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Micropipette aspiration and confocal fluorescence microscopy were used to study the structure and mechan-
ical properties of calcium alginate hydrogel beads (A beads), as well as A beads that were additionally coated
with poly-L-lysine (P) and sodium alginate (A) to form, respectively, AP and APA hydrogels. A beads were
found to continue curing for up to 500 h during storage in saline, due to residual calcium chloride carried
over from the gelling bath. In subsequent saline washes, micropipette aspiration proved to be a sensitive
indicator of gel weakening and calcium loss. Aspiration tests were used to compare capsule stiffness before

Keywords:
Alginate capsules and after citrate extraction of calcium. They showed that the initial gel strength is largely due to the calcium
Poly-L-lysine alginate gel cores, while the long term strength is solely due to the poly-L-lysine-alginate polyelectrolyte

complex (PEC) shells. Confocal fluorescence microscopy showed that calcium chloride exposure after PLL de-
position led to PLL redistribution into the hydrogel bead, resulting in thicker but more diffuse and weaker PEC
shells. Adding a final alginate coating to form APA capsules did not significantly change the PEC membrane
thickness and stiffness, but did speed the loss of calcium from the bead core.
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© 2013 Published by Elsevier B.V.

1. Introduction

Encapsulation of genetically engineered therapeutic cells has been
proposed for treatment of several enzyme and hormone deficiency dis-
orders, including diabetes [1], Parkinson's [2], and lysosomal storage
disorders [3]. Encapsulation of allogeneic cells in a semi-permeable
membrane can provide physical immune protection, and may enable
long-term delivery of therapeutic peptides. The most common ap-
proach to cell encapsulation involves embedding cells in a calcium algi-
nate bead that is then coated with a polycation, commonly poly-L-lysine
(PLL), to form a stable polyelectrolyte complex (PEC) shell to increase
the stability, and tune the permeability, of the membrane [4].

These beads are usually further coated with alginate in order to
hide the PLL from the host's immune system, resulting in capsules
known as alginate/PLL/alginate or APA capsules [4]. A recent study
by Tam et al. suggests that the final layer of alginate does not signifi-
cantly alter the outer composition of the membrane, casting doubt on
the need for this final alginate coating [5].

The properties of APA capsules depend significantly on the type and
concentration of alginate, PLL and gelling ion (typically calcium) used,
as well as on the protocols used for their preparation and storage.

Abbreviations: PEC, polyelectrolyte complex; PLL, poly-L-lysine; A, alginate; AP,
alginate/poly-L-lysine; APA, alginate/poly-L-lysine/alginate; MW, molecular weight;
G, guluronic acid; M, mannuronic acid.
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Capsules can fail in their immune-protective role in a number of ways,
which may include mechanical rupture, loss of the outer alginate
coating followed by fibrotic overgrowth [6], and even degradation of
alginate by redox processes or hydrolysis [7].

Akey issue is the loss of calcium through exchange with, e.g., sodium
[8-10], leading to bead swelling [10], decreased gel modulus [11], and
even rupture of the APA membrane [4].

Improved understanding and control of capsule properties are key
challenges in the field, and have led to calls for greater standardization
between different labs [ 12]. Many novel approaches to create covalently
crosslinked capsules still use calcium alginate and polycations, such as
PLL [13-16].

Tissue-like capsule stiffness and long-term mechanical integrity
[17] are critical for successful transplantation of encapsulated thera-
peutic cells, as well as for related use of these gels in stem cell differ-
entiation and regenerative medicine [18-21].

The mechanical stability of APA-type capsules has often been
studied using ensemble pass/fail screening for the fraction of intact
capsules following exposure to hypotonic media [15,22], or shaking
with glass beads [23]. The thickness of the membrane formed by
the PLL-alginate PEC has been used to indicate capsule strength in
some studies [4,24] though at times the strongest capsules were
reported to be those having a thin shell formed using higher molecu-
lar weight (MW) PLL [24]. In other studies, swelling ratios were used
as an indicator of strength [4,25].

Mechanical tests of single alginate capsules have been carried
out using atomic force microscopy (AFM) [26], compression testing
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[11,17,27-32], rheology [11], and deformation by centrifugal forces
[33,34]. AFM measurements mainly provide information about
local surface properties [26], while compression tests provide infor-
mation about the whole bead from the analysis of Young's modulus
[30], viscoelastic properties [35,36], and bursting forces [17,36,37].

Micropipette aspiration is a common technique for studying
mechanical properties of cells [38-40] and small semi-permeable
capsules [41-44]. The application of this method to larger, alginate-
based capsules is rare, despite the simplicity of the technique and
the quantitative information that can be extracted. Hunkeler and co-
workers made limited use of aspiration to measure the membrane
tension of capsules composed of an alginate/cellulose sulfate core
coated with polymethylene-co-guanidine [45].

This paper describes a simple yet sensitive aspiration-based test of
capsule stiffness, its validation and use to study the properties of
model capsules as a function of preparation and storage conditions.
Confocal microscopy was used to determine capsule morphology, in
particular shell thickness, through the use of fluorescein labeled PLL.

2. Experimental
2.1. Materials

Sodium alginate (Pronova UP MVG, batch: BP-0908-01) was
purchased from Novamatrix (Sandvika, Norway). Poly-L-lysine
hydrobromide (PLL, M, 15-30 kDa), fluorescein isothiocyanate
(FITC) and HEPES sodium salt from Sigma-Aldrich (Oakville, ON
Canada), and sodium chloride and calcium chloride from Caledon
Laboratories (reagent grade, Georgetown, ON), were used as re-
ceived. Trisodium citrate dihydrate (AnalaR) was purchased from
EMD Chemicals (Gibbstown, NJ, USA) and was used as received. So-
dium hydroxide and hydrochloric acid stock solutions (0.1 or 1.0 M)
were purchased from LabChem (Pittsburgh, PA, USA).

2.2. PLL fluorescent labeling

FITC-labeled PLL, PLLf, was prepared as described earlier [16].
Briefly, PLL (HBr form, 99.5 mg, 0.48 mmol lysine) was dissolved in
0.2 M NaHCOs buffer (pH 9) and 1.0 mg (0.0026 mmol) of FITC
dissolved in N,N-dimethylformamide was added. The PLLf was puri-
fied by dialysis and isolated by freeze-drying (64.5 mg, 82% HCI
form) with a labeling degree of 0.61%, determined from the maxi-
mum absorbance at 495 nm, using the absorption coefficient of free
FITC of 77,000 M~ cm™"' [46]. The extinction coefficient of PLLf,
was 2.67 mL-cm™'-mg ™!, measured at 495 nm.

2.3. Preparation of calcium alginate beads (A beads)

A solution of sodium alginate (5-10 mL, 1 wt.%) in saline was fil-
tered (0.2 um) and then extruded into 60 mL of gelling bath
consisting of de-ionized water containing 1.1 wt.% CaCl, (100 mM)
and 0.45 wt.% NaCl (77 mM), reflecting a 12-24 molar excess of
Ca%™ over carboxylates. Extrusion was done at a rate of 0.5 mL/min,
using a syringe pump and a flat-tipped 27 G needle fitted inside a
1 mm diameter tube that provided an annular airflow of 3-4 L/min.
This airflow was adjusted to generate narrow disperse calcium algi-
nate beads (A beads) with mean diameters of 500 to 600 um, and
standard deviations of about 50 pm. After extrusion was complete,
the beads were kept in the gelling bath for another 10 min before
being transferred into fresh gelling bath solution (using a 3:10
volume ratio of settled bead suspension to wash solution) for an ad-
ditional 10 min, and before moving on to coating or aging experi-
ments as described below. All solutions were pre-cooled to 4 °C and
the gelling bath was placed in an ice bath during bead formation.
The beads have smooth surfaces, and equatorial/axial aspect ratios
not exceeding 1.1.

2.4. Preparation of AP and APA capsules

AP beads were prepared by adding 10 mL of 0.05 wt.% PLL or PLLf
in saline (pH 7.0-7.5) to 3.0 mL of settled, freshly prepared A beads.
After 6 min with occasional swirling, the supernatant was removed,
and the as-formed beads washed a) once with fresh gelling bath
and once with saline or b) twice with saline. Each wash took 2 min
unless stated otherwise. Supernatant from coating and washing
steps were analyzed for residual PLLf content using UV/Vis.

APA capsules were prepared by adding 1.67 mL of 0.03% sodium
alginate to 0.5 mL of settled AP beads for 4 min, with occasional
swirling. The resulting APA capsules were washed twice with saline
for 2 min. All washing steps involved a 3:10 volume ratio of settled
beads to coating/washing solution.

2.5. Monitoring the effects of storage/washing conditions on A and AP
beads

Freshly prepared A beads and AP capsules were stored in saline
(154 mM NacCl) at 4, 20 and 40 °C. All washing steps used a volume
ratio of settled beads to washing solution of 3:10. Beads were moni-
tored by microscopy and aspiration at room temperature, in a small
amount of their own supernatant. Supernatants were monitored for
Ca’* content using ICP-MS.

2.6. Citrate treatment

Sodium citrate (5 mL, 70 mM) and settled AP or APA capsules
(0.5 mL) were mixed at room temperature for 5 min before the su-
pernatant was removed and the settled, liquid filled capsules were
washed once with saline (1.67 mL).

2.7. Micropipette aspiration (Scheme 1)

A borosilicate disposable micropipette with an inner diameter of
290 pm and an outer diameter of 1120 pm (Fisher Scientific) was at-
tached to a 10 mL glass buret (0.5 cm inner diameter, 65 cm length)
using flexible Tygon tubing, forming a U-tube filled with water. A
number of capillary tips from one batch were examined by optical
or scanning electron microscopy (TESCAN VP SEM) and were found
to have smooth, circular openings and near identical inner diameters
of 291 & 2 pm.

A syringe pump (NE-1600, New Era Pump Systems™) connected
to the Tygon tubing via a Y-shaped connector allowed automated
control of the height of the water column and hence the pressure dif-
ferential. About 0.25-0.50 mL of a suspension of capsules in their own
storage supernatant (unless indicated otherwise) was placed on a
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Scheme 1. Setup for micropipette aspiration.
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flat, hydrophobic polystyrene dish located on the stage of an Olympus
BH2-UMA optical microscope. Capsules were captured on the open
end of the capillary while applying a negative pressure differential
of 0.75 nN/um? (equivalent to 0.75 kPa). Once a capsule was cap-
tured, the water column was lowered to 3.75 kPa at a rate of
0.75 kPa/min. The rate of change of applied pressure differential
was constant for all capsules aspirated, allowing for direct compari-
son between the viscoelastic beads and capsules. Images of the aspi-
rated capsule were taken every minute in transmission mode. The
length of projection of the capsule into the capillary was measured
using Image] software and plotted against the pressure differential.
Measurements were conducted in triplicate, using a new capsule for
each aspiration series.

2.8. Microscopy

Optical and fluorescence images of capsules were collected with
an Olympus BX51 microscope equipped with a Q-Imaging Retiga
EXi camera and ImagePro software. Average capsule diameters were
determined from measurements of a minimum of 60 capsules.

Confocal microscopy images of AP or APA capsules prepared using
PLLf were obtained with a Zeiss LSM510 confocal laser scanning mi-
croscope equipped with argon and HeNe lasers, operated with Zeiss
LSM510 software, or on a Nikon Eclipse 90i upright microscope
equipped with a Nikon C2 confocal head, an argon multi-line laser
and NIS-Elements viewer software. The extent of PLLf diffusion into
the capsules, or membrane thickness, was determined by the full
width at half height of 36 pm-wide line profiles across equatorial con-
focal sections, generated using Image] software.

2.9. Characterization of coating/washing solutions

Supernatant solutions containing PLLf were analyzed by UV-Vis
spectroscopy (Cary 50 Bio) following dilution in 35 mM HEPES buffer
(pH 7.8) such that the A495 < 1. The A49s value was used to calculate
the concentration of PLLf, using the PLLf extinction coefficient of
2.67 mL-cm™!-mg~ ! described above.

Some gelling and washing solutions were analyzed for Ca?* con-
tent using inductively coupled plasma-mass spectrometry (ICP-MS,
PerkinElmer ELAN 6100 with ELAN software) performed by the Occu-
pational and Environmental Health Laboratory at McMaster. Samples
were prepared for ICP-MS by dilution with 1% HNO3 (trace metal
grade) to bring the calcium concentration within the calibration
range of 0.2-10 ppm.

2.10. Statistics

All values are reported and graphed as mean + standard devia-
tion, with significant differences determined from Student's t-test
analysis between two groups and one-way ANOVA with a Bonferroni
post hoc analysis for comparison of more than two groups. Signifi-
cance was determined for p < 0.05.

3. Results and discussion

Micropipette aspiration has been used extensively to study the me-
chanical properties of cells [38-40], and thin walled capsules [41-44]. It
involves using a micropipette to apply a pressure differential to the wall
of a captured cell or capsule, and visually measuring the length of the
tongue aspirated into the pipette as a function of applied pressure dif-
ferential. The cell or capsule is often modeled as a liquid droplet, or an
elastic or viscoelastic solid. In the case of liquid droplets, the surface ten-
sion, T, is described by the inset of Scheme 1 and the corresponding
Eq. (1), where P; is the pressure inside the micropipette, P, is the pres-
sure of the suspending medium, R,, is the inner radius of the micropi-
pette, R. is the radius of the microcapsule, and x is the length of the

tongue drawn into the pipette. Eq. (1) is only valid when x is less than
R, [41].

P,—P, = 2T{ {2x/ (x2 + sz)] —[1/RC}}‘ (1)

The membrane tension of liquid-filled capsules with thin, semi-
permeable membranes can be obtained by an application of Laplace's
law, which describes the stretching deformation of a membrane
caused by an applied pressure differential. This model however,
does not account for any bending stresses due to finite wall thick-
nesses, or for the presence of a cohesive gel core that would resist de-
formation [41].

Cells and capsules with gel cores, are usually modeled as incom-
pressible elastic or viscoelastic solids by applying the homogenous
half-space model. Eq. (2) can be used to determine Young's modulus
for such samples, provided that the inner diameter of the capillary R,
is much smaller than the diameter of the sample aspirated [47].

AP = (2mEx/3R, ) (2)

Here, AP = P, — P is the applied pressure differential, and E is
Young's modulus of the capsule. ¢ is the wall function, a term with
some dependence on the capillary wall thickness. Eq. (2) requires a
thin-walled pipette having a small inner diameter compared to the
capsule diameter [47], and only measures the local surface modulus
or requires a homogenous sample.

The present study uses aspiration capillaries with an inner diame-
ter approximately 1/2 of the initial capsule diameter, to study the
stiffness of both hydrogel beads and capsules and hence Eq. (2) can-
not be strictly applied. However, the relatively large radius of the
capillary is advantageous, because it provides information on the me-
chanical properties of the entire bead which are the main interest in
capsule applications. Given the relatively large capillary inner diameter,
a plot of deformation, normalized to the pipette radius (x — X,)/R, ver-
sus pressure differential (AP), reflects a combination of core and mem-
brane properties.

This work studies the initial A beads formed by gelling sodium al-
ginate droplets with calcium chloride, as well as the AP and APA cap-
sules formed by subsequent coatings with PLL, and finally alginate.
This approach to capsule formation was originally developed by Lim
and Sun [1] and remains the basis for most cell encapsulation proce-
dures [15,16]. The term bead is used to reflect the gel nature of the en-
tire as-formed A spheres, while with AP and APA, the term capsule
indicates the presence of a PEC shell around the gel or liquid core.

Despite the recognition that calcium loss may occur by exchange
with sodium during preparation and storage, there remain significant
differences in how different laboratories prepare and handle such
capsules [48,49]. One aim of this paper is to detail how subtle varia-
tions in preparation and storage conditions can influence the struc-
ture and the mechanical properties of these hydrogel beads and
capsules.

3.1. Micropipette aspiration applied to calcium alginate type

Fig. 1 illustrates primary aspiration data for seven A beads with di-
ameters ranging from 564 to 710 um. These particular beads had been
stored in saline, and were transferred into fresh saline just prior to
testing. Fig. 1 shows a linear increase in the non-dimensional strain
(x — X,)/R, with increasing pressure differential, for each bead. The
deformation (x — x,) was determined from the length of the projec-
tion into the capillary, x, minus x,, the length of the tongue projecting
into the capillary at zero pressure differential resulting from the nat-
ural curvature of the beads. x, was determined from the x-intercept of
AP versus x plots since beads could not be captured at AP = 0. The
slopes (pressure differential, AP, versus (x — X,)/Rp) describe the
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Fig. 1. Pressure differential (AP) versus normalized deformation (x — x,)/R, for A
beads with diameters from 564 to 710 pm.

stiffness of the beads, where the differences in the slope are attribut-
ed to random scatter in the sample stiffness rather than a function of
bead size (see Fig. S1 in the Supporting information for a plot of stift-
ness vs. bead diameter). Thus, the average stiffness of these beads was
measured to be 15.5 + 1.3 kPa.

The stiffness of A beads and AP capsules, determined from this
method are equivalent within experimental error for different capil-
laries of the same inner diameter. The slope of the linear aspiration
curves reflects the beads' overall stiffness, which may include contri-
butions from:

1) stretching and bending stress of the membrane during deforma-
tion [41], and

2) deformation of the gel core, including water-loss from core
compression.

Data points were rejected when the projection into the pipette
exceeded the inner radius of the pipette. In such cases images were
collected more frequently at low pressure differentials to ensure an
adequate number of data points with x <R,

Fig. 2 shows aspiration curves for A beads that had been treated to
zero and three saline washes (one bead each). These aspiration
curves show how stiffness decreases with successive saline washes,
reflecting weakening of the calcium alginate gel due to calcium loss.

3.1.1. Mechanical properties of calcium alginate-based beads

The properties of the calcium alginate beads are affected by the
concentration and MW of the alginate, as well as the ratio and distribu-
tion of its guluronic (G) and mannuronic acid (M) units. Higher G/M
ratio alginates produce stiffer gels with better mechanical integrity
[50]. Also important are the type and concentration of the gelling ion
(typically Ca®™, as well as Sr>™ or Ba®™"), the presence of other ions
such as sodium in the gelling solution, and the gelling time and temper-
ature. Divalent cations with higher affinities for alginate, such as Sr>*
and Ba’?* lead to formation of inhomogeneous beads (dense shell,
diffuse core), while the addition of non-gelling ions such as sodium to
the gelling bath, leads to beads with increased homogeneity [9,51].
Bead properties can continue to change with storage, especially due to
Ca®* loss [9,50,52].

Treatment of AP and APA capsules with citrate has often been
done in the past to extract calcium and liquefy the cores [16,31,53].
This process will remove contributions of stiffness arising from the
calcium alginate gel core and the calcium alginate portion of the
shell, and leave only the PLL-alginate PEC component of the shell.

4

Pressure Differential (kPa)

0 0.1 0.2 03 04 0.5 0.6
(x-x /R,

Fig. 2. Aspiration plots for individual calcium alginate beads as formed (#) and washed
three times with saline (O). The aspiration curves are linear fits to the data points.

Less well appreciated is the significant effect of washing steps during
preparation, on the structure and strength of the alginate-based cap-
sules. Hsu et al. found that omitting a saline wash prior to PLL coating
led to stronger APA capsules with denser shells and higher in vivo integ-
rity [54]. Ma et al,, using calcium lactate instead of calcium chloride in
their gelling bath, and omitting washing with CHES ((N-cyclohexyl-)
2-aminoethanesulfonic acid) solution after PLL coating, obtained more
robust capsules, as determined by the percentage of intact capsules
after explantation [24].

In this work, the calcium alginate beads were prepared by gelling a
1% solution of Pronova UP MVG alginate in a bath containing 100 mM
CaCl, and 77 mM NaCl. The alginate solution had a viscosity of about
200-250 cP, which is thought to be ideal for bead preparation [55].
The gelling solution contains sodium chloride at concentrations often
used to generate “homogeneous” beads, with less pronounced core-
shell morphology [15,16,51,56].

All solution changes were carried out using volume ratios of set-
tled beads to new solution of 3:10. The initial gelling bath contains
an excess of Ca®* to alginic acid units (12-to-24-fold depending on
amount of alginate gelled), and ICP-MS analysis of the gelling bath
after bead formation revealed little change in the Ca?* concentration.
The subsequent transfer into saline reduces the calcium concentra-
tion from 100 mM to about 20 mM, reflecting a roughly 1:4 ratio of
solution remaining in interstitial and pore volume in the settled
beads, to new solution.

3.1.2. Effect of gelling time and temperature on stiffness of A beads

One common variable in the literature is the total gelling time of A
beads, comprised of the time needed to form a batch of beads plus an
additional 5-30 min in gelling bath to allow the last-formed beads to
cure [50]. Longer exposure to the gelling solution can further strengthen
the gel, but may be detrimental to encapsulated cells. Velings reported
that at least 10 h is needed to fully stabilize calcium alginate beads
stored in 50-330 mM calcium chloride solutions containing a total
ionic strength of 1 M adjusted by addition of sodium chloride [57].

The A beads in this study were prepared during 10 to 20 min of
extrusion time and stored in this initial gelling bath for an additional
10 min. They were then transferred to a fresh gelling solution for
10 min, and finally transferred into saline and stored at 4 °C.

Fig 3 shows an increase in stiffness of the resulting A beads
from 13.2 £+ 0.3 kPa for as-formed beads, to a plateau of about
344 + 2.0 kPa after 500 h. This slow curing may involve additional
crosslinking due to the approximately 20 mM Ca?* still present in the
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Fig. 3. Stiffness of A beads during storage in the first saline wash at 4 °C. Stiffness was
measured at 20 °C.

saline storage solution, as well as annealing of existing calcium alginate
crosslinks facilitated by the sodium chloride present [56,57].

Serp et al. found that heating A beads in 11 mM Ca?* led to small-
er, denser, and stiffer beads, with these effects becoming more pro-
nounced as the temperature was increased from 50 to 130 °C [58].
Temperatures used for A beads containing cells usually just range
from 4 to 37 °C [59-61].

To explore the effect of temperature on curing behavior in this
more narrow temperature range, A beads washed once with saline
were stored at 4, 20 and 40 °C, and their stiffness monitored over
one week. The stiffness of all beads increased with time as expected
from Fig. 3, with a negligibly higher curing rate at higher tempera-
tures (see Fig. S2 in the Supporting information).

3.1.3. Effect of additional saline washes on stiffness and swelling of A
beads

Additional wash cycles with saline should further reduce the Ca®™"
concentration in the supernatant and cause Ca®* loss from the beads
in exchange for sodium, leading to both swelling and decreased stiff-
ness. Bead swelling during saline washes is often used as a measure of
the stability of alginate-based beads and capsules [4,24].

Serp et al. observed no swelling of calcium alginate beads when
[Na*™]/[Ca%™] in solution was less than 20, though changes to me-
chanical properties were already noticed at [Na*]/[Ca®*] greater
than 5 [62]. Similarly, two other groups reported swelling of high G
calcium alginate beads for [Na*]/[Ca®*] ratios exceeding 20 [63] or
30 [28], and found this ratio to vary with alginate composition (G/M
ratio) [28,63].

ICP-MS was used in the present work to measure [Ca? ] in the su-
pernatant following successive saline washes of A beads, using 3:10
volume ratios of settled beads to saline wash solution.

Fig. 4 shows [Ca®™] dropping rapidly from 100 mM in the gelling
bath to 2.9 mM after the third wash, and then descending more slow-
ly as bound Ca®™ was released into the supernatant.

Fig. 5 compares the diameter and stiffness during these successive
saline washes. It had previously been shown that calcium alginate
gels stored in saline containing 1.8 mM CaCl, and 0.15 M NaCl de-
creased in strength over the first 15 h [11]. As a result, beads were
stored for a minimum of 20 h after each saline wash before carrying
out these measurements.

The first saline wash did not affect stiffness or bead diameter. This
appears to be consistent with previous data by Morch et al., carried
out using slightly different washing protocols [9]. As mentioned
above, the presence of about 20 mM of calcium in the first saline
wash is sufficient to maintain the gel strength.

30 300
254 r 250
20 200

Calcium concentration (mM)
o
o
o
Ratio of Na*/Ca?*

10 r 100
5 r 50
0 0

saline wash

Fig. 4. [Ca?*] and [Na*]/[Ca®"] in supernatant during successive saline washes of A
beads. (#): [Ca®T]; (O): [Na*]/[Ca%™].

After the second saline wash, the calcium concentration is reduced
to ~6.5 mM ([Na™]/[Ca®*] ratio of 24) and the stiffness decreased
significantly compared to the starting alginate bead (p < 0.05 by
Student's t-test). In contrast, the bead diameter only started to in-
crease at the third saline wash compared to the starting mean diam-
eter (p <0.001), where the [Na']/[Ca®"] exceeded 30. Stiffness
decreased and diameter increased until the seventh wash, at which
point the beads were at the brink of failure and could not be aspirated
without rupture.

These data suggest that aspiration is a much more sensitive probe for
bead strength and calcium loss, than measurement of bead diameters.

In contrast to the above saline-washed A beads, A beads washed
with gelling bath showed slight increases in stiffness (see Fig. S3 in
the Supporting information), likely because of ongoing annealing of
the gel, rather than further calcium uptake. The average stiffness
(31 £ 6 kPa) after two or more washes (48 h in 100 mM calcium
chloride) was greater than or equal to the stiffness of 34 + 2 kPa
reached after approximately 500 h in 20 mM calcium chloride (Fig. 3).

3.2. Stiffness of AP capsules as a function of coating protocol

The calcium alginate beads (A) used in cell encapsulation are usu-
ally coated with a polycation such as PLL. The resulting PLL-alginate
PEC shell reduces capsule permeability, and increases capsule me-
chanical stability. The nature of this PEC shell depends on G/M ratio,
calcium alginate porosity, PLL MW and concentration [4,24,52], and
ionic strength and type of ions present in the medium [4]. Lower
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Fig. 5. Stiffness (#) and diameter (O) of A beads as function of the number of saline
washes.
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MW PLL can penetrate more deeply into the bead to form a thicker
shell, while higher MW PLL leads to thinner shells. Similarly, increas-
ing the PLL coating time and concentration can increase the thickness
of the membrane [24,49], the amount of PLL bound [4]| and the
strength of the capsule [52].

Vandenbossche et al. studied the MW cut-off and PLL distribution
in APA capsules as a function of PLL coating time and concentration
and suggested that in order to reduce variability between batches,
PLL should be allowed to react with calcium alginate until comple-
tion, e.g. for 30 min at 40 °C, for a PLL concentration of 0.1% (w/v)
[48]. With an eye to maximize eventual cell viability, a more conser-
vative coating protocol was used in the present study (0.05% PLL for
6 min at 4 °C) [15,16,64-67]. Coating conditions were kept constant,
and stiffness measured by aspiration was used to determine the ef-
fects of different washing protocols after PLL coating.

3.2.1. Effect of washing solution on AP capsules

Different protocols in the literature describe washing capsules
with saline [5,48,51,54,68-70], or gelling bath [15,16], following PLL
coating. To the best of our knowledge the effect of calcium on PLL dis-
tribution and associated mechanical properties in AP capsules has not
yet been reported. Calcium alginate beads will bind more chitosan
from coating solutions containing calcium chloride, rather than sa-
line. This effect was attributed to calcium specifically rather than dif-
ferences in ionic strength and thought to be due to a greater porosity
of the alginate beads facilitating chitosan loading [71].

The present study hence explores the effect of different saline and
calcium chloride treatments, on swelling, stiffness and PLL distribu-
tion of AP and APA capsules.

3.2.2. Effect of calcium exposure on AP capsules

AP capsules were washed with a) saline for 2 min, b) gelling solu-
tion for 2 min, or c) gelling solution for 2 h, before being transferred
to saline. The three types of capsules are denoted as APSS, AP®S, ., and
APSS, |, respectively, where SS, GS, 1, and GS, j, denote their washing
histories.

UV/Vis analysis of the combined coating and first washing superna-
tants showed that all three capsules bound similar amounts (84-86%)
of the PLLf from the coating solutions.

Fig. 6a compares the stiffness of the three capsules. The AP cap-
sules have a stiffness (23 + 2 kPa) comparable to those of the A
beads (25 + 2 kPa after 24 h of storage). It appears that the forma-
tion of the PEC shell in the APSS capsules offsets any weakening of
the calcium alginate gel upon exposure to saline during coating and
washing. The AP%S, ., (42 + 4 kPa) and APS,, (45 + 4 kPa) were
significantly stiffer than APSS capsules which is mainly attributed to
these capsules retaining the strength of their calcium alginate gel
cores. ICP-MS revealed that the APSS capsule experienced Ca®™ levels

of about 2.5 mM in the second saline wash. In contrast, the AP, ,,
and APSS,, capsules have 20 mM Ca?™ in their storage solution,
and hence the strength of the calcium alginate gel is maintained or
even increased by extended curing.

The capsule diameters are consistent with the differences in stiff-
ness showing marginally larger mean diameter for APSS capsules
(544 + 45 pm) compared to the AP®S,, and AP®, capsules
(524 4 39 um and 518 4 38 um, respectively). While the differences
in diameter between the APSS capsules and either AP®S capsule
(p < 0.01 by ANOVA) are statistically significant, the absence of over-
lap of the standard deviations in stiffness measurements illustrates
the greater signal/noise of the aspiration data.

As mentioned above, stiffness measurements using intermediate di-
ameter capillaries reflect properties of both gel cores and PEC shell. To
distinguish between these contributions, the three capsule types were
treated with sodium citrate to remove Ca?™ and liquefy the core.

The citrate-treated APSS capsules (Fig. 6a) showed only a moderate
further decrease in stiffness, attributed to removal of bound Ca®™"
from the core and shell.

In contrast, citrate treatment led to a large decrease in stiffness for
both AP®S capsules, reflecting the large role of calcium in stiffening
these capsules before citrate treatment. Of special interest is that
both types of AP®S capsules had lower stiffness than APSS capsules
following citrate treatment (Fig. 6a), indicating that post-PLL gelling
bath washes may only temporarily strengthen the capsules. These re-
sults are consistent with recent analogous observations where PLL-
alginate capsule walls were found to be softer than those of calcium
alginate [34].

While the relative degree of capsule swelling is often used to assess
capsule strength, swelling caused by citrate treatment of these particu-
lar capsules proved to be an unreliable indicator of relative capsule
strength. The three types of capsules, swelled by small, and similar
amounts (about 15-20 £ 10%) upon citrate treatment, while showing
quite different capsule stiffness (p < 0.01 for all citrate treated AP
capsules).

Confocal microscopy revealed that gelling bath washes allow the
initially bound PLLf to redistribute further into the capsules (Fig. 7).
While in APSS capsules the PLLf shell was 9.2 + 0.9 um thick, washing
with gelling bath led to PLLf shell thicknesses of 26 4+ 2 um for
AP%S, . and 46 + 4 um for AP®S, . Subsequent citrate-treatment
caused little change in PLLf shell thicknesses, at 10 + 1, 27 4+ 1 and
51 + 3 um, respectively, lending confidence that aspiration measure-
ments of these hollow capsules reveal the contribution of the PEC
shell to the overall stiffness of the earlier, composite capsules that
still had calcium alginate gel components in the core and shell con-
tributing to stiffness.

Previous studies have observed the migration of polycations in
capsules and found that it can be facilitated by the presence of
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Fig. 6. The effect of different washing protocols on the stiffness of a) AP and b) APA capsules, both as formed, and following treatment with citrate to fully dissolve the calcium
alginate cores. SS, GS; 1, and GS, 1, correspond to washing in saline (2 min) or gelling bath wash for (2 min or 2 h), respectively, followed by storage in saline.


image of Fig.�6

R.M. Kleinberger et al. / Materials Science and Engineering C 33 (2013) 4295-4304 4301

divalent metal ions such as Ca?*. Strand et al. noticed slow changes to
PLL distribution in AP capsules during storage in saline containing
1 mM CaCl,, leading to a doubling of the shell thickness over two
weeks, with no further changes over two years [51]. Gdserad et al.
found dramatic differences in the rate, location and extent of chitosan
binding, depending on the Ca®>* content of the coating solution [71,72].
Higher [Ca®™] in the coating solution led to increased in-diffusion,
more chitosan bound and greater capsule strength. While higher ionic
strength was thought to facilitate chitosan in-diffusion, the rate and ex-
tent of chitosan binding were greater in the presence of CaCl, than for
NaCl solutions of the same ionic strength. Enhancement of cooperative
Ca®*-alginate binding, sometimes referred to as egg box structures,
and the resulting increased porosity, was believed to be important.

Thu et al. reported that the presence of 12 mM Ca?™ or Sr? ' in the
supernatant caused the release of PLL from AP capsules into the sur-
rounding solution during three weeks of storage [4]. It appears that
most of the PLLf migration in the capsules studied here takes place
within the hydrogel rather than into the supernatant, as confirmed
by the presence of only trace amounts of PLLf in washing solutions
determined by UV-Vis analysis.

In the current work, all three types of capsule bind similar
amounts of PLL but the different washing procedures cause different
radial distributions. The high charge density of PLL is thought to
lead to a “hit and stick” mechanism, causing PLL to initially bind pref-
erentially to surface regions [4,73]. Higher ionic strength and, in par-
ticular, Ca2™ in the washing solution, can weaken the interactions
between PLL and alginate, allowing PLL to diffuse further into the
gel. This results in thicker but lower density PEC shells that are less
stiff once the calcium alginate component is removed by citrate or,
equivalently, multiple saline washes as described below. In addition
to affecting capsule strength, the differing shell morphologies might
influence the permeability and biocompatibility of the membranes.
The sensitivity of capsule structure to slight variations in preparation
details (e.g., washing) may help to explain why capsules made with
apparently similar procedures can perform quite differently.

The rate at which the PLLf moved further into the AP capsules was
examined by tracking the shell thickness and stiffness over time for
capsules stored in gelling bath (100 mM Ca?*, 77 mM Na™) and
first saline wash (~20 mM Ca®*, 154 mM Na*) (Fig. 8), respectively.
The shells of capsules stored in ~20 mM Ca?* thicken from about 25
to 30 um over 30 min, and then more slowly to 35 um after 13 h. The
capsules stored in 100 mM Ca?* show a much faster increase in shell
thickness, reaching 75 pm after 18 h.

The above AP capsules, stored in 100 mM Ca®™ for 2 min to 18 h,
were treated with citrate to liquefy the core, and then tested by aspi-
ration. Citrate-treatment is used here to mimic the replacement of
calcium with sodium during multiple saline washes, or indeed during
incubation and implantation. Fig. 9 shows that the PEC shells become
both thicker and more compliant with increasing storage time in
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Fig. 7. Line profiles (top) and equatorial confocal images (bottom) showing the distri-

bution of PLLf in APSS (left), APSS, ,, (middle) and APSS, j, (right) capsules.

These results confirm that storage in gelling bath following PLL
coating can increase short-term gel stiffness, but can compromise
long-term strength of the capsules, by weakening the PLL-alginate
PEC shell that is responsible for long-term integrity.

As mentioned above, calcium alginate gels weaken when exposed
to saline solutions with [Ca®™] of ~6.5 mM. A similar process will
occur in vivo because of the low serum Ca®™ levels of about 1 mM.
Both treatments with chelating agents such as citrate, and exposure
to saline, are often used to mimic this process. Fig. 10 compares
the stiffness for APSS,, capsules treated using both methods. The
resulting capsules showed increasing compliance with successive sa-
line washes, until after six washes the stiffness levels off at a value
corresponding to that of the citrate-treated AP capsules. These results
show the rapid weakening of the gel core that occurs in solutions
with low calcium levels and demonstrate that the alginate-PLL PEC
shell is responsible for the long-term strength of such capsules.

APSS, capsules treated with citrate or seven saline washes expe-
rienced 18 and 6% swelling, respectively, even though both treat-
ments lead to a three-fold decrease in stiffness (Fig. 10). This again
highlights the ability of aspiration to detect changes in mechanical
properties despite a comparative lack of swelling.

3.3. APA capsules: The effect of the final alginate coating

A final coating of alginate is often applied to AP capsules to im-
prove the biocompatibility by covering the PLL, however, there is de-
bate about the need for this step [4,5]. The effect of the final alginate
coating on the mechanical and structural properties of AP capsules
was hence examined by aspiration, optical and confocal microscopy.

APSS, APSS, ., and APS5, ;, beads were coated with 0.03% sodium
alginate for 4 min to form the corresponding APSA, AP®5, ,A and
APSS, 1A beads, respectively. These were washed once with saline
and stored in a second saline solution for 24 h before testing.

The stiffness of these three types of APA capsules differs signifi-
cantly (Fig. 6b) with APSSA capsules stiffer than APSA capsules
(p < 0.01 of all APA capsule types). APSS capsules showed no appar-
ent change after coating with alginate (p > 0.05), while both types
of AP®®A capsules were substantially weaker than their APSS precur-
sors (p < 0.01).

Exposure to the final alginate solution and subsequent saline washes
apparently causes significant loss of Ca?™ from the AP®S capsules. In
contrast, APSS beads, which already had little core gel strength prior to
the final alginate coating, show little change in this step. Once the gel
in the core is weakened by Ca>™ loss and the contribution of the shell
to capsule strength becomes more important, the less diffuse shells of
APSS capsules compared to APSS leads to greater stiffness.

It was found that the AP®SA capsules have a slightly thinner
PEC membranes compared to their AP®S precursors (19 + 1 um and
36 & 3 pm vs. 26 & 2 um and 46 + 4 pm for AP%S, A and APSS, A
respectively), likely because the APA capsules have less exposure to sig-
nificant Ca®>* concentrations. ICP-MS showed 20 mM Ca®™ in the
APSS, ., supernatant, compared to 2 mM in the AP%5, hA supernatant,
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Fig. 8. Thickness of PLLf shell as function of storage time in (#) gelling bath
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Fig. 9. Stiffness of citrate-treated AP capsules versus membrane thickness, for AP beads
stored in gelling solution for 2 min to 18 h. The inset shows the corresponding confocal
images and line profiles, before citrate treatment.

allowing continuing PLL in-diffusion in the APSS, ,, capsules during
storage, in contrast to the APS, LA capsules. Thus, coating with algi-
nate can reduce calcium levels below those needed for further PLL
in-diffusion, and thus indirectly affects PLL distribution in the AP%S, ,A
capsules by stopping PLL migration during storage.

Washing with a calcium-containing solution such as gelling bath
following PLL coating has been done in the past to ensure a highly
crosslinked gel core. It can also increase the amount of surface algi-
nate bound to the capsule surface. This is thought to be due to the cre-
ation of an outer calcium alginate gel layer, formed using calcium
escaping from the core of the capsule. However, this surface gel is
not stable and about 80% was lost after 24 h of storage in saline, pre-
sumably due to calcium loss [4]. Thus, modifying APA capsule forma-
tion procedures can result in structural changes to the PEC shell and
should be acknowledged.

3.3.1. Effect of citrate treatment on APA capsules

All three types of APA capsules were treated with citrate to dis-
solve any residual calcium alginate gel and determine the effect, if
any, of the final layer of alginate on PEC shell stiffness. APSSA capsules
showed a small change in stiffness after citrate treatment (Fig. 6b),
indicating the presence of at most a weak gel core in the precursor
capsules. Citrate treatment gave a more pronounced decrease in
stiffness for APS, A and AP%S, LA capsules (Fig. 6b), reflecting the
presence of more gel in these cores (p < 0.05 on respective APA
capsules before and after citrate treatment).
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Fig. 10. Stiffness for () untreated and (O) citrate-treated AP®S, y, capsules as a func-
tion of saline washes.

APSSA diameters increased by 3% after citrate treatment compared
to 13% for both AP®S, ,A and AP%S, LA capsules, consistent with more
calcium crosslinking in the gel cores for the APSSA capsules. The ear-
lier loss of Ca%™ from APSA capsules may also allow some alginate to
escape from the capsules, reducing the osmotic pressure experienced
during subsequent citrate treatment.

Capsules stored in their original saline supernatant show little
change to the mechanical properties over a period of 6 weeks
(Fig. 11). It is worth noting that any initial differences in strength be-
tween the AP and APA membranes within a capsule type tended to
disappear with time (see Fig. 11), suggesting slow restructuring of
the PEC membrane. The final alginate coat hence seems to not signif-
icantly contribute to the mechanical properties of APA capsules.

The situation may be more complex in vivo where encapsulated
cells and the host may deposit materials, both within the capsules,
and on the capsule surface. These biological processes will themselves
be sensitive to the composition of the capsule. A recent study by
Gardner et al. [74] found that APA capsules explanted after six
weeks in mice were stronger than the initial capsules or those that
had been incubated for six weeks in vitro as measured by a chemical
challenge (citrate/high pH). This behavior was attributed to the depo-
sition of cells and proteins on the outer capsule surface.

Preliminary aspiration experiments with these same capsules
conducted during the current work indeed revealed that they had be-
come stronger (stiffer) during implantation. APA capsules (empty or
cell containing) showed an increase in stiffness after six weeks of im-
plantation while control APA capsules incubated in vitro showed little
change in stiffness. The measurements on explanted capsules were
complicated by fibrotic overgrowth. Some capsules showed a large
degree of fibrotic overgrowth and only capsules with minimal cellular
deposits were tested. In addition, a poly(ethylene oxide) coated cap-
illary was used to reduce interactions between protein and cellular
deposits on the capsules, and the micropipette tip. We are currently
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developing cross-linked capsules with improved anti-fouling proper-
ties, and will carry out further studies on these in the future.

The current work illustrates that aspiration can serve as a rapid
and sensitive tool for revealing changes to the capsule surface both
in vitro and in biological environments. Overall, the present work
may help our understanding of the complex behavior of such hydro-
gel capsules throughout their lifetime (preparation, coating, implan-
tation), and may serve as a starting point for further, cell and
animal-based studies.

4. Conclusion

Micropipette aspiration is a useful tool for understanding the me-
chanical properties of A, AP and APA beads and capsules, providing
sensitivity in measurements yet being a rapid and simple technique.
The calcium alginate core provides most of the initial mechanical
strength in these hydrogels, while the PEC membrane dominates
long-term stability, due to calcium loss from AP and APA capsules.
The mechanical properties of this membrane depends on the coating
process in several ways: gelling bath washes following the PLL depo-
sition redistributes this polycation further into the capsule, resulting
in a thicker, and, at least at the present PLL concentrations, more com-
pliant PEC membrane. The final alginate coating speeds calcium loss
from the gel core, but does not seem to affect final membrane me-
chanical properties.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.msec.2013.06.033.
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