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Abstract

A simulation of tensile strength of various alginate-based
hollow microfibers using FEA analysis has been conducted
with the hypothesis of macroscopic isotropy and linear elastic-
plastic behavior. Results of student t-tests indicated that there
was no significant difference between the experimental and
simulated tensile strengths (p = 0.37, oo = 0.05), while there was
a significant reduction in elasticity as a result of chitosan coating
(p=10.024, o.= 0.05). The hypothesis of macroscopic isotropy
was verified by highly correlated (R>=0.92) theoretical and
experimental elongation at break measurements, findings that
could be extended to the failure analysis of alginate microfibers
used in regenerative medicine.

Keywords: alginate, chitosan, FEA, hollow-fiber, isotropy,
microfiber, stent

Introduction

Ischemic heart disease has remained one of the top major
killers during the past decade (World Health Organization
2013). Conventional FDA-approved treatments include
prescription of statins (Athyros et al. 2009), oral consump-
tion of artificial cells encapsulating non-GMO-based pro-
biotics (Jones et al. 2012), application of RF energy (Baim
et al. 2004), enzyme therapy followed by stenting procedure
(Strauss et al. 2003) and angioplasty followed by use of metal-
lic, hybrid drug-eluting (DES) or bio-resorbable stents (BRS)
(Onuma and Serruys 2011). With the promising advances in
stem cell-based therapies (Hsiao et al. 2013) and progresses
in tissue engineering for optimizing cell growth and differen-
tiation (Candiello et al. 2013), the recurring use of hydrogels
and other biocompatible polymer blends included in the
following list has been thoroughly documented (Tamayol
et al. 2013). The most common hydrogel biopolymer used
in transplantation and cell therapy is alginate comprised of
(1,4)-linked B-D-mannuronic (M) and (1,3)-o-L-guluronic

(G) acid residues (Chang 2013). Strength, elasticity, and
porosity of cross-linked alginate membranes can be modu-
lated by multiple factors (Russo et al. 2007, Simpliciano
et al. 2013). Chitosan is a positively charged cross-linkable
polyelectrolyte used in tissue engineering and regenerative
medicine to modulate release kinetics from semi-permeable
membranes, absorb wound exudate, and confer stiffness
to alginate membranes (Mobed-Miremadi et al. 2013).
Cross-linked alginate has been modeled as a viscoelastic
biomaterial (Zhao and Zhang 2004, Hu and Suo 2012).
Results of recent SEM and Micro-CT imaging studies depict
the lack of directionality of the fibers and thus the anisotropy
of cross-linked gel (Simpliciano et al. 2013, Guan et al. 2011).
In micro-fabrication, isotropy translates into uniform load
deformation in all directions and thus uniform mass and
heat transport rates enabling ease of simulations. In Finite
Element Analysis (FEA) studies, hydrogels are treated
as either isotropic (Asimba et al. 2012) or non-isotropic
depending on their state of swelling (Kang and Huang 2011).
Isotropy is in turn ranked by the Poisson’s ratio (v) which
is the ratio of transverse contraction strain to longitudinal
extension strain in the direction of stretching force. In vis-
coelastic materials, the Poisson’s ratio is not a material con-
stant but can depend upon time (Lakes and Wineman 2006).
The viscoelastic Poisson’s ratio can increase or decrease with
time, can change sign with time, and it need not be mono-
tonic with time. Viscoelasticity does not expand or constrict
the range of Poisson’s ratio. The theory of isotropic linear
elasticity requires Poisson’s ratios in the range from — 1 to
Y for an object with free surfaces with no constraint. For a
stable material, the bulk and shear moduli are interrelated
by formulae which incorporate Poisson’s ratio. Negative
ratio values exceeding 0.5 are indicative of anisotropic
behavior. FEA has been extensively used for simulating the
strength of various types of stents under physiological load-
ing conditions (Prendergast et al. 2003, Imani 2013). This is

accomplished by calculating the Von Mises stress (ay,,), an
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established failure theory method using Numerical Methods,
and comparing it to the material’s ultimate tensile strength
(UTS), which constitutes the Von Mises Yield Criterion
(Dowling 1993). The equation for Von Mises stress (Eq. 1)
is shown below where o, are the normal stresses and T
are the shear stress components to which the model is
subjected to.

7= 03[ (0. =) +lo,- ) +(e-a) ]

2 2 2

+ \/3 (Txy 1, 1, )

In this paper, in-vitro tensile properties of semi-permeable
stents comprised of alginate and/or chitosan, fabricated
using an established top-down tissue engineering fabrication
method were examined. The elution profiles of these stents
in terms of composition and extent of cross-linking has been
previously characterized (Djomehri et al. 2013). Assuming
elasticisotropicbehavior a FEA analysis was conducted for an
alginate stent constrained at both ends, and, the theoretical
percentage elongation at break (% &) was compared with the
experimental values. If accepted this hypothesis of isotropic
behavior at the macroscopic level for cross-linked alginates
could be extended to the failure analysis of alginate-coated
DES (Bartkowiak-Jowsa et al. 2011, Semmling et al. 2013)
and other alginate-based solid or hollow microfibers used in
tissue engineering (Tamayol et al. 2013). Due to the versatil-
ity of alginate-based applications the term hollow-fiber and
stent will be used interchangeably throughout the article.

Materials and methods

Materials

All chemicals used to make the capsules were purchased
from Sigma Aldrich: low molecular weight sodium-alginate
(LV) (A0682, 12-80 kDa), medium molecular weight alg-
inate (A2033, u>2000 cP), low molecular weight chitosan
(44,886-9, 75% deacetylated, 3.8-6 kDa).

Methods

The experiments were designed to meet a single origi-
nal research objective, specifically to measure the tensile
strength of alginate-based stents followed by theoretical
simulations to verify the hypothesis of isotropic behavior at
the macroscopic levels for alginate-based hydrogels.

Stent fabrication and size measurement

Hollow stents were fabricated by a mold-casting approach
similar to that conducted (Barralet et al. 2005). In this study,
a metallic rod 1mm in diameter was used to produce stents
by submerging them into a 2% (w/v) medium viscosity alg-
inate mixture which has an equivalent dynamic viscosity to
a 3% (w/v) MV (sterilized solution) (Shan 2011). As a thin
layer of alginate coats the rod, it is then submerged into a
10% (w/v) CaCl, bath for 1 h of cross-linking. For the creation
alginate-chitosan-alginate (ACA) stents, the bare alginate
hollow fibers, were subsequently removed from the rod and
rinsed twice with NaCl (0.9% w/v). Stents were coated with
0.5% (w/v) LV chitosan for 45 min followed by 0.1% (w/v) LV
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alginate for 5 min and treated with 55 mM sodium citrate
solution treatment for 30 s.

Diameter measurements were made using a Nikon trans-
mission microscope/camera (Nikon EclipseTi-S) equipped
with an Andor Technology Interline CCD camera.

Tensile testing

The modulus of elasticity (E) of these stents was estimated
using an in-house stress-strain gage consisting of a ScoutPro
scale (mg resolution) and an electronic length measure-
ment device, the limits for which are 581.4 g and 25.75 mm,
respectively. The ends of films were fastened with glue to
the unit, and both the scale and length measurement device
were zeroed. The knob on the measurement device was then
turned to a displacement of 0.5 mm and both the elongation
and mass were recorded until the stent fractured and the test
was completed. Displacements were applied and resultant
forces were measured. Stress (o) is subsequently calculated
by dividing force by the cross-sectional area (A) of the film
(Dowling 1993). The strain ¢ is calculated by dividing the film
displacement (elongation, AL) by the initial length of the
stent (L). The elastic modulus (E) which is the slope of the
linear portion of the stress-strain curve is then calculated.
The ultimate tensile strength (UTS) is also found by the stress-
strain curve, which represents the maximum stress the stent
can undergo under tensile stretching before the moment of
necking. The elongation at break corresponding to the strain
at UTS was subsequently obtained for each formulation. The
Poisson’s ratio (v) was calculated using Eq. (2) by dividing
the diameter strain by the longitudinal strain. Since the cross
section area of the stent has a circular perimeter the strains
in the x and y directions were assumed to be equal.

I3 €

V:_s_x:_e_y (2)

z z

For each formulation three stents were fabricated and
subjected to tensile measurements.

FEA analysis
FEA analysis and modeling was conducted using SOLID-
WORKS 2012 software to predict the tensile strength of the
hydrogel stents. Briefly analysis consisted of part creation
and input of specific material properties and loads applied
into the Simulation Advisor feature of the software. To start
amodel based on a control material tested according to ISO
10555-1 standards was created and validated (Keehan and
Gergely 2009). The material was 304 SS hypotube, which
used for minimally invasive and endoscopic surgical tools.
The geometric specification and material properties for this
control material were extracted from literature (Keehan and
Gergely 2009). The specific inputs needed were the elastic
modulus (E), v, yield strength, and mass density. A nominal
value of v=0.3, close to the mid-range value for isotropic
materials was used (Wisconsin Institute of Nuclear Systems
2013). Step size and error convergence criteria were auto-
matically calculated by SOLIDWORKS.

Once the model was validated, empirical data based
on the tensile performance of multiple formulations
(alginate-based) was analyzed using the custom capability.
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Figure 1. (A) Solid alginate microfiber configuration at 4X (OD = 1.3 mm); (B) hollow alginate microfiber at 10X (OD = 530 um, ID = 300 um, =115
um, and L = 3.5 cm). Measurement analysis performed by NIS-Elements v.3.2.2 software using a Nikon Eclipse Ti-S transmission microscope with
Interline CCD camera (Andor Technology). With Permissions from Global Life Sciences reproduced from [Djomehri et al. 2013].

The formulation- specific geometric and material specifica-
tions of the hydrogel stents used as software input will be
presented in the following sections.

Prediction of the theoretical elongation at break

In case of uniaxial loading in the z direction and neglecting
shear stresses, Hooke’s law is reduced to the following sys-
tems of equations (3) (Continuum Mechanics 2013):

For each test case the average experimental values of E, v and
g, (UTS) were used solve for the elongation at break accord-
ing to Eq. (3) using MATLAB 2013.

Statistical analysis

Statistical analysis comprised of hypothesis testing, regres-
sion calculations was conducted using the Statistics Toolbox
of MATLAB 2013.

B Y Results
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Figure 2. Stress-strain curve for 2% (w/v) alginate hollow microfibers cross-linked for 10 min and 60 min in (A) 1.5% (w/v) CaCl, and (B) 10% (w/v)
CaCl,. Microfiber membranes were fabricated with two conditions; uncoated or coated (alginate-chitosan-alginate). Deviations from the mean

reported as SEM (N = 3).
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Figure 3. Stress-strain curve for 2% (w/v) alginate microfibers, uncoated and ACA (alginate-chitosan-alginate) coated, and cross-linked for (A) 10
min and (B) 60 min. Microfibers were cross-linked with either 1.5% (w/v) or 10% (w/v) CaCl,. Deviations from the mean reported as SEM (N = 3).

age OD =525*30 um, average ID=315*40 um and
average thickness, t=120=*=25 pum, and sectioned to
length, L =3.5 cm. The dimensions of the stents can be
tailored.

Tensile testing

Shown in Figures 2 and 3 are results of tensile testing for the
formulations specified in Table I. Since no pronounced plas-
tic deformation was observed for analytical purposes, the
UTS and yield strength were used interchangeably.

Testing runs were conducted using 2% (w/v) alginate for
1.5% and 10% (w/v) CaCl2 for either 10 min or 60 min cross-
linking duration. Bare alginate hollow microfibers had an E
range of 0.108-0.24 MPa (average E=0.162 + 0.008 MPa),
whereas ACA hollow microfibers had an E range between
0.024 and 0.53 MPa (average E = 0.037 = 0.002 MPa).

Both coated and uncoated membranes experienced
increased mechanical strength for increased CaCl2 concen-
tration (1.5% to 10%) as well and cross-linking time (10-60
min). This trend was similarly observed in the UTS values,

Table I. Composition and geometric specification of uncoated and Alginate-Chitosan-Alginate (ACA) hollow

microfibers.
[CaCl,] Cross-link Outside Diameter Inside Diameter* Length*

Sample ID  Composition% (w/v)  %(w/v) Time (min) (OD) (mm) (ID) (mm) (mm)  v*
1 2% Uncoated Microfiber 1.5% 10 2.5 0.45 34 0.3
2 60 2.5 0.40 35 0.3
3 10% 10 2.4 0.40 34 0.3
4 60 2.3 0.30 33 0.3
5 2% ACA Microfiber 1.5% 10 2.5 0.45 37 0.3
6 60 3.2 0.80 33 0.3
7 10% 10 2.6 0.50 36 0.3
8 60 2.5 0.45 34 0.3

*FEA software input.
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Table II. Comparison of measured, simulated, and calculated mechanical properties.

Sample UTS experimental® Average Predicted E experimental™ v experimental
1D (average/SD) (MPa) Von Mises (MPa) (average/SD) (MPa) (average/SD)
1 0.045 £0.007 0.047 0.108 £0.009 0.556 *0.056
2 0.049 £0.018 0.052 0.135*0.055 0.715*0.285
3 0.069 £ 0.004 0.072 0.164 £0.028 0.962 £ 0.029
4 0.097 £0.026 0.101 0.241 £0.025 0.828 £0.122
5 0.003 £ 5.29E-05 0.003 0.024 £ 0.002 N/A

6 0.005 £ 0.002 0.005 0.031 =0.011 N/A

7 0.007 £0.002 0.007 0.041 £0.007 1.12+0.026

8 0.008 £ 0.005 0.009 0.053*£0.014 N/A

* FEA software input.

with the highest UTS occurring at 0.097 MPa for uncoated
stents at 10% (w/v) CaCl2 at 60 min cross-linking time.
Results were confirmed by a two-tailed student t-test con-
ducted at the 95% confidence (p = 0.024, o. = 0.05) accepting
the Null Hypothesis that there was a significant difference
between the average and elastic moduli for bare alginate and
chitosan-coated samples: The chitosan coating significantly
reduces the elasticity of the alginate base.

The Poisson’s ratios for the chitosan-coated fibers could
not be estimated for 3 out of 4 cases as reflected in Table II.
The fracture in the radial direction was non-uniform hence
the strains could not be calculated.

Comparison of simulation and empirical data in terms
of Von Mises stresses
Results of the FEA simulations are presented in Table II.
Results were confirmed by one-tailed student t-test con-
ducted at the 95% confidence (p = 0.37, o.= 0.05) accepting
the Null Hypothesis that there is no significant difference
between the average and simulated tensile strengths. Shown
in Figure 4 is the stress distribution in terms of Von Mises
stresses for the strongest stent (sample ID #4) constrained
for tensile testing simulating the experimental setup with a
UTS of 101 kPa.

Shown in Figure 5 is the simulated section view of Von
Mises stresses for Sample ID#4 subjected to circumferen-
tial constraint exerted by a blood vessel and a hydrostatic

blood pressure of 20 kPa, associated with the systolic pres-
sure of a hypertensive patient (Klabunde 2011). Maximum
flow deformation in terms of UTS was simulated to be 37.7
kPa approximately twice the loading pressure indicating
that the microfiber can withstand the maximum systolic
pressure.

Elongation at break using the nominal isotropic value

(v =10.3) .vs. empirical Poisson’s ratios

Plotted in Figure 6a, b are correlations plots for the experi-
mental elongations at break values and the predicted values
computed using Eq.3, in both radial and longitudinal direc-
tions.. As shown by the slope of the linear model and coef-
ficients of determination (R%) both approaching unity the
experimental and simulated values are highly correlated.

Discussion

Throughout this study the assumption of macroscopic
isotropy in the FEA analysis and the comparison of
the experimental and simulated elongation at breaks has
yielded plausible correlations between empirical and
theoretical results. In light of the results of these analyses
the hypothesis of macroscopic isotropy for the tested for-
mulations can be accepted. A cause for the experimentally
measured non-isotropic Poisson’s ratios exceeding the
value of 0.5 could be hydrogel drying due to the exposure to

von Meses (Ni2)
1018021

l 74929

. 925837

L 879744

. 833852
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731487
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557038
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464914

— Yield strength 77,6000

Figure 4. Meshed model of Von Mises stress distribution at maximum extension for the strongest stent (2% bare, 10% CaCl2, 60 min, Sample ID#4),
constrained at both ends simulating the experimental setup. On the stent’s surface, the simulated value of the maximum von Mises stress or UTS is
101 or N/m? kPa. Also shown is the Yield strength of 77.6 kPa a formulation-specific software input based on the experimental value of UTS.
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Figure 5. Section view of the meshed model of Von Mises stress distribution and core deformation for the strongest stent (2% bare, 10% CacCl2,
60 min, Sample ID#4) subjected to simulated circumferential constraint in a blood vessel and a hypertensive systolic pressure loading of 20 kPa.
The value of the maximum von Mises stress or UTS is 37.8 kPa. Also shown is the Yield strength of 77.6 kPa a formulation-specific software input

based on the experimental value of UTS.

ambient conditions and non-strained induced shrinkage.
Tensile testing and subsequent strain deformation measure-
ments were not conducted in an environmental chamber
because it was assumed that measurement time was far
shorter than dehydration time. The validity of this assump-
tion needs to be confirmed in subsequent experimental
efforts. This hypothesized uncontrolled shrinkage could in
turn lead to the diminishing importance of shear stresses
assumed to be negligible in the analysis.

For the finite-element-analysis of the hollow fibers, the
material was idealized by the analysis software as elastic-
plastic with isotropic hardening and Von Mises yielding.
In general, the mechanical properties of the relevant com-
posite when chitosan was present in the formulation were
considered to be homogenous and isotropic for the matrix.
Looking at the stress-strain curves coupled with experi-
mental observations, most of the formulations did not even
experience plastic deformation: the samples underwent
brittle fracture caused by local crack propagation distributed
randomly across the cylinder. Unfortunately, this effect was
not simulated by the software. It is not known whether this
brittle fracture is an artifact of hydrogel dehydration due to
the experiments not being conducted in an environmental

-0.5
0
(A)

-0.4 -0.3 -0.2

0.1

y =1.1025x+ 0.0991
R?=0.9673

g, or g, Simulated
S
w
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S
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chamber, or related to the limited tensile strength of the
cross-linked microfiber.

The closest study to this current investigation in terms of
hydrogel composition and cross-linked alginate aspect ratio
is that of non-hollow microfibers fabricated by means of a
fabricated by means of a microfluidic setup (Lee et al. 2011).
It was reported that the mean value for the Young’s modu-
lus of the chitosan-alginate fibers was 0.84 MPa, whereas
the calcium alginate fibers had a mean Young’s modulus of
1.03 MPa. In contrast, the chitosan-alginate fibers exhibited
higher fracture strength of 0.85 MPa compared to 0.66 MPa
for the calcium alginate fibers. Although in terms chitosan
addition and membrane stiffening findings concur, in the
current study chitosan coating led to significantly lower frac-
ture strength or UTS. This discrepancy could be explained by
the absence of an additional alginate coating step mobilizing
the additional positive charges on the polyelectrolyte and a
subsequent sodium citrate treatment step rendering the
membrane significantly more fluid. As for the comparison
of bare alginate fibers, the 5 fold difference in elasticity (0.84
MPa vs 0.241 MPa =+ 0.025 MPa) is due to the difference in
force distribution due to the reduced cross-sectional surface
area for the hollow as compared to solid fibers. The effect of

05
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¥ 0.2

0.1

02 03 0.4 05 06

€, Experimental

Figure 6. Correlation plot between experimental and simulated elongation at break values in the radial (A) and (B) longitudinal directions and

respective coefficients of determination (R?) based on linear fits.
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chitosan coating significantly reducing the elasticity of the
alginate base by a factor of 4-5 by conferring compliance
to the cross-linked structure is agreement with previous
findings (Mobed-Miremadi et al. 2013).

The above discussed facts fall in the category of noise
while comparing the tensile strength of the alginate micro-
fibers (UTS . =0.097 MPa = 0.026 MPa for sample ID #4)
to that of the PLLA-base stents with tensile strengths of
50 MPa and above (Dong et al. 2013). In turn due to the
versatility of use of alginate in tissue engineering and regen-
erative medicine, improving the strength of this hydrogel is
a very active field of research (Yang et al. 2013).

Conclusion

The tensile strength of alginate and ACA hollow fibers were
measured and simulated based on the assumption of mac-
roscopic isotropy. FEA analysis was performed based and
the elongation at break was compared to the experimental
results. While there were no significant statistical differences
between the experimental and predicted UTS, the chitosan
coating significantly reduced the E and the tensile strength
of the hollow fibers. The hypothesis of macroscopic isot-
ropy was also verified by highly correlated theoretical and
experimental elongation at break measurements. Before the
proposed ACA stent-based delivery method for cardiovas-
cular disease and other regenerative medicine applications
can be considered, the following additional investigations
are strongly recommended: 1) Performing tensile testing
in a humidity controlled environmental chamber to elimi-
nate the uncontrolled shrinkage rate of the hydrogel and
re-assess the contribution of shear stresses in the stiffness
matrix; 2) changing the formulation to prevent the brittle
fracture mode by introducing a plasticizer; and 3) changing
the formulation in order to improve the tensile strength of
the hollow alginate and ACA micro-fibers.
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