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The success of membrane-based, cell-encapsulating microcapsules depends on the mem-
brane permselectivity that provides efficient inward transport of nutrients, therapeutic pro-
tein egress, and complete exclusion of immunoglobulins. Microcapsules with a calcium
crosslinked alginate core and a genipin-crosslinked chitosan alginate (GCA) were pre-
pared with good control over size, membrane thickness and density. Importantly, in this
study, we report a novel approach of using three relevant biomolecules and investigating
the effects of the membrane characteristics (thickness and density) and microcapsule size
on biomolecular mass transport across the GCA microcapsules using mathematical models
based on a balance of the chemical potential. Scaling analysis was used to interrelate the
membrane thickness, chitosan—alginate reaction rate constant, and diffusion coefficient.
The resistance to diffusion of the three biomolecules increased with membrane density and
thickness. Interestingly, swelling in the large microcapsules resulted in an increase in per-
meability, allowing larger biomolecules (immunoglobulin and carbonic anhydrase) to dif-
fuse more readily. In the case of the smaller biomolecule, vitamin B, a shorter diffusion
path length in smaller microcapsules allowed better ingress. When compared with other
microcapsules, the GCA microcapsules possess improved permselectivity for them to allow
diffusion of small nutrient molecules and proteins, whereas completely excluding antibod-
ies. Also, these results elucidate the importance of membrane properties and microcapsule
size to realize favorable transport of biomolecules. © 2011 American Institute of Chemical
Engineers AIChE J, 57: 3052-3062, 2011
Keywords: microcapsules, protein delivery, mass transfer, permeability, genipin-
chitosan membrane

Introduction

Cell microencapsulation is a membrane-based technology
that provides localized and controlled delivery of physiologi-
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cally bioactive or “de novo” therapeutic proteins from
encapsulated genetically engineered cells and immunoisola-
tion. It has demonstrated exciting prospects in diverse bio-
medical applicationsl_6 since the pioneering work of micro-
encapsulating islets' over the past three decades. However,
extensive clinical success has not been achieved because of
inefficient immunoisolation, poor mechanical stability, bio-
incompatibility, and mass transport limitations.
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Alginate microcapsules with a poly-L-lysine (PLL)
membrane coating or Alginate Poly-L-lysine Alginate (APA)
microcapsules were developed' and widely used for cell
microencapsulation.”'! Unfortunately, PLL has been reported
to trigger a fibrotic immune-reaction'*'® and death of
encapsulated cells.” Also, insufficient mechanical stability'*'>
and degradation'? of the PLL membrane cause destabiliza-
tion of the microcapsules resulting in limited graft survival
and adverse immune responses. These serious drawbacks
have motivated the exploration of chitosan as an alternative
to PLL. Because of its natural origin, abundance, low toxic-
ity, and biocompatibility, chitosan has been used as the
polycation to form an alginate—chitosan (AC) complex and
investigated for drug delivery'® and cell encapsulation appli-
cations.'”'® To further reinforce capsular strength, slow
down the chitosan biodegradation rate and bring about
selective membrane permeability, crosslinking of chitosan
with genipin was introduced.'"” The covalent crosslinking
of chitosan with genipin, a naturally derived aglucone of
geniposide®® has the proven advantage of extremely low
cytotoxicity.'® The most striking feature of a genipin cross-
linked chitosan membrane is its fluoregenic property that
enables effective characterization of the membrane”' and
consequently the permeability. Recently, genipin crosslinked
alginate—chitosan (GCA) microcapsules have been reported
to possess improved membrane strength and reduced
capsular swelling and thus have great potential for live cell
therapy applications.22 However, studies of the membrane
permeability and diffusion characteristics of GCA microcap-
sules are lacking. Thus, the mass-transfer properties of GCA
microcapsules need to be investigated to systematically
develop GCA microcapsules for clinical uses.

Several indices have been used to characterize the mass
transport through semipermeable membranes in microcap-
sules. A new mathematical model was developed by Takashi
et al.?> to predict mass transport of molecules across micro-
capsules based on the assumption of a local equilibrium
state, in which there exists uniformity in solute concentration
in the core and the bulk, but a concentration gradient within
the membrane that actuates the diffusion across the micro-
capsule. Ultimately, the diffusion gradually drives the system
toward a global equilibrium state. Importantly, Kaminski
et al.** have shown that the cationic charge density of cross-
linked chitosan membranes is very low at pH 7.4; hence, the
electrostatic interaction between the genipin-chitosan mem-
brane and the negatively charged biomolecules can be safely
assumed to be very low. Accordingly, solute release from a
microcapsule and solute diffusing into a microcapsule® can
be expressed by Egs. 1 and 2, respectively:

Cs(t) = C(1 —e7'/7) )

0
Cs(r) = c;q(l + (% - 1)e*f/f) 2
S

where Cs(f) is the solute concentration in the extra-capsular
medium (mg/ml) at time 7, Cg' is the equilibrium solute
concentration in the extra-capsular medium (mg/ml), Cg is
the initial solute concentration in the extra-capsular medium
(mg/ml), and t represents the characteristic time that is
expressed as:
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where r is the inner radius of the microcapsule, / is the
membrane thickness, D,, is the diffusion coefficient of the
solute in the membrane, uj, and . are the concentration
derivatives of the solute chemical potentials in the membrane
and inner medium expressed as d (umCi)/dC, and d (u.C3)/
dC., respectively, where u,, and pu. are the solute chemical
potentials in the membrane and inner medium, respectively.
For a given solute, the ratio /.. is a constant; hence, 7 is
primarily related to the diffusion coefficient of the solute in the
membrane for nonswellable microcapsules. However, it
should be noted that for swellable microcapsules, T can
depend on r, [, and D,,,.

We intend to explore the application of GCA microcap-
sules as implantable micro-bioreactors delivering anti-angio-
genic proteins for treating malignant brain tumors. However,
an evaluation of the membrane permselectivity to various
biomolecules is critically essential. Hence, in this study, the
mass-transport properties of GCA microcapsules with vary-
ing size, membrane thickness, and density were investigated.
Scaling analysis was used to develop an equation interrelat-
ing the membrane thickness, chitosan-alginate reaction rate
constant, and diffusion coefficient. Three biomolecules cov-
ering a range of molecular weight, size, charge, and confor-
mation were used to evaluate their ability to diffuse across
these GCA microcapsules. The kinetic ingress/egress data of
the biomolecules were fitted with the mathematical models
based on chemical potential balance to estimate the charac-
teristic time. Finally, the effects of microcapsule size, mem-
brane density, and thickness on the biomolecular mass trans-
port were investigated.

Materials and Methods
Materials

Low-viscosity sodium alginate (~250 cP, 2% at 25°C)
was purchased from Sigma-Aldrich. Chitosan with an 80%
degree of deacetylation and genipin (C;;H40s5, Mw of
226.23) were purchased from Wako Bioproducts, Japan.
Acetic acid (99.8%) was purchased from Honeywell, Seezle,
Germany and phosphate-buffered saline (PBS) was pur-
chased from First Base. Calcium chloride was bought from
Merck, Darmstadt, Germany. Vitamin B, powder, carbonic
anhydrase (CA) (from bovine erythrocytes), and human im-
munoglobulin-G (IgG) were purchased from Sigma-Aldrich.
All other reagents were of analytical grade.

Fabrication of genipin crosslinked chitosan—alginate
(GCA) microcapsules

GCA microcapsules were fabricated in three steps. The
first step involves formation of monodisperse sodium algi-
nate droplets using an electrospray process followed by Ca*"
ionotropic gelation of the droplets as depicted in Figure 1A.
Briefly, the electrospray setup consists of a pump equipped
with a syringe filled with 1.5% (w/v) sodium alginate solu-
tion and a needle (22G) connected to high voltage generators
(Glassman High Voltage, NJ). By applying a high potential
difference to the needle that causes a controlled flow
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Figure 1. Fabrication  of
microcapsules.
A: 3-D illustration of the electrospray process for producing
calcium crosslinked alginate beads. B: 3-D illustration of

the cross-sectional view of the microcapsules after each
reaction step.

genipin-chitosan-alginate

instability, the jet of alginate solution breaks up into micro-
droplets. These can be drawn towards a Petri dish containing
a CaCl, solution that rests on a grounded platform. The
droplets undergo instantaneous gelation with the Ca*" jons
thereby creating calcium crosslinked alginate hydrogel beads.
The resulting microcapsules must be thoroughly washed with
deionized water to remove any excess Ca”" ions. The micro-
capsule size can be controlled by varying the nozzle voltage
(Vn), ring voltage (VR), and solution flow rate. Table 1 sum-
marizes the electrospray process parameter values used to
fabricate microcapsules in size ranges of 200-300 um and
500-600 um, referred to as small and large, respectively.
The second step involves treating the calcium crosslinked al-
ginate beads with 10 mg/ml of chitosan solution (with 11
mg/ml of CaCl, in 1% acetic acid, and pH 5.6-6.0). The
coacervation reaction with chitosan was carried out for either
15 min or 30 min at 37°C and 120 rpm that resulted in an
AC co-acervated complex shell as depicted in Figure 1B.
Thereafter, the microcapsules were washed twice using
deionized water to remove traces of any unreacted chitosan.
The third step involves reacting the AC microcapsules with
5 mg/ml of genipin solution for 6, 12, or 18 h at 37°C and
120 rpm in an incubator shaker (New Brunswick Scientific,
USA) to form GCA microcapsules with a genipin cross-
linked chitosan membrane shell as shown in Figure 1B. The
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Table 1. Operating Parameters of the Electrospray Process

Nozzle Ring Voltage
Size of Solution Voltage Relative Relative to
Microcapsules Flow Rate to Ground, Ground,
(um) (ml/h) Vn kV) Vr (kV)
200-300 0.5 11.5 0
500-600 0.6 11.6 9.6

microcapsules then were washed with deionized water to
remove any unreacted genipin and then stored in deionzed
water for subsequent use. Various types of GCA microcap-
sules were produced with two sizes (small and large), two
different membrane thicknesses (determined by chitosan-al-
ginate reaction time) and three levels of genipin-chitosan
membrane crosslinking density (determined by the genipin
crosslinking reaction time with chitosan) as summarized in
Table 2, then washed with deionized water to remove any
unreacted genipin and stored in DI water for further use.

Microcapsule and membrane characterization

The thickness and crosslinking density of the fluoregenic
genipin-chitosan membrane were characterized using a Nikon
A1l confocal microscope (Nikon, Japan) equipped with a
Nikon Eclipse TE2000-E inverted microscope and a multiline
argon laser. For image acquisition, the microcapsules were
placed on a Menzel-Glaser cover slip in the presence of deion-
ized water. A single green fluorescence mode at an excitation
of 488 nm with an emission filter at 500-550 nm was used to
scan the samples in galvano mode. An equatorial section of
the microcapsules was chosen as the focal plane and all the
images were acquired by keeping the microscope settings and
laser power constant to ensure comparable images. NIS ele-
ments software was used to acquire and analyze the fluores-
cence intensity profiles corresponding to the line across the
focal plane of the microcapsules. The size of the microcap-
sules was also quantified using NIS elements (N = 50).

Biomolecular ingress into GCA microcapsules

Three biomolecules, vitamin B;,, immunoglobulin (IgG), and
CA were used independently in this study. A vitamin B, solu-
tion (0.015%) with 0.9% NaCl was first prepared. Approximately
1 ml of GCA microcapsules was immersed in 1 ml of vitamin
B, solution and kept in a water bath at 37°C and mixed at 120
rpm to facilitate ingress. At predetermined time intervals, 2 ul of
the extra-capsular medium was withdrawn and the absorbance at
360 nm was measured using a NanoDrop 1000 UV-Vis spectro-
photometer (Thermo Scientific, Wilmington, DE). By using a

Table 2. Various Microcapsule Samples with Respective

Nomenclature
Genipin
Chitosan-Alginate Crosslinking
Coacervation Reaction Reaction
Time (min) Time (h) 200-300 um  500—600 um
15 6 SS-6 LS-6
12 SS12 LS-12
18 SS-18 LS138
30 6 SL-6 LL-6
12 SL-12 LL-12
18 SL-18 LL-18
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calibration curve of vitamin B, concentration vs. absorbance at
360 nm, the vitamin B, concentration in the extra-capsular me-
dium was estimated. The ingress mass transfer study was carried
out until the system reached equilibrium. IgG was dissolved in
1x PBS to obtain a concentration of 0.40 mg/ml. Approximately
1 ml of GCA microcapsules was immersed in 3 ml of IgG solu-
tion and kept in a water bath at 37°C and mixed at 120 rpm to
facilitate ingress. At predetermined time intervals, 2 ul of the
extra-capsular medium was withdrawn and the protein concen-
tration at 280 nm was measured using the Protein A280 module
in a NanoDrop 1000 UV-Vis spectrophotometer. The ingress
mass transfer study was carried out for ~3 days until the system
reached equilibrium. Similarly, CA at a concentration of 0.65
mg/ml was prepared by dissolving in 1x PBS. Approximately 1
ml of the GCA microcapsules was immersed in 1 ml of CA solu-
tion and kept in a water bath at 37°C and mixed at 120 rpm to
facilitate ingress. At predetermined time intervals, 2 ul of the
extra-capsular medium was withdrawn and the protein concen-
tration at 280 nm was measured using the Protein A280 module
(extinction coefficient of 19.0%) in a NanoDrop 1000 UV-Vis
spectrophotometer. The ingress mass transfer study was carried
out until the system reached equilibrium.

Biomolecular egress from GCA microcapsules

First, CA at a concentration of 1.70 mg/ml was allowed to
ingress into the GCA microcapsules as explained in the pre-
ceding section. After the system had reached equilibrium,
the extra-capsular medium was removed completely and
replaced with 1 ml of 1x PBS, thus allowing egress of CA
from inside the GCA microcapsules into the extra-capsular
medium. At predetermined time intervals, 2 ul of the extra-
capsular medium was withdrawn and the protein concentra-
tion at 280 nm was measured using the Protein A280 module
(extinction coefficient of 19.0%) in a NanoDrop 1000 UV-
Vis spectrophotometer. The egress mass transfer study was
carried out until the system reached equilibrium.

Scaling analysis to predict and
compare membrane thickness

Recently, scaling analysis has been shown to effectively
identify the dominant terms in an electrospray process.*® Simi-
larly, a scaling analysis was performed to understand the pro-
cess that controls the membrane thickness based on the proce-
dure described by Krantz.>” The chitosan-alginate coacerva-
tion reaction was assumed to be first order, and the effects of
curvature were ignored based on the assumption that the pene-
tration is relatively small in comparison with the radius of the
microcapsules. Hence, considering the one-dimensional,
unsteady-state diffusion and reaction of chitosan within a sta-
tionary matrix of crosslinked alginate, the appropriate form of
the species-conservation equation is given by the following:

2
%: Asaa%_leA 4
where ¢, is the concentration of chitosan in moles per unit
volume, y is the spatial coordinate measured from the interface
of the microcapsule with the surrounding aqueous solution of
chitosan, ¢ is the temporal coordinate, k; is the reaction rate
constant, and D g is the diffusion coefficient of chitosan in the
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crosslinked alginate matrix, which is assumed to be constant.
The initial and boundary conditions are given by the following:

ca=0 at <0 )
c’A:coA at y=0 0<t<t, (6)
ca =0 at y:5d 0<t<t. (@)

where ¢ is the equilibrium molar concentration of chitosan at
the interface of the microcapsule and . is the contact time.
Equation 7 states that the chitosan concentration drops to zero
within some finite distance from the alginate matrix-solution
interface d4. This thickness is determined by the ability of
chitosan to diffuse into the crosslinked alginate matrix.
Introduce the following dimensionless variables containing
unspecified scale factors:

CA
* . * .
CA DR y ==

r=— 8)

Substitute these dimensionless variables into the describ-
ing equations and divide through by the dimensional coeffi-
cient of one term in each equation. As this is inherently an
unsteady-state problem, divide through by the coefficient of
the accumulation term:

8cj; . D asts 826‘2

= kytCh 9
or 2 Oy*? ke ©)
cy=0 at <0 (10)
* Cj& * * tC
cp=—" at y'=0 0<r <— (11)
CAs Is
0 t
cy=0 at y== 0<r<= (12)
s Is

Set appropriate dimensionless groups equal to one to
determine the scale factors:

A1 o ca=c (13)
CAs
5
R (14)
s

Three time scales are determined by the two-dimension-
less groups in Eq. 9 and the dimensionless group appearing
in both Eqgs. 11 and 12:

Ie

= 1=t =t.contacttime (15a)
N
Dasts D ree
A; =1 = =t3=—% diffusiontimescale (15b)
g AS
1 L
kity=1 =t =1t = — reactiontime scale (15¢)

1

The appropriate time scale is the contact time f., that is,
the time allowed for the chitosan to contact the alginate
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matrix; hence, ¢, = f.. Because reaction cannot occur without
chitosan diffusion, the unsteady-state term must balance the
diffusion term, which then gives the penetration depth for
the diffusion of chitosan:

9
~ 1 =
DAStc

04 = K+/Dast. (16)
where the proportionality constant K, which has a magnitude
of order one, has been introduced to account for the
approximate nature of scaling analysis. The dimensionless
describing equations now become the following:

%Ct’:* = gzy—iz* + kytec 17)
=0 at =0 (18)
=1 at y =0 (19)
a=0 at y' =1 (20)

The region wherein reaction occurs is thinner than the
region wherein diffusion of chitosan has penetrated. More-
over, the reaction can begin only when diffusion causes chi-
tosan to penetrate into the alginate. The reaction will go to
completion only within the region wherein the contact time
is greater than the sum of the diffusion time plus the reac-
tion time. This provides a criterion for determining the thick-
ness of the region wherein the chitosan reaction with the
crosslinked alginate matrix has gone to completion. Hence,

we have the following:
1
= 0, =K /Das tc—k— (21)
1

Equation 21 allows determining the reaction rate constant
ki by comparing the thickness of the shell wherein the reac-
tion of chitosan with the crosslinked alginate matrix has
gone to completion for two different contact times; that is,

[

=y ]
¢ Das ki

(22)

Once k; has been determined, Eq. 21 permits determining
K+/D s that provides an estimate of the diffusion coefficient
D s because K =~ 1.

Computational method to determine the characteristic
time for diffusion

Initial (CY), equilibrium (Cg'), and time-dependent (Cs(?))
concentrations of various biomolecules were measured
according to the procedures described in the previous sec-
tions. The experimental data were fit to Eq. 1 for biomolecu-
lar egress and Eq. 2 for biomolecular ingress using the
method of multidimensional unconstrained nonlinear minimi-
zation in MATLAB software to obtain the value of the char-
acteristic time 7.
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Results and Discussion

Fabrication and physical characterization of GCA
microcapsules

The biomolecular mass transport across the GCA micro-
capsules is primarily affected by the microcapsule size,
membrane thickness, and membrane crosslinking density.
Each of these parameters was controlled in three serial steps
as described below to investigate their effects on the biomo-
lecular mass transport. First, the microcapsule size was con-
trolled by the electrospray process as illustrated in Figure
1A. The electrospray technique is a proven, simple, and effi-
cient method to produce spherical monodisperse droplets.
For a range of nozzle voltages Vy, there exists a linear rela-
tionship between voltage and droplet size.”® Hence, we var-
ied Vy to obtain different sized droplets. Micro-dripping at a
high Vy (11.5 kV) and medium flow rate was used to obtain
small droplets (273.89 4+ 23.79 um in diameter) as it is
known to provide a narrow size distribution by reducing the
formation of satellite particles. To produce large size drop-
lets (571.68 + 30.24 pum in diameter), an additional ring
voltage Vi was used to stabilize the electrospray, increase
the droplet size, and provide monodispersity. The electro-
spray operating conditions required to obtain the small and
large microcapsules are summarized in Table 1. Second, the
membrane thickness was controlled by varying the chitosan—
alginate coacervation reaction time (15 or 30 min). The cal-
cium crosslinked alginate microcapsules when treated with
chitosan resulted in a coacervation complex due to strong
electrostatic interactions between the carboxyl groups in the
alginate and the primary amine groups in chitosan as shown
by Chen et al.?*> and pictorially represented in Figure 1B.
This AC complex has been reported to be stronger than the
conventional alginate—-PLL binding. As genipin does not
react with alginate, the genipin-chitosan membrane thickness
was fixed depending on the chitosan-alginate coacervation
reaction time. Third, the genipin-chitosan membrane density
was controlled by varying the genipin crosslinking reaction
time with chitosan (6, 12, or 18 h). The membrane formation
is insensitive to changes in genipin concentration but highly
sensitive to temperature.”> As the GCA microcapsules were
to be used for encapsulation involving live cells, we chose
37°C to maintain a favorable condition for crosslinking and
to sustain cell viability during the process. The membrane
formation step involving reaction of genipin with the chito-
san shell was carried out resulting in the formation of a gen-
ipin crosslinked chitosan membrane shell with a noticeable
color change from colorless to bluish purple (data not
shown), the intensity of which depended on the reaction
time. Genipin is known to react with chitosan’s amino
groups resulting in highly conjugated heterocyclic genipin
derivatives that are bluish in color. In addition, reaction of
the ester group in genipin with the amino group in chitosan
could result in the formation of secondary amide linkages or
crosslinking.29

Genipin-chitosan membrane characterization of GCA
microcapsules

To further confirm the formation of a genipin crosslinked
chitosan membrane shell as described earlier, the GCA
microcapsules were viewed under a confocal microscope.
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Figure 2. Representative confocal images of GCA microcapsules showing alginate core and genipin-chitosan

membrane shell.

A: SS-6 microcapsules, (B) SS-12 microcapsules, (C) SS-18 microcapsules, (D) SL-6 microcapsules, (E) SL-12 microcapsules, and (F) SL-18
microcapsules. Bar represents 100 um. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

All the microcapsule samples in Figure 2 revealed an algi-
nate core represented by the dark interior and the fluorescent
genipin crosslinked chitosan membrane shell (green color). It
is interesting to note that the microcapsules reacted with chi-
tosan for 15 min possessed a similar membrane thickness
irrespective of the changes in either genipin crosslinking
reaction time or microcapsule size. Table 3 reveals the same
for microcapsules reacting with chitosan for 30 min. From
this, it is clear that within the domain of the chosen genipin
crosslinking reaction times and microcapsule sizes, the mem-
brane thickness is controlled only by the AC coacervation
reaction time. Specifically, the genipin crosslinking time of 6
h is sufficient for genipin to fully penetrate the AC complex
shell (for both 15 and 30 min of AC coacervation reaction
time) in both small and large size microcapsules. Any fur-
ther increase in the genipin crosslinking reaction time would
only increase the crosslinking density of the membrane and
not the thickness. This could be because genipin only inter-
acts with chitosan already bound to the alginate. Thus, the

membrane thickness is mainly controlled by the thickness of
the AC complex that is limited by AC coacervation reaction
time.

Recently, genipin’s fluoregenic property has been
exploited to characterize microcapsules. Because of the high
specificity of the genipin, the fluorescent signals are due to
genipin-chitosan conjugates rather than the AC complex or
alginate core.” Similar results were observed in our study as
seen in Figure 2 that shows a dramatic difference in the sig-
nal intensity between the alginate core and the membrane,
the crosslinking density in the membrane was quantified by
measuring the fluorescence intensity along randomly drawn
lines across the microcapsule as shown in Figures 3A, B.
The profiles also reveal very high signal intensity at the
outer surface of the membrane, gradually decreasing toward
the alginate core. The profiles also confirm the results from
the confocal images in Figure 2 regarding the membrane
thickness and its change with AC coacervation reaction time.
From Figures 3A, B, it can be seen that with the increase in

Table 3. Average Genipin-Chitosan Membrane Thickness of Microcapsules

Microcapsule Samples SS-6 SS-12 SS-18 SL-6 SL-12 SL-18
Membrane thickness (um) 32.87 £ 4.40 33.11 £ 3.30 33.09 £ 3.41 60.56 £ 4.05 60.12 £ 3.56 58.46 £ 2.11
Microcapsule samples LS-6 LS-12 LS-18 LL-6 LL-12 LL-18
Membrane thickness (um) 33.87 £3.29 31.11 £ 3.10 3291 £2.78 57.65 £ 4.41 58.28 £ 6.73 62.05 £+ 4.39
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Figure 3. Fluorescence intensity profiles of GCA micro-
capsules along the cross section of the
microcapsule.

A: Small microcapsules and (B) large microcapsules.

genipin crosslinking reaction time, the nonhomogeneity in
the membrane density increases as indicated by the increas-
ing slope in the profiles. This could be caused by the diffu-
sion of genipin from the shell into the core of the microcap-
sule. The restricted diffusion of chitosan during the forma-
tion of the AC complex shell could also have resulted in a
nonhomogeneous membrane and is consistent with other
reports.”” However, with longer crosslinking time, genipin
penetrates deeper and forms more crosslinks, thus resulting
in a more homogeneous and dense membrane as seen in
Figure 3A.7

Prediction of membrane shell thickness

It is critical to control the thickness of the genipin-chito-
san membrane shell due to the fact that it not only imparts
capsular integrity but also controls biomolecular transport.
Using Eq. 22, we first calculated the AC coacervation reac-
tion constant (k;) by using the known experimental results
for the membrane thickness at two different AC coacervation
reaction times as follows: #.; = 15 min and the correspond-
ing membrane thickness é; = 33 um; 7., = 30 min and the
corresponding membrane thickness 6, = 60 um. Thus, the
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AC coacervation reaction constant (k;) was calculated to be
0.118 min'. Subsequently, Eq. 21 was used to obtain
K+/Das = 1.67 x 1076 cm’/min. Because K =~ 1, the diffu-
sion coefficient of chitosan in the alginate matrix is esti-
mated to be Das = 1.67 x 107® cm*/min. Now, using Eq.
21 with the known k; and K+/Das values, the membrane
thickness at any given AC coacervation reaction time can be
predicted. Moreover, Eq. 21 shows that the membrane thick-
ness depends only on the reaction time and is independent of
the microcapsule size. However, this predictive model can
be used with confidence only within the range of microcap-
sule sizes and genipin crosslinking times used in this study.
The model assumes that the distance of chitosan penetration
in the alginate matrix is small in comparison to the radius of
the microcapsule, which is confirmed by the measured mem-
brane thicknesses.

Biomolecular ingress into GCA microcapsules

Figure 4 shows representative profiles of the experimental
results of the ingress of vitamin B, into the large LS micro-
capsules that had diameters in the range of 500-600 um and
a chitosan—alginate coacervation reaction time of 15 min.
The error bars in Figure 4 were determined from the stand-
ard deviation of replicate experiments and are representative
of the error in all the experiments reported here. The data
for the three-dimensionless biomolecule concentrations
shown in Figure 4 along with data for nine other microcap-
sules were fit to Eq. 2 to obtain the characteristic ingress
time (t) values summarized in Table 4. The experimental
data fit the model very well with correlation coefficient (R?)
values close to 1. Ingress of vitamin B, reaches equilibrium
rapidly but at a different rate based on the type of microcap-
sule. Table 4 for vitamin B, reveals that t increases as the
genipin crosslinking time of the microcapsules increases.
Also, the diffusion is faster in microcapsules with a thinner
membrane irrespective of the microcapsule size. It is also
interesting to notice that at a given genipin crosslinking time

e LS-6 microcapsules

mLS-12microcapsules

0.9 +LS-18 microcapsules
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Figure 4. Representative plots of ingress of vitamin B4»

into large GCA microcapsules.

The points are experimental data and the solid curves are
the theoretical predictions from Eq. 2 for LS-6, LS-12, and
LS-18, microcapsules with correlation coefficient (R?) being
0.97, 0.94, and 0.98, respectively.
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Table 4. The Calculated Characteristic Time (t) from Eq. 2
for Biomolecular Ingress into GCA Microcapsules

Characteristic Time 7 (min)

Microcapsule Carbonic
Samples Vitamin B, Immunoglobulin Anhydrase
SS-6 0.09 - 1.73
SS-12 0.11 - 2.19
SS-18 0.13 - 241
SL-6 0.26 - 2.17
SL-12 0.42 - 2.35
SL-18 0.76 - 2.78
LS-6 0.23 668 1.49
LS-12 0.39 - 1.72
LS-18 0.41 - 2.26
LL-6 0.25 970 1.65
LL-12 0.49 - 1.92
LL-18 0.53 - 2.34

“—represents negligible diffusion (complete exclusion) of IgG into the
microcapsules and thus no curve fitting was performed.

and membrane thickness, the increase in microcapsule size
seems to slow down the biomolecular transport (indicated by
the increase in 7).

Figure 5 shows the IgG diffusion into the large LS-6
and LL-6 microcapsules that had diameters in the range of
500-600 um and chitosan-alginate coacervation reaction
times of 15 and 30 min, respectively. In contrast to the
data for the large microcapsules shown in Figure 5, all
of the small and most large microcapsules (LS-12, LS-18,
LL-6, and LL-18) completely excluded IgG from ingress.
However, the large microcapsules (LS-6 and LL-6) allowed
very slow IgG ingress and revealed that with an increase in
the membrane thickness, IgG diffuses more slowly as
shown in Figure 5 and Table 5. The magnitude of 7 for
IgG ingress is at least three orders of magnitude larger
than that for vitamin B,.

Representative profiles of the ingress of CA through the
large LS microcapsules that had diameters in the range of
500-600 pum and a chitosan—alginate coacervation reaction
time of 15 min at different genipin crosslinking times are

1.00
+LL-6 microcapsules
-
e LS-6 microcapsules
0.80
. 070
J
2
(8]
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Time (h)

Figure 5. Representative plots of ingress of IgG into
LS-6 and LL-6 microcapsules.

The points are experimental data and the solid curves are
the theoretical predictions from Eq. 2 with correlation coef-
ficient (R?) being 0.99 and 0.97, respectively.
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Table 5. Calculated Characteristic Time (7) from Eq. 1 for
Biomolecular (Carbonic Anhydrase) Egress

Microcapsule samples Characteristic time 7 (min)

SS-6 1.57
SS-12 2.99
SS-18 3.22
SL-6 1.77
SL-12 3.06
SL-18 3.29
LS-6 1.49
LS-12 1.87
LS-18 2.46
LL-6 1.49
LL-12 2.12
LL-18 2.54

shown in Figure 6. These profiles reveal that CA diffuses
faster than IgG and reaches equilibrium in ~10-15 min. As
expected, CA shows slower diffusion in microcapsules with
higher genipin crosslinking time as shown by the 7 values in
Table 4. Also, the increase in membrane thickness slows
down the CA ingress noticeably irrespective of microcapsule
size. However, an important observation is that with an
increase in the microcapsule size, diffusion of CA exhibits a
completely opposite trend in comparison with vitamin B,.
Specifically, at any genipin crosslinking time and membrane
thickness, t decreases as the microcapsule size increases in
case of CA ingress. This simply means that the ingress of
CA is faster through the large microcapsules in comparison
with the small microcapsules. The magnitude of t for
CA is at least one order of magnitude larger than that of
vitamin B,.

In microcapsule-based protein delivery for biomedical
applications, it is important to ensure efficient inward diffu-
sion of nutrients (oxygen, vitamins, etc.), exclusion of
immune-macromolecules (antibodies), removal of waste
products (ammonia, etc.) and most importantly, outward dif-
fusion of the therapeutic protein into the target site. Keeping
this in mind, in this study, we chose vitamin B,, IgG, and
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C.(ic,
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Figure 6. Representative plots of ingress of carbonic

anhydrase into large GCA microcapsules.
The points are experimental data and the solid curves are
the theoretical prediction from Eq. 2 for LS-6, LS-12, and

LS-18, microcapsules with correlation coefficient (R®) being
0.98, 0.98, and 0.95, respectively.
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CA as model biomolecules representing a nutrient, an anti-
body, and a therapeutic protein, respectively. By varying the
membrane properties (thickness and crosslinking density)
and size of the microcapsules, the diffusive behavior of the
biomolecules was evaluated. First, an increase in genipin
crosslinking reaction time resulted in denser crosslinking and
reduced the permeability, thus slowing down diffusion as
indicated by an increasing t for all the three biomolecules.
As discussed earlier, the increase in genipin crosslinking
time only increased the crosslinking density and not the
membrane thickness (which was already fixed by the AC
coacervation reaction time). However, because of the large
size of IgG (~150 kDa), most of the microcapsules (except
LS-6 and LL-6, which had the shortest genipin reaction
times) completely excluded its ingress, thus confirming the
desired permselectivity property. Note that the microcapsules
that allowed IgG ingress had a less dense membrane (low
crosslinking density). This underscores the importance of
membrane crosslinking density in providing favorable perm-
selectivity to the microcapsules. Moreover, the slowing
down of the diffusion rate (increase in 7) of all the three bio-
molecules with an increase in membrane thickness can be
attributed to the longer diffusion path length (or increased
resistance to diffusion). Our study demonstrates a simple yet
effective way to control the membrane thickness by varying
the AC coacervation reaction time.

The mass transport behavior of the biomolecules with
respect to the microcapsule size is intriguing. With an
increase in microcapsule size, the tendency to swell resulted
in increased permeability and diffusion path length. Vitamin
B, (M of 1.5 kDa) being a small molecule did not experi-
ence any effect of the increased permeability. Large micro-
capsules experienced relatively greater swelling in compari-
son with the small microcapsules; hence, the increase in dif-
fusion path length resulted in an increase in 7. In contrast, in
case of IgG and CA, the effect of increased permeability due
to swelling resulted in faster diffusion despite a longer diffu-
sion path length with an increase in microcapsule size. This
indicates that diffusion of large molecules such as IgG (M
of 150 kDa) and CA (M of 30 kDa) is controlled by the
membrane permeability and not by the microcapsule size.
Thus, small microcapsules that resist swelling and possess
restricted permeability were able to slow down the diffusion
of CA and in fact completely exclude the ingress of IgG.
These results suggest that small GCA microcapsules are bet-
ter suited both to improve inward diffusion of small nutrient
molecules and completely exclude ingress of immune-macro-
molecules such as IgG. In addition, small GCA microcap-
sules have higher permselectivity in comparison to other
microcapsules such as APA, Ba-alginate, and Ba-APA that
can allow diffusion of molecules of molecular weight up to
300 kDa.®

Biomolecular egress from GCA microcapsules

Protein (CA) release from GCA microcapsules into the
extra-capsular medium was measured, and the data were fit
to Eq. 1 and the characteristic time 7 obtained. Figure 7
shows representative data for the large LS microcapsules
that had diameters in the range of 500-600 pum and a chito-
san-alginate coacervation reaction time of 15 min. These
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Figure 7. Representative plots of egress of IgG into
large GCA microcapsules.

The points are experimental data and the solid curves are
the theoretical predictions from Eq. 1 for LS-6, LS-12, and
LS-18, microcapsules with correlation coefficient (R%) being
0.97, 0.94, and 0.98, respectively.

data confirm the similarity in release rate between the egress
and the ingress of CA. Table 5 summarizes the 7 values for
CA egress from all 12 GCA microcapsules that were studied.
The egress of CA is observed to slow down (increase in 1)
as the microcapsules are subjected to longer genipin cross-
linking times. The membrane thickness has a similar effect.
Irrespective of the membrane density and microcapsule size,
an increase in membrane thickness decreases the diffusion
rate of CA from the microcapsules. Similar to CA ingress,
the size of the microcapsules has a noticeable effect on the
egress. As the microcapsule size increases, the diffusion of
CA from the microcapsules seems to get faster (decrease in
7). The increase in 7 for large relative to small microcapsules
was around 9-25%. Nonetheless, the magnitude of t for CA
egress is comparable with that of CA ingress.

Similar to CA ingress, CA egress from the microcapsules
(small and large) is decelerated (increase in t) with an
increase in genipin crosslinking time due to the formation of
denser crosslinks and reduced permeability. The decrease in
T as the microcapsule size increases is consistent with the
CA ingress results, probably due to improved permeability
resulting from swelling as explained previously. These
results underscore the importance of small microcapsules
that display less swelling and better mechanical stability de-
spite slightly reduced egress of CA. Other microcapsules
such as APA’''** and Ba-APA® have shown that neither
the size nor the type of microcapsule affects the product
egress significantly, which indicates low permselectivity.
Two studies have shown that APA microcapsules with addi-
tional shell- or core—cross—linking3 ' and AP-PMMs, micro-
capsules32 possess a molecular weight cut-off (MWCO) of
around 100-200 kDa by using Dextran molecular markers.
The use of Dextrans to assess selectivity is not reflective of
protein transport across the semi-permeable membrane due
to factors such as surface charge, size variation for the same
molecular weight, and conformation. Also, a high MWCO
of 300 kDa for APA microcapsules™ and 150-247 kDa
for alginate-PLL-pectin-PLL-alginate microcapsules®® has
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been demonstrated, but this MWCO is not recommended for
immunoisolation because the molecular weight of IgG is
around 150 kDa. APA microcapsules treated with growth
factors and collagen did not improve the selectivity as it par-
tially allowed the ingress of proteins of 150-300 kDa,'®
whereas only erythropoietin (34 kDa) was shown to be
secreted from APA microcapsules encapsulating myoblasts.>>
These studies demonstrate poor or no selectivity. APA
microcapsules were shown to resist the diffusion of IgG, but
the study was performed for only 1 h.3® This experimental
design and the analysis are erroneous because IgG is a mac-
romolecule and its diffusion is slow. Typically, the diffusion
should be monitored at least for 2-3 days to observe the real
phenomena. However, one study by Yoshioka et al. has pro-
ven that APA(Ba) microcapsules completely excluded the
ingress of components of anti-serum by demonstrating that
the encapsulated cells were viable for at least 10 days.36
This study shows that the antibodies in the anti-serum were
excluded from ingress; however, it lacks a systematic
approach to control the permeability and to confirm it as
compared with our diffusion studies bolstered by the mathe-
matical modeling. Also, the GCA microcapsules can be pro-
duced with considerable control over membrane thickness,
density, and microcapsule size as demonstrated in this study.
Because GCA microcapsules exhibit improved permselectiv-
ity, they could be better bioreactors for protein delivery in
biomedical applications. However, this inference needs to be
validated with the evaluation of GCA microcapsules in the
presence of protein expressing cells. Also an optimization of
GCA microcapsules in terms of protein secretion and long-
term mechanical stability is warranted. Nevertheless, this
study provides useful insight into the potential of GCA
microcapsules with respect to nutrient diffusion, IgG exclu-
sion, and protein release in addition to aspects of controlling
membrane permeability.

Conclusions

In summary, GCA microcapsules were characterized and
the effects of size, membrane density, and thickness on
permselectivity to three relevant biomolecules were studied.
The three-step electrospray process, chitosan-alginate reac-
tion, and genipin crosslinking reaction were used to control
the microcapsule size, membrane thickness, and density.
Scaling analysis was implemented to obtain an equation that
permitted obtaining the diffusion coefficient and rate con-
stant from measurements of the chitosan—alginate reaction
shell thickness as a function of contact time. The fluoregenic
genipin-chitosan membrane enabled its vivid characterization
in terms of thickness and density of crosslinking by the aid
of confocal microscopic imaging. Furthermore, biomolecular
mass transport across the GCA microcapsules was described
by the use of mathematical models based on the balance of
chemical potential of the biomolecule. Overall, the theoreti-
cal predictions fit the experimental results very well. GCA
microcapsules allowed diffusion of small nutrient molecules
(vitamin Bj,) and protein (CA) but completely excluded
large antibodies (IgG), thereby displaying improved selectiv-
ity compared to other microcapsule types. Microcapsules
with denser and thicker membranes showed increased resist-
ance to diffusion of all three biomolecules. Small microcap-
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sules allowed better ingress of vitamin Bj,, whereas large
microcapsules favored the diffusion of IgG and CA due to
swelling effects and the resultant increase in membrane per-
meability. Nevertheless, a follow-up study involving encap-
sulated cells in the alginate core should be carried out. This
should encompass the detailed study on how membrane
characteristics and microcapsule size affect protein expres-
sion and its subsequent release from the GCA microcapsules
by using appropriate mathematical models.
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