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Abstract: Proton nuclear magnetic resonance (NMR)
relaxometry can give informations about hydrogel scaf-
fold properties. As these properties can be modified with
culture time and conditions according to scaffold biode-
gradability and new tissue biosynthesis, the aim of this
research was to test the efficiency of this noninvasive
NMR technique in the follow-up of 3D cultures for tissue
engineering. The distributions of proton relaxation times
T1 and T2 have been measured on cylindrical gel samples
of different types of alginate, in the presence or absence
of hyaluronate, in gels or bioconstructs with encapsu-
lated chondrocytes cultured for 30 days in normal or
reduced weight conditions. It was found that T2 increases
with the mannuronate/guluronate ratio in alginate sam-
ples and with the presence of hyaluronate. The distribu-
tions of both T1 and T2 result wider for bioconstructs cul-

tured in normal gravity than for those cultured in
reduced weight conditions. Neither cell growing nor col-
lagen production but only GAG neosynthesis have been
demonstrated in our experimental conditions. In conclu-
sion, T2 is sensitive to the gel properties (possibly to the
rigidity of macromolecular components). The homogene-
ity of bioconstructs can be monitored by the distribution
of T1 and T2. We propose that nonspatially resolved
NMR relaxometry can efficiently be used in monitoring
tissue development in a biodegradable scaffold for tissue
engineering. � 2007 Wiley Periodicals, Inc. J Biomed
Mater Res 83A: 345–353, 2007
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INTRODUCTION

Alginates, a polysaccharide family of unbranched
copolymers of (1 ? 4) linked residues of b-D-mannu-
ronic and a-L-guluronic acids, can form three-dimen-
sional gels when their aqueous solutions are treated
with Ca2þ or other multivalent cations. The electro-
static interactions between Ca2þ ions and the gulur-
onic residues of alginates are the driving forces for
gel formation.1 The properties of the resulting gels
(i.e., mechanical strength, porosity, biological proper-
ties, etc.) are highly dependent on the monomer
composition (guluronic/mannuronic molar ratio,
guluronic (Gul), or mannuronic (Man) block fre-
quency), on the concentration of alginate in the gel

and on the concentration and the nature of the cati-
ons used for gelation.2,3

Dilute gels (0.5–2% w/v) of Ca2þ-alginate have
been frequently used for cell encapsulation4 as 3D
scaffolds for in vitro and in vivo immobilization sys-
tems in tissue engineering.5–11 Encapsulation pro-
cesses generally produce bioconstructs in the shape of
beads of a diameter ranging from 0.1 to 1 or 2 mm. In
other situations, like in vivo implant of cell/alginate
solutions jellified in situ by addition of CaCl2

12 or for
use in specific bioreactors, the use of cylindrical biocon-
structs of comparatively large size (5–15 mm in diame-
ter and 3–6 mm in height) may turn out to be more ad-
vantageous than that of beads.

The chemical and physical characteristics of alginate
types and those of the beads have been extensively
investigated by SRIXE (synchrotron radiation induced
X-ray emission)13 and by nuclear magnetic resonance
(NMR) techniques.14,15 Similar investigations have not
yet be done on gels and bioconstructs of macroscopic
size in which homogeneity, porosity, and strength
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may be strongly modified, if compared with the bead
situation, by the type of alginate used, by the concen-
tration and diffusion properties of the jellifying ions.

NMR relaxometry is the study of the time evolu-
tion of the longitudinal and transverse components
of the 1H nuclei magnetization.

The present investigation was aimed at the evalua-
tion of the NMR relaxometry method as a noninvasive
procedure for the follow-up of cell cultures in 3D
hydrogel scaffolds. The potential of this technique was
tested by measuring the MR parameters (i.e., T1 and
T2) on cylindrical alginate gels, on bioconstructs with
chondrocytes entrapped in the gels, before and after a
30-day period culture, and in conditions of both nor-
mal and reduced weight as obtained in a rotary vessel
system. Biochemical measurements have also been
performed to quantify the biosynthetic activity of im-
mobilized cells in different culture conditions.

MATERIALS AND METHODS

Humeral-scapular joints of mature pigs were collected
at a slaughterhouse and transferred in ice to the labora-
tory. Articular cartilage was aseptically removed from the
humeral proxymal head within 2 h from the sacrifice. Cells
were then isolated by enzymatic digestion from thin slices
of the tissue as already described16 and kept in 10 mM
HEPES, 140 mM NaCl, 5 mM KCl, 5 mM glucose, pH 7.4,
without CaCl2 until the moment of bioconstruct casting.
Two sterile lots of alginate have been used in this study:
SLM100 and SLG100 provided by FMC Biopolymer
(Drammen, Norway). The former was characterized by a
comparatively low guluronic acid content (44% of residues;
FGG ¼ 0.20; FMM ¼ 0,37; FGMþMG ¼ 0.43, where FGG is the
frequency of blocks of guluronate, FMM the frequency of
mannuronate blocks, and FGMþMG is the frequency of
blocks of alternating guluronate and mannuronate resi-
dues), the latter by a higher guluronic acid content (64% of
residues; FGG ¼ 0.51; FMM ¼ 0,19; FGMþMG ¼ 0.30), respec-
tively; they both displayed a high apparent viscosity (183–
187 mPa s). Alginate solutions were prepared dissolving
the lyophilized powders to a 2 mg mL�1 concentration in
a sterile physiological buffer (10 mM HEPES, 140 mM
NaCl, 5 mM KCl, 5 mM glucose, pH 7.4).

Gels and bioconstructs were prepared at a final alginate
concentration of 15 mg mL�1 by addition of suitable
amounts of the dissolving buffer described above or by
addition of a chondrocyte suspension in the same buffer.
A concentration of 2 3 106 cells 3 (mL gel)�1 have been
used throughout this investigation.

In some reference gels, high Mw hyaluronate (Mw:
1,500,000) was added (at 0.1% w/v) to alginate solutions
before gelation.

Gelation procedure was carried out by dialysis exposing
the alginate solutions or the alginate–chondrocyte suspen-
sions to 100 mM CaCl2 in a 10 mM HEPES buffer pH 7.4,
for 1 h at room temperature, in sterile conditions. In some
experiments, gelation was performed utilizing dialysis tub-
ing with a diameter of 6 mm and with an approximate
protein cutoff of 12 kDa (Sigma Chemical, Steinheim,

Germany). The gel rods obtained by this procedure were then
regularly cut to obtain a series of small cylindrical samples
(; 6 mm, height about 6 mm). For some experiments,
when gels or bioconstructs of the same volume were
needed, gelation was accomplished by exposing identical
volumes (170 lL) of alginate or alginate-cell suspensions,
to the CaCl2 solutions in glass tubes (; 6 mm) sealed at
one extremity by a dialysis membrane.

The alginate gels or the bio-constructs were kept,
throughout the preparation and growth experiments until
the NMR measurements or the biochemical analysis, in a
culture medium (DMEM supplemented with 10% FCS, 2%
glutamine, 500 lg/mL streptomycin, and 500 U/mL peni-
cillin). When long-lasting experiments were carried out,
the medium was changed for every 3 days.

Gels and bioconstructs were kept in reduced-weight condi-
tions in a rotary cell–culture system (RCCS 4D; Synthecon,
Houston). Up to 10 gels or bioconstructs, each of a 170-lL
volume were hosted in the standard 50-mL disposable ves-
sels. A 15-rpm rotation speed was adopted to keep the bio-
constructs in free-fall conditions (reduced weight conditions).

Biochemical analysis

At the end of the culture time (30 days), the DNA,
GAGs, and hydroxyproline content of each construct were
quantified.

The standard procedure of Enobakhare et al.17 was used
for the determination of sulfated GAGs in the presence of
alginate by 1,9-dimethylene blue dye. Cell number was
estimated by the Hoechst 33258 DNA assay as reported by
Rao and Otto.18 Hydroxyproline was determined accord-
ing to Hoemann et al.19

Histology

At the end of the experiments, the bioconstructs were
initially incubated at ambient temperature for 30 min in a
5% BSA solution in HEPES buffer pH 7.4 containing 100 mM
CaCl2 and then fixed with neutral formalin for 4 h at 48C.
The pretreatment with BSA prevented the shrinking of the
gels during the standard dehydration procedures. A final
embedding in immuno-bed (Electron Microscopy Sciences,
Washington) was done according to the manufacturer
instructions. Toluidine blue and silver impregnation stain-
ing, for GAGs and collagen identification, were finally per-
formed on 5-lm thick sections.

NMR relaxometry

Proton relaxation measurements were performed at
20 MHz (0.47 T) at 258C by means of a home-built relaxom-
eter equipped with NMR data station (Stelar, Pavia, Italy).
The measurements began after the temperature of the sam-
ple had equilibrated with that of the probe. Add/subtract
phase-cycled sequences were used in all the measurements,
and measurements were accumulated for signal averaging.
Relaxation delay was adequate for full magnetization to be
reached after each sequence. Longitudinal relaxation data
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(relaxation time T1 process) were taken by inversion-recov-
ery (IR) sequences, and for each of 64 IR times the free
induction decay (FID) signal was sampled and recorded at
2-ls intervals from 10 to 266 ls. The shortest IR time is usu-
ally 1 ms, with successive times increased by fixed factors,
giving a maximum recovery time of 10 s. Preliminary meas-
urements with the shortest available IR time demonstrated
that 1 ms could be used without loosing any short T1 com-
ponent. Transverse relaxation data (relaxation time T2 pro-
cess) were taken by Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence at echo time TE ¼ 200 ls and TE ¼ 1 ms.
No significant differences were observed.

Quasi-continuous relaxation time distribution analysis of
the data was performed by UPEN,20 which is based on a
Uniform-PENalty (UPEN) inversion algorithm, using a
regularizing or smoothing coefficient varying with relaxa-
tion time and determined by iterative negative feedback in
such a way that the smoothing penalty, rather then the
coefficient is roughly uniform. This algorithm reduces the
generation of peaks not required by the data to be sepa-
rated, which might be misinterpreted as physically mean-
ingful resolved compartments.

The performances of the relaxometer and of the data
processing were tested by repeating the whole set of meas-
urements for doped water samples.

NMR microscopy (lMRI)

The lMRI experiments were performed at 248C with a
Bruker AM 300 console equipped with a standard microi-
maging unit and coupled to a Spectrospin vertical wide

bore (WB) superconducting magnet, operating at 7.05 T
(300 MHz for 1H). High resolution images were obtained
using a modified spin-echo sequence.21 The repetition time
between phase encoding steps was 1.5 s and an echo time
of 34 ms led to the predominance of T2 contrast. The ma-
trix size of 128 3 128 and the field of view of 6 mm
resulted in an in-plane resolution of 47 lm.

Statistical analysis

Statistical analysis was performed using a student t test.
Values are expressed as mean 6 standard deviation. Differ-
ences at p � 0.05 were considered statistically significant.

RESULTS

The influence of the difference in monomer com-
position of alginate hydrogels on the proton relaxa-
tion times T1 and T2 was tested in preliminary
experiments.

T1 and T2 have been measured on gels prepared
with two different lots of alginate: one characterized
by a high (64%) and the other by a low (44%) guluro-
nate residues content. In addition, a second series of
measurement was carried out on the same types of
gels but after addition of 0.1% of high Mw hyaluro-
nate. For all samples, the quasi-continuous distribu-
tions of T1 and T2, not presented here, showed single
peaks. To represent the distributions by a single pa-
rameter, the geometric mean relaxation times were
computed, as Tig ¼ exp(hln Tii), with i ¼ 1, 2 for lon-
gitudinal and transverse relaxation time, respectively.
In the following, we shall refer to these compact aver-
age relaxation times simply as T1 and T2.

Results are summarized in Table I. The molecular
differences on gel composition (i.e., the type of resi-
dues and the presence or absence of hyaluronate) do
not affect significantly T1 relaxation times. On the con-
trary, T2 appears to be significantly increased upon an
increase of the Gul/Man ratio in the alginate sample
and by the addition of 0.1% hyaluronate to the gels.

In the following experiments, SLM100 alginate (at
low Gul content) was used for the preparation of gels
or bioconstructs with entrapped chondrocytes. This

TABLE I
Proton Relaxation Times T1 and T2 in Cylindrical Gels

Gel Composition T1 (ms) T2 (ms)

1.5% Alginate (64% gul) 1769 6 77 99 6 4*
1.5% Alginate (64% gul)
þ 0.1% hyaluronate 1820 6 14

119 6 10*,**

1.5% Alginate (44% gul) 1745 6 84 78 6 10*,**
1.5% Alginate (44% gul)
þ 0.1% hyaluronate 1784 6 11 103 6 3**

Proton relaxation times T1 and T2 in cylindrical gels
(6 mm Ø 3 6 mm height) of alginates at high (64%) or low
content (44%) of guluronate residues with or without
added hyaluronic acid (0.1%, Mw ¼ 1,500,000). Data are
the mean 6 SD of, at least, four samples (differences
between * or ** are significant, p < 0.05).

TABLE II
DNA, Collagen, and GAG Concentration in Bioconstructs

Time and
Type of Culture

DNA
(lg/gel mL)

GAGs
(mg/gel mL)

Hydroxyproline
(lg/gel mL)

Control 79.4 6 17.9 n.d. 0.75 6 0.21
30 days, stationary 55.8 6 12.3 1.87 6 0.09* 1.09 6 0.19
30 days, rotary vessels 62.18 6 26.4 2.43 6 0.29* 0.56 6 0.19

DNA, collagen, and GAG concentration in bio constructs before culture (controls) and after 30 day of culture in normal
weight (stationary) conditions and reduced weight (rotary vessels) conditions. Data are reported as average 6 SD of at
least seven determinations; n.d. ¼ not detectable (* are significant differences, p < 0.05).
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Figure 1. Histology of bioconstructs before and after 30 days of culture in normal and reduced weight conditions. Tolu-
idine blue and silver impregnation staining were performed for evidencing GAGs and collagen in controls, before cul-
ture,1–6 and after 30 days of culture in reduced weight conditions (RV, rotary vessels, 7,8) and in stationary conditions
(Staz, 9–10)1–6: chondrocytes entrapped in alginate appear isolated or in groups of 2 or more elements. Alginate has a non-
homogeneous appearance both in toluidine-blue or in silver-impregnation staining7,8 and 9,10 correspond to RV and sta-
tionary cultures, respectively. Chondrocytes has carved a hole into the alginate gel, which was incompletely filled with
proteoglycans.7,9 Only alginate seems to be present outside. Chondrocytes show many cytoplasmic inclusions as a clear
signal of phagocytic activity against alginate. In silver-stained sections,8,10 collagen II is not detectable outside the cells,
lending to conclude that it is not produced; the extracellular staining is due to the silver-alginate nonspecific reaction. Bars
in Figure 11–10 represent 10 lm.
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choice was dictated by the well known property of algi-
nates at high guluronic acid content to give stiff and
brittle gels, which frequently hinder the growth and
survival of encapsulated cells. As described in the Mate-
rials and Methods section, the proton relaxation times
have been determined on gels, both with and without
entrapped chondrocytes, under those conditions: (a) im-
mediately after the gel formation, (b) after 1 month cul-
ture in stationary conditions (normal weight conditions),
and (c) after 1 month culture in rotary vessels in free
fall conditions (reduced weight conditions).

DNA, GAGs, and hydroxyproline (from collagen)
content of bioconstructs was also measured before
and after 30 days in culture. Results are reported in
Table II. During the culture period, in our experi-
mental conditions, the DNA content of gels does not

change significantly, suggesting absence of prolifera-
tion. The GAG concentration increases more in
reduced condition than in normal weight conditions;
moreover, in reduced weight conditions, the collagen
biosyntesis is blocked while a slight increase can be
observed in normal weight conditions.

GAG production and failure of collagen biosynthe-
sis under reduced weight conditions were demon-
strated also by histology (Fig. 1).

A common finding in the cylindrical bio-constructs
cultured for 30 days in normal weight conditions
was the formation of cartilagelike tissue nodules of
relevant size (up to 2–3 mm in lenght). 3D micro
images thereof, collected at 7 Tesla, produced a
hyper intense signal (Fig. 2). This type of nodule
was never observed when bioconstructs were cul-
tured in reduced weight conditions in rotary vessels.

It is long known that macromolecular protons can
contribute to the FID signal from biological tissues,22

and particularly, in normal cartilage,23,24 and in
bone.25 In the latter, they contribute with a ‘‘sol-
idlike’’ component that can be approximated by the
form exp[�[1/2](T/TGC)

2], where T is time after the
end of the 908 pulse and TGC is the Gaussian decay
time. Despite the fact that the FID signal could not
reliably be used before 10 ls, in our previous investi-
gations on cartilage and bone samples, we were able
to observe the approximate Gaussian component,
which was interpreted due to the protons of the
fibers of mature collagen.24,25 On the contrary, in
the bioconstructs of this study, we never observed
the ‘‘solidlike’’ component, so confirming that mature
collagen fibers were either not present or present at
a concentration too low to be detectable.

The relaxation times T1 and T2 of gels and biocon-
structs (cast with an alginate of the same type by
from a batch different from that used to obtain the
data reported in Table I) have been measured and
their distributions have been determined by quasi-
continuous distribution analysis. The geometric
mean times of the distributions have also been calcu-
lated and are collected in Table III. T1 and T2 of the
gels show only minor variations after 1 month of
culture both in normal and in reduced weight condi-

Figure 2. 3D MR microimage at 7 Tesla of a cylindrical bio-
construct cultured for 30 days in normal weight conditions
(stationary cultures). The hyperintense signal present into the
gel is given by a developing cartilagelike nodule. This type
of nodule was not observed when bioconstructs were cul-
tured in reduced weight conditions in rotary vessels.

TABLE III
Relaxation times T1 and T2 as measured on gels and bioconstructs

Before Culture

30 Days in
Normal Weight

Conditions

30 Days in
Reduced Weight

Conditions

Gels T1 (ms) 2350 6 100 2540 6 30 2490 6 80
T2 (ms) 195 6 20 207 6 8 203 6 4

Bio constructs T1 (ms) 2280 6 30 2190 6 30 2380 6 30
T2 (ms) 170 6 20 170 6 20* 208 6 8*

Relaxation times T1 and T2 as measured on gels and bio constructs: before and after 30 days culture period at in normal
and reduced weight conditions.Data are reported as average 6 SD of at least seven determinations; * are significant differ-
ences, p < 0.05.
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tions (in Table III, T1 of the gels after 30 days in nor-
mal weight conditions is the average value of only
two data, so the differences have no statistical signif-
icance). On the contrary, a clear effect appears for T2

of bioconstructs, while T1 show a very modest
decrease (if any) after 30 days of culture of biocon-
structs in normal weight conditions and a similar
modest increase (if any) after the same period in
reduced weight conditions, T2 remains unchanged
after culture in normal weight conditions but in-
creases by about 20% after 30-day culture in rotary
vessels.

The distributions of the relaxation times are
reported in Figure 3. After culture in normal weight
conditions [Fig. 3(A,C)], both the T1 and T2 distribu-
tions for bioconstructs appear wider then for gels
alone. On the contrary, after culture in reduced
weight conditions [Fig. 3(B,D)], the distributions of
T1 and T2 of bioconstructs and gels appear similar.
The differences observed for bioconstructs is better

seen in Figure 3(E,F) and the peaks of both T1 [Fig.
3(E)] and T2 [Fig. 3(F)] of bioconstructs kept in nor-
mal weight conditions (stationary cultures) appear
wider than those of bioconstructs cultured in
reduced weight conditions (rotary vessels). Moreover
a shift for longer T2 times is observed expecially for
T2 in reduced gravity, when compared with normal
gravity conditions (in agreement with the data of
Table III).

DISCUSSION

Polysaccharide hydrogels are widely used for the
preparation of bioresorbable scaffolds for tissue engi-
neering [e.g., Refs. 26 and 27]. Alginate gels, in par-
ticular, have been employed for encapsulation and
culture of chondrocytes in vitro and for in vivo im-
plantation in defective cartilages.12,,28,29 The in vitro
or ex vivo growth of new tissue was monitored in
the past also by NMR microscopy.12,28

The present investigation was undertaken to eval-
uate the possibility of a follow-up of tissue regenera-
tion by a noninvasive NMR method based on the
spatially nonresolved relaxation of 1H nuclei. The ef-
ficiency of the method was tested by performing a
first characterization of the NMR properties of algi-
nate gels of different composition (i.e., different
Gul/Man ratio or 6 hyaluronic acid), and then of
those of the bioconstructs obtained by entrapment of
chondrocytes in the gels, before and after a 30-day
culture in conditions of both normal and reduced
weight as obtained in a rotary vessel system. Longi-
tudinal and transverse relaxation times (T1 and T2)
of the various preparations have been measured and
evaluated. Biochemical measurements have also
been performed to quantify the biosynthetic activity
of cells immobilized within the constructs.

In principle, the main events expected to occur
during the long periods (months) required for the in
vitro development of a new tissue appear to be a
progressive degradation of the supporting gels, pos-
sibly because of the concurrent action of chondrocyte
enzymes and by mechanical stresses, and an increase
of the number of cells and the accompanying biosyn-
thesis and excretion of matrix components, namely
collagen type II and proteoglycans.

Is it possible to use relaxometry to obtain support-
ing evidence of gel degradation?

At low alginate concentration (1.5%), significantly
higher T2 values have been recorded from the gels
formed using alginates at high-guluronic acid con-
tent respect to those formed with alginate at low-
guluronic acid content. The addition of high Mw hy-
aluronate at a concentration similar to that existing
in cartilage (0.1%) to give interpenetrated gels, also

Figure 3. Relaxation time distributions obtained by
UPEN for gels (solid lines) and bioconstructs (dashed
lines) after 30 days: (a) T1 in normal weight conditions, (b)
T1 in reduced weight conditions, (c) T2 in normal weight
conditions, and (d) T2 in reduced weight conditions. All
distributions are normalized to unit area. The widths of
the distributions for bioconstructs after 30 days in normal
weight conditions are wider than the widths due to the
noise.
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promotes an increase of T2 with respect to alginates
alone (20–30%) with both types of alginates.

As well known, several factors can affect relaxation
time. Both T1 and T2 are sensitive to water-macromole-
cules interactions and exchanges, to molecular dynam-
ics, to bound/free water ratio, and to surface-to-volume
ratio of the pore space where water molecules can dif-
fuse before relaxing. Our results are in line with those
of Simpson et al.30 who suggested that guluronic acid-
rich alginate generates gels of pores larger than those
formed by using mannuronic acid-rich alginates. In our
opinion, the compositional differences between the two
polysaccharide samples (high G or high M alginates)
are able to induce a different behavior with divalent
cations and could hence lead in the case of high M algi-
nate to a more compact-gel structure.

This fact may become more relevant when, as in
our experiments, high viscosity (i.e., high Mw) algi-
nates are utilized for gel formation in the presence of
high Ca2þ concentration (100 mM). The rigidity of
high Mw structures, the number of Ca2þ-alginate
(guluronate) interactions influence the three-dimen-
sional architecture of the macromolecular network. On
the basis of this interpretation, the behavior of T2 also
suggests that a component of large hydrodynamic vol-
ume and negative charge, as hyaluronan, might, to
some extent, impair calcium binding by alginates
modifying the resultant structure of the final gels.
Whether this fact only stems from an increase of the
dimensions of the pores or from a different type of 3D
architecture of the gel because of the additional poly-
mer polymer interactions is still to be ascertained.

In any case, T2 appears to be a useful parameter to
follow changes of the scaffolds.

The follow-up of low guluronate-alginates gels
(without encapsulated cells) for 1 month in normal
weight conditions or in rotary vessels by measuring
T1 and T2, both unchanged after this period, indi-
cates that the scaffolds remain essentially unchanged
showing a very limited degradation, if any, in a
physiological culture medium.

In the same culture period, gels with encapsulated
chondrocytes (bioconstructs) show minimal variations
in their T1 values both in stationary and in reduced
weight conditions (rotary vessel). In addition, while
the T2 values measured on bioconstructs maintained
in normal weight conditions of culture remain con-
stant, those obtained for bioconstructs cultured in ro-
tary vessels are significantly increased (þ20%). The
distribution of both T1 and T2 of bioconstructs after 30
days of culture in reduced weight conditions show a
narrower distribution than after the same period of
time in normal weight conditions.

The biochemical and histochemical investigation
on the cultured bioconstructs gave the unexpected
information that in this type of hydrogels (high-man-
nuronic alginate of high Mr and high initial viscos-

ity) chondrocytes are unable to duplicate nor are
stimulated to produce collagen. In addition, they
produce more GAGs in rotary vessels cultures than
in normal weight conditions. Similar results have
been reported by Pei et al.31 for GAG production in
rotary vessels using various scaffold materials (Hyaff
111 and PGA, in different physical forms). At var-
iance with alginate, in this case, chondrocytes syn-
thesized significant amount of type II collagen.

High mannuronic alginate are reported as sup-
porting bTC3 cell growth.32–34 In our experiments,
the chondrocyte growth is hindered. This may be
because of differences in cell biology or, more prob-
ably, to the fact that the high Mw alginates (of high
initial viscosity) can give stiff hydrogels of low
degradability unable to favor cell growth.

A possible explanation of the observed increase of
the T2 values in reduced weight condition of culture
(rotary vessels) can be suggested. Chondrocytes pres-
ent many cytoplasmic inclusions as a clear signal of
an active phagocytic activity possibly against alginate
(Fig. 1). The cutting of critical structures and a modest
loss of jellifying Ca2þ ions can lead to reduced gel
stiffness. The holes that the cells carved into the algi-
nate matrix were only incompletely, albeit homoge-
nously, filled with glicosaminoglycans while the lack
of collagen synthesis hindered the building of a physi-
ological matrix. The homogeneity of this situation is
indicated by the distributions of the relaxation times
T1 and T2, which are narrow for samples grown in
reduced weight conditions (Fig. 3).

The fact that the mean T2 of bioconstructs kept
in normal weight conditions (stationary cultures)
remains unchanged after a 1-month culture can be
the accidental consequence of an anisotropic distri-
bution of material in the constructs. In fact, the
phagocytic activity of chondrocytes was accompa-
nied by a partial filling of the lacunae with glycos-
aminoglycans, which were also produced in a lower
amount, when compared with what happens in the
rotary vessels. In addition, this type of culture devel-
oped an opalescent accumulation of the produced
GAGs in specific zones of the constructs (Fig. 2). The
consequence of an irregular scaffold structure and of
the local concentration of neosynthesized material is
the likely explanation of the wider relaxation time
distributions (both T1 and T2) observed in normal
weight conditions, when compared with the nar-
rower distributions observed for the more homoge-
neous rotary vessels cultures (Fig. 3).

In conclusion, the following information have
been obtained:

Spatially nonresolved NMR relaxometry can be
an efficient noninvasive technique useful in the
study of biodegradable scaffolds in tissue engi-
neering science.
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NMR relaxometry can give information about the
3D structure of hydrogels and about the possibility
to modify them by the addition of quantitatively
minor components (as highMw hyaluronic acid).
In conditions of reduced weight, GAGs neosyn-
thesis is enhanced when compared with normal
weight condition.
The lack of a significant collagen production in
both situations may be because of the fact that in
stiff alginate scaffolds the synthesis of collagen
can be blocked. Alternatively, 1 month of culture
can be a too short period to observe in vitro the
formation of a correct extracellular matrix.

It may be supposed that in long-term experiments,
as in vitro maintenance for few months, the forma-
tion of a developing tissue can be monitored from a
change of T2 relaxation time parallel to the develop-
ment of the new hydrogel. The latter, that is, the
neosynthesized extracellular matrix, will be charac-
terized by a different chemical composition. In addi-
tion, if the expected physiological collagen synthesis
occurs, then also a FID component of ‘‘solidlike’’ pro-
tons will possibly be observed. Watrin-Pinzano
et al.28 observed only after 60 days from in vivo
regenerating rat patellae, a collagen network organi-
zation by means of zonal variations in T2 maps.

Authors thank Prof. S Paoletti and Dr I. Donati for help-
ful comments and suggestions during the preparation of
the manuscript.
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