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Abstract
For cell transplantation into damaged tissues, viable cells must be delivered to the defect site in a
suitable carrier. However, the hypoxic and nutrient-limited environment in the carrier can induce
massive cell death. The aims of this study were to increase the viability and regulate the behavior
of osteoprogenitor cells encapsulated in alginate hydrogels through control of the gel
microstructure. Cell survivability in alginate beads was improved through the use of α-MEM as
the solvent for alginic acid sodium salt and CaCl2 solutions, which supplied additional nutrients
for the cells compared to water or buffer. The mesh size and shear modulus of the hydrogel were
hypothesized to regulate proliferation and differentiation of osteoprogenitor cells. MC3T3-E1 cells
demonstrated enhanced osteoblast differentiation when encapsulated in high-density alginate with
smaller mesh size and more rigid mechanical properties, as confirmed by increased alkaline
phosphatase activity and osteocalcin secretion. However, MC3T3-E1 cells encapsulated in low-
density alginate beads with a larger mesh size and more compliant mechanical properties exhibited
increased proliferation. These results demonstrate that the microstructure of alginate hydrogels can
regulate the behavior of osteoprogenitor cells, thus suggesting that the tuning the properties of the
gel may be a useful approach for enhancing new bone formation.
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1. Introduction
Various therapeutic delivery systems have been investigated as treatments for diseases and
tissue regeneration [1–9]. Recently, there has been extensive research in the transplantation
of living cells into damaged tissues for tissue repair [4–7]. Cell delivery approaches
currently under investigation include both direct injection of cells and also delivery of cells
within an implanted scaffold [4–7]. However, cells injected directly into the tissue defect
can migrate away from the wound and implantation of scaffolds seeded with cells requires

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
*Corresponding author: PMB 351604, 2301 Vanderbilt Place, VU Station B #351604, Nashville, TN 3723, USA. Tel.:
+1-615-322-9097; fax: +1-615-343-7951. scott.guelcher@vanderbilt.edu.
§Currently at GE Global Research Center, One Research Circle, CEB 1545, Niskayuna NY, 12309
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Acta Biomater. Author manuscript; available in PMC 2013 May 1.

Published in final edited form as:
Acta Biomater. 2012 May ; 8(5): 1693–1702. doi:10.1016/j.actbio.2012.01.012.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



invasive surgical techniques [6–9]. In addition, massive cell death induced by the hypoxic
and nutrient-limited environment, as well as poor incorporation and integration of the
delivered cells, are significant limitations of conventional cell delivery systems [2, 7].

Cell encapsulation in alginate hydrogels represents one of the most widely investigated
approaches for cell therapy [10, 11]. Alginate consists of a 3D polymeric network with high
water content, which imparts structural and mechanical similarities to macromolecular-
based components in natural tissues [11]. The 3D structure of alginate not only facilitates the
diffusion of body fluids including nutrients, oxygen and metabolites, but also protects the
encapsulated cells against shear forces, chemical reactions, and attack by inflammatory cells
[10–14].

Cell-cell contact generally arrests cell growth through contact inhibition [14–17]. For
example, relatively large islands of 2D substrates coated with the extracellular matrix
(ECM) protein laminin promoted proliferation, while relatively small islands induced
apoptosis [15, 17]. Similarly, cell-substrate and cell-cell interactions within 3D gel networks
have been suggested to play a critical role in regulating cell proliferation, differentiation, and
organ size [18–20]. Encapsulation of cells in alginate beads has been investigated
extensively due in part to the flexibility of the process, where in the physicochemical
properties of the gels such as biodegradability, bead size, swelling, gel mesh size,
mechanical properties, and cell seeding density can be controlled by varying the chemical
composition and processing parameters [11, 21–24].

To promote cell adhesion, proliferation, and differentiation, alginate is frequently modified
with cell adhesion peptides and proteins [1, 25–28]. Specifically, the peptidearginine–
glycine–aspartic acid (RGD), which is derived from the extracellular matrix (ECM) protein
fibronectin, has been coupled to alginate gels at tunable densities to control cell adhesion
and differentiation [29–31]. The microstructure of the alginate gel is also anticipated to
regulate cellular behavior, considering that the hydrated 3D network allows cells to adhere,
spread, migrate, and interact with other cells [11, 32]. Varying the encapsulation conditions
has been suggested to provide control over both the diffusion of molecules into the alginate
matrix, as well as control over the porosity of the matrix to permit the proliferation and
growth of encapsulated mouse embryonic stem cells within the alginate beads [11].

In the present study, the effects of the physical microenvironment, including the mesh size
and shear modulus of the gel, on cellular proliferation and differentiation were investigated
in alginate gels without modification by peptides. The crosslink density of the gels, which
controls the mesh size and shear modulus, was adjusted by varying the concentrations of the
alginic acid and calcium chloride solutions. Considering previous studies reporting that the
elastic modulus of the matrix affects cellular outcomes in both 2D and 3D culture [33–36],
we hypothesized that the mesh size and shear modulus of the gel regulate proliferation and
differentiation of cells encapsulated in the alginate beads [37, 38]. To increase cell viability
during the encapsulation process, α-minimum essential medium (α-MEM) was incorporated
in alginate beads, which was anticipated to enhance the availability of nutrients for
encapsulated cells during the synthesis process. Viability, proliferation, and osteogenic
differentiation of MC3T3-E1 preosteoblast cells were measured in vitro to determine how
the microstructure of the alginate gels regulates cell fate in 3D cell culture.

2. Materials and Methods
2.1. Alginate beads for cell encapsulation

Alginic acid sodium salt (viscosity 20,000~40,000 cP, molecular weight 120 – 190 kDa,
Aldrich, St. Louis, MO) was dissolved in DI-water and in α-MEM at concentrations of 1 and
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2% (w/v). Briefly, MC3T3-E1 cells (1×106 cells/ml) were suspended in the alginic acid
sodium salt solutions (1 and 2% (w/v)) and mixed for 2 h. Cell viability was measured by
live/dead staining before and after incubation in alginic acid solution and found to be
unchanged. Suspensions of cells in alginate were then added drop-wise into two different
crosslinker solutions: (a) CaCl2 in DI-water or (b) CaCl2 in α-minimum essential medium
(MEM) at room temperature. The concentration of CaCl2 solutions was either 100 or 200
mM. The beads formed in the microencapsulation device were subsequently cured in the
CaCl2 solution for 1 h. Each formulation of alginate beads was designated as A–B, where A
represents the concentration of the alginate solution (1 or 2 wt%) and B denotes the
concentration of CaCl2 solution (100 or 200 mM). For example, composition 1-100
corresponds to alginate beads synthesized with 1 wt% alginate solution and 100 mM CaCl2
solution.

2.2. Swelling experiments and calculation of mesh size of alginate beads
Four alginate bead compositions were investigated as summarized in Table 1. The alginate
solution was added drop-wise into the CaCl2 solution in DI-water (100 or 200 mM). Images
of 30 beads obtained by optical microscopy (OM) were analyzed using an Olympus DP71
camera attached to a fluorescent microscope (Olympus CKX41, U-RFLT50, Center Valley,
PA) to measure bead size and analyze cell morphology. The beads were incubated in DI-
water at 37°C and bead size measured as a function of time for up to 10 days. The swelling
ratio and mesh size of each alginate bead composition were calculated from swelling
experiments as previously described [39–43]. Five beads were incubated in DI-water at
37°C, dried under vacuum, and weighed. The swelling ratio qF and volume fraction polymer
ν2 were calculated from Eqs. (1) and (2) [44]:

(1)

(2)

where ρP is the density of the alginate polymer (1.601 g/cm3) and ρW is the density of water
(1.0 g/cm3).

The crosslink density n was calculated from the Flory-Rehner equation (Eq. (3)) [39, 40]:

(3)

where χ1 is the Flory-Huggins interaction parameter (~0.5), V1 is the molar volume of the
solvent (water, 18 cm3), and n represents the number of active network chain segments per
unit volume (mol cm−3) [43, 45]. The molecular weight between crosslinks is then given by
Eq. (4):

(4)

Due to the high density of the alginate network, permeability experiments for measuring the
pore size in the gel were not feasible [41]. The corresponding mesh size, ξ, can be
subsequently approximated using Eq. (5) [39–43]:

(5)
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where Mr is the molecular weight (390.1 g/mol) of the repeat unit, l is the carbon-carbon
bond length of monomer unit (assumed to be 5.15 Å), and Cn is the characteristic ratio for
alginate calculated as Cn = 0.021*Mn + 17.95 = 21.1 [43, 45]. The mesh size effectively
represents the maximum diameter of a molecule that can diffuse through the ideal network.

2.3. Cell culture for the encapsulated cells in alginate beads
Cells encapsulated in alginate beads were cultured in either standard culture medium or
osteogenic culture medium, which consisted of α-MEM, 2.5% (v/v) FBS, 1% (v/v) penicillin
(100 U/ml)/streptomycin (100 μg/ml), 50 μg/ml L-ascorbic acid, and 10 mM β-
glycerophosphate, in the incubator with 5% CO2 at 37°C. Cell culture was performed under
dynamic conditions using an orbital shaker operated at 100 rpm at 37°C. Sample analysis or
preparation for qualitative assessment performed on days 1, 2, 5, 10, and 15. The medium
was replaced every 2 days, and the cells were recovered from the beads as described in
Section 2.7.

2.4. Rheological measurements
The storage and loss moduli of alginate gels were measured under shear conditions at 25°C
using a TA Instruments AR-G2 Rheometer (TA Instruments, New Castle, DE) fitted with
parallel plates (diameter of 25 mm, gap of 1 mm) [46]. Disk-shaped alginate gels were
prepared by adding 1 ml alginic acid sodium salt solution (1 or 2% (w/v) in DI-water) to a
mixing cup and reacted with 10 ml of CaCl2 crosslinker solution in DI-water (100 or 200
μM). The alginate gels were fully reacted for 12 h at room temperature. Shear storage and
loss moduli were measured by oscillatory shear experiments performed with strain
amplitude of 1.5% and oscillation frequency of 10 rad/s, which is within the linear
viscoelasticity region as verified by frequency and strain sweeps following each
measurement. The molecular weight between crosslinks was calculated from the measured
value of the shear modulus (G) using the following equation [24, 47]:

(6)

where cP is the concentration of alginate in solution (1 or 2 wt%), R is the gas constant
(8.314 m3 Pa mol−1 K−1), and T is the temperature.

2.5. Cell viability
4 mM cell-permeable calcein acetoxymethyl (Calcein AM) and 2 mM ethidium
homodimer-1 (EthD-1) from the Live/Dead Viability/Cytotoxicity Kit (Invitrogen) for
mammalian cells was added to the samples. Calcein AM produces a bright green
fluorescence in live cells. Ethidium homodimer-1 is retained within damaged or dead cells,
imparting a bright red fluorescence. Fluorescence images were observed by an Olympus
DP71 camera attached to a fluorescent microscope (Olympus CKX41, U-RFLT50, Center
Valley, PA). Cell viability (the percentage of viable cells) was measured by counting the
numbers of live and dead cells from the fluorescent images at time points of 0, 1, 2, 5, and
10 days.

2.7. Alkaline phosphatase activity and total protein
Five alginate beads were harvested from 24-well plates at days 1, 2, 5, 10, and 15 and
immersed in phosphate-buffered saline (PBS) for 5 min followed by washing with PBS three
times. The washed beads were crushed and lysed with 150 μl of 0.05% Triton X-100. The
plates were homogenized by three freeze-thaw cycles. After removing the lysate, the
alginate fragments were viewed in the microscope and no evidence of cells was apparent.
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The lysates (20 μl) were added to 96-well plates with 100 μl substrate buffer (2 mg/ml
disodium p-nitrophenylphosphate hexahydrate and 0.75 M 2-amino-2-methyl-1-propanol).
The mixtures were then incubated for 30 min at 37°C and the resulting optical absorbance
measured at 410 nm by using a mQuant spectrophotometer (Bio-Tek Instruments Inc.). ALP
activity was determined from a standard curve generated by employing the reaction of a p-
nitrophenyl solution. The ALP activity was normalized using the measured total protein to
account for differences in the number of cells on different alginate beads at individual time
points. Total cellular protein was determined with a BCA protein assay kit (Pierce). The
lysates (10 μl) were mixed with 200 μl BCA working reagent containing cupric sulfate and
bicinchoninic acid in 96-well plates, and then incubated for 30 min at 37°C. The resulting
optical absorbance was measured at 562 nm with the μQuant spectrophotometer. Total
protein amounts were calculated with a standard curve, which was generated with bovine
serum albumin.

2.8. Osteocalcin release
Osteocalcin (OCN) secretion from encapsulated MC3T3-E1 cells in alginate beads was
measured as a later marker of osteogenic differentiation. Secreted OCN was measured from
the standard and osteogenic culture media at 16 days by an enzyme immuno assay (mouse
osteocalcin EIA kit BT 470, Biomedical Technologies, Inc.) using the instructions in the kit.
The absorbance was measured at 450 nm with the μQuant spectrophotometer. Mouse OCN
was used to generate a standard curve, which was prepared from 7 OCN standards. The
concentration of OCN was determined by interpolation and normalized by total protein.

2.9 Proliferation and differentiation rates
The rates of proliferation and differentiation were calculated from the total protein (TP, mg/
ml) and alkaline phosphatase activity normalized by total protein (ALP/TP, U/(mg*ml))
versus time data:

(7)

Both TP and ALP/TP data were assumed to be linear functions of time, and thus the values
of rP and rD were calculated from the slopes of the TP and ALP/TP versus time plots,
respectively. The ratio of the dimensionless proliferation rate to the dimensionless
differentiation rate was calculated as follows:

(8)

where TP1 and (ALP/TP)1 denote the TP and ALP/TP values measured on day 1.

2.10. Statistical Analysis
All data are presented as mean standard deviation (±S.D.). One way ANOVA with
bonferroni correction (p< 0.05) was used for evaluation of statistical significance for all
data.
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3. Results
3.1. Effects of medium on cell viability

Encapsulation of MC3T3-E1 cells in 3D alginate beads was performed with two kinds of
solvents, DI water and α-MEM, for the alginate and CaCl2 solutions. The viability of cells
encapsulated in beads prepared with α-MEM solvents during the synthesis process exceeded
98%, while in the beads synthesized with DI water solutions the viability was <65%. When
synthesized in the presence of DI water, cells are exposed to a nutrient-limited environment
for at least 4 h, which is conjectured to result in increased cell death compared to synthesis
in the presence of α-MEM.

3.2. Effects of alginate composition on swelling, gel mesh size, and mechanical properties
Gels with a larger mesh size and lower shear modulus were anticipated to facilitate
proliferation, while gels with a smaller mesh size were expected to spatially constrain the
cells and promote differentiation. The initial sizes of the 1-100, 1-200, 2-100 and 2-200
alginate beads measured by image analysis were 2.072 ± 0.026, 2.085 ± 0.028, 2.263 ±
0.029 and 2.201 ± 0.028 mm, respectively. As shown in Figure 1A, the diameter of all four
compositions of alginate beads increased from day 1 to day 10. Figure 1B displays the mass
swelling ratio as a function of the immersion time in DI water for all four alginate
compositions. Consistent with the increase in bead size with time, the swelling ratio
increased with time for all four compositions. The swelling ratio is related to the crosslink
density by the Flory-Rehner equation, which predicts that swelling increases with the
molecular weight between crosslinks. While mammals lack the enzyme alginase that cleaves
alginate chains, ionically cross-linked alginate gels dissolve by release of the divalent Ca2+

ions into the surrounding media resulting from cation exchange with monovalent sodium
ions [48]. Thus, when the beads are immersed in DI water, the Ca2+ crosslinks break down,
resulting in an increase in the molecular weight between crosslinks. The initial mesh sizes
(ξ) of the 1-100, 1-200, 2-100 and 2-200 alginate beads were 19.8 ± 2.8, 16.3 ± 0.3, 9.4 ±
0.6 and 4.3 ± 0.4 nm, respectively. As expected, the calculated gel mesh size (Figure 1C)
decreased with increasing concentration of both alginate and calcium solutions, and
increased with time when incubated in DI water for 10 days (Figure 1C). For example, the
mesh size of 1-100 beads increased from 19.8 ± 2.8 nm to 240.2 ± 18.9 nm after 10 days of
incubation in DI-water. In contrast, the mesh size of 2-200 beads showed a substantially
smaller increase in mesh size (4.3 to 33.8 nm) compared to the 1-100 beads.

The alginate composition also controlled the initial mechanical properties of the gels, as
evidenced by the increase in shear modulus with increasing calcium and alginate
concentration (Figure 2). For example, formulation 1-100 had the lowest elastic modulus
(3.91 kPa), while formulation 2-200 had the highest elastic modulus (18.4 kPa). As shown
by Eq (6), the shear modulus scales with Mc

−1 and ξ−1/2. The initial values of ξ calculated
from the initial shear modulus data are ~50% greater than those calculated from the swelling
data (Table 1). Thus the microstructure and mechanical properties of the gels are inter-
related and can be controlled by changing the concentrations of the alginate and CaCl2
solutions.

3.3. Effect of alginate composition on cell proliferation
To investigate the effects of gel microstructure on cell fate, we performed optical
microscopy (OM) with fluorescent staining. Representative OM and live/dead (L/D) staining
images of 1-100 alginate beads show that low-density alginate beads characterized by a
larger mesh size supported proliferation of the encapsulated MC3T3-E1 cells (Figure 3,
1-100 alginate beads). Mitosis began after day 1, and small clusters of cells were observed
after day 4 (Figure 3, 1-100 alginate beads). At 16 days, large clusters of MC3T3-E1 cells
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formed as a result of proliferation (Figure 3, 1-100 alginate beads). There was no evidence
of apoptotic features such as cell shrinkage or dead cells (red fluorescence) in the clusters. In
contrast, the high-density 2-200 beads did not reveal evidence of clustering at day 1, 4, or 10
(Figure 3, 2-200 alginate beads).

Figure 4 presents total protein measured in 5 alginate beads cultured under dynamic
conditions as a function of immersion time in the standard and osteogenic culture media.
Total protein in the low-density alginate beads (1-100 and 1-200) increased significantly
over the culture period. Furthermore, at each time point there was significantly more total
protein in the less crosslinked, compliant 1-100 alginate beads than in the 2-200 alginate
beads (P<0.05). In contrast, total protein measured for the high-density alginate beads
(2-100 and 2-200) with small mesh size did not increase significantly up to 15 days (Figure
4, 2 wt% row). Thus proliferation of the encapsulated cells was greatest in the alginate beads
with the lowest density, highest shear modulus, and largest large mesh size.

3.4. Effect of alginate composition on cell differentiation
Alkaline phosphatase (ALP) activity and osteocalcin (OCN) assays were used to evaluate
osteogenic differentiation of the encapsulated MC3T3-E1 cells in the four types of alginate
beads (Figures 5 – 6). ALP and OCN are early- and late-stage markers of osteoblast
differentiation, respectively [32]. By day 15, the 1-100 and 1-200 beads had degraded and
fractured under dynamic cell culture conditions using the standard culture medium, resulting
in release of cells which subsequently attached to the well plate. Thus it was not possible to
measure total protein and ALP activity after 15 days for the 1-100 and 1-200 beads. As
shown in Figure 5, in standard culture medium ALP activity (normalized by total protein,
TP) was relatively constant with time at ~0.1 U/mg/min in 1-100 and 1-200 beads, while in
2-100 and 2-200 beads it increased with time up to >0.4 U/mg/min. Similarly, OCN
expression in the 2-200 beads with the smallest initial mesh size (4.3 nm) was significantly
higher than that in all other beads as shown in Figure 6A (P<0.05). In osteogenic medium,
ALP/TP increased with time for all groups, and activity was higher in the 2-100 and 2-200
beads. Similarly, OCN expression was significantly higher for each treatment group when
cultured in osteogenic medium compared to standard medium, and was significantly higher
in 2-100 and 2-200 beads compared to the 1 wt% alginate beads (Figure 6B). Taken
together, the data in Figures 5 and 6 suggest that differentiation was dominant in rigid low-
density beads with small mesh size, while proliferation was dominant in compliant low-
density beads with larger mesh size when cells were cultured in α-MEM.

3.5 Effects of the gel microstructure on the rates of cell proliferation and differentiation
Total protein (TP, mg/ml) and ALP/TP (U/mg/min) are plotted versus the initial mesh size
in Figure 7. In standard medium, TP increases with mesh size for the 1-100 and 1-200 gels,
while it is relatively constant for the 2-100 and 2-200 gels. In contrast, ALP/TP increases
with initial mesh size for the 2-100 and 2-200 gels, while it is relatively constant for the
1-100 and 1-200 gels. In osteogenic medium, TP is relatively constant with mesh size and
ALP/TP increases with mesh size. However, the increase in mesh size ξ with time due to
dissolution of the gel confounds the interpretation of the proliferation and differentiation
data shown in Figure 7. To more clearly show the effects of initial mesh size on cell fate, the
rates of proliferation and differentiation calculated from Eq (7) are plotted versus initial
mesh size in Figure 8. The proliferation rate rP increases dramatically with initial mesh size,
while the differentiation rate rD decreases strongly with increasing initial mesh size in
standard medium. These observations support the notion that the relatively large (e.g., >16
nm) initial mesh size of the 1-100 and 1-200 gels supports cell proliferation, while the
smaller (e.g., <10 nm) initial mesh size of the 2-100 and 2-200 gels supports cell
differentiation. In osteogenic medium, the differentiation rate decreases with initial mesh
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size, which suggests that the mesh size regulates differentiation even in the presence of
osteogenic medium.

4. Discussion
In this study, MC3T3-E1 osteoprogenitor cells were encapsulated in alginate beads with
varying mesh size and shear modulus to investigate the effects of the microstructure of the
gel on cell proliferation and differentiation. By varying the concentration of the alginate and
CaCl2 precursor solutions, gels with initial mesh sizes ranging from 4 – 20 nm were
synthesized. After 10 days of incubation time in α-MEM, the mesh size increased for all
four alginate compositions, ranging from 30 to 250 nm. Cellular proliferation (calculated
from measurements of total protein versus time) was greatest in the compliant 1-100 and
1-200 beads with mesh size > 16 nm, while cellular differentiation (calculated from
measurements of ALP/TP versus time) was greatest in the rigid 2-100 and 2-200 beads with
mesh size < 9 nm. Encapsulation of the MC3T3-E1 cells using alginate and CaCl2 solutions
prepared from α-MEM increased the initial cell viability to >98% from the value of 60%
observed when the precursor solutions were prepared from DI water. The increase in cell
viability was attributed to the availability of nutrients provided by α-MEM during the entire
encapsulation process.

The initial mesh sizes calculated from the Flory-Rehner equation decreased with increasing
concentration of alginic acid and CaCl2. The Flory-Rehner equation is derived from rubber
elasticity theory, which assumes that the polymer network comprises Gaussian chains
connected by point crosslinks [43]. However, the crosslinks in alginate are elongated
junction zones, not points. Furthermore, the Flory-Rehner equation does not account for
other non-idealities, such as a non-affine network, solvent-polymer volume exclusion
effects, and non-ideal Donnan ionic effects [43, 46]. Thus, the mesh size calculated from
Eqs (5) and (6) is an approximation of the actual pore size in an alginate gel [41]. While the
mesh size decreased with Mc, the shear modulus G of the gels increased with decreasing Mc.
For the 1-200 gel, G = 5.9 kPa and Mc = 4241 g/mol, which is in reasonable agreement with
a previous study reporting 1% methacrylated alginate gels (7.6% methacrylation) having
shear modulus 11.4 kPa and Mc = 4335 g/mol [24]. The values of ξ calculated from the
rheology data were ~1.5 times greater than those calculated from the Flory-Rehner equation.
Thus the rheology experiments generally predicted a larger molecular weight between cross-
links and network mesh size than the swelling experiments. The limited applicability of the
Flory-Rehner theory to alginate gels may contribute to the discrepancy in initial mesh sizes
measured by the swelling and rheology experiments.

Considering that the cells (~10 – 20 μm) are 3 orders of magnitude larger than the initial
mesh size (3 – 20 nm) of the network, cross-linking of the alginate around the cells is
anticipated to result in micron-size defects in which the cells are embedded. When incubated
in buffer or water (e.g., Ca2+-free medium), diffusion of the divalent ions (e.g., Ca2+)
ionically cross-linking the gel into the surrounding medium can result in dissolution of the
gel, which is consistent with the data in Figure 1A and B showing an increase in bead size
and swelling when incubated in α-MEM for up to 10 days. Swelling of alginate gels can be
associated with changes in chain stretching and conformation [49, 50], which contribute to
the increase in mesh size with swelling [51] predicted by the Flory-Rehner equation as
shown in Figure 1C. Thus as the crosslinks degrade, the micron-size defects resulting from
the presence of the cells are conjectured to grow in size, thereby creating additional space in
which cells can proliferate. This notion is consistent with the observed increase in cell
proliferation with increasing rate of crosslink degradation (approximated by dξ/dt) in Figure
9A.
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To further investigate how the properties of the alginate gels regulate cell fate, the
dimensionless ratio of proliferation to differentiation (rP/D, Eq (8)) is plotted versus initial
mesh size, rate of increase in mesh size (dξ/dt), and shear modulus G in Figure 9. The value
of rP/D scales with ξ5.7 and G−3.2, which is in reasonable agreement with the scaling of G
with ξ−1/2 predicted by Eqs (5) and (6). Since the molecular weight between crosslinks
determines both the mesh size and shear modulus, it is difficult to separate the effects of
these two parameters on proliferation and differentiation of cells in crosslinked polymers.
Previous studies have shown that the elastic modulus of the matrix affects cellular outcomes
in both 2D and 3D culture [33, 34]. Naïve MSCs cultured on 2D compliant polyacrylamide
hydrogels with moduli comparable to brain tissue (0.1 – 1 kPa) expressed neurogenic
markers, while MSCs cultured on rigid matrices approximating osteoid (25 – 40 kPa)
expressed osteogenic markers in the absence of differentiation media or growth factors [35].
Other studies have investigated the effects of alginate gel rigidity on cell proliferation on 2D
surfaces. Proliferation of rat BMSCs on 2D alginate gels has been reported to decrease as
alginate concentration was increased from 3 to 10 wt% (which is outside the range of
concentrations investigated in the present study) [52]. However, in another study, 2D
proliferation of MC3T3-E1 cells on the surface of sodium alginate gels increased with shear
modulus over the range 6 < G < 37 kPa, and the proliferation rate scaled with G0.4 compared
to G−3.2 for the present study [36]. Considering that this range of G values overlaps with that
of the present study, the dramatic difference in scaling of the proliferation rate with modulus
between 2D and 3Dsuggests that when the cells are confined in a 3D gel, the mesh size may
have a predominant role in regulating cell fate relative to the rigidity of the matrix. Previous
studies reporting that cell-substrate interactions within 3D gel networks play a key role in
regulating cell proliferation and differentiation further support the notion that mesh size
controls cell proliferation and differentiation in 3D alginate gels [18–20, 53]

In the present work, we hypothesized that the microstructure and mechanical properties
influence the behavior of cells encapsulated in an alginate gel. MC3T3-E1 pre-osteoblast
cells were used as a model system to show that the microstructure of the 3D gel regulates
proliferation and differentiation of encapsulated cells. While encapsulation in 3D alginate
gels is a promising approach for cell therapy, translation of cell transplantation techniques to
the clinic is limited by their high immunogenic potential. A promising solution to reducing
host immune reaction is to deliver stem cells harvested from the patient. Future studies are
needed to determine the applicability of the findings from the present study to other types of
cells, such as human mesenchymal stem cells, which are larger than the MC3T3-E1 cells
investigated in the present study.

5. Conclusions
In this study, we investigated the effects of the network mesh size and shear modulus of 3D
alginate gels on proliferation and osteogenic differentiation of MC3T3-E1 osteoprogenitor
cells. Compliant gels with larger mesh size supported cell proliferation, while rigid gels with
smaller mesh size enhanced expression of markers of osteoblast differentiation, suggesting
that cellular outcomes in 3D alginate beads are regulated by the nanostructure of the
networks. This approach may be potentially useful for the design of cell transplantation
vehicles that both localize and maintain the viability of the transplanted cells, as well as
regulate cell proliferation and differentiation.
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Figure 1.
(A) Size, (B) mass swelling ratio, and (C) calculated mesh size (ξ) of alginate beads
measured as a function of immersion time in DI water for up to 10 days. The initial sizes of
the 1-100 and 2-100 beads were significantly larger than those of the 1-200 and 2-200 beads
(p < 0.05). (D) Initial mesh size of synthesized alginate beads. * denotes statistical
significance (p < 0.05) compared with the 2-200 bead group and all other groups. ** denotes
statistical significance (p < 0.05) compared with the 2-100 bead group and 1 wt. % groups.
The initial mass swelling ratio followed a similar trend as the initial mesh size. By day 2
differences in mesh size and swelling ratio between all groups were significant (p < 0.05).
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Figure 2.
Elastic moduli of 1-100, 1-200, 2-100, and 2-200 alginate gels measured under shear mode
of deformation. Data are presented as average ± standard deviation (n = 3). * denotes
statistical significance (p < 0.05) compared with the 2-200 bead group and all other groups.
** denotes statistical significance (p < 0.05) compared with the 2-100 bead group and 1 wt.
% groups.
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Figure 3.
Optical and fluorescence microscopy images of MC3T3-E1 cells encapsulated in 1-100 and
2-200 alginate beads treated with Live/Dead stain. Beads were cultured in the standard
medium for days 1, 4 and 16.
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Figure 4.
Total protein (TP) concentration (mg/ml) measured for 5 alginate beads as a function of
culture time under dynamic conditions in standard and osteogenic media.
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Figure 5.
Alkaline phosphatase (ALP) activity (U/mg/min) measured for 5 alginate beads and
normalized by total protein concentration as a function of culture time under dynamic
conditions in standard and osteogenic media.
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Figure 6.
Osteocalcin secretion by encapsulated MC3T3-E1 cells in alginate beads cultured under
dynamic conditions in (A) standard and (B) osteogenic medium for 16 days. (* denotes
statistical significance (p < 0.05) compared with the 2-200 bead group and all other groups.
** denotes statistical significance (p < 0.05) compared with the 2-100 bead group and 1 wt.
% groups).
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Figure 7.
Total protein (TP) and alkaline phosphatase activity normalized by total protein (ALP/TP)
versus alginate mesh size in standard and osteogenic medium for 1-100, 1-200, 2-100, and
2-200 beads. Data were fit to a straight line by linear regression.
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Figure 8.
(A) Proliferation rate (as measured by d(TP)/dt) versus initial mesh size (ξi) for standard
(TP-S) and osteogenic (TP-O) media. (B) Differentiation rate (as measured by d(ALP/TP)/
dt) versus initial mesh size (ξi) for standard (TP-S) and osteogenic (TP-O) media.
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Figure 9.
Ratio of the dimensionless proliferation:differentiation rates (rP/D). (A) rP/D versus initial
mesh size (ξi), represented by filled squares, and versus dξ/dt, represented by open circles.
(B) rP/D versus alginate gel shear modulus (G). Data were fit to the power law model (fits
shown on the plots).
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