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Abstract: Microencapsulation of cells is a promising ap-
proach to prevention of rejection in the absence of immuno-
suppression. Clinical application, however, is hampered by
insufficient insight into the factors that influence the biocom-
patibility of the capsules. Capsules prepared of alginates
with a high guluronic (G) acid content proved to be more
adequate for clinical application since they are more stable,
but, unfortunately, they are less biocompatible than capsules
prepared of intermediate-G alginate. In order to get some
insight into the physicochemical factors that influence the
biocompatibility of capsules for the encapsulation of living
cells, the chemical compositions of alginate–Ca beads and
alginate–PLL capsules were studied by Fourier transform
infrared spectroscopy. We found that during the transition
of the alginate–Ca beads to alginate–PLL capsules, Ca con-
necting the alginate molecules, disappeared at the surface of
both high-G and intermediate-G alginate–PLL capsules. At
the same time, it turned out that high-G alginate–PLL cap-
sules contained more hydrogen bonding than did interme-

diate-G alginate capsules. Thus the well-known higher sta-
bility of high-G alginate–PLL compared to intermediate-G
alginate–PLL capsules is not caused by a higher degree of
binding to Ca of the alginate molecules but rather by the
presence of more hydrogen bonds. Another observation was
that after the transition from bead to capsule, high-G alg-
inate–PLL capsules contained 20% more PLL than the inter-
mediate-G alginate–PLL capsules. Finally, we show that in
both high-G and intermediate-G alginate–PLL capsules, the
PLL exists in the �-helix, in the antiparallel �-sheet, and in
the random coil conformation. This study shows that FT-IR
allows for successful analyses of the chemical factors essen-
tial for understanding differences in the biocompatibility of
alginate–PLL capsules. © 2003 Wiley Periodicals, Inc.
J Biomed Mater Res 67A: 172–178, 2003
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INTRODUCTION

The grafting of cells for treatment of human disor-
ders such as hormone or protein deficiencies is limited
as a consequence of having to use life-long immuno-
suppression in order to prevent rejection of the graft.
To bypass the application of immunosuppressives,
much research has been focused on the design of
techniques to envelop hormone- or protein–secreting
cells in semipermeable membranes in order to protect
donor cells against antibodies and cytotoxic cells
within the host immune system. Such immunoprotec-
tion by encapsulation allows not only for successful
transplantation of cells in the absence of immunosup-

pression1–3 but also for transplantation of cells of non-
human origin, that is, xenografts. The use of xeno-
grafts, of course, is highly desirable because of the
limited supply of donor tissue. Because of these ben-
efits, the feasibility of transplanting cells in immuno-
protective membranes is under study for the treat-
ment of a wide variety of endocrine diseases.4–8

A commonly used procedure for immunoprotection
is microencapsulation of tissues in alginate–poly-l-
lysine (PLL)-based capsules, as originally described by
Lim and Sun.3 During recent years, important ad-
vances have been made with this technology. The first
allotransplantations in humans with encapsulated
parathyroid cells and islets have been successfully
performed.9,10 Although this illustrates the principal
applicability of the alginate-encapsulation technique,
a fundamental barrier still must be overcome since
graft survival varies considerably from several days to
months.1,11–13 This variation in success rate usually is
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attributed to differences in chemical composition14–17

and thus to differences in the biocompatibility of the
applied capsules.

The formation of adequate capsules for successful
transplantation is far from simple and to date poorly
standardized. Many factors that are difficult to control
in a conventional laboratory, such as environmental
temperature and differences in alginate composition,
have major consequences for the chemical character-
istics of the capsules and thus the outcome of the graft.

Fourier transforming-infrared spectroscopy (FT-IR)
is a technique that allows for characterization of struc-
tural features of complex polymeric materials and bio-
films.18–20 FT-IR also is used often for detailed study
of intramolecular and intermolecular interactions.
Such an approach also may serve as a technique for
testing and controlling the formation of alginate–PLL
capsule formation as it can, theoretically, characterize
the chemistry of capsules in a detailed fashion and
detect small but essential differences in capsular com-
position. In the present study we have tested the effi-
cacy of Fourier transforming-infrared spectroscopy as
a method for assessing the adequacy of alginate–PLL
capsule formation. To this end, we report and com-
pare FT-IR spectra of high- and intermediate-G Ca
beads coated with PLL.

MATERIALS AND METHODS

Alginates

Alginates contain various amounts of guluronic-acid (G)
chains and mannuronic-acid (M) chains (G/M ratio). Inter-
mediate-G (Keltone LV) and high-G (Manugel) sodium al-
ginates were obtained from Kelco International (London).
Purification of alginate was performed as described in detail
elsewhere.1 The alginates were dissolved at 4°C in Krebs-
Ringer-Hepes (KRH) with an appropriate osmolarity to a
solution with a viscosity of 4 cps. This viscosity is necessary
for the production of spheric droplets without any tails or
other imperfections associated with bioincompatibility. The
viscosity of an alginate solution is determined by the con-
centration of the alginate, but different alginates have dif-
ferent viscosities. This implies for the intermediate-G (i.e.,
low viscosity) solution a concentration of 3% and for the
high-G solution a 2% concentration to obtain a viscosity of 4
cps. The solutions were sterilized by 0.2-�m filtration.

Microencapsulation

Alginate solutions were converted into droplets using an
air-driven droplet generator, as previously described.21

Briefly, the alginate droplets were transformed to alginate
beads by gelling in a 100-mM CaCl2 (10 mM of HEPES, 2
mM of KCl) solution for at least 5 min. After gelation the

beads had a diameter of 450–550 �m. Subsequently, the
Ca–alginate beads were suspended for 1 min in KRH con-
taining 2.5 mmol/L of CaCl2. A poly-l-lysine (PLL) mem-
brane was formed by suspending the alginate beads in 0.1%
PLL solution for 10 min (poly-l-lysine-HCl, Mw: 22,000,
Sigma). This produces capsules that are impermeable for
substances above 100 kD.22

Non-bound PLL was removed by three successive wash-
ings within 3 min with Ca2�-free KRH containing 135 mM of
NaCl. The outer alginate layer subsequently was applied by
5 min of incubation in 10-times-diluted alginate solution.
Finally, the capsules had a diameter of 600–700 �m. All
procedures were performed under sterile conditions.

Fourier transforming-infrared spectroscopy (FT-IR)

For FT-IR analyses, beads and capsules were washed three
times with ultrapure water and gradually lyophilized (Ley-
bold Herecuis, Combitron CMI). It is a prerequisite that the
membranes of the capsules be intact and not broken.15

Therefore, before applying FT-IR, we confirmed the integrity
of the surfaces and membranes both at low magnification
(i.e., by light microscopy) and at high magnification (i.e., by
scanning electron microscopy).

Infrared absorption spectra were recorded on a FTS-175
spectrometer from Bio-Rad Laboratories (USA) with a spec-
tral resolution and a wave-number accuracy of 4 cm�1 and
0.01 cm�1, respectively. The spectrometer was equipped
with a Golden Gate Single Reflection Diamond ATR. For
measurements, beads or capsules were put centrally on the
diamond. With a top clamp mechanism, fitted with a flat
sapphire anvil, the sample was compressed between the
sapphire and the diamond anvil. A working pressure of 70
cNm was used.

Before the spectra of the samples were recorded, the sam-
ple compartment was flushed with N2 gas to prevent dis-
turbance by water and CO2. All measurements consisted of
200 scans, using the bare diamond anvil as background. All
presented spectra were means based on corrected data for
water and CO2 from three measurements with separately
prepared samples. Fourier self-deconvolution was done
with an exponential filter, which tends to sharpen spectral
features. To reduce the apparent noise in the data correlated
with Fourier self-convolution, a smoothing filter simulta-
neously was applied without losing peak resolution.

RESULTS

Spectroscopic analyses of the alginate–Ca beads and
the alginate–PLL capsules were based on three distinct
frequency regions. The first region involves proteins
(1700–1480 cm�1) with bands centered near 1640 cm�1

and 1530 cm�1, corresponding, respectively, to �
CAO � � CON � � NOH (amide I) and � NOH � �
CON (amide II) of the peptide bond. The second is the
carbohydrate region (1200–870 cm�1), with a main
peak near 1029 cm�1, which originates from the cou-
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pling of the � COO � � COC � � COOOH vibra-
tions. The third region is that of the � OOH, � NOH,
� COH, and the � COH2 bands (3500–2850 cm�1).

In general, the FT-IR spectrum of intermediate-G Ca
beads is comparable with the FT-IR spectrum of high-G
Ca beads, as shown in Figure 1(a). Ca beads show char-
acteristic bands in the carbohydrate region. Also some
specific Ca beads’ bands were observed in the asymmet-
ric stretching band of the COO� group near 1590 cm�1

(�a COO�), and the symmetric stretching band of the
COO� group centered near 1410 cm�1 (�s COO�).

The changes in the FT-IR spectra associated with the
transition of Ca beads to alginate–PLL capsules are
presented in Figure 1(a,b). The measured frequencies
of the bands are presented in Table I. This is done for
Ca beads and capsules prepared from both interme-
diate-G and high-G alginate. The changes in the dif-
ferent regions when Ca beads are transformed into
capsules will be discussed in the following sections.

Carbohydrate-absorption-region-associated changes

The transition from high-G and intermediate-G Ca
beads to capsules resulted in frequency shifts in the

carbohydrate region, especially in the 1170–1020 re-
gion. Frequency displacements took place for interme-
diate-G Ca bead bands at 1165, 1123, 1080, and 1026
cm�1, which were upshifted, respectively, to 1169,
1124, 1083, and 1029 cm�1 in the intermediate-G cap-
sules. The high-G Ca beads were upshifted from 1162,
1121, 1080, and 1020 cm�1 to 1163, 1124, 1085, and
1029 cm�1, respectively, in the high-G capsules. These
bands are identified and presented in Table I. Al-
though not considered statistically significant, we
found a more pronounced upshift with high-G algi-
nate than with intermediate-G alginate.

Protein-absorption-region-associated changes

The coating of the high and intermediate-G Ca
beads with PLL resulted in the formation of the amide
I and amide II bands for alginate–PLL capsules. These
amide I and amide II bands were visible only as weak
shoulders on the broad �a COO� band [Fig. 1(b)]. The
amide I band was located at 1645 cm�1, and for amide
II, two bands were observed, at 1549 and 1532 cm�1.
Intermediate-G alginate–PLL capsules showed the
same results for the amide bands as did high-G alg-
inate–PLL capsules (not shown in Fig.1).

Upon zooming in on the protein region for interme-
diate-G and high-G capsules, more weak shoulders
were visible. To study these protein bands in greater
detail, the protein regions for intermediate-G and
high-G capsules were deconvoluted, as shown in Fig-
ure 2(a,b), respectively. After deconvolution, the weak
shoulders at 1645 cm�1 (amide I) and at 1549 and 1532
cm�1 (amide II) were clearly discernable for both
high-G and intermediate-G alginate–PLL capsules. We
found clear bands as shoulders at 1691, 1680, 1669,
1658, 1625, 1607,1568, and 1522 cm�1.

These shoulders, with the exceptions of the frequen-
cies at 1607 and 1522, which are representative for �a
NH3

� and �s NH3
�, represent conformational structures

of the bound PLL. The shoulder at 1658 cm�1 is rep-
resentative of the �-helix conformation; the shoulders
at 1691, 1625, 1568, and 1532 cm�1 are representative
of the antiparallel �-sheet conformation; and the
shoulders at 1654 and 1549 cm�1 are representative of
the random coil formation of PLL.

In addition to the protein absorption bands the �s
COO� band also is present in this region. This band
was downshifted with about 10 cm�1 for both inter-
mediate- and high-G capsules during the transition
from beads to capsules (Table I).

The �OOH, the �NOH, the �COH, and the
�COH2 region

Figure 3 shows the OOH and NOH stretching re-
gion (3000–3500 cm�1). The band in this region was

Figure 1. FT-IR spectra of (a) high-G alginate–Ca beads
and (b) high-G alginate–PLL capsules.
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for the beads caused by OOH stretching only and was
virtually the same for intermediate-G and high-G
beads. After coating the beads with PLL, the �NH
band originated at different places for the two types of
alginates; that is, for intermediate-G capsules it origi-
nated at 3060 cm�1, and for high-G capsules it origi-
nated at 3062 cm�1 (see Table I). Also the transition
from bead to capsule induced a broadening towards
frequencies lower than 3000 cm�1 and towards a
higher intensity of the OOH and NOH stretching
band for both high-G and intermediate-G capsules.
This broadening and higher intensity was greater dur-
ing the preparation of high-G capsules.

PLL contains methylene groups. In infrared spectra
the methylene groups show asymmetric stretching (�a
CH2) near 2925 cm�1 and symmetric stretching (�s
CH2) near 2850 cm�1. Concomitantly, with the PLL
coating of the Ca beads, methylene groups are intro-
duced in the high-G and intermediate-G alginate–PLL
capsules.

The methylene groups also can serve as a measure
to quantify the PLL content of alginate–PLL capsules
since PLL is the only component of the capsules con-
taining methylene groups. As shown in Figure 3, ab-
sorptions associated with �a CH2 and �s CH2 in high-G
capsules were located, respectively, at 2920 and 2868
cm�1, and those for intermediate-G capsules were lo-
cated, respectively, at 2924 and 2863 cm�1.

Furthermore, the methylene absorption bands
present in the spectrum of the high-G capsules were

more abundant. To quantify and compare the lysine
content of high-G and intermediate-G alginate–PLL
capsules, the surface areas of the �a CH2 band for
high-G and the intermediate-G capsules were normal-
ized with respect to the surface area of the �s COO�

band around 1400 cm�1. This procedure yielded a �a
CH2/�s COO� ratio of 1.7 for high-G capsules and a
ration of 1.4 for intermediate-G capsules. This implies
that high-G capsules contain 20% more PLL than do
intermediate-G capsules.

DISCUSSION

In the present FT-IR study, the spectrometer was
equipped with a Golden Gate single reflection dia-
mond ATR. Because of the size of the studied beads
and capsules, the penetration depth of the radiation
from this infrared reflectance technique (4.4 �m at
1000 cm�1) is many times smaller than the diameter of
the beads and capsules. It is reasonable to assume,
therefore, that in this study the surface of the beads
and capsules was analyzed.

It has been shown that high-G alginates have some
advantages over intermediate-G alginates for applica-
tion in cell encapsulation. It has been shown in in vitro
studies that capsules prepared of high-G alginates
have a higher mechanical stability than capsules pre-
pared of intermediate-G alginate.14,15,23,24 Also they con-

TABLE I
FT-IR Absorption Bands (cm�1) of Intermediate-G and High-G alginate Ca Beads and PLL Capsules

Intermediate-G Alginate High-G Alginate

AssignmentCa Beads Alginate–PLL Capsules Ca Beads Alginate–PLL Capsules

3060 3062 �NH
2929 2927 �a(CH2)
2892 � (CH)
2868 2873 �s(CH2)
2835
1643 1643 Amide I

1587 1590 1587 1589 �s (COO�)
1549 1549 Amide II1532

1410 1401 1412 1403 �a (COO�)
1339 1339 1337 1337

� (OH), � (CH), 	 (CH),
w (CH).

1315 1313 1314 1315
1299 1293 1294
1262 1262 1263 1262
1165 1169 1162 1163 � (COC), � (OH)
1123 1124 1121 1124 � (CO), �s (CC)
1080 1083 1080 1085 � (CO), � (CCO), � (CC)
1026 1029 1020 1029 � (CO), � (CC), � (COH)
1009 1009

947 947
930 935 933 932
883 885 874 884
807 808 809 807

�: stretching; �: bending; 	: twisting; w: wagging; s: symmetric; a: asymmetric.
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tain much lower numbers of incompletely, and therefore
inadequately, encapsulated cells.22,25 Unfortunately, an
in vivo study by our group showed that after transplan-
tation in rats, the majority of high-G capsules are
overgrown by inflammatory cells and are adherent to
the abdominal organs whereas with intermediate-G
alginate, most capsules are floating freely in the peri-
toneal cavity and are free of any cell adhesion.14,16

A recent X-ray photoelectron spectroscopy study by
de Vos et al.15 show a correlation of these biologic
responses with the chemical compositions of the cap-
sule surfaces. The authors observed that high-G algi-
nate capsules have too high a content of PLL. Our
present FT-IR study confirms these observations since
in the present study we found a 20% higher PLL
content in high-G capsules than in intermediate-G
capsules.

The formation of Ca beads is accomplished by dif-
fusion into the alginate network of calcium. As a con-
sequence of Ca diffusion into the alginate network, the
�COO and the �COOOH vibrations shift to lower
frequencies,26 and spectral changes in the regions of
the COO� antisymmetric and symmetric stretching
vibrations occur.27

During the transition of Ca beads to capsules, PLL
diffuses into the network of alginate crosslinked with
Ca. After this process, frequency upshifts of the bands
in the carbohydrate region (1170–1020 cm�1), to which
the �COO and the �COOOH vibrations also belong,
were observed (Table I). This upshift is associated
with the disappearance of Ca. Our results also showed
that this upshift is influenced by the type of alginate
since high-G alginate beads showed the highest up-
shifts, suggesting that more Ca in high-G alginate
disappears than is the case in intermediate-G alginate.

Another shift associated with the disappearance of
Ca is the observed downshifting of the �s COO�, with
10 cm�1 (Table I) for both the intermediate-G and the
high-G alginate.

Because of its high affinity for G blocks (i.e., G
residues), Ca connects two alginate molecules by
binding to the consecutive G blocks located on each of
the two molecules28,29 in a cooperative manner. Since
high-G alginate contains more G blocks than interme-
diate-G alginate, it is generally assumed that this is the
major cause for the well-known higher stability of
capsules prepared with high-G alginate.23,24,30 Despite
the observed disappearance in this study of Ca, the
capsules of high-G alginate retained their stability.

An explanation for the retained stability is hydro-
gen bonding, illustrated by a broadening towards fre-
quencies lower than 3000 cm�1 and an intensity in-
crease of the OOH and NOH stretching band after
the conversion of beads to capsules for both high-G
and intermediate-G alginates (Fig. 3). However, the
most dramatic changes were observed for high-G al-
ginate, suggesting that high-G alginate capsules con-
tain more hydrogen bonding, which leads to more
stable capsules.

Figure 3. FT-IR spectra of the 2000–3700 cm�1 region with
the OOH stretching vibrations for (a) high-G Ca beads and
(b) intermediate-G Ca beads and the OOH, NOH (
 3060
cm�1), and COH2 (
 2922 cm�1 and 
 2866 cm�1) stretch-
ing vibrations for (c) high-G alginate–PLL capsules and (d)
intermediate-G alginate–PLL capsules.

Figure 2. FT-IR spectra of the protein region for (a) inter-
mediate-G and (b) high-G alginate–PLL capsules following
Fourier transform self-deconvolution.
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Recently it has been shown by de Vos et al.,15 by
applying XPS, that high-G capsules have fewer bind-
ing sites for PLL than do intermediate-G capsules. In
the present study we observed that the presence of
fewer binding sites for PLL is not an obstacle for PLL
to diffuse in higher amounts and to interact with the
alginate molecules, with more hydrogen bonds being
formed in the high-G alginate beads than in the inter-
mediate-G alginate beads.

This phenomenon can be explained by the differ-
ence in pore size between high-G and intermediate-G
Ca beads. The pores of high-G alginate beads are
larger than those of intermediate-G beads, and larger
pores allow a higher PLL uptake.23,24 Because of
greater hydrogen bonding in high-G alginate, it is
plausible that the binding sites present in high-G al-
ginate are very accessible for PLL. This is in contrast
with a larger number of binding sites for PLL but less
hydrogen bonding in intermediate-G alginate.

It has been shown that high-G capsules provoke pro-
nounced inflammatory reactions when implanted in the
peritoneal cavity of rats.14 The following mechanism

may be involved: A large amount of PLL is diffused into
the high-G alginate beads. As a consequence of the lim-
ited number of binding sites in high-G alginate, not all
PLL molecules, or only parts of the long PLL molecules,
will have interactions with the high-G alginate. Since
there are fewer interactions between parts of the alginate
and PLL in high-G capsules it is quite conceivable that
some PLL diffuses out of the capsules after implantation
and induces an inflammatory response. PLL is a well-
known inducer of inflammatory responses when inade-
quately bound to alginate.17,31

Our study provides new insight into the chemical
structure of PLL in the capsule membranes. PLL as a
sole molecule can exist in the �-helix, the random coil,
and the antiparallel �-sheet conformation (see Fig. 4).
After having applied FT-IR on a solution of a mixture
of PLL and alginate, Dupuy et al.18 concluded that
PLL forms a random coil in the presence of alginate.
Our present observations do not corroborate this ex-
planation since with true capsules, instead of sole
molecules, we found in the deconvoluted protein re-
gions of high-G and intermediate-G capsules [Fig.

Figure 4. The composition of the alginate–PLL membrane of high-G and intermediate-G capsules. Protein and alginate
structures are, respectively, gray and black colored. (a) The �-helical structure of PLL derived from formation of (b)
intramolecular hydrogen bonding between amide groups, (c) the antiparallel �-sheet structure of PLL derived from formation
of (d) intermolecular hydrogen bonding between amide groups of different PLL chains, and (e) a random coil formation of
PLL due to (f) hydrogen bonding between PLL and alginate molecules. The dotted lines (- - - -) represent hydrogen bonds.
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2(a,b)], in addition to the random coil conformation,
the frequencies for the �-helix and the antiparallel
�-sheet conformation. This implies that PLL exists in
different conformations in the alginate capsules.

It is plausible that when sufficient interactions are
possible between PLL and alginate molecules, PLL
forms random coil formations [Fig. 4(e,f)]. In the ab-
sence of sufficient interactions between PLL and algi-
nate molecules, PLL may form hydrogen bonds only
intramolecularly, which would lead to the �-helix
[Fig. 4(a,b)] and antiparallel �-sheet [Fig. 4(c,d)] con-
formation of PLL.

Intermediate-G capsules allow for successful trans-
plantation of allogenic pancreatic islets1,25 while
high-G capsules are associated with failure due to
insufficient biocompatibility.14

The present study demonstrates the efficacy of
FT-IR for analysis of the pivotal factors for producing
biocompatible capsules. We show, for the first time,
that FT-IR successfully allows for analyses of the pro-
tein content and of the strength and type of interac-
tions between PLL and alginate in true capsules. These
factors are pertinent and determine the success or
failure of the capsules.
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