15 ± 7.64 97.47 ± 9.89
MDA-MB-231 52.10 ± 8.19 71.54 ± 5.99 92.11 ± 6.20
3T3 68.33 ± 1846 92.75 ± 19.38 103.54 ± 6.21
A549 59.04 ± 17.15 65.06 ± 5.67 69.40 ± 10.44
HEK293 42.18 ± 9.34 62.30 ± 10.21 94.94 ± 13.11
A431 67.00 ± 8.847 76.40 ± 6.74 80.43 ± 5.87
HepG2 54.22 ± 13.93 83.76 ± 5.64 85.26 ± 11.44
SiHa 57.93 ± 7.52 60.84 ± 7.02 73.35 ± 6.31

aμm, mean ± SE of 10 measurements each.
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Figure 12. Comparison of proliferation efficiency between 2D culture and 3D spheroids of A549 (A) and MCF7 (B) and HepG2 (C) cells on days
1, 4, 8, and 12 adopting the MTT assay. Error bars represent mean ± SD (n = 3).

Figure 13. Difference in the rate of proliferation between 2D culture and 3D spheroids of A549 (A) and MCF7 (B) and HepG2 (C) cells on days
1, 4, 8, and 12 assessed by measuring the gDNA. Error bars represent mean ± SD (n = 3).
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nanofibrillar cellulose), and synthetic materials (e.g., poly-
ethylene glycol), EW is formed of proteins and so provides
space, nutrients, and support to the cells in culture.
Furthermore, the nano- to micron-level structures observed
in EW may provide more binding moieties to the cells, which
can potentially regulate cell functions. Also, the physiological
properties of EW such as viscoelasticity can be modified simply
by means of heat and cross-linking chemistry in such a way
that EW can be used as a cost-effective bioink.17,19,20

Nevertheless, as of now, it is difficult to find the specific
endogenous factor(s) from among the mixture of EW proteins,
which promote cell growth. Likewise, the impact of batch-to-
batch variability on the reproducibility of the outcome requires
further analysis.

3. CONCLUSIONS
This study deciphers hen’s EW as a platform appropriate to
grow 3-D MTSs. Investigation of the properties of micro-
structure, rheology, optical measurements, and biocompati-
bility are the important aspects to be concerned with in the
context of a novel material for cell culture applications. The
SEM analysis and particle size distribution measurement of
EW showed different microstructures and confirm the nano- to
micron-level particle size distribution. The observed rheo-
logical characteristics of EW provide information on
viscoelasticity, and the results indicate that viscosity that exists
in the EW is suitable to culture soft tissues. The reversible
gelation property offers less resistance to the flow helping to
reduce the shear stress. This fluid-like behavior was found to
be suitable to handle the cells embedded in EW using
microtips without affecting the viability of cells. As EW does
not produce any absorbance peak between 400 and 700 nm,
the observation of cells through a light microscope was not

hindered. Also, the lack of autofluorescence in EW was of
advantage to use it with a wide variety of fluorescent reagents.
The protein-rich EW showed biocompatibility with the cells,
and the specific volume of the EW practiced provides nutrient
to the cells and promotes cell proliferation. 3-D MTS was
successfully developed using different cell lines. The
morphology, proliferation, cytoskeleton molecules such as F-
actin involved in the important function of cell−cell, and cell−
ECM interactions were compared between 3-D and 2-D cell
cultures and the pre-eminence of the spheroid model over flat
culture was evaluated in detail. Overall, this study indicates that
the microstructures, advantageous rheological properties, and
other important characteristics of the EW facilitate the
formation of spheroids of different cell types. More
importantly, this cost-affordable and easy-to-isolate EW, having
bioactive substances that act as the in vivo-like ECM, is of
advantage for the growth of cells as 3-D MTS without any
additional ECM components.

4. MATERIALS

4.1. Cell Lines and Maintenance. Human breast cancer
cells MCF7 and MDA-MB-231, human lung cancer cell A549,
human embryonic kidney cell HEK293, human epidermoid
carcinoma cell A431, human liver carcinoma cell HepG2,
human cervical cancer cell SiHa, and mouse fibroblast cell 3T3
were obtained from National Center for Cell Science (NCCS),
Pune, India. The cells were cultured in high-glucose DMEM
and RPMI 1640 media (Sigma-Aldrich, USA), supplemented
with 10% fetal bovine serum, and 2% penicillin, and
streptomycin as antibiotics (Gibco, Thermo Scientific, USA).
Cells were maintained in the exponential phase at 37 °C in a
humidified atmosphere of 5% CO2 in a CO2 incubator
(Thermo Scientific, USA).

4.2. Reagents and Plasticwares. Trypsin EDTA (0.25%)
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were supplied by HiMedia, India. The dyes Alexa
Fluor 532 phalloidin, hoechst-33258, acridine orange, and
rhodamine 123 were purchased from Invitrogen, Thermo
Fisher, USA. The GenElute genomic DNA prep kit was
supplied by Sigma-Aldrich, USA. All other chemicals and
reagents used were of analytical grade, obtained from
EMPLURA, Sigma-Aldrich, USA and HiMedia, India. Tissue
culture plasticware products were obtained from HiMedia,
India.

4.3. Egg White. Chicken (Gallus gallus domesticus; White
Leghorn breed) eggs were purchased from a local vendor. The
egg shell was punctured using an egg hole puncher and EW
was collected in a sterile beaker. The EW was gently stirred
and refrigerated at 8 °C.

5. METHODS

5.1. SEM Analysis. The morphological features of the EW
were analyzed using a field emission scanning electron
microscope. The lyophilized samples were sputter-coated
with gold (Emitech, SC7620) for FESEM micrograph
measurements (Carl Zeiss, Germany). Particle size, pore size,
and their size distribution profiles were determined from at
least 50 measurements on SEM images using image analysis
software (ImageJ 1.50i).

5.2. DLS and Zeta Potential Measurements. The
hydrodynamic size distribution in EW was analyzed in a
Malvern zeta sizerNano ZS90 apparatus at 25 °C, illuminating

Figure 14. Immunostaining and comparison of junction marker F-
actin between spheroid and monolayer cultures. Images from
fluorescent staining show significant junctional F-actin (green color)
at the points of cell−cell contact throughout 3-D cultured spheroids,
whereas in cells cultured in monolayers, a large amount of F-actin
cytoskeleton is distributed in the cell base area contacting the dish
surface. Green and blue colors represent staining of F-actin and
nuclear counterstain, respectively. Scale bar is 50 μm.
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the sample by 633 nm radiation from a solid state He−Ne
laser, and the scattered light was collected at an angle of 90°.
All measurements were made in triplicate.
5.3. Rheological Measurements. The rheological proper-

ties of EW were measured at room temperature with a strain-
controlled rheometer (Physica MCR 301, Anton Paar, Austria)
equipped with a parallel-plate geometry. The diameter of the
measuring plate was 12.5 mm. The steady-state viscosity of EW
was measured against the shear stress range of 0.01−100 Pa.
The viscoelastic properties of the EW were characterized using
frequency sweep measurements from 0.1 to 100 rad/s at a
constant strain of 30%.
5.4. Injectability of EW for Cell Culture. The

injectability of EW to dispense the cells was measured
according to Bhattacharya et al.25 Cells were initially cultured
routinely in T25/T75 flasks for 48 h prior to the injection. Cell
culture in EW was initiated by mixing A549 cells with the EW
at a density of 2.5 × 103 cells per 200 μL in a 96-well plate
using a 1 mL syringe and needles of different gauge sizes (#20,
21, 23, 24, 25, and 26). After transfer, the cells were cultured
for another 24 h, and thereafter, the viability was checked using
the MTT assay (elaborate protocol is provided in Section
5.6).45 The mean OD values from six replicate experiments
were used to plot the graph.
5.5. Optical Properties. The optical property of EW was

characterized to determine the transparency of EW in terms of
observing cellular behavior in microscopic detection. The
absorbance and fluorescence properties of EW were recorded
according to Bhattacharya et al.25 with a slight modification.
UV−vis absorbance of EW was recorded in the range of 200−
700 nm using a UV−vis spectrometer (Multiskan GO, Thermo
Scientific, USA). The fluorescence spectra of EW after
excitation at 350, 480, and 511 nm were measured using a
spectrofluorimeter (Jasco, USA). The excitation wavelengths
were most commonly used in biological imaging.46,47 Hoechst
33258 (10 μg/mL), acridine orange (6 μg/mL), and
rhodamine 123 (10 mM) were used as the reference for
each excitation wavelength. Purified water was used as the
negative control.
5.6. Biocompatibility Characterization. For the analysis

of biocompatibility, EW was infused with different cell types
such as A549, MCF7, HepG2, and HEK293. Different
proportions of EW and growth media were mixed and added
to wells of the 96 culture plate. The total volume in each well
was set to be 200 μL and EW/culture media were prepared in
five proportions, 0:200, 50:150, 100:100, 150:50, and 200:0 for
groups 1, 2, 3, 4, and 5, respectively. After 48 h incubation at
37 °C with 5% CO2, 20 μL of the MTT working solution (5
mg/mL in PBS) was transferred to wells of the 96 culture
plate. After incubation for 4 h at 37 °C, the formazan crystals
were dissolved in 100 μL of dimethyl sulfoxide (DMSO). The
absorbance of the purple color was determined at 570 nm with
a reference wavelength of 630 nm (iMark, Bio-Rad, USA).
Data were collected for three replicates each and used to
calculate the respective means. The average OD570 of
untreated cells was set as 100%. Then, the percentage of
viability in EW-exposed samples was measured by comparison
of the average OD570 values of treated cells with the OD570
value of the untreated cells. The results of biocompatibility
analysis are presented as means ± SD of three experimental
replicates.
5.7. 3-D and 2-D Cultures. The EW was used to support

the culture of different cell types in the 3-D spheroid culture

format. The cells MCF7, MDA-MB-231, 3T3, A549, HEK293,
A431, HepG2, and SiHa were cultured in 2-D and 3-D
formats. In order to conduct 2-D cell culture, the cells
maintained in the culture flasks were detached using trypsin. 5
× 104 cells were seeded in the wells of standard 24-well cell
culture plates, which were already fed with the culture medium,
and incubated at 37 °C and 5% CO2. The medium was
replaced every 2 days. The number of cells seeded in 2-D was
maintained the same throughout the study.
The cells for 3-D culture were prepared as for standard

monolayer cell culture. After trypsinization, 1 × 105 cells were
mixed with EW to achieve typically 1000 cells/μL. The cell−
EW mixture was added onto 24-well ultralow attachment
plates. An equal volume of growth medium was added on top
of the cell−EW mixture and cultured at 37 °C and 5% CO2.
The medium was replaced every 2 days without disturbing the
cells.

5.8. Morphological Analysis of Spheroids. Formation
of spheroids of MCF7, MDA-MB-231, 3T3, A549, HEK293,
A431, HepG2, and SiHa cells was monitored using an inverted
light microscope (Axiovert 40 CFL, Carl Zeiss, Germany) and
images were obtained on days 3, 6, and 10. The profile shape
of the spheroids was classified into four categoriesround,
mass, grape, and stellate according to Edmondson et al.48 The
diameters of spheroids from each well were measured using
Carl Zeiss Zen 2012 software during the light microscopic
observation. Diameters of more than 10 spheroids were used
to calculate the average spheroid size in each group.

5.9. Analysis of Cell Proliferation. The proliferation
efficiency of cells in spheroids and 2-D format was quantified
using the MTT assay and determination of genomic DNA. At
specific intervals (days 1, 4, 8, and 12), A549, MCF7, and
HepG2 cells were cultured as spheroids as well as in the
monolayer format, analyzed, and compared.

5.9.1. MTT Assay. The MTT assay was used to measure the
proliferation efficiency of cells according to Mosmann.45 The
spheroids and 2-D cultures were subjected to a standard
protocol reported by Balaji et al.20 with slight modifications.
With respect to spheroid culture, after the specific intervals
(days 1, 4, 8, and 12), 50 μL of the working MTT solution
from the stock (5 mg/mL) was added to the particular wells of
a 24-well plate. After 3 h incubation in a 5% CO2 incubator
(95% humidity, 37 °C), the whole content, including the
spheroids, was centrifuged at 1000 rpm (3−4 min). The
formazan crystals in the cells were dissolved in 1 mL of
DMSO; 200 μL of the solution was transferred to the 96-well
plate to measure the absorbance.
Similarly, the cells in 2D culture were treated with 50 μL of

the working MTT solution. After 3 h incubation, the formazan
crystals were dissolved by adding 1 mL of DMSO; 200 μL of
the solution was transferred to the 96-well plate to measure the
absorbance at 570 nm with 630 nm as reference in a plate
reader (iMark, Bio-Rad, USA).

5.9.2. DNA Quantification Assay. Proliferation efficiency of
the cells cultured in 2-D and 3-D formats was furthermore
analyzed by measuring the gDNA content using the GenElute
mammalian genomic DNA prep kit. After the specific
incubation period (1, 4, 8, and 12 days), the cells were
collected, lysed, pooled, and subjected to processing as
prescribed by the manufacturer. The concentration of the
extracted gDNA was measured using a UV−vis spectrometer
(Multiskan GO, Thermo Scientific, USA).
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5.10. F-Actin Staining. The morphology and cytoskeletal
organization of the spheroids and the cells cultured as 2-D
were analyzed by capturing the F-actin orientation by
phalloidin staining. Briefly, the cultured spheroids or cells
were fixed in 4% formalin for 15 min at 4 °C. Following
washing with PBS, the cells were permeabilized with 0.1%
Triton X-100 and incubated overnight with Alexa Fluor 488-
labeled phalloidin to stain the filamentous actin. The spheroids
were then counterstained with Hoechst 33258 and visualized
using a fluorescent microscope (Axio Observer 7, Carl Zeiss,
Germany). The fluorescent emission was captured at 525 and
461 nm for phalloidin and hoechst, respectively.
5.11. Statistical Analysis. The data were subjected to

statistical analysis using PRISM version 6.0 software (Graph-
Pad Software, La Jolla, CA, USA). Data obtained from the
injectability analysis were subjected to one-way ANOVA, and
the results are presented as means ± SD of six experimental
replicates. Data obtained from the MTT assay and
biocompatibility characterization were subjected to two-way
ANOVA, and the results are presented as means ± SD of three
experimental replicates. The data from SEM analysis and
diameter measurement of spheroids were analyzed using
Microsoft Office Excel 2007, where p < 0.05 was considered
statistically significant.
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