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Abstract

3D culture systems have the ability to mimic the natural microenvironment by allowing better cell-
cell interactions. We have prepared an /n vitro 3D osteogenic cell culture model using human
adipose derived stem cells (hASCs) cultured atop recombinant elastin-like polypeptide (ELP)
conjugated to a charged polyelectrolyte, polyethyleneimine (PEI). We demonstrate that hASCs
cultured atop the ELP-PEI coated tissue culture polystyrene (TCPS) formed 3D spheroids and
exhibited superior differentiation toward osteogenic lineage compared to the traditional two
dimensional (2D) monolayer formed atop uncoated TCPS. Live/dead viability assay confirmed
>90% live cells at the end of the 3-week culture period. Over the same culture period, higher
protein content was observed in 2D monolayer than 3D spheroids, as the 2D environment allowed
continued proliferation, while 3D spheroids underwent contact-inhibited growth arrest. The
normalized alkaline phosphatase (ALP) activity, which is an indicator for early osteogenic
differentiation was higher for 3D spheroids. The normalized osteocalcin (OCN) production, which
is an indicator for osteogenic maturation was also higher for 3D spheroids while 2D monolayer
had no noticeable OCN production. On day 22, increased Alizarin red uptake by 3D spheroids
showed greater mineralization activity than 2D monolayer. Taken together, these results indicate a
superior osteogenic differentiation of hASCs in 3D spheroid culture atop ELP-PEI coated TCPS
surfaces than the 2D monolayer formed on uncoated TCPS surfaces. Such enhanced osteogenesis
in 3D spheroid stem cell culture may serve as an alternative to 2D culture by providing a better
microenvironment for the enhanced cellular functions and interactions in bone tissue engineering.
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1. INTRODUCTION

The success of tissue engineering largely depends on mimicking the 3D complex

microenvironment. The /n vitro 3D cell culture microenvironments can be broadly classified

as cells cultured in biomimetic scaffolds and cells cultured in aggregates. Scaffolds allow
culture by encapsulating cells in a 3D arrangement and rely on extensive cell-matrix
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interactions, but often allow inadequate cell-cell interactions and, the difficulty in controlling
the scaffold mechanical and physical properties limits cell culture performance [1,2]. The
cellular aggregates, a.k.a. 3D spheroids, can be prepared in a “scaffold-free” culture and are
formed when the cells do not preferentially adhere to any substrate and instead attach to
themselves through junctional complexes [3]. Spheroids have been shown to create in vivo
like functionality by having anatomical and physiological similarities with the native tissues
such as cardiomyocyte spheroids beating in a heart-like rhythm, hepatocyte spheroids having
liver-like performance, as well as human endothelial cells vascularizing microtissues [4—6].
Spheroids recapitulate complex cell-cell and cell-ECM interactions to effectively
communicate mechanical and biochemical signals that can influence cell shape,
proliferation, differentiation, and gene expression [7]. As such, molecular gradients of
soluble components added in the cell culture medium (e.g., nutrients and growth factors) as
well as the metabolites produced by the cells are established in 3D spheroids due to the
formation of diffusion barrier leading to differential rates of production and consumption of
these factors [8,9].

Scaffold-free 3D spheroid cultures have been produced previously by both static (hanging
drop and micro-patterned surfaces) and dynamic (spinner flask and rotating vessel wall)
cultures, but both techniques have problems associated with them. Some of the problems
include difficulty in visualizing spheroids, damage to cells due to shear forces, and difficulty
in controlling spheroid sizes [10]. Scaffold-free 3D spheroids can also be created using
positively-charged surface coatings [11], however the spheroids formed on the non-adherent
surfaces are more prone to dislodgement, resulting in reduced tissue specific functions. Also,
the positively charged polymers may be cytotoxic and can only be used in low
concentrations, which may lead to a surface with uneven coating. To overcome these
problems, we have devised a 3D spheroid culture technique using a coating of genetically
engineered polymer elastin-like polypeptide (ELP) conjugated with a polyelectrolyte
polyethyleneimine (PEI). Given that ECM is composed of elastin and the ELP is a
recombinant form of mammalian elastin, ELP can provide a recognizable environment for
the cell attachment. The ELP-PEI forms a positively charged coating on the TCPS surface
with the PEI component being responsible for the formation of spheroids, while the ELP
component facilitating the surface attachment of the formed spheroids. The ELP and PEI
conjugation reaction conditions and the concentration of ELP-PEI surface coating for
spheroid formation have already been optimized in such a way as to not affect the viability
of the cells [12]. Using this substrate, we have successfully prepared 3D spheroids of
primary rat hepatocytes, 3T3-L1 adipocytes, and H35 rat hepatoma cells [12-14]. We have
demonstrated a superior differentiation in the 3D spheroids formed from these cells
compared to the 2D monolayer culture [12-14].

The 3D spheroid model can be used for tissue regeneration using adult mesenchymal stem
cells (MSCs) that have multi-lineage potential. With increased differentiation capability and
potential of progenitor cells, stem cells like salivary gland-derived progenitor cells
differentiate into hepatocytic and pancreatic lineages only in 3D spheroid environment [15].
Additionally, neuronal differentiation of embryonic stem cells [16] and odonto/osteo
differentiation of dental pulpal stem cells [17] have higher efficacy in spheroids. 3D
spheroid culture model for culture and differentiation of MSCs into osteogenic lineage will
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be of significance in bone regeneration, as the bone tissue specific functionality of the
osteogenic cells will be raised due to the intercellular interactions. Strong evidence has been
shown to prove that 3D microenvironment is needed for osteogenic differentiation [18-20].
Kale et al. have shown that 3D spheroids cause early up-regulation of several bone related
markers like alkaline phosphatase (ALP), collagen type I, and osteonectin with concomitant
bone formation in human osteogenic cells [21]. Human adipose derived stem cells (hASCs)
are analogous to the bone marrow MSCs (BMSCs). hASCs have been widely used in
regenerating skin, bone, fat, cartilage and cardiovascular tissues [22]. hASCs are used as an
alternative to BMSCs due to their easy procurement, high harvest yield, and rapid /n vitro
expansion [23]. In this study, we studied the /n vitro osteogenic activity of hASCs, by
culturing them as spheroids in TCPS plates coated with ELP-PEI. We hypothesized that the
spheroids formed from hASCs will have long term stability and greater differentiation
towards osteogenic lineage when compared to the traditional 2D monolayer. To this end,
over a 3-week culture period, we performed head-to-head comparisons between the 2D
monolayer and 3D spheroid cultures with respect to protein content, ALP activity,
osteocalcin (OCN) production, mineralization by Alizarin red staining.

2. MATERIALS AND METHODS

2.1 Expression, purification and chemical modification of ELP

Escherichia colibacteria with synthetic gene for (VPGVG),q (V = valine, P = proline, G =
glycine), were multiplied in a suspension culture of nutrient broth and purified by inverse
phase transition cycling as described elsewhere [24]. The purified ELP was dialyzed against
deionized water and then lyophilized. ELP was chemically conjugated to PEI (MW = 800
Da, Sigma, St. Louis, MO, USA) using activation of ELP with N-hydroxysuccinimide and
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (Sigma, St. Louis, MO) as
previously described [12].

2.2 ELP-PEI Coating

ELP-PEI coating was formed according to our previous studies [12, 14]. ELP-PEI conjugate
was adsorbed to 24-well TCPS plate (Corning Costar, Corning, NY, USA) by placing 200
uL of 5 mol% ELP-PEI solution and incubating at 37 °C for 48 h in a dry incubator.

2.3 hASC culture

hASCs were obtained according to our Institutional Review Board (IRB)-approved protocol
(# 2012-0004) from lipoaspirates of an unidentified female patient who underwent elective
liposuction procedure. hASCs were maintained and expanded in Dulbecco’s modified
eagle’s medium (DMEM) (Hyclone labs, South Logan, UT, USA) supplemented with 10%
calf serum, 2 mM L-glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin, and 2
mM sodium pyruvate (Invitrogen, Carlsbad, CA, USA) with pH adjusted to 7.4. Cells were
harvested at 80% confluence by trypsinization. 50,000 cells were seeded onto uncoated and
ELP-PEI coated TCPS surfaces of each well of a 24-well culture plate. The hASCs were
cultured for 3 days either to generate 3D spheroids atop ELP-PEI coated surfaces or to reach
confluence as a 2D monolayer atop uncoated TCPS surfaces. Subsequently, the cells were
supplemented with osteogenic differentiation medium containing DMEM, 50 mM L-
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ascorbic acid, 10 nM dexamethasone, 10 mM B-glycerophosphate, 10% fetal bovine serum,
and 100 U/mL penicillin and 100 pg/mL streptomycin for 3 weeks. Fresh media was fed
every 48 hours. The experiment timeline is shown in Figure 1.

IX-81 epifluorescence microscope (Olympus, Center Valley, PA, USA) was used to image
the 2D monolayer and 3D spheroids under bright field on days 8 and 22. Bright field, FITC
and TRITC filters were used for cell viability assessment (n = 3) using live/dead assay
(Invitrogen) on day 22. The cells were treated with live/dead reagents and SlideBook
software (Olympus, Center Valley, PA, USA) was used for image analysis.

2.5 Biochemical Analyses

All the assays were performed as per the manufacturers’ instructions. To quantify the total
protein content, ALP activity, and osteocalcin production, 2D monolayer and 3D spheroids
were collected by trypsinization and mechanical squirting action, respectively. Cells were
pelleted by centrifugation at 3,500 rpm for 5 min, washed with PBS, and spun again at 3,500
rpm for 5 min. The pellet was resuspended in PBS and sonicated for 30 s at 10% amplitude
using a Branson Digital Sonifier 450 (Branson, Danbury, CT, USA). Total protein present in
the cells collected on days 1, 8, 15 and 22 (n = 3) was measured by BCA total protein assay
(Thermo Scientific, Rockford, IL, USA) and quantified by comparison against standard
curves constructed from manufacturer’s standards. The protein level was measured with a
540 nm filter on ELX-800 absorbance plate reader (Biotek, Winooski, VT). Total protein
data was used to normalize the data collected from other assays namely, ALP activity assay
(n = 3), osteocalcin assay (n = 3), and Alizarin red staining (n = 3). Quantichrom ALP assay
(BioAssay Systems, Hayward, CA) was used for colorimetric determination of ALP activity
of cells collected on days 8, 15 and 22. The absorbance was measured at 0 and 4 min at 405
nm on ELX-800 absorbance plate reader, and ALP activity was calculated. Osteocalcin
assay (OCN) (Invitrogen, Carlsbad, CA) was used to perform an ELISA specific for human
osteocalcin. The absorbance was measured at 450 nm on ELX-800 absorbance plate reader
and OCN production was calculated. Next, osteogenesis quantitation kit (EMD Millipore,
Billerica, MA) was used to determine the mineralization activity on day 22. The
differentiated cells with bright red stained mineralized deposits were seen using EVOS™ FL
cell imaging system (Life Technologies, Carlsbad, CA). Quantitative determination was
done by further incubating the cells in 10% acetic acid with shaking for 30 min followed by
vigorous vortexing for 30 s, and heating at 85 °C for 10 min. The extract was centrifuged at
22,000x%g for 15 min, neutralized with 150 uL of 10% ammonium hydroxide and absorbance
was measured at 405 nm on ELX-800 absorbance plate reader.

2.6 Statistical Analysis

All experiments were performed in triplicate. Results were reported as mean + 95%
confidence intervals. Statistical analysis was done using ANOVA. Values with p< 0.05 were
deemed statistically significant.
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3. RESULTS

The 2D /n vitro culture model was created by achieving a confluent monolayer of hASCs
seeded on uncoated TCPS surface, and supplementing them with osteogenic differentiation
media (Figure 2a,b). The positively charged ELP-PEI coated TCPS surface led to the
creation of 3D spheroids of hASCs, which received the same osteogenic differentiation
media and formed 3D /n vitro culture model (Figure 2c¢,d). The uncoated TCPS surface had
the hASCs proliferate and spread out to confluence on the entire surface displaying
traditional 2D monolayer features. But, the ELP-PEI coated TCPS surface induced the
hASCs to form aggregates in the first 24 hours and spheroids by 72 hours. After the 3 days,
when cells were fed differentiation media, 2D and 3D cultures reacted by showing
osteogenic differentiation. On visual inspection microscopically, the spheroid sizes
continued to increase over the 3-week culture period (Figure 2a—d). To assess the cell
viability, live/dead assay was performed on day 22 (Figure 2e—h). The red fluorescence
indicated dead cells while the green fluorescence indicated the presence of live cells.
Though some dead cells were seen in the 3D spheroids (Figure 2h), the percentage of live
cells was more than 90%, similar to that in the 2D monolayer indicating that the cells did not
experience any significant cytotoxicity due to exposure to ELP-PEI or due to the 3D
spheroid configuration (Figure 2i).

Over the 3-week culture period, the cells were harvested for determining the total protein
content, ALP activity, OCN content, and Alizarin red stain uptake. As shown in Figure 3, the
total protein content of the cells cultured as 3D spheroids was significantly lower than those
cultured as 2D monolayer on all days (p < 0.05 on same day). The cells cultured as 2D
monolayer had increasing total protein content from day 1 (127.5 + 23.6 ug) to day 22
(407.5 £ 56.7 pg). In contrast, the protein content of cells cultured as 3D spheroids only
showed an increase from day 1 (22.4 + 6.2 ug) to day 8 (47.7 £ 9.2 ug) after which it
plateaued until day 22.

Figure 4, shows the ALP activity of hASCs normalized to total protein content, which serves
as an early marker for osteogenic differentiation. The normalized ALP activity on day 8 for
3D spheroids was 33.6 + 5.2 nM/min/ug protein, while the same for 2D monolayer was 12.8
+ 5.1 nM/min/ug protein. Similar trend of the significantly higher normalized ALP activity
for the 3D spheroids compared to the 2D monolayer was observed on all days, and this
difference was statistically significant on days 8 and 22 (p < 0.05 on same day).

To assess the osteogenic maturation response, hASCs cultured as 2D monolayer and 3D
spheroids were analyzed for osteocalcin production. The normalized osteocalcin production
in 3D spheroids was between 0.6 and 1.5 pg/ug protein on days 8, 15, and 22, with the
highest osteocalcin production of 1.56 + 0.44 pg/ug protein on day 22 for 3D spheroids
(Figure 5). The 2D monolayer showed minimal osteocalcin production (Figure 5), which
was significantly lower than that for the 3D spheroids on all days (p < 0.05).

Visualization of Alizarin red staining on day 22 showed negligible amount of mineralized
deposits in 2D monolayer, while the 3D spheroids showed bright red staining on the
spheroids (Figure 6a,b). Quantification of mineralization using the concentration of
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extracted alizarin red stain normalized to total protein, also showed that 3D spheroids had
greater mineralization (0.19 + 0.15 nM/ug protein) compared to negligible mineralization
(0.000 £ 0.003 nM/g protein) in the 2D monolayer (p = 0.06), as seen in Figure 6c.

4. DISCUSSION

Conventional 2D culture techniques fail to reproduce a physiologically-relevant 3D
environment and yield poor cell differentiation of mesenchymal cells [25, 26]. The 3D
spheroids are increasingly gaining popularity in tissue engineering due to extensive cell-cell
interactions possible in this configuration that may result in a superior cellular differentiation
[27]. Multiple culture methods like pellet culture, micromass culture, culture on micro-
patterned surfaces, suspension culture, hanging drop culture, and rotating wall vessel are
used to generate 3D spheroids [8, 28]. In contrast to studies reporting the formation of
spheroids by these complex methods that may be associated with problems in visualizing,
maintenance of stability and controlling the damage to spheroids [10], we have developed
conditions whereby hASCs undergo osteogenic differentiation without requiring complex
equipment or cumbersome techniques. Our system has the unique advantage of forming
stable spheroids by their attachment to a biocompatible material such as ELP, and also their
formation using a low concentration of the polyelectrolyte polymer, that decreased the
cytotoxic effect. In our previous studies, we have demonstrated that 3D spheroid formation
could be induced over positively charged ELP-PEI coated surfaces [13,14]. By using this
method now, we have cultured spheroids of hASCs. The hASCs spheroids formed over a
period of 72 h and maintained the cell-cell junctions by self-assembly just like the H35 rat
hepatoma cells, 3T3-L1 pre-adipocytes, and primary rat hepatocytes [12—14]. Unlike the
previous experiments done with cells that were committed to a specific-lineage (3T3-L1 pre-
adipocytes), were terminally differentiated (primary rat hepatocytes), or were an immortal
cell line (H35 rat hepatoma cells), the results from this study are unique as hASCs are
multipotent stem cells and have a demonstrated ability to differentiate along a variety of
lineages depending on the microenvironmental cues. It should also be noted that previous
work has largely focused on generating 3D spheroids of animal cells, while this work has
generated 3D spheroids of human origin.

In the live/dead assay (Figure 2) our results showed equal viability of cells in uncoated and
ELP-PEI coated TCPS surfaces which demonstrated that an otherwise cytotoxic PEI gained
biocompatibility when conjugated with ELP. The cell viability on day 22 is similar to the
monolayer, confirming that ELP-PEI system is a viable alternative to 2D cell culture. The
live/dead staining of our spheroids had a similar appearance to that of the commercial MSCs
that underwent osteogenesis and imaged on day 26 by Wang et al. [28]. We observed that the
dead cells concentrated toward the central region of the spheroids (Figure 2h) which may be
due to limitation on the diffusion of oxygen, nutrient supply, and growth factors, as noted by
Crucio et al. in mouse hepatocytes and Hu et al. in multicellular tumor cells [29,30]. The
total protein content in the 3D spheroids were much lower than the 2D monolayer as shown
in Figure 3 and early plateauing demonstrates the formation of stable spheroids as well as
their restricted proliferation. This outcome is similar to our previous work with H35 rat
hepatoma cells and 3T3-L1 pre-adipocytes [13,14]. The spheroids are attached to ELP
portion of the ELP-PEI coating by means of surface-tethering, which in turn restricts the loss
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of spheroids with time, leading to plateaued protein content. The cells in 3D culture interact
with their adjacent neighbors resulting in a contact-inhibited, reduced proliferation. Also,
unlike in the 2D monolayer, the spheroids do not have a firm attachment to the TCPS
surface. This may further reduce their expansion potential, as observed by Schmal et al. in
spheroids formed with MSCs of umbilical origin [31].

Considering the reciprocal relationship between proliferation and differentiation, we then
expected to observe a superior osteogenic differentiation in our 3D spheroid culture. To
study the osteogenic differentiation and maturation capacity of hASCs cultured on ELP-PEI
coated and uncoated TCPS surfaces, we selected two of the well-researched early and late
markers of differentiation, namely, ALP activity and OCN production. In addition, as a
marker for osteogenic maturation, the presence of calcified matrix from cells in both
monolayer and spheroids was visualized and quantified by Alizarin red staining. Our study
has shown that reorganization of hASCs into spheroids over ELP-PEI coated surfaces did
not disrupt their ability to undergo osteogenesis when stimulated with specific differentiation
medium. In fact, the 3D spheroids had relatively greater amounts of osteogenic activity
compared to the 2D monolayer as measured by ALP activity (Figure 4), OCN production
(Figure 5), and Alizarin red levels (Figure 6). Remarkably, the OCN production and Alizarin
red staining was insignificant in 2D monolayer indicating a negligible osteogenic capacity.
We posit that the enhanced osteogenic differentiation of spheroids compared to monolayer
can be because of: difference in tension between hASCs adhering to the TCPS plate in
monolayer versus the natural ECM in spheroids, as matrix elasticity can affect cell
differentiation [32], accelerated mineralization due to enhanced secretion of bone specific
ECM [33], superior cell-cell contacts resulting in high cell density in spheroids [34], and
initiation of differentiation as cells contact with one another and with ECM [33]. Overall,
our results agree well with other studies that have demonstrated osteogenic differentiation of
stem cells. For instance, the ALP activity of our 3D spheroid hASC culture was higher on
day 15 similar to the BMSCs cultured as microaggregates in Aggrewell™ [25]. The higher
Alizarin red staining observed in our 3D spheroid hASC culture was similar to that observed
in commercial human MSCs cultured on micro-patterned surfaces by Wang et al. [28].
Similar results were also observed by Yamaguchi at al., in their study with rat BMSCs [35].

5. CONCLUSION

This work describes a 3D spheroid model of hASCs formed using ELP-PEI coating of TCPS
surfaces to study the osteogenic differentiation, maturation and mineralization. Taken
together, we have used the ELP-PEI coating method for /in7 vitro 3D spheroid culture and
shown that hASCs cultured in this way have improved differentiation properties compared to
the 2D monolayer culture. Future studies involving our 3D spheroid model would investigate
the applications in bone tissue engineering by using 3D spheroids in compaosite guided bone
regeneration scaffolds.
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Figure 1.
Timeline of experiment.
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Figure2.
Bright field images of hASCs (a, b) 2D monolayer and (c, d) 3D spheroids on days 8 (a, ¢)

and 22 (b, d). Live/Dead images (e, f, g, h) and quantification (i) of hASC viability on day
22 in 2D and 3D cells. Scale bar = 50 pm.
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Figure 3.
Total protein content of hASCs cultured as 2D monolayer and 3D spheroids. Red bars = day

1; green bars = day 8; blue bars = day 15, orange bars = day 22. Error bars represent 95%
confidence intervals. *p < 0.05 against 2D on the same day.
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Figure 4.
ALP activity normalized to total protein of hASCs cultured as 2D monolayer and 3D

spheroids. Green bars = day 8; blue bars = day 15, orange bars = day 22. Error bars
represent 95% confidence intervals. *p < 0.05 against 2D on the same day.
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Figureb.
Osteocalcin content normalized to total protein of hASCs cultured as 2D monolayer and 3D

spheroids. Green bars = day 8; blue bars = day 15, orange bars = day 22. Error bars
represent 95% confidence intervals. *p < 0.05 against 2D on the same day.
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Figure®6.

Alizarin red staining of hASCs cultured as (a) 2D monolayer and (b) 3D spheroids on day
22. (c) Quantification of Alizarin red staining normalized to total protein of hASCs. Scale
bar = 50 pm. Error bars represent 95% confidence intervals. *p < 0.05 against 2D on the
same day.
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