1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATIG,

O

Published in final edited form as:
Adv Funct Mater. 2014 May 14; 24(18): 2648-2657. doi:10.1002/adfm.201303891.

Controlled Generation of Microspheres Incorporating
Extracellular Matrix Fibrils for Three-Dimensional Cell Culture

Dr Victoria L. Workman,

BioPhysics Group, UCL Institute of Biomedical Engineering, UCL Centre for Stem Cells and
Regenerative Medicine and Department of Mechanical Engineering, University College London,
Torrington Place, London, WC1E 7JE, United Kingdom

Dr Liku B. Tezera,
Clinical and Experimental Sciences, Institute for Life Sciences, Faculty of Medicine, University of
Southampton, Southampton, SO16 6YD, United Kingdom

Dr Paul T. Elkington, and
Clinical and Experimental Sciences, Institute for Life Sciences, Faculty of Medicine, University of
Southampton, Southampton, SO16 6YD, United Kingdom

Dr Suwan N. Jayasinghe

BioPhysics Group, UCL Institute of Biomedical Engineering, UCL Centre for Stem Cells and
Regenerative Medicine and Department of Mechanical Engineering, University College London,
Torrington Place, London, WC1E 7JE, United Kingdom

Suwan N. Jayasinghe: s.jayasinghe@ucl.ac.uk

Abstract

A growing body of evidence suggests that studying cell biology in classical two-dimensional
formats, such as cell culture plasticware, results in misleading, non-physiological findings. For
example, some aspects of cancer biology cannot be observed in 2D, but require 3D culture
methods to recapitulate observations in vivo. Therefore, we developed a microsphere-based model
to permit 3D cell culture incorporating physiological extracellular matrix components. Bio-
electrospraying was chosen as it is the most advanced method to produce microspheres, with
THP-1 cells as a model cell line. Bio-electrospraying parameters, such as nozzle size, polymer
flow rate, and voltage, were systematically optimized to allow stable production of size controlled
microspheres containing extracellular matrix material and human cells. We investigated the effect
of bio-electrospraying parameters, alginate type and cell concentration on cell viability using
trypan blue and propidium iodide staining. Bio-electrospraying had no effect on cell viability nor
the ability of cells to proliferate. Cell viability was similarly minimally affected by encapsulation
in all types of alginate tested (MVM, MVG, chemical- and food-grade). Cell density of 5 x 108
cells mI-1 within microspheres was the optimum for cell survival and proliferation. The stable
generation of microspheres incorporating cells and extracellular matrix for use in a 3D cell culture
will benefit study of many diverse diseases and permit investigation of cellular biology within a
3D matrix.

Correspondence to: Suwan N. Jayasinghe, s. j ayasi nghe@ucl . ac. uk.
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1. Introduction

Extensive work in the field of cell biology, and cancer biology in particular, (1] has aimed to
develop three-dimensional (3D) cell culture models. It is an emerging concept that growing
cells on 2D substrates does not mimic cellular biology in vivo.[2] Cell-cell interactions take
place in three dimensions, and cell-matrix interactions regulate cellular survival and
signalling pathways.[3! Furthermore, the mechanical properties of the matrix regulates
cellular gene expression.[4] Consequently, results from 2D culture may be physiologically
unrepresentative and even misleading. Development of a 3D cell culture model
incorporating human cells and extracellular matrix (ECM) would permit studies in a more
physiological context. Within such 3D models the ECM, cell interactions with the ECM and
ECM destruction can be investigated, all of which are virtually impossible in 2D culture
systems. The breadth and depth of understanding in all fields of biology that could be
enhanced when addressed by a 3D cell culture system incorporating extracellular matrix
should not be underestimated.

Cell encapsulation is most often used to immunoprotect an allogeneic or xenogenic cellular
payload after in vivo transplantation. The most common reason for transplantation of
encapsulated cells is to reverse a disease state, and more recently for tissue engineering.[
However, growing cells in a 3D encapsulated environment, such as hydrogel microspheres,
can modify cellular behaviour, for example increasing protein secretion, 8] or changing gene
expression.[”] Consequently, cells grown within 3D hydrogel microspheres yield results that
are more representative of in vivo observations.

Diverse polymers and processes have been utilised to encapsulate cells in hydrogel
microspheres. The simplest of these techniques is droplet generation using a narrow orifice
nozzle. The polymer of choice is extruded through a nozzle thus forming droplets, the
droplets subsequently fall into a crosslinking bath where they become crosslinked hydrogel
microspheres. Use of gravity alone to generate droplets results in large diameter
microspheres after crosslinking.[8] Many manifestations have been utilised to allow smaller
diameter microspheres to be produced, for example; coaxial air flow,®! vibrating jet break-
up,[20] and the rotating jet break-up and microfluidic methods.[11]

Bio-electrospraying (BES) uses an electric field to assist droplet generation from the nozzle.
An electrostatic potential is generated between the tip of the nozzle and the gelation bath. As
the electrostatic voltage applied increases, droplet size decreases.[12] Multiple variables can
modify droplet size, such as polymer flow rate, nozzle diameter, and voltage;[*3] however, a
systematic study of the complex effect of changing these interdependent parameters has not
been carried out. BES may not affect the viability of distinct cell types,[*4! and indeed whole
microscopic organisms have been encapsulated using this technique.[*5] In addition, BES is
simple in operation, has high encapsulation efficiency, and allows for sterile preparation of
encapsulated cells.[16]
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Alginate is very commonly used as a cell encapsulation polymer due to biocompatibility,
ease of crosslinking, and availability of purified polymer. Alginate is a linear block
copolymer comprised of f-p-mannuronic (M) acid and a- -guluronic (G) acid residues.[17]
The residues form three types of block: homopolymeric MM- and GG-blocks and
alternating MG-blocks.[28] Gels formed from alginate with differing M/G ratios have
different properties; Ca2* ions selectively bind homopolymeric GG-blocks and thus
alginates with a low M/G ratio (high G content) form stronger gels than alginates with high
M/G ratio (high M content).[27] Gels formed from low M/G ratio alginate shrink less than
gels formed from high M/G ratio alginates and thus form larger microspheres.[1°]

We aimed to develop a 3D cell culture model system whereby cellular content and
extracellular matrix composition can be accurately regulated. To this end, optimisation of
numerous BES parameters was undertaken using alginate as the encapsulation matrix and
THP-1 (a human monocytic cell line[201) as the model cell. Parameters affecting the
microsphere size, including voltage, flow rate and nozzle size were systematically
investigated. We hypothesized that cell viability may be dependent upon gel strength and
therefore the effects of different types of alginate and the addition of collagen on
microsphere size and cell viability were studied.

2. Results and Discussion

2.1. Optimizing parameters for reproducible microsphere generation

Optimisation of BES parameters was carried out by varying the applied voltage and flow
rate of food-grade alginate solution for each of three different nozzle diameters; 0.6 mm, 0.4
mm and 0.17 mm i.d. These nozzle sizes were chosen to produce a range of droplet sizes
between 900 and 450 pum in diameter. When no voltage was applied large droplets formed at
the nozzle, which then set within the collecting bath to form large microspheres of 2811.96
+ 21 pm (0.6 mm i.d. nozzle), 2566.46 + 92 pm (0.4 mm i.d. nozzle), and 2073.13 + 15 pm
(0.17 mm i.d. nozzle) in diameter (Figure 1a). The size of microspheres formed without an
applied voltage was dependent upon the size of the nozzle used to generate them. As the
inner diameter of the needle increased, the bead size increased (p < 0.005). Similar
observations have been made by other researchers using electrospraying to produce
microspheres.[21]

As the applied voltage supplied was increased, a decrease in microsphere diameter was
observed, until a point when no further increase in applied voltage resulted in smaller
microspheres, referred to as the critical voltage [22] (Figure 1a,b). The lowest voltage needed
to produce the smallest diameter microsphere is linearly related to the diameter of the nozzle
used (Figure 1b). Therefore, this linear ratio can be used to determine the minimum voltage
required to produce microspheres in the jetting mode without extended empirical
optimisation. When using a 0.17 or 0.4 mm i.d. nozzle to produce microspheres, no decrease
in microsphere diameter was observed above the critical voltage. However, when using a 0.6
mm i.d. nozzle, increasing applied voltage above ~7 kV led to a decrease in observed
microsphere diameter. Other groups also observe no change in microsphere diameter above
the critical voltage.[12 16b] By using much higher voltages than used in this and prior studies
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and an impulse electrostatic microsphere generator, Lewinska et al. observed decreasing
microsphere diameter between 10 and 22 kV.[22]

Values collected were not normally distributed so ANOVA could not be carried out;
therefore log transformed data was analysed instead. As the flow rates of alginate varied, no
effect of flow rate on microsphere diameter was observed (p = 0.981). Several groups have
observed that as flow rate is decreased, there is a decrease in microsphere

diameter.[12, 16b. 21a] Thjs effect appears to become more noticeable when a wide range of
flow rates are explored. For instance, examining the effect of flow rates in the range of ~ 6
—72mlhr1 11211 — 12 ml hr[160] and ~ 6 — 126 ml hr1,[21a] allowed a decrease in
microsphere size to be observed, whereas flow rates in the range of ~ 0.1 — 6 ml hr'l[23] did
not highlight this effect. The effect is also more pronounced when higher viscosity solutions
or more concentrated alginate solutions are used.[16P] Despite the fact that lower flow rates
produce microspheres with small diameters, production rates are also lower and so higher
flow rates may be more advantageous from this point of view. Using a smaller diameter
nozzle at higher flow rates to produce smaller microspheres may be a good compromise.

The effect of sodium alginate concentration on ease of BES operation was explored by
varying the applied voltage and alginate flow rate whilst using food-grade alginate solutions
at two different concentrations; 3% and 1.5%. Parameter maps were produced (Figure 2a,b)
to visualise areas of optimal operation. BES with 1.5% sodium alginate solution became
unstable in the area shown; unstable is used here to indicate unstable jet formation resulting
in alginate solution collecting on the ring electrode. However, when 3% sodium alginate
solution was used, an unstable state was reached at much lower applied voltages than when
using 1.5% alginate solution. In addition, spherical microspheres were not produced; instead
“teardrops” (Figure 2c) and “tadpoles” (Figure 2d) formed. Non-spherical alginate shapes
have been reported previously,[24] although at higher concentrations of alginate than used
here (5 and 8% compared with 3% reported here). The differences in observations may be
due to the viscosity of the alginate solutions used.

2.2 Effect of solvent on microsphere formation

Stable cone-jet formation in BES is dependent upon using low conductivity solvents.[25] As
the cells to be encapsulated are combined and maintained with the polymer and solvent
solution, it is important that the solvent promotes cell viability and does not damage them.
Low conductivity organic solvents, such as dichloromethane, acetone, and acetonitrile,
commonly used in BES, are highly toxic to cells. Several alternative solvents which are used
during measurement of electrical properties of cells were chosen based upon conductivity.
All solvents were also isotonic to minimise osmotic stress to the cells.

Each of the alternative solvents was used to solvate food-grade sodium alginate at 1.5%.
Each of the solutions was introduced into the Encapsulator through a 0.4 mm i.d. nozzle at a
flow rate of 10 ml hr'l, with an applied voltage of ~7 kV. These BES parameters were
chosen as microspheres of the required size were produced and a stable cone-jet was formed.
Microspheres were produced from all solutions tested, with the exception of
dielectrophoresis buffer (Figure 3). Droplets of alginate solution formed when
dielectrophoresis buffer was used as a solvent; however, gel microspheres were not formed
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when droplets fell into a setting bath composed of 100 mw CaCl, in HBSS. Formation of gel
microspheres with dielectrophoresis buffer required the collecting bath to also be composed
of dielectrophoresis buffer, containing 100 mm CaCl,. Microspheres made using internal
electrophysiology, dielectrophoresis and Ringer's solutions were found to be similar in size
to each other but significantly different to microspheres made with all other solvents.
Microspheres made using external electrophysiology buffer were significantly larger than
microspheres made using all other solvents (p < 0.005). Microspheres made with water as a
solvent were significantly smaller than microspheres made with all other solvents except
HBSS (p < 0.005). Microspheres made using HBSS were significantly smaller than
microspheres made using all other solvents (p < 0.005). Barlett's test for variance was
performed and microspheres made with external electrophysiology buffer and HBSS had
significantly higher (p < 0.005) variance than microspheres generated with other solvents.

Microspheres were made using food-grade alginate solvated in HBSS over a wider range of
voltages and flow rates (Figure 4). Microspheres made with alginate solvated in HBSS were
significantly different in size to microspheres composed of alginate solvated in water
(1092.2 + 369 um compared with 1118.8 + 366 um for water and HBSS respectively, p =
0.009; however, the difference between the mean diameters (26 pm) would not be
considered substantial or scientifically significant). This result is in contrast to Al-Hajry et
al. who observed a very significant difference between alginate microspheres produced
using water as a solvent and an amino-acid rich plant growth medium as a solvent, where
microspheres made using medium were observed to be much larger than microspheres made
using water.[28] Interestingly, when HBSS was used to solvate alginate a significant effect (p
= 0.033) of flow rate on microsphere diameter was observed for the lowest flow rate tested
(2 ml hr'1). This observation is in contrast to using water to solvate alginate, where no effect
of flow rate was observed. HBSS was chosen as the solvent to encapsulate cells as its effect
on the size of microspheres produced is minimal and is optimal for cellular viability.

2.3 Effect of alginate composition on microsphere size

Having characterised the optimal physical parameters for BES, we determined the effect of
varying alginate type on microsphere formation. Commercially available alginates were
chosen to investigate the effect of composition; one food-grade, one chemical-grade, and six
ultrapure, well-characterised products (Table 1). The six ultrapure alginates were composed
of different M/G ratios and viscosities; very low viscosity, high G content (VLVG), very
low viscosity, high M content (VLVM), low viscosity, high G content (LVG), low viscosity,
high M content (LVVM), medium viscosity, high G content (MVG), and medium viscosity,
high M content (MVM).

All types of alginate were made into 1.5% solutions using HBSS as a solvent; VLVG and
VLVM were also made into 3% solutions. Spherical microspheres did not form with 1.5%
or 3% VLVG or VLVM alginate solutions. Shi et al. observed droplets that formed “tear”
structures similar to those observed to form using VLVG and VLVM (data not shown).[242]
They attribute this “tear” formation to a lack of alginate molecules at the periphery of the
droplet. Ouwerx et al. observed “flake” formation when alginate solutions with viscosity of
less than ~ 50 mPas were dripped into CaCl, solution.[27] Indeed, as it has been observed
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that the viscosity of alginate solutions must be above ~ 50 — 60 mPas to form spherical
beads, it is not surprising that VLVG and VLVM alginate solutions did not form
spheres.[240] All other alginate solutions produced spherical microspheres using 0.4 mm i.d.
nozzle, 10 ml h'1 alginate solution flow rate and ~7 kV applied voltage (Figure 5). There
was a significant effect of alginate type on size of microspheres produced (p < 0.005).

Alginates with a high proportion of M residues are known to form smaller microspheres
than alginates with a high proportion of G residues, due to increased shrinkage.[28] For
microspheres formed of low viscosity alginate (LVG and LVM) this observation was true
but did not hold for medium viscosity alginate (MVG and MVVM). Chemical-grade alginate
was also observed to form small microspheres, in keeping with an increased proportion of M
residues. Food-grade alginate, composed of an increased proportion of G residues, formed
large microspheres. Other studies have found LVM alginate to form smaller microspheres
than LVG,[2%] and this observation has also been reported for medium viscosity
alginates.[160. 28, 30]

As the predominant reason for developing a 3D cell culture model is to create a more
physiological environment and to investigate the cellular biology in the context of
extracellular matrix fibrils, the effect of adding collagen to each of the alginate types was
observed. Again, spherical microspheres could not be produced using 1.5% or 3% VLVG or
VLVM alginate solutions, but were successfully formed from all other alginate and collagen
combinations (Figure 5). There was a significant effect of collagen addition on size of
microspheres produced, with collagen increasing microsphere size in all conditions (p <
0.005).

The addition of collagen to alginate before generating microspheres appeared to ameliorate
the effect of alginate type on size of microspheres. Microspheres containing collagen were
all significantly larger than microspheres manufactured under the same conditions without
collagen (mean difference of 86.7 um, p < 0.005). There was a significant interaction effect
between the addition of collagen and the alginate type (p < 0.005). The size of microspheres
formed using LVM alginate was most strongly affected by the addition of collagen (529.91
+ 41 um compared with 692.58 + 53 um, p < 0.005). Capone et al. report that alginate
microspheres containing collagen produced using an air flow generator were 20 um smaller
than equivalently produced alginate microspheres.[31 Although Yao et al. produced
collagen-containing alginate microspheres, microsphere diameter was not reported.[32] To
the best of our knowledge, no work has been carried out comparing microspheres composed
of different alginate types and collagen.

2.4 Applied voltage does not affect cell viability

Next, to determine whether high applied voltages affected cell viability, we passed THP-1
cells in sodium alginate solutions through the Encapsulator with and without applied voltage
(~7 kV) with subsequent encapsulation within MV G alginate microspheres. Microspheres
formed without an applied voltage were large (3124.5 = 77 um, as seen in Figure 1);
whereas microspheres formed with an applied voltage of ~7 kV were much smaller (885.3 +
30 um, p < 0.0001). Microspheres formed with the addition of cells were not significantly
different in size to microspheres formed without cells (885.3 + 30 um compared to 881 + 37
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um respectively, p = 0.6229). Cells encapsulated using both methods proliferated initially
(Figure 6a) and viability at 24 hours post-encapsulation was comparable to non-encapsulated
control cells (figure 6b). Cells encapsulated using an applied voltage proliferated linearly
over the time observed (Figure 6a), whereas cells encapsulated without using an applied
voltage grew initially and then remained static. There was a significant effect due to voltage
on the number of live cells in the microspheres (p = 0.014). Viability of cells encapsulated
using both methods was observed to increase over time (Figure 6b). Voltage has no
significant effect on the viability of the cells (p = 0.298).

As has previously been observed, use of high voltages in bio-electrospraying does not affect
cell viability or ability of cells to grow, [24 331 though these studies did not incorporate
extracellular matrix. The lack of growth observed in cells encapsulated in microspheres
formed without an applied voltage may be due to the large size of the microspheres. Cell
necrosis has been observed in the centre of large capsules (>500 um) after implantation into
rats, due to ineffective diffusion of oxygen, nutrients and waste products.[34] Furthermore,
modelling has shown that microspheres should be no more than 300 um in diameter to
ensure effective nutrient and waste diffusion and hence cell survival.[3%]

2.5 Effect of alginate type on viability of THP-1 cells

THP-1 cells were encapsulated within microspheres composed of different types of alginate
to investigate the effect of alginate composition on cell viability. Food-grade, chemical-
grade, MVG and MVM alginate were investigated (Table 1). An increase in cell numbers
was seen over the observed time for cells encapsulated in all types of alginate (Figure 6c).
Representative images demonstrate cells encapsulated in food-grade alginate using
fluorescent microscopy with calcein-AM staining live cells and ethidium homodimer
staining dead cells (Figure 7). There was a significant effect of alginate type on the number
of live cells contained within the microspheres; the number of live cells within the MVG
alginate microspheres was significantly lower than the number of live cells encapsulated
within the MVVM or food-grade alginate microspheres (p < 0.005). In other words, the type
of alginate used affected cell proliferation, however, there was no significant effect of
alginate type on the viability of encapsulated cells (Figure 6d), with similar percentages of
live cells in each microsphere type. Therefore, the growth of the cells in MVG alginate
microspheres was slower than that seen for the other alginate types but this did not appear to
be due to a higher rate of cell death. Other studies have shown that MVM and MVG do not
significantly affect encapsulated cell viability.[36]

2.6 Initial cell concentration affects cell viability

We next hypothesised that cell viability would be modulated by the initial cell
concentrations within the microspheres. To test this hypothesis, three different initial
concentrations of cells were encapsulated; 10 x 10° cells mI- (high), 5 x 10 cells ml-1
(medium), and 1 x 108 cells mIX (low). All previous cell encapsulation experiments were
carried out with cells at a concentration of 5 x 106 cells mlI-, corresponding to medium cell
concentration in this experiment. Different numbers of cells were encapsulated within each
set of MVG alginate microspheres corresponding to the initial cell concentrations
encapsulated (Figure 6e). This difference in cell number was also observed for 7 days after
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encapsulation using fluorescent microscopy with calcein-AM (live cells) and ethidium
homodimer (dead cells) staining (Figure 7d,e,f). All samples of microspheres showed
increased cell numbers to 4 days post-encapsulation, after this time point cells encapsulated
at high initial cell density decreased in number. Overall, a larger increase in cell number was
observed in medium and low initial cell concentrations than high initial cell concentration.
There was a significant effect of cell concentration on the number of live cells within the
microspheres (p < 0.005). Cell viability was observed to decrease in all samples over time;
however, cells encapsulated at low initial cell density increased in viability between 7 and
11 days post encapsulation (Figure 6f). There was no significant effect due to cell
concentration observed on cell viability (p = 0.229); however, this is probably due to a lack
of power in the experiment when attempting to find small differences.

Gasperini et al. encapsulated B50 neuroblastoma rat cells using a homemade electrospraying
device at 5 x 106 cells ml-1 and 10 x 10° cells mI"1.[210] They reported good viability as
observed by confocal microscopy and live/dead staining, but did not report absolute values.
We are not aware of any previously undertaken systematic evaluation of the effect of initial
cell density on proliferation and cell survival within microspheres formed by
electrospraying.

3. Conclusion

We have performed the first detailed and systematic evaluation of BES variables and
investigated the effect on microsphere size, stability of microsphere generation and cellular
survival. We identify critical variables and optimal parameters for generating microspheres
containing both human cells and extracellular matrix components so that biological
processes can be studied in a physiological 3D matrix.

We show that increasing voltage below the critical voltage leads to a decrease in
microsphere size. We have also shown that decreasing nozzle size allows smaller alginate
microspheres to be produced. The nozzle size and critical voltage are linearly related, which
allows the critical voltage to be calculated for a given nozzle diameter, without the need for
protracted empirical testing. The flow rate range investigated did not affect microsphere
size. Low viscosity high-M alginate formed smaller microspheres than low viscosity high-G
alginate, but this effect was not observed with medium viscosity alginate samples. The
addition of collagen to alginate produced larger microspheres than alginate alone and LVM
alginate was affected the most by collagen addition.

BES at the voltages studied did not adversely affect THP-1 cell viability. Of the alginate
types tested, MVG provided the least optimal environment for cellular proliferation within
the microspheres. However, none of the alginates tested adversely affected cell viability.
Cell concentration was shown to have an effect on live encapsulated cell numbers, with an
initial cell concentration of 5 x 10° cells mI-1 optimal for cell survival and proliferation.

In summary, we have shown that with careful optimisation BES can be used to produce 3D
encapsulated models incorporating collagen. This model can be employed to increase
researchers' understanding how 3D intercellular interactions and cell-matrix interactions
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regulate cell behaviour, which is of critical relevance to understanding basic biology and
malignant, infectious, autoimmune and degenerative human diseases.

4. Experimental Section

Materials

Manugel DMB alginate supplied by FMC Biopolymer, Cork, Ireland. VLVG, VLVM, LVG,
LVM, MVG and MVM alginate supplied by Novamatrix, Sandvika, Norway. LIVE/DEAD
viability kit, HBSS, RPMI-1640, HEPES, and NaHCO3 was supplied by Life Technologies,
Dorset, UK. VitroCol human Collagen solution, type | (3 mg ml-1) was supplied by
Advanced BioMatrix, Inc. San Diego, CA. All other chemicals were supplied by Sigma-
Aldrich, Dorset, UK.

Microsphere Production

Alginate solutions were made by dissolving alginate (type and concentration indicated in
each experiment) in either distilled water or HBSS (without Ca?* and Mg2*). During cell
encapsulation cells were mixed with alginate solution to give a final cell concentration of 5
x 108 cells mIL. Alginate solution was introduced into an electrostatic bead generator (Nisco
Engineering AG, Zurich, Switzerland) using a programmable syringe driver (PHD 4400,
Harvard Instruments, Kent, UK) connected via silicon tubing at various flow rates (indicated
in each experiment). The effect of varying electrical potential and flow rate, as well as
needle diameter, on microsphere size was investigated (as indicated in each experiment).
The distance between the needle and the ring electrode was constant at 1 cm. The alginate
droplets formed by the electrical potential fell into a magnetically stirred setting bath of 100
mw CaCl, in either water or HBSS. Microspheres containing cells were washed three times
in HBSS containing Ca?* and Mg?*.

Alginate microspheres containing collagen were produced as follows; a solution containing
0.05 v NaOH in 0.2 » HEPES (9% final volume) was mixed with 7.5% NaHCO3 (18% final
volume) and collagen (73% final volume) on ice. The collagen containing solution was
mixed 50:50 with 3% alginate solution. Encapsulation settings were flow rate of 10 ml hrl,
electrostatic potential of ~7 kV, and a needle with 0.7 mm o.d. and 0.4 mmi.d. A
magnetically stirred setting bath of 100 mM CaCl, in HBSS was used to solidify the
droplets.

Microsphere Measurement

Microsphere diameter was measured using a Leica microscope and camera (Leica
Microsystems (UK) Ltd, Milton Keynes, UK) in combination with Leica Application
Software. The diameter of 30 individual microspheres was measured for each sample.

Alternative Solvents

Ringer's solution consisted of 100 mm NaCl, 2 mv KCI, 1 mm EGTA, 1 mu MgCly, and 5 mw
HEPES. The pH was adjusted to 7.4 before use. Dielectrophoresis buffer consisted of 9.5%
ultrapure sucrose, 0.3% dextrose and 0.1% Pluronic F68. External electrophysiology buffer
consisted of 140 mm NaCl, 2.8 mm KCI, 10 mm HEPES, 1 mw MgCl,-6H50, and 2 mw
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CaCly:2H50. The pH was adjusted to 7.2 — 7.4 by addition of NaOH. Immediately before use
10 mm D-(+)-glucose was added. Internal electrophysiology buffer consisted of 10 mu NaCl,
145 mm KCI, 10 mwm HEPES, and 1 mu MgCl,:6H,0. The pH was adjusted to 7.2 — 7.4 by
addition of KOH. Immediately before use 1 mm EGTA was added.

High Speed Photography

Bio-electrospraying was observed using a MotionBlitz high speed camera (Mikrotron
GmbH, Unterschleilheim, Germany) capable of recording up to 523 frames per second.

Cell culture

THP-1 cells (American Type Culture Collection, TIB-202) and cell-containing beads were
cultured in complete medium consisting of RPMI 1640 with 10% foetal calf serum, 2 mw
glutamine, 0.1 mg mI-1 ampicillin and 1.25 pg mI-1 amphotericin B in an atmosphere of 5%
CO,/95% air at 37 °C.

Pl Staining and Flow Cytometry

A sample of microspheres was dissolved using 30 mw EDTA + 55 mw sodium citrate for 5
minutes at 37 °C. A known number (500,000) of cells was stained with PI (1:50 dilution in
HBSS) or LIVE/DEAD stain (HBSS containing 2 uw calcein stain and 4 pwv of ethidium
homodimer-1). Stained samples were detected using a CyAn flow cytometer (Beckman
Coulter, High Wycombe, UK).

Statistics

Alginate microsphere properties are expressed as mean + standard deviation. To determine
significant differences between groups of data, analysis of variance (ANOVA) was
performed with a Tukey—Kramer post-test. In all cases, P < 0.05 was considered statistically
significant.
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Figure 1.

a) Effect of voltage, flow rate and nozzle size on diameter of microspheres. b) Lowest

Page 13

(critical) voltage needed to produce smallest microspheres is related to inner diameter of the
nozzle used. Alginate concentration was 1.5% Manugel DMB alginate solvated in water.

Data points are mean of three independent replicates where 30 microspheres were measured
for each replicate. Error bars represent standard deviation.
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Figure2.
Observed outcomes when electrospraying a) 3% Manugel DMB alginate and b) 1.5%

Manugel DMB alginate using 0.6 mm inner diameter nozzle for various combinations of
flow rate and applied voltage. Unstable is used here to indicate unstable jet formation
resulting in alginate solution collecting on the ring electrode. ¢) Teardrop-shaped
microspheres and d) tadpole-shaped microspheres observed when electrospraying 3%
Manugel DMB. Scale bar 1000 pm.
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Figure 3.
Effect of solvent on microsphere diameter. Alternative solvents were used to produce 1.5%

Manugel DMB alginate solutions, which were electrosprayed using 0.4 mm i.d. nozzle, 10
ml hr'l flow rate and ~7 kV applied voltage. Values are mean of 30 microspheres measured
and error bars represent standard deviation. Bars labelled with the same letter are not
significantly different.
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Use of HBSS compared with water does not affect the diameter of microspheres produced.
Water a) or HBSS b) was used to produce 1.5% Manugel DMB alginate solutions, which
were electrosprayed using 0.6 mm i.d. nozzle, various flow rates and applied voltages.
Values are mean of 30 microspheres measured and error bars represent standard deviation.
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Effect of alginate type (black bars) and addition of collagen (white bars) on the diameter of
produced microspheres. a) Addition of collagen produced microspheres of significantly
larger diameter than alginate alone (*p < 0.005). Alginate type b) and addition of collagen c)
affected size of microspheres produced. Alginate concentration was 1.5% Manugel DMB,
final collagen concentration was 1 mg ml-1, BES conditions were 0.4 mm inner diameter
nozzle, 10 ml h'1 alginate solution flow rate, ~7 kV applied voltage. Values are from two
replicate experiments where mean of 30 microspheres were measured for each replicate and
error bars represent standard deviation. b and c: Bars labelled with the same letter are not

significantly different.
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Effect of varying parameters on cell proliferation a), c), e) and cell viability b), d), f) of
encapsulated THP-1 cells. Parameters varied were: a), b) voltage applied; no voltage (non-
BES) or ~7 kV applied voltage (BES), c), d) alginate type; food-grade, chemical-grade,
MVG or MVM and e), f) initial cell concentration; 10 x 106 cells mI1 (High), 5 x 10° cells
mlI-1 (Medium), and 1 x 10° cells mI-1 (Low). Alginate concentration was 1.5%, BES
conditions were 0.4 mm inner diameter nozzle, 10 ml h'1 alginate solution flow rate, ~7 kV
applied voltage (unless otherwise stated). Cell counts were carried out using trypan blue.
Viability was measured using PI staining and flow cytometry. Error bars represent standard
deviation of two measurements.
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Figure?7.
Fluorescent images showing encapsulated live (green) and dead (red) cells at different time

points after BES. Cells encapsulated in 1.5% food-grade alginate are shown a) one day, b) 4
days, and c) 7 days post-encapsulation. Cells encapsulated at d) 1 x 106 cells mI1 (Low), e)
5 x 10% cells mI"1 (Medium), and f) 10 x 106 cells mI-1 (High). Images were taken 7 days
post-encapsulation. Green fluorescence is emitted from intracellular esterase-converted
calcein in live cells, whereas red fluorescence is emitted from ethidium homodimer present
in the nuclei of dead cells. BES conditions were 0.4 mm inner diameter nozzle, 10 ml h'1
alginate solution flow rate, ~7 kV applied voltage. Scale bar 500 um.
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Table 1

Specifications for each type of alginate used in this investigation. This information was provided by the

manufacturers/suppliers of the alginate.

Type of alginate Supplier M/G content MW, kDa Viscosity, mPas (1% solution)
VLVG Novamatrix 67% G <75 5

VLVM Novamatrix 56% M <75 5.6

LVG Novamatrix 68% G 75-200 163

LVM Novamatrix 59% M 75-200 88

MVG Novamatrix 68% G >200 515

MVM Novamatrix 54% M >200 440

Food-grade Manugel DBM  FMC Biopolymer  60-70% G 150 319

Chemical-grade Sigma 61% M 80 -120 22,000 @

a .
)Measured for a 2% solution
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