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Abstract

This study describes the development and characterization of novel composite scaf-
folds, made of an alginate-chitosan hydrogel matrix containing eggshell (ES) particles,
for bone tissue engineering applications. Scaffolds with ES particles, either untreated
or treated with phosphoric acid to create a nanotextured particle surface, were com-
pared to scaffolds without particles. Results indicate that the nanotexturing process
exposed occluded ES proteins orthologous to those in human bone extracellular matrix.
Scaffolds with ES or nanotextured ES (NTES) particles had a higher porosity (81 + 4%
and 89 + 5%, respectively) than scaffolds without particles (59 + 5%) (p = .002 and
p < .001, respectively). Scaffolds with NTES particles had a larger median pore size
(113 um [interquartile range [IQ]: 88-140 um]) than scaffolds with ES particles (94 um
[1Q: 75-112 um]) and scaffolds without particles (99 um [IQ: 74-135 pum]) (p < .001
and p = .011, respectively). The compressive modulus of the scaffolds with ES or NTES
particles remained low (3.69 + 0.70 and 3.14 + 0.62 kPa, respectively), but these scaf-
folds were more resistant to deformation following maximum compression than those
without particles. Finally, scaffolds with ES or NTES particles allowed better retention
of human mesenchymal stem cells during seeding (53 + 12% and 57 + 8%, respectively,
vs. 17 £ 5% for scaffolds without particles; p < .001 in both cases), as well as higher cell
viability up to 21 days of culture (67 = 17% and 61 + 11%, respectively, vs. 15 + 7%
for scaffolds without particles; p < .001 in both cases). In addition, alkaline phosphatase
(ALP) activity increased up to 558 + 164% on day 21 in the scaffolds with ES particles,
and up to 567 + 217% on day 14 in the scaffolds with NTES particles (p = .006 and
p = .002, respectively, relative to day 0). Overall, this study shows that the physico-
chemical properties of the alginate-chitosan hydrogel scaffolds with ES or NTES parti-
cles are similar to those of cancellous bone. In addition, scaffolds with particles
supported early osteogenic differentiation and therefore represent a promising new

bone substitute, especially for non-load bearing applications.
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1 | INTRODUCTION

Bone defects and loss of bone mass as a result of a disease, fracture,
or aging continue to be a problem, with only a few commonly used
treatment methods.? The autograft procedure, performed over 2 mil-
lion times worldwide annually, remains the gold standard treatment.
Although effective, this procedure is painful for the patient, associated
with donor site morbidity, and costly due to long surgical times.?®
Because of these drawbacks, the development of bone graft substi-
tutes has been an intense area of research® and represents a growing
market that is projected to reach almost $5 billion by 2030 in the
United States alone.”

The design of an optimal bone regeneration biomaterial is guided
by the fundamentals of bone biology. Briefly, bone is a calcified tissue,
primarily composed of collagen, calcium phosphate, and cells that are
organized in cortical and cancellous regions.® The cancellous region is
the spongy interior of the bone. It has a high porosity with both large
and small pore sizes, and low mechanical strength.”® The bone mar-
row, which resides within the cancellous region, contains different
growth factors and cell types, including mesenchymal stem cells
(MSCQ), a type of multilineage cells that are precursors of osteoblasts
— cells responsible for the deposition of bone extracellular matrix
(ECM) and for bone mineralization.® The bone mineralization process,
known as osteogenesis, produces apatite (calcium phosphate), the
main mineral component of bone.”*° Most biomaterials used for bone
regeneration are designed to mimic the cancellous region and support
cellular proliferation.! Porous hydroxyapatite is one of the most com-
monly used materials clinically. Other apatite materials are derived,
for example, from sea coral (e.g., Porites sp.) through hydrothermal
exchange.’? These materials have a composition and porosity very
similar to that of cancellous bone.? Calcium carbonate biominerals
(e.g., nacre from mollusk shells) have also been used as bone grafts
because of their osteoinductive properties and biocompatibility.>-1°

Chicken eggshell (ES) is another interesting calcium carbonate
biomineral to explore as an alternative bone graft material. ES is a thin
mineral layer composed primarily of calcite (ca. 94% by mass).*® While
human bone is composed primarily of apatite (ca. 65% by mass), both
calcite and apatite are calcium-based minerals. In addition, ES contains
a matrix of occluded proteins that include important bone ECM pro-
teins such as collagen, osteopontin, matrix extracellular phosphoglyco-
protein, and serum albumin.”~*? Because of these properties, ES has
been evaluated as a bone regeneration material in different applica-
tions and, in particular, as a filler or packing material for maxillofacial
and cranial fractures and defects.?%?! In addition, ES calcium carbon-
ate minerals (e.g., calcite, aragonite) can be precursors of synthetic
hydroxyapatite, and ES particles have been incorporated into 3D-
printed polymer scaffolds or used in conjunction with acids to form a
cement.??72% Finally, ES-derived calcium carbonate has been shown
to be osteoinductive in vivo.2>2¢ Nevertheless, the use of ES alone as
a bone regeneration material has had limited success, probably
because of its low porosity and small average pore size.

Hydrogels (e.g., alginate, chitosan), considered to be non-toxic,
have also been widely used in bone regeneration applications.?”~%°
These polymeric networks are able to swell and absorb water into

their void space via hydrogen-bonds formed between water and the
polymer.2! This swelling behavior is critical in tissue regeneration
because the material must reach an equilibrium with its fluidic envi-
ronment.3? In addition, both alginate and chitosan hydrogels can be
tailored to have properties (e.g., porosity and pore size) similar to
those of cancellous bone in order to maximize MSC viability,>>3* and
ES particles can be integrated into a alginate-chitosan scaffold,
thereby creating a porous mineral-organic composite material with
osteogenic properties (provided by the ES particles).>> For example, a
recent study®® showed the osteogenic potential of a gelatin
metacrylate scaffold with embedded micronized ES particles on pre-
osteoblasts in vitro, as well as in vivo in a rat model.

Previous studies have described the generation of nanotextured
ES surfaces that were subsequently imprinted onto a polydimethylsi-
loxane surface.®” Nanotextured surfaces are surfaces covered with
nanometer-scale topographical features that have been shown to
affect cellular adhesion, proliferation, and differentiation.*®° More
specifically, rough and disordered nanotextured surfaces have been
shown to induce differentiation of MSC by causing an uneven distri-
bution of their cytoskeleton.®® In addition, acid etching of the ES
particle surface to induce nanotexturing may also expose occluded ES
proteins orthologous to those found in human bone (e.g., collagen,
osteopontin), and facilitate the formation of calcium minerals.®*? The
combination of these features could further promote MSC
differentiation.

The objectives of this study were to: 1. Design and characterize
alginate-chitosan hydrogel scaffolds with ES or NTES particles; and 2.
Evaluate the osteoconductive properties of these scaffolds and com-

pare them to those of scaffolds without particles.

2 | MATERIALS AND METHODS

21 | Preparation and characterization of ES and
NTES particles

2.1.1 | Preparation of ES and NTES particles

White eggs from Lohmann White Leghorn hens (Burnbrae Farms, Lyn,
ON) were opened at the sharp end using a rotary saw. The content
was discarded, and the ES was washed (both sides) 3 times with
ASTM Type | water and 3 times with Dulbecco's phosphate-buffered
saline without magnesium and calcium (PBS; ThermoFisher Scientific,
Waltham, MA). The ES was then cut in half using a rotary saw,
incubated in pre-warmed (40°C) 0.268 M NaOCI for 15 min with con-
stant stirring to remove the surface cuticle and inner ES membranes,
and rinsed thoroughly and sequentially with ASTM Type | water and
PBS. After overnight air-drying at room temperature, the ES halves
were manually ground for 60 s using a 350-mL porcelain mortar and
pestle (CoorsTek, Golden, CO, catalog numbers 52211 and 60320,
respectively), and the resulting powder was sieved (Keck Sieve Shaker
Kit, pore size range: 229 um - 381 um; Cole-Parmer, Montreal, QC)
(see eggshell particle-size analysis in Supplemental Material;
Section 1). The ES particles were stored at 4°C until use.
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ES particles were then subjected to an acid treatment to produce
nanotextured ES (NTES) particles. Particles (5 mg) were stirred in 1 mL
of 0.250 M phosphoric acid for 10 min at room temperature, collected
by vacuum filtration using filter paper (Whatman Grade 1 Qualitative
Filter Paper; Cytiva, Marlborough, MA), and washed 3 times with ASTM
Type | water, 3 times with PBS, and 3 more times with ASTM Type |
water. The resulting NTES particles were air-dried overnight at room

temperature and stored at 4°C until use.

2.1.2 | Surface topography and chemical analysis of
ES and NTES particles

The surface topography of ES and NTES particles was analyzed by scan-
ning electron microscopy (SEM) using a SEM microscope (Vega-ll XMU
SEM; TESCAN, Brno, Czech Republic) at an accelerating voltage of
20.0 kV after samples were gold sputter-coated for 5 min under vacuum.
The elemental composition of the particle surface was analyzed by energy-
dispersive X-ray spectroscopy (EDS) using an EDS spectrometer (INCA
EDS detection system; Oxford Instruments, Abingdon, United Kingdom).
To identify the presence of exposed constituents on the particle
surface, Fourier-transformed infrared (FTIR) attenuated total reflec-
tion (ATR) spectroscopy was performed on dry ES and NTES particles
using an FTIR spectrometer (FT/IR-6200, JASCO Analytical Instru-

ments, Tokyo, Japan) over a wavenumber range of 4000-400 cm 1.

2.2 | Preparation and characterization of the
scaffolds
2.2.1 | Scaffold preparation

Sodium alginate (from brown seaweed, M,,=120-190kDa;
MilliporeSigma, Burlington, MA) was dissolved in ASTM Type | water
to prepare a 2% (w/v) solution. Chitosan (75%-85% deacetylated,
M,, = 50-190kDa; MilliporeSigma) was dissolved in 3% (v/v) acetic
acid (ThermoFisher Scientific) to prepare a 2% (w/V) solution. An ali-
quot (750uL) of sodium alginate solution was added into a parrafin
embedding mold (Peel-A-Way; 22 mm length x 22 mm width x 20mm
depth; Polysciences, Warrington, PA). Particles (ES or NTES, 20% [w/v])
were added to the sodium alginate solution and mixed manually with a
metal stir-stick until homogeneously distributed. This was the highest
concentration of particles that did not affect the pore structure of the
final scaffold (data not shown). An aliquot (750 uL) of chitosan solution
was then added to the sodium alginate solution containing the particles
and was mixed to homogeneity with a metal stir-stick. Finally, 30% (v/v)
glutaraldehyde (1.5 pL; 0.03% [v/v] final concentration) was added to
the polymer mixture with particles and mixed thoroughly to initiate
cross-linking. Scaffolds without particles (blank) were prepared follow-
ing the same procedure, except that the particles were omitted. The
molds were placed on a directional freezing apparatus (custom-made)
at —20°C for 24 h. Only the bottom of the molds was in contact with
the freezing stage to facilitate unidirectional ice crystal growth.
The frozen scaffold blocks were then placed in a freeze-drying flask

Y sk WILEY-L_2

(Labconco; Kansas City, MO) and kept in a closed-cell extruded polysty-
rene foam box containing dry ice and gel packs to maintain freezing
temperatures in a freeze-dryer (Labconco) during the 24-h lyophilization
process. After lyophilization, 6-mm diameter scaffolds were extracted
from the blocks using a histology punch (Integra LifeSciences, Princeton,
NJ), and stored at room temperature in a desiccator until use.

2.2.2 | Scaffold porosity measurements

The porosity of all scaffolds was evaluated using a swelling test and was
determined by measuring the final volume and the increase in mass of
initially dry scaffolds after a 30-min incubation in PBS at 37°C. Scaffolds
were weighed before and after the incubation and their dimensions
were measured using a digital caliper (Traceable, S/N 140408171,
Fisher Scientific). Excess fluid on the scaffold surface was removed by
dabbing the surface with a delicate task wiper (Kimberly-Clark, Roswell,
GA). The porosity percentage, that is, the volume of the empty pores
being filled with PBS, was calculated using Equation 1:

: (&%)

Porosity (%) ="V X 100 (1)
where ppgs is the density of the PBS solution, AM; is the change in
scaffold mass, and V; is the volume of the wet scaffold.

It should be noted that the swelling test, which consists of mea-
suring the increase in mass following immersion of the scaffold in
PBS, may lead to a small overestimation of the overall porosity due to
fluid absorption by the polymeric matrix. This method is, however,

commonly used to evaluate the porosity of polymeric scaffolds.**+?

223 |
analysis

Scaffold microstructure and pore size

Freeze-dried scaffolds (h = 3 for each type) were sectioned perpendicular
and parallel to their z-axis (i.e., perpendicular and parallel to the direction
of ice crystal growth) using a surgical scalpel (blade size 11). The cross-sec-
tional surfaces were then gold sputter-coated and analyzed using SEM, as
described above, for scaffold characterization. Pore sizes of both cross-
sectional surfaces were measured using image analysis of secondary elec-
tron SEM micrographs (2 micrographs per scaffold) with Image) software
(FIJI, NIH). The size of 25 randomly selected pores on each cross-sectional
image (total of 50 pores per scaffold) were measured. Finally, the morphol-
ogy of the scaffold microstructure was evaluated qualitatively through

visual examination of SEM micrographs (two per scaffold replicate).

224 | Scaffold compressive modulus
measurements

The compressive modulus (CM) of the scaffolds was determined using a

|43

protocol adapted from Bas et al.”™ Testing was performed on scaffolds

equilibrated in PBS at 37°C for 30 min. The temperature was
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maintained at 37°C during testing using a heating plate. Scaffolds were
subjected to unconfined compression testing using a universal testing
machine (UTM; MTS Sintech 1G; MTS Systems Corporation, Eden Prai-
rie, MN) with a 5N load cell. A compressive strain of ca. 30% of the
scaffold original height was applied at a displacement rate of 0.01 mm/
s. The CM was determined from the slope of the linear region of the
stress-strain curves between 10% and 15% strain. The height of each
scaffold was measured before and immediately after testing using a digi-

tal caliper to detect damage to the scaffold microstructure.

225 | Scaffold stability evaluation

To evaluate hydrolytic degradation, the scaffolds were placed into parra-
fin embedding molds (Peel-A-Way; Polysciences), submerged in 2 mL of
PBS, and incubated at 37°C in a humidified atmosphere of 5% CO, and
95% air for 21 days. Scaffolds were removed from the incubator every
7 days, patted dry with a delicate task wiper to remove excess fluid, and
placed in a 96-well microplate (Corning; Tewksbury, MA). Absorbance of
the scaffolds was then measured at a wavelength of 590 nm using a plate
reader (Eon; BioTek, Winooski, VT) to monitor possible loss of scaffold
structure. A decrease in absorbance compared to day O was attributed to
loss of scaffold microstructure due to hydrolytic degradation. Scaffold
dimensions on days O and 21 were also measured using a digital caliper
to detect changes relative to the original volume (i.e., on day 0) and corre-
late degradation with loss in scaffold volume.

226 |
scaffolds

Analysis of particle distribution in the

Freeze-dried scaffolds (n = 3 for each type) were sectioned perpendicu-
lar and parallel to their z-axis using a surgical scalpel (as described above).
The cross-sectional surfaces were then gold sputter-coated and imaged
using backscattered electron SEM to visualize the ES particles within the
polymeric matrix. In addition, particle distribution within the scaffolds
was qualitatively evaluated using a micro-computed tomography scanner
(UCT scanner, Skyscan 1174; Skyscan, Antwerp, Belgium). Images of
scaffolds were acquired using unfiltered X-rays, at an X-ray tube voltage
of 37 kV and current of 648 pA. An image was acquired every 0.7°,
through 180° of rotation. Images from each rotation were used to recon-
struct a three-dimensional (3D) model with NRecon software 1.6.10.2
(Micro Photonics Inc.; Allentown, PA). Particle distribution was assessed
visually by examining the 3D models to evaluate qualitatively the homo-

geneity of the distribution throughout the scaffolds.

2.3 | Evaluation of scaffold osteoconductive
properties
2.31 | Scaffold cell seeding

Freeze-dried scaffolds were sterilized by overnight incubation in 70%
(v/v) ethanol under cell culture conditions (37°C, in a humidified

atmosphere of 5% CO, and 95% air). The scaffolds were then washed
three times with PBS pre-warmed to 37°C, and submerged in differ-
entiation culture medium (DCM; ca. 50 mL) composed of Eagle's mini-
mum essential medium, alpha modification with nucleosides (aMEM;
Life Technologies, Carlsbad, CA) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS; MilliporeSigma), 10 nM dexa-
methasone (MilliporeSigma), 20 uM ascorbic acid (MilliporeSigma),
50 mM B-glycerophosphate (MilliporeSigma), 100 U/mL penicillin and
0.1 mg/mL streptomycin (Life Technologies). Finally, the scaffolds
were incubated overnight under cell culture conditions.

Fifth passage single-donor MSC from four different lots (three
from American Type Culture Collection [ATTC], Manassas, VA, and
one from Cellular Engineering Technologies [CET], Coralville, I1A) were
resuspended in DCM at ca. 8350 cells/uL so that a total of
ca. 250,000 cells were seeded in each cylindrical scaffold after depos-
iting 12 aliquots (2.5 uL each) of cell suspension onto each scaffold.
More specifically, 2.5 uL of MSC suspension were pipetted onto the
surface of the scaffolds in two randomly selected areas, followed by a
30-min incubation under cell culture conditions. This seeding step
was repeated three times and the scaffolds were incubated for 1 h.
The entire procedure was then repeated on the other side of the scaf-
folds. Finally, the scaffolds were incubated for 1.5 h under cell culture
conditions, transferred into a 48-well polystyrene plate (Corning), sub-
merged in DCM, and incubated overnight under cell culture
conditions.

The scaffolds (with ES particles, NTES particles or no particles;
n = 3 for each type) were then transferred into cell culture inserts
(0.4-um pore size; polycarbonate membrane, ThermoFisher Scien-
tific) that were placed inside the wells of a 24-well plate (Corning) to
improve nutrient diffusion.** Both the cell culture inserts and wells
of the plate were filled with DCM to submerge the scaffolds (1 mL
DCM in each well, 0.25 mL DCM in each insert) that were then incu-
bated for up to 21 days under cell culture conditions. DCM was

replaced every 2 days.

2.3.2 | MSC retention and viability in the scaffolds
MSC retention (on day 0, i.e., immediately after seeding) and viability
(on days 7, 14, and 21) in the different scaffold types (n = 3 for each)
were evaluated using a viability dye (alamarBlue cell viability reagent;
ThermoFisher Scientific). Scaffolds at each timepoint were washed
thoroughly with pre-warmed (37°C) DCM, then bisected with a scal-
pel. Both halves of the scaffolds were incubated in DCM, supplemen-
ted with alamarBlue cell viability reagent (1X), for 3 h under cell
culture conditions. At the end of the incubation, an aliquot (100 pL) of
each sample suspension was added to a 96-well black-walled, clear
bottom polystyrene microplate (Corning), and fluorescence was mea-
sured at excitation/emission wavelengths of 530 nm/590 nm using a
fluorescence plate reader (Eon, BioTek). Cell retention (on day 0) and
cell viability (on days 7, 14, and 21) percentages were calculated from
the number of viable cells in the scaffolds (i.e., the sum of the numbers
in each half) using a standard curve generated with known numbers
of MSC.
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Alkaline phosphatase activity in the

At each time point, one of the scaffold halves (n = 3 for each scaffold type)
was washed with 1 mL of ice-cold PBS, then incubated in 150 pL of ice-
cold lysis buffer (CytoBuster protein extraction reagent [MilliporeSigma]
supplemented with a protease inhibitor cocktail [cOmplete without EDTA,;
Roche, Basel, Switzerland], as per the manufacturer's instructions) for
30 min on ice, and mixed on a tube-shaker (MT-400, Tomy Digital Biology,
Tokyo, Japan) for 5 min at 4°C. The scaffold halves were then centrifuged
(16,500 g for 25 min at 4°C) to sediment scaffold and cellular debris.
Aliquots (50 pL/well) of the lysate supernatants were added to a
96-well polystyrene microplate (Corning), followed by alkaline phos-
phatase (ALP) assay buffer (100 uL/well) containing 100 mM dietha-
nolamine (MilliporeSigma), 0.5 mM MgCl, (MilliporeSigma), and 2 mM
para-nitrophenylphosphate (ThermoFisher Scientific), adjusted to
pH 9.8 with 6 M HCI. The microplate was incubated 1 h in the dark at
room temperature. At the end of the incubation, 2 N NaOH (50 uL/
well) was added to stop the reaction. Absorbance was measured at a
wavelength of 405 nm using a plate reader (Eon, BioTek) and con-
verted to ALP activity using a standard curve prepared with commer-
cial ALP of known activity (Worthington Biochemical, Lakewood, NJ).
ALP activity was then normalized to the number of viable cells in the
scaffold (determined using alamarBlue cell viability reagent), as
opposed to total protein concentration to avoid interference from
FBS proteins from the culture medium since cells were lysed directly
in the scaffolds. Since osteogenic differentiation has been shown to

increase the metabolic activity of MSC*°, a correction factor (1.5) was

ES
Particle

FIGURE 1 Representative
scanning electron microscopy
micrographs of eggshell (ES)
particles before (A, B) and after (C,
D) phosphoric acid treatment.
Particles were treated with 0.250 M
phosphoric acid to produce a
surface nanotexture (NTES
particles). Magnification: 100x (A,
C) and 3000x (B, D).

NTES
Particle
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empirically determined (data not shown) and applied to the normal-
ized ALP activity data from days 14 and 21 to account for the
increased rate of metabolism (i.e., reduction) of the alamarBlue dye

used to normalize enzymatic activity to cell number.

2.4 | Statistical analysis

Statistical analysis of the physicochemical data was performed using
SPSS v23 (IBM; Armonk, NY). The data were assumed to meet the

co;
0.251p
— NTES vs
— ES
2
<
o 0.15
(%]
c
S
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5 amide |
0.05
0.00 T 7 ey
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Wavenumber (cm")
FIGURE 2 Fourier-transformed infrared (FTIR) spectroscopy of

eggshell (ES) and nanotextured eggshell (NTES) particles. FTIR analysis
was performed to characterize the surface constituents on ES particles
before (black) and after (gray) treatment with 0.250 M phosphoric acid.
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assumption of normality (for parametric tests), and Levene's test was
used to determine if the assumption of homogeneity of variance was
met. Porosity and compressive modulus measurements were analyzed
using a one-way analysis of variance (ANOVA) followed by the Tukey
post hoc test. Pore size distribution was analyzed using the Kruskal-
Wallis test followed by Dunn's post hoc test with a Benjamini-
Hochberg correction for multiple comparisons. Scaffold degradation
data were analyzed using a two-way ANOVA followed by the Tukey
post hoc test. p < .05 was considered significant. Data are presented
as mean * standard deviation (SD) or median with interquartile range,
as appropriate.

Statistical analysis of the cellular data was performed using R Sta-
tistical Software v3.5.2.4¢ Levene's test and visual analysis of quantile-
quantile (QQ) plots were used to determine if the assumption of homo-
geneity of variance was met. All statistical analyses were performed
using a mixed linear model with cell lot as a random factor and scaffold
and/or time point as fixed factor(s). Pairwise comparisons were per-
formed using the Tukey post hoc test with a single-step adjustment. All
data are presented as mean * standard error of the mean (SEM).

3 | RESULTS
3.1 | Characterization of ES and NTES particles

The particle surface before and after acid treatment was visualized
using SEM (Figure 1) to assess the morphology of the untreated

500 pm

particle surface and evaluate the effects of the phosphoric acid
treatment. The surface of the untreated ES particles showed

interspersed protrusions, pores, and fine striations at high
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FIGURE 4 Porosity of scaffolds without particles (blank), or with

eggshell (ES) or nanotextured eggshell (NTES) particles. Dry scaffolds
were submerged in Dulbecco's phosphate-buffered saline under cell
culture conditions (37°C, humidified atmosphere of 5% CO, and 95%
air) for 30 min. Scaffold volume and mass were measured before and
after the incubation to determine the scaffold porosity based on the
measurements of the final volume and increase in mass. Data are
presented as means + SD of three independently prepared scaffolds
of each type. Statistical analysis was performed using a one-way
ANOVA followed by the Tukey post hoc test. A double asterisk (**)
and a triple asterisk (***) indicate a significant difference with p < .01
and p < .001, respectively.

FIGURE 3 Representative secondary-electron micrographs of scaffolds without particles (blank), or with eggshell (ES) or nanotextured
eggshell (NTES) particles. Scaffolds were cut either perpendicular (A, C, E) or parallel (B, D, F) to the z-axis (i.e., parallel to the direction of ice
crystal growth) and imaged using scanning electron microscopy to observe their microstructure in both planes. Magnification: 100x.
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magnification (Figure 1A,B). After the acid treatment, the surface of
the particles showed granular deposits (Figure 1C) and displayed a dis-
tinctly different surface morphology, with randomly distributed pat-
terns of grooves, ridges, and pores (Figure 1D). This rough and more
porous surface texture at the submicron scale demonstrates the nano-
texturing effect of the acid treatment.

EDS analysis was performed to detect differences in the elemental
composition of the particle surface. The elemental composition of ES and
NTES particles was similar and included mainly oxygen, calcium, and car-
bon, as well as traces of magnesium (data not shown). EDS analysis of the
granular deposits on the surface of the NTES particles showed higher
peaks for oxygen and carbon as well as a smaller peak for calcium, com-
pared to the surface of untreated ES particles. Importantly, deposits,

' vt W LEYJ—7

which also contained phosphorous, were detected only on the surface of
NTES particles.

FTIR analysis revealed that the spectra were overall similar for
both ES and NTES particles (Figure 2) and showed a broad absorption
band centered at 1390 cm™* (asymmetric stretching vibrational mode

1 (out-of-plane bending

[vs]) as well as two sharp peaks at 873 cm™
[v2]) and 713 cm™? (in-plane bending [v.4]), characteristic of carbonate
bands from calcite. However, the spectrum for NTES particles also
displayed a doublet band around 1000 cm™~! (symmetric and asym-
metric stretching [v4 3]) and a singlet band around 500 cm™? (v4) (both
attributed to phosphate groups), in addition to a band around
1650 cm~?! (amide | region) and a broad band ranging from around

3500 to 2800 cm~? (amide A region).
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correction for multiple comparisons. An asterisk
(*) and a triple asterisk (***) indicate a significant
difference with p < .05 and p < .001, respectively.
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FIGURE 6 Compression testing of
scaffolds without particles (blank), or with
eggshell (ES) or nanotextured eggshell
(NTES) particles: (A) Compressive
modulus; and (B) Percent of original
height (i.e., scaffold height recovery) after
compression tests. Data are presented as
means + SD of three independently
prepared scaffolds of each type. Statistical
analysis was performed using a one-way
ANOVA followed by the Tukey post hoc
test. An asterisk (*) indicates a significant
difference with p < .05.
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3.2 | Characterization of the scaffolds
3.2.1 | Scaffold microstructure, porosity, and
pore size

Microstructure analysis of the scaffolds without ES particles
(Figure 3AB) revealed ordered and consistently spaced pores. The
inclusion of either ES (Figure 3C,D) or NTES (Figure 3E,F) particles
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resulted in scaffolds having a more disorganized and randomly distrib-
uted pore structure. In addition, the presence of particles increased the
porosity of the scaffolds (81 + 4% and 89 + 5% with ES and NTES par-
ticles, respectively), relative to the scaffolds without particles (59 + 5%)
(b =.002 and p < .001, respectively; Figure 4).

Pore size distributions of all scaffolds were non-gaussian
(Figure 5), with the majority of the pores having a diameter between

50 and 150 um. Scaffold pore sizes were very similar in the

* k%
(B) ke
- Blank 100 I
= ES 9
* NTES o 4]
32
2
> 501
[=]
=
©
E 25'
[
(4
Blank ES NTES
Scaffold Type

FIGURE 7 Hydrolytic degradation of scaffolds without particles (blank), or with eggshell (ES) or nanotextured eggshell (NTES) particles in
phosphate-buffered saline at 37°C: (A) Change in the absorbance (590 nm) of the scaffolds; (B) Remaining volume (reflecting the change in the
total scaffold volume) after 21 days. Data are presented as means + SD of three independently prepared scaffolds of each type. Statistical
analysis was performed using a two-way ANOVA followed by the Tukey post hoc test (A), and a one-way ANOVA followed by the Tukey post
hoc test (B). A triple asterisk (***) indicates a significant difference with p < .001.

Blank

ES

NTES

FIGURE 8 Representative backscattered-electron micrographs of scaffolds without particles (blank), or with eggshell (ES) or nanotextured
eggshell (NTES) particles. Scaffolds were cut either perpendicular (A, C, E) or parallel (B, D, F) to the z-axis (i.e., parallel to the direction of ice
crystal growth) and imaged using scanning electron microscopy to visualize the particles in both planes. White boxes indicate examples of visible

ES or NTES particles. Magnification: 100x.
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perpendicular and parallel cross-sections. Therefore, the data from
both directions were pooled. The scaffolds containing NTES particles
had a larger median pore size (113 um [interquartile range [IQ]: 88-
140 pm]) than the scaffolds with ES particles (94 um [I1Q]: 75-112 pm)
and the scaffolds without particles (99 um [IQ: 74-135 um]) (p < .001
and p = .011, respectively).

3.2.2 | Scaffold compressive modulus

Scaffolds were subjected to unconfined compression testing to deter-
mine their CM (Figure 6A). The scaffolds with ES particles had a
slightly higher CM than the scaffolds without particles (3.69 + 0.70
vs. 2.03 £ 0.39 kPa, respectively; p = .031). Nevertheless, the CM of
the scaffolds with NTES particles (3.14 + 0.62 kPa) was not signifi-
cantly different from that of the scaffolds without particles.

The height of the scaffolds before and after testing was also mea-
sured as an evaluation of scaffold resiliency, with any permanent
change in height from compression reflecting test-induced damage to
the scaffold microstructure (Figure 6B). The height recovery of the
scaffolds with either ES or NTES particles was greater than that of the
scaffolds without particles (97 + 1% for both the scaffolds with ES or
NTES particles vs. 94 + 1% for the scaffolds without particles;
p = .015 and p = .022, respectively).

3.2.3 | Scaffold stability

Scaffold resistance to hydrolytic degradation was evaluated over
21 days in PBS at 37°C (Figure 7A). Changes in absorbance at a wave-
length of 590 nm were attributed to a loss of scaffold microstructure
due to hydrolysis. No significant change in absorbance was observed
from day O to day 21 for the scaffolds with either ES or NTES particles.
In contrast, the absorbance of the scaffolds without particles was lower
on days 14 and 21 than on day O (49 + 31% and 41 + 18%, respec-
tively, relative to day O; p <.001 in both cases). The volume of each
scaffold was also measured on day O and day 21 as another indication
of scaffold degradation. Results on day 21 showed that the scaffolds
with ES or NTES particles retained a higher percentage of their initial
volume, compared to the scaffolds without particles (86 + 4% and
76 + 8%, respectively, vs. 26 + 10%; p < .001 in both cases) (Figure 7B).

3.24 | Particle distribution in the scaffolds

The distribution of ES or NTES particles in the scaffolds was evaluated
qualitatively using backscattered electron SEM imaging (Figure 8) as
well as uCT imaging (Figure 9). The particles appeared to be homoge-
neously distributed throughout the scaffolds. uCT imaging of the scaf-
folds without particles (Figure 9A,B) showed a faint signal from the
scaffold polymers that was not detected on the images of the scaf-
folds with ES or NTES particles because of the much greater signal
intensity of the particles.

Juin—WI LEY-L

FIGURE 9

Micro-computed tomography (LCT) analysis of the
particle distribution within the scaffolds. uCT analysis was
performed on scaffolds without particles (A, B), with eggshell (ES)
particles (C, D), or with nanotextured eggshell (NTES) particles (E,
F). Images show top-down view (A, C, E) or side-view (B, D, F) of
three-dimensional reconstructions.

3.3 | Evaluation of scaffold osteoconductive
properties
3.3.1 | MSC retention and viability in the scaffolds

MSC retention in the scaffolds on day O (after seeding) was measured
using alamarBlue (Figure 10A). Results showed that the inclusion of
either ES or NTES particles into the scaffolds increased cell retention
(53 £ 12% and 57 + 8% for scaffolds with ES and NTES particles, respec-
tively, vs. 17 + 5% for scaffolds without particles; p < .001 in both cases).

MSC viability was also evaluated every 7 days over the 21-day
culture period (Figure 10B). The scaffolds with ES or NTES particles
had a higher percentage of viable cells than the scaffolds without par-
ticles up to 21 days of culture (67 + 17% and 61 + 11% for scaffolds
with ES and NTES particles, respectively, vs. 15 + 7% for scaffolds
without particles; p < .001 in both cases). While a trend towards
decreasing cell viability over time was observed in the scaffolds with
either ES or NTES particles, cell viability was lower only on days 14
and 21 in the scaffolds with NTES particles (53 + 8% and 61 + 11%,
respectively; p < .001 and p = .011, respectively, relative to day 0). In
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FIGURE 10 Retention and viability of mesenchymal stem cells (MSC) in scaffolds without particles (blank), or with eggshell (ES) or
nanotextured eggshell (NTES) particles: (A) Cell retention after seeding on day 0; (B) Cell viability over 21 days of culture. After seeding (on day 0)
and at each time point thereafter, scaffolds were incubated in medium containing alamarBlue. Fluorescence intensity was measured at excitation/
emission wavelengths of 530 nm/590 nm. Cell retention (A) was calculated as a ratio between the experimentally determined number of cells in
the scaffolds after seeding (on day 0) and the nominal number of cells seeded into each scaffold, and expressed as a percentage. Cell viability

(B) at each time point was calculated as a percentage of the day O measurement. Data are presented as means + SEM of 4 experiments (each
performed in triplicate with a different cell lot number). Statistical analysis was performed using a mixed linear model followed by the Tukey post hoc
test with a single-step adjustment. An asterisk (*), a double asterisk (**), and a triple asterisk (***) indicate a significant difference with p < .05, p <.01,
and p < .001, respectively, compared to the blank scaffolds on the same day. ALP activity did not differ significantly between the scaffolds with ES or
NTES particles on the same day. A number sign (#) and a triple number sign (###) indicate a significant difference with p < .05 and p <.001,

respectively, compared to the same scaffold on day O.

contrast, cell viability in the scaffolds without particles was lower on
days 7, 14, and 21 than on day O (< 44%,; p < .001 in all cases).

3.3.2 | ALP activity in the scaffolds

Levels of ALP activity in all types of scaffolds were measured over
21 days to evaluate early osteogenic differentiation (Figure 11).
Results showed a time-dependent increase in ALP activity in the scaf-
folds with either ES or NTES particles, up to 558 + 164% on day 21 in
the scaffolds with ES particles, and up to 567 + 217% on day 14 in
the scaffolds with NTES particles (p = .006 and p = .002, respectively,
relative to day 0). ALP activity in the scaffolds without particles was
similar at all time points, and was lower on day 21 than in both the
scaffolds with ES or NTES particles (71 £ 4% vs. 558 + 164% and 511
+ 201%, respectively; p = .002 and p = .004, respectively).

4 | DISCUSSION

In this study, we describe the development and characterization of
novel composite scaffolds, made of a alginate-chitosan hydrogel
matrix containing eggshell particles, for bone tissue engineering
applications. In addition, scaffolds containing either untreated ES
particles or particles that had been treated with phosphoric acid to
create a surface nanotexture were prepared and compared to scaf-

folds without particles.
4.1 | Changes in eggshell particle nanofeatures due
to nanotexturing

The combination of the SEM and EDS analyses of the treated and
untreated particles suggest that the granular deposits on the surface of

the NTES particles are made of calcium phosphate, a water-insoluble
mineral, which can result from a chemical reaction between CaCOj (the
main component of ES mineral, ca. 94% CaCO3 by mass) and phospho-
ric acid*” used in the nanotexturing treatment. In addition, because the
granular deposits displayed a morphology similar to that of p-tricalcium
phosphate (3-TCP) granules reported by Tavares et al.,*® we hypothe-
size that they may be B-TCP. This interpretation is supported by the
FTIR analysis of NTES particles, which revealed a singlet band around
500 cm~? and a doublet band around 1000 cm™? that were attributed
to phosphate groups (vibrational modes v, and v4 3, respectively) as they
were not detected when particles were treated with 0.250 M lactic
acid instead of 0.250 M phosphoric acid (data not shown). Previous
studies also identified such bands as phosphate signals in p-TCP gran-
ules or in hydroxyapatite that was converted from calcite.*®**° Overall,
our SEM, EDS, and FTIR results suggest the formation of calcium phos-
phate deposits (possibly 3-TCP) on the surface of the ES particles fol-
lowing phosphoric acid treatment. However, the transformation of the
particles was only partial since these deposits were present only at cer-
tain locations.

Interestingly, nanotexturing with phosphoric acid appeared to
have exposed occluded ES matrix proteins. Only a minimal amount of
organic matter is exposed on the surface of the particles prior to
nanotexturing since the proteins and organic matter of the ES matrix
(about 1%-2% by mass) are occluded by the ES mineral. In addition,
calcite mineral strongly absorbs incident light in FTIR spectroscopy
and would prevent detection of occluded proteins, as evidenced by
the absence of any protein or polysaccharide signal with the
untreated particles. However, as documented by Chien et al.®
occluded proteins that are absent from the surface of such particles
can be exposed by acid etching. Therefore, during the phosphoric acid
treatment, selective dissolution of calcium carbonate likely exposed
proteins/organic matter, which then became detectable by FTIR spec-
troscopy. This would explain why the band around 1650 cm ™! (amide
| region) and a broad band between 3500 and 2800 cm~! (amide A
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FIGURE 11 Alkaline phosphatase (ALP) activity in mesenchymal
stem cells (MSC) in scaffolds without particles (blank), or with eggshell
(ES) or nanotextured eggshell (NTES) particles. An aliquot of MSC
lysate from each scaffold at each time point was incubated in a
96-well microplate with ALP assay buffer. Absorbance was measured
at a wavelength of 405 nm and converted to ALP activity using an
ALP standard curve, normalized to the number of metabolically active
cells in the scaffold (determined using alamarBlue), and expressed as a
percentage of the day O value. Data are presented as means + SEM of
4 experiments (each performed in triplicate with a different cell lot
number). Statistical analysis was performed using a mixed linear
model followed by the Tukey post hoc test with a single-step
adjustment. A double asterisk (**) indicates a significant difference
with p < .01, compared to blank scaffolds on the same day. ALP
activity did not differ significantly between the scaffolds with ES and
NTES particles on the same day. A number sign (#) and a double
number sign (##) indicate a significant difference with p < .05 and p <
.01, respectively, compared to the same scaffold on day O.

region) were observed only after the acid treatment. Finally, in an
ancillary experiment, the treatment of particles with 0.250 M lactic
acid, instead of 0.250 M phosphoric acid, also led to the appearance
of a band around 1650 cm™? as well as a broad band between 3500
and 2800 cm~? (data not shown). Since lactic acid dissolves calcium
carbonate similarly to phosphoric acid, this result provides additional
evidence for the exposure of amide functional groups. The emergence
of these amide bands in the spectrum of NTES particles and their
absence in the spectrum of ES particles suggests that the exposure of
previously occluded proteins is a direct result of acid etching.
Altogether, these results point to three distinct osteogenic fea-
tures of the NTES particles: 1. Nanotexture, which has been shown to
facilitate MSC adherence as well as induce osteogenic differentiation
via cytoskeletal disorganization*®°%°%: 2. Calcium phosphate mineral
deposits on the particle surface, which have been shown to stimulate
osteogenic differentiation®?>3; and 3. Proteins on the particle surface,
which likely include collagen and osteopontin, both of which have

been shown to induce osteogenesis in MSC.>47>%

4.2 | Effects of particles on scaffold
microstructure, physicochemical properties, and
compressive modulus

SEM analysis of the scaffolds showed that the presence of particles

(either ES or NTES) led to a change in the scaffold microstructure,

Y sk WILEY-L_t

and swelling tests showed an increase in porosity compared to the
scaffolds without particles. These changes in microstructure and
porosity are a direct result of the inclusion of either ES or NTES par-
ticles within the scaffolds and their effects on ice crystal nucleation.
Indeed, the pore generation process through unidirectional freezing
is significantly interrupted and hindered by the presence of the large
ES or NTES particles since ice crystals cannot pass through these
particles. Therefore, nucleating ice crystals move around the particles
and collide with other crystals. This leads to the merging or splitting
of these ice crystals, and thereby a change in microstructure and
porosity.””>® Interestingly, in the present study, the scaffold pore
sizes were very similar in the perpendicular and parallel cross-
sections, likely because of the use of a cross-linking agent (0.03% [v/
v] glutaraldehyde) prior to unidirectional freezing. Indeed, a study by
Nieto-Suarez et al.>? showed very similar pore patterns between the
axial and equatorial cross-sections of chitosan-gelatin scaffolds that
were crosslinked with 1% [v/v] glutaraldehyde prior to unidirectional
freezing.

The properties of the scaffolds with ES or NTES particles were
quite similar, except for the median pore size, which was larger for the
scaffolds with NTES particles. This difference was likely due to chemical
interactions between the particles and the polymers when they were
mixed. Indeed, an ancillary experiment showed that the addition of
NTES particles (as opposed to ES particles) consistently caused the algi-
nate solution to become more viscous (data not shown). This increase
in alginate viscosity may have arisen from an increase in hydrogen
bonding between exposed proteins and the polymer molecules®®
and/or an increase in calcium phosphate-induced gelation due to ionic
binding between the alginate-chitosan polymer chains and the calcium
phosphate on the particles.®°"%? These interactions would lead to
changes in the growth of ice crystals during freezing, and ultimately
affect the distribution of pore sizes.

Finally, the CM of the scaffolds increased slightly in the presence
of ES or NTES particles (possibly due to the solid particles acting as a
reinforcement of the polymeric matrix63), but remained much lower
than that of cancellous bone. Nevertheless, the scaffold stability in
solution was much improved in the presence of particles. This greater
resistance to hydrolytic degradation of the scaffolds with either ES or
NTES particles was likely due to particles having functional groups
available for chemical bonding. Fewer or weaker chemical bonds to
maintain the integrity of the scaffolds without mineral particles are
expected to result in greater susceptibility to hydrolysis.®*

4.3 | Potential as a bone regeneration material

The inclusion of ES or NTES particles into the scaffolds increased
MSC seeding efficiency, as demonstrated by better cell retention on
day O and higher cell viability over 21 days of culture, compared to
scaffolds without particles. Better cell retention and higher cell viabil-
ity suggest improved cell adhesion inside the scaffolds containing ES
or NTES particles. This may be the result of: 1. An increase in the sur-

face roughness of pore walls due to changes in ice-crystal growth
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patterns in the presence of either ES or NTES particles; and 2. A
greater porosity of the scaffolds with particles. Indeed, MSC adhere
better to rough surfaces,®® and the increase in scaffold porosity in the
presence of particles may have allowed greater MSC penetration
during seeding as well as better diffusion of nutrients and waste dur-
ing the 21 days of culture. Surprisingly, however, cell retention and
viability over the 21 days of culture were not significantly higher in
scaffolds with NTES particles (compared to scaffolds with ES
particles). This may be due to the particle concentration inside the
scaffolds being too low to allow the detection of differences in the
effects of ES and NTES particles. Notwithstanding, the differences in
cell retention and viability observed between the scaffolds with and
without particles demonstrate that pore size and porosity remain the
primary factors affecting cell viability, as previously reported.

The observed increases in MSC retention and viability in the
scaffolds with ES or NTES particles led to the hypothesis that the
scaffolds with either type of particles have greater potential as bone
substitutes than the scaffolds without particles. Clearly, cell adhe-
sion is critical since cell recruitment and retention in the scaffold are
key determinants in vivo.®” Additionally, adhesion is the first step in
MSC differentiation into osteoblasts.°® Therefore, ALP activity was
evaluated as a marker of early osteogenic differentiation. The time-
dependent increase in ALP activity observed in the scaffolds with ES
or NTES particles suggests early osteogenic differentiation, which
did not occur in the scaffolds without particles. While no significant
differences were observed between scaffolds with the two types of
particles, ALP activity appeared to increase earlier in the scaffolds
with NTES particles (day 14) than in the scaffolds with ES particles
(day 21). Interestingly, cell morphology, analyzed on day 21, was
more cuboidal (see Supplemental Material, Section 2), also suggest-
ing osteogenic differentiation.

Overall, the results of this study demonstrate that the scaffolds
with either type of particles facilitated early osteogenic differentia-
tion. As mentioned above, the absence of significant differences in
ALP activity between the scaffolds with ES or NTES particles may be
due to the low concentration of particles inside the scaffolds. This
concentration was optimized to be as high as possible without

compromising scaffold porosity and pore size (data not shown).

5 | CONCLUSIONS

ES and novel NTES particles were generated from chicken ES and
incorporated into alginate-chitosan hydrogel scaffolds. The characteri-
zation of ES and NTES particles showed that nanotexturing treatment
with phosphoric acid generated both a surface nanotexture and
deposits of calcium phosphate on the particle surface. The presence
of either ES or NTES particles improved the scaffold physicochemical
properties, allowed better MSC retention during seeding as well as
higher viability over a 21-day culture period, and facilitated early oste-
ogenic differentiation. Therefore, alginate-chitosan hydrogel scaffolds
with ES or NTES particles may represent a promising new bone sub-

stitute, especially for non-load-bearing applications.
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