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Abstract. Guar gum (GG) and Guar gum/borax (GGb) hydrogels are studied by means of rheology, Low Field Nuclear
Magnetic Resonance (LF NMR) and model drug release tests. These three approaches are used to estimate the mesh size (&)
of the polymeric network. A comparison with similar Scleroglucan systems is carried out. In the case of GGb, the rheolog-
ical and Low Field NMR estimations of ¢ lead to comparable results, while the drug release approach seems to underesti-
mate £ Such discrepancy is attributed to the viscous effect of some polymeric chains that, although bound to the network to
one end, can freely fluctuate among meshes. The viscous drag exerted by these chains slows down drug diffusion through
the polymeric network. A proof for this hypothesis is given by the case of Scleroglucan gel, where the viscous contribution

is not so significant and a good agreement between the rheological and release test approaches was found.
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1. Introduction

Guar gum (GG) is a neutral galactomannan, extracted
from the seeds of Cyamopsis tetragonoloba. It con-
sists of a linear backbone of B(1—4)-linked D-
mannopyranose units (Man) and with the presence
of randomly attached a(1—6)-linked galactopyra-
nose units (Gal) as side chains [1]. Due to the pres-
ence of these galactose units, the polymer is soluble
in water [2]. The ratio of mannose to galactose units
(M/G) depends on climate variations and ranges
from 1.5:1 to 1.8:1. Because of its low cost and its
ability to produce a highly viscous solution even at
low concentrations, GG finds important applica-
tions in food [3], in oil recovery [4] and in personal
care industries [5]. The high viscosity of GG solu-
tions arises from the high molecular weight of GG
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(up to 2 million and further) [6] and from the pres-
ence of extensive intermolecular associations (entan-
glements) by means of hydrogen bonds.

In aqueous solution GG assumes a flexible coil con-
formation as evidenced by the Mark-Houwink-
Sakurada exponent and by the relatively low value
of its characteristic ratio and its persistence length
[7]. GG, crosslinked with glutaraldehyde, was pro-
posed for colon delivery [8], and it was also tested
as a matrix for oral solid dosage forms [9].
Scleroglucan (SCLG), a water soluble polysaccha-
ride produced by fungi of the genus Sclerotium,
consists of a main chain of (1—3)-linked p-D-glu-
copyranosyl units bearing, every third unit, a single
B-D-glucopyranosyl unit linked (1—06). It is known
that SCLG assumes a triple-stranded helical confor-
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mation in aqueous solution and a single coiled dis-
ordered conformation in methylsulphoxide or at
high pH values (NaOH>0.2 M) [10, 11]. Due to its
peculiar properties, SCLG was extensively used for
various commercial applications (secondary oil
recovery, ceramic glazes, food, paints, cosmetics,
etc.) [12] and it was also investigated for modified/
sustained release formulations and ophthalmic
preparations [13].

Actually, it is well known that borax is an efficient
crosslinker for polymers bearing hydroxyl groups
but the type of formed linkages is still debated and
so far two main models have been proposed. The
most popular one implies the existence of pure
chemical crosslinks between the polymeric chains
and borax [14], and it was proposed for the GG/
borax interactions. According to the other model,
the borax ions hold together the polymeric chains
by means of mixed physical/chemical linkages.
This model was firstly proposed for poly-(vinyl-
alcohol) [15] and it was recently suggested also for
SCLG [16, 17].

The considerable effort devoted to the study of
polymer-ion complexes is due to the wide range of
application of these systems. In particular, the com-
plex between GG and borate was previously studied
by several authors [18, 19] that investigated the
effect of polymer and borate concentration, temper-
ature, environmental pH conditions, and GG molec-
ular weight on the peculiar rheological properties
detected by the frequency dependence of relaxation
spectra. Furthermore, a detailed study of the
crosslinking reaction of borate ion with polyhy-
droxy polymers was carried out by means of
"B NMR spectroscopy on dilute mixtures of borate
ions and GG, for the acquisition of further insight
into the complexation mechanism. Thus, the values
of complexation equilibrium constants and the com-
plexation enthalpy at various measuring conditions
were calculated [14, 20-22]. In addition, specific
investigations on the rheological properties of the
schizophyllan/borate system were reported (schizo-
phyllan has the same repeating unit of SCLG) in
other papers [23, 24]. It is interesting to note that
both, GG and SCLG, interact with borax leading to
a three-dimensional network that, besides the intrin-
sic differences between the two polymers (see
below), shows a peculiar anisotropic elongation
during swelling, when tablets of these two systems

are prepared. In particular, GG and SCLG show
important different characteristics: (a) GG dissolves
in water as a random coil while SCLG exhibits a
triple helix conformation in aqueous solution with a
persistence length of about 200 nm [10, 25]; (b) borax
promotes a rapid gelation of GG [26] by means of
crosslinks characterized by a lifetime of the order of
seconds [27], leading to self-healing properties of
the network. On the other side, SCLG requires sev-
eral hours for gelation in the presence of borax and
no self-healing occurs. Nevertheless, both, GG and
SCLG, in the presence of borax, are capable to give
self-sustaining gels [28]. Furthermore, also the inter-
action with borax takes place in a different way. In
the case of SCLG the borax promotes mixed (chem-
ical and physical) interactions between triplexes; on
the other side, in the case of GG the borax forms
chemical bridges between chains by means of
reversible linkages. In addition, molecular dynam-
ics simulation and AFM images indicate that the
borax groups increase the stiffness of GG making
such system more similar to SCLG/borax (SCLGDb).
During the swelling the labile nature of the borax
cross-links in the GG makes the interchain interac-
tions able to undergo the needed rearrangement,
similar to that of SCLG where full chemical bridges
are not present. These similarities explain the quite
unexpected parallel swelling behaviour of GG and
SCLG, in the presence of borax [16, 28].

However, in all these previous research works, no
attention was specifically focused on the estimation
of the mesh sizes of the networks, a very important
parameter for the numerous implications that it may
have on these hydrogel systems when used for
industrial and/or pharmaceutical applications.

In this frame, aim of the present work was to char-
acterise GG and GG/borax (GGb) systems resorting
to three different approaches, rheology, Low Field
NMR (LF NMR) and release tests. In fact, the joint
use of these approaches provides, for the first time
at our best knowledge, more complete information
about the polymeric chain architectures (polymeric
networks), also in terms of mesh size estimation,
and their possible modifications with temperature
in physiological conditions (25 and 37°C). In addi-
tion, the characteristics of GG and GGb systems
were compared with those of the SCLG and SCLGb
systems.
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2. Experimental section

2.1. Materials

Guar Gum (GG) was provided by CarboMer (San
Diego, USA). The ratio between mannose and galac-
tose was estimated by means of 'H NMR (carried
out at 70°C with a Brucker AVANCE AQS 600
spectrometer, operating at 600.13 MHz) and an
M) G value of =1.5 was found. The molecular weight
(1.2-10%) was estimated by means of viscometric
measurements carried out at 25°C. Scleroglucan
(SCLG) was provided by Degussa (Germany). The
molecular weight (1.1-10°) was estimated by means
of viscometric measurements carried out at 25°C in
0.01 M NaOH. For the viscosity measurements, an
automatic viscometer (Instrument Schott AVS 370,
Lauda, Germany) with a water bath (Lauda 0.15 T)
allowing the temperature control to 0.1°C was used.
An Ubbelohde capillary viscometer (Type No 531
01, with a capillary diameter = 0.54 mm, Schott-
Gerite) for dilution sequences was used. The GG
solutions were prepared in distilled water while the
SCLG solutions were prepared in 0.01 N NaOH (in
order to break possible aggregates). Before meas-
urements, the samples were filtered twice with 1.2 p
Millipore filters. From the flux time of solvent and
solutions the intrinsic viscosity, [] [cm?/g], was
estimated for each polymer. According to the Mark-
Houwink-Sakurada equation, the intrinsic viscosity
is related to the molar mass of the sample: [#] =
KM?, where K and a are constants for each poly-
mer-solvent system at a given temperature. From
the value of K and @ found in the literature for the
GG [11] and for the SCLG [7] samples, the molecu-
lar weight of the two polymers were evaluated.
Theophylline (TPH, molecular weight 198) and
borax were Carlo Erba products (Italy), Vitamin B,
(Vit By, molecular weight 13 500) was purchased
from Fluka (Germany). All other products and
reagents were of analytical grade. Distilled water
was always used.

2.2. Polymer purification

A given amount of polymer (GG and SCLG) was
dissolved in distilled water (polymer concentration,
¢p = 0.5% w/v). GG samples were kept under mag-
netic and mechanical stirring at 60°C for 24 h and
then at room temperature for 24 additional hours
[29]. SCLG samples were kept under magnetic and
mechanical stirring for 24 h at room temperature.
The resulting solutions were exhaustively dialysed

at 7°C against distilled water with dialysis mem-
branes of a cut-off 12 000—-14 000 and then freeze
dried. The lyophilized products were stored in a
desiccator until use.

2.3. Hydrogel preparations

A given amount of GG or SCLG (200 mg for the
release experiments and 35 mg for the rheological
analysis and for NMR measurements; ¢, = 0.7% w/v)
was dissolved in water for 24 h. GG and SCLG
crosslinking was carried out by addition of 0.1 M
borax solution to the homogeneous polymer system
in order to get a unitary value of the ratio between
borax moles and moles of the repeating GG or
SCLG units (» = 1). The resulting mixture was mag-
netically stirred for 5 min and then left for 2 days at
7°C for gel setting. For the release experiments, a
known amount of model drug was first dissolved in
water before the addition of the polymer.

2.4. Rheological characterization

The rheological characterization, carried out at 25
and 37°C, was performed by means of a controlled
stress rheometer, Haake Rheo-Stress RS300 model,
with a Thermo Haake DC50 water bath. Two geome-
tries were used: a cone—plate device (C60/1 Ti with
a cone diameter of 60 mm and a cone angle of 1°
and a MP60 steel 8/800 plate with a diameter of
60 mm, Haake) for the GG and SCLG samples and
a grained plate-plate device (Haake PP35/S: diame-
ter = 35 mm; gap between plates = 1 mm) was used
for the SCLGb and GGb samples in order to pre-
vent wall slippage phenomena [30]. To perform the
measurements on SCLGb and GGb, the hydrogels,
obtained with a thickness of 1.0-3.0 mm, were
removed with the aid of a small spatula from the
beaker in which they had settled, and they were laid
with care on the lower plate of the rheometer. The
upper plate was then lowered until it reached the
hydrogel surface. Gap-setting optimizations were
undertaken according to a procedure described else-
where [31]. When GG or SCLG were tested, an
appropriate amount of the samples was spread onto
the plate geometry to obtain a sample of the appro-
priate height. To avoid gel shrinking due to a possi-
ble solvent evaporation, the equipment was kept
inside a glass bell with a constant moisture level.
Rheological properties were studied by means of
oscillatory tests. In particular, the hydrogel linear vis-
coelastic regions were assessed, at 1 Hz, by stress
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sweep experiments. Frequency sweep tests were
carried out in the frequency (f) range 0.01-100 Hz
at constant deformations y = 0.01 (well inside the
linear viscoelastic range for all the studied hydro-
gels). Each test was carried out in duplicate.

The generalized Maxwell model [30] was used for
the theoretical dependence of the elastic (G’) and
viscous (G") moduli on pulsation @ = 2zf (f = solic-
itation frequency) (Equations (1) and (2)):

< ()‘iw)z Uh

G = G———— = — 1
Z‘ 1T+ AWw)? N M
n WA,

G = G———— 2
2075 oy @

where 7 is the number of Maxwell elements consid-
ered while Gj, 7; and /; represent, respectively, the
spring constant, the dashpot viscosity and the relax-
ation time of the i® Maxwell element. The simulta-
neous fitting of Equation (1) and (2) to experimen-
tal G’ and G" data was performed assuming that
relaxation times (4;) were scaled by a factor 10 [32].
Hence, the parameters of the model are 1 + n (i.e. 4,
plus Gj). Based on a statistical procedure [33], n was
selected in order to minimize the product y*(1 + n),
where y? is the sum of the squared errors. G’ and G”
data represent the average of three experiments.
Flory’s theory (see Equation (3)) [34] enables the
determination of polymeric network crosslink den-
sity px (defined as the moles of junctions between
different polymeric chains per hydrogel unit vol-
ume):

Real Network Ideal network

Figure 1. The equivalent network theory [36] suggests
replacing the real network topology by and ideal-
ized one made up by a collection of spheres (see
dotted lines) whose diameter coincides with the
average real network mesh size & The ideal net-
work and the real one share the same crosslink
density py.

G

= G

Px
where R is the universal gas constant, 7 is the tem-
perature and G (shear modulus) can be computed as
the sum of the elastic contributions (G;) pertaining
to each element of the generalized Maxwell model
describing the hydrogel mechanical spectrum [35].
Finally, the equivalent network theory (see Equa-
tion (4)) [36] allows evaluating the average net-
work mesh size ¢ (see Figure 1):

=3 6 4
¢ TPN A *

where N, is the Avogadro number.

2.5. Low field NMR characterization

Low Field NMR (LF NMR) characterization was
performed, at 25 and 37°C, by means of a Bruker
Minispec mq20 (0.47 T, 20 MHz). Transverse relax-
ation time (7,) measurements were carried out
according to the (Carr-Purcell-Meiboom-Gill;
CPMGQG) sequence (number of scans = 4; delay =5 s).
In the case of distilled water, due to the high mobil-
ity of water molecules, the determination of the
transverse relaxation time (7>n,0), at both tempera-
tures, was determined considering three different
90—180° pulse separation times (z): 0.25, 0.5 and
1 ms. For each 7, the time (¢) decay of the signal
intensity (/), related to the extinction of the x—y com-
ponent of the magnetization vector (M), was fitted
by the exponential function I(f) = Ap,0e VT
Thus, the water relaxation time was determined by
a linear extrapolation to zero of the function
Ton,o(1) (Fasec (1, 2, 0.95) < 642; F37o¢ (1, 2, 0.95)
<197) as suggested by the Bruker company. Accord-
ingly, we obtained T’ 221328 =3007+£20 ms and T’ fg;g =
3694+60 ms. In the case of hydrogels, due to the
reduced water molecules mobility, there was no
need to use three different 7 values and the trans-
verse relaxation time measurements were performed
setting 7= 0.5 ms. In order to determine the 75 dis-
crete distribution, /(f) was fitted by the following
sum of exponential functions (Equation (5)):

2, 7211

2 1
1(t) = 2‘,Aif?ftﬁ2i <T> =S4 (%)

=11

2H,0,

where 4; are the pre-exponential factors (dimen-
sionless) proportional to the number of protons
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relaxing with the relaxation time 7%; and (1/T5) is
the average value of the inverse relaxation time of
protons. Again, m was determined by minimizing
the product y*-(2m), where y? is the sum of the
squared errors and 2m represents the number of fit-
ting parameters of Equation (5) [33]. The continu-
ous relaxation time distribution was determined
according to a procedure shown in a previous work
[37] (Equation (6)):

1) = JTTZ%“(f(Tz)exp( - 12) )de
e

m BS. (T,—T, . o1
f(TZ)ZE i 1( 2 2m1n> e
i=1
(6)

—1 &i &

s\
&= (T, — szi“)(ai—ll) (7
where Tomax (= T2H,0) and Tomin (= 0 ms) indicate,
respectively, the lower and upper values of the con-
tinuous 7, distribution. Bj, d; and &; are the f(T»)
(sum of Weibull equations) parameters. Equation (7)
simply ensures that the maximum of each Weibull
distribution occurs exactly in 75;. Equation (6) was
numerically evaluated and fitted to experimental
I(¢) data subdividing the relaxation spectrum wide-
ness (Tomax — Tomin) into 200 parts (higher subdivi-
sion was not necessary).
In order to study water mobility inside the hydrogel
network, Pulsed Gradient Spin Echo (PGSE) meas-
urements were performed. The applied sequence
consists in the classical echo sequence with two
equal gradient pulses (of length 6 = 0.5 ms) occur-
ring at x; = 0.1 ms and x; = 0.1 ms after the 90 and
180° pulses, respectively. The time separation, indi-
cated by A (= 7—x; — 0 + x»), is related to the diffu-
sion time, 4, according to 73 = (A — d/3). After an
appropriate calibration procedure, based on the
knowledge of the free water self-diffusion coeffi-
cient (Dy,0), it is possible measuring the average
water self-diffusion coefficient inside the hydrogel
(D). The details of this calibration procedure can be
found in the Bruker Manual, mq Gradient Unit Users
Guide, version 1, January 2000, and it essentially
replicates the standard procedures for the D determi-
nation used in high field NMR [38]. In the case of
T, measurements, data are the average of 27 exper-
iments (9 repetitions for three different samples),
while in the case of PGSE measurements, data are

the average of 15 experiments (5 repetitions for
three different samples).

The combination of the information coming from
the relaxation and PGSE experiments were used for
the estimation of the mesh size distribution of our
polymeric gels. Indeed, owing to the interactions
between water molecules and polymeric chains,
water protons near the surface of the polymeric
chains relax faster than those in the bulk [39, 40]. On
the basis of this evidence and the Scherer theory [41],
we very recently demonstrated [42] that, for diluted
gel systems (polymer volume fraction ¢ < 0.1), the
average polymeric network mesh size (&) can be
expressed by Equation (8):

1-9¢

& =+/3m R, (8)
where Ry is the radius of the polymeric chain (see
Figure 2). In addition, the ‘Fiber-Cell’ theory [39]
ensures that the following relation holds (Equa-
tion (9)):

<1> 1 2
i 274_*7’
T, Tszo a ¢

where (1/75) is the inverse of the average relaxation
time of the protons of the water molecules trapped
within the polymeric network of the gel, Ton 0 is the
relaxation time of the protons of the bulk water (i.e.
protons of the free water, whose relaxation is not

I-¢
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Figure 2. According to Scherer [41], the polymeric network
can be represented by an ensemble of cylinders of
radius Ry (fibers, i.e. polymeric chains) intersect-
ing in a regular, cubic, array. R, indicates the
radial position where the effect of the polymeric
chains on water protons relaxation becomes neg-
ligible (see dotted lines). ¢ is the mesh size.
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affected by the presence of the polymeric chains) and
(M) (length/time) is an empirical parameter, called
relaxivity, accounting for the effect of polymer
chains surface on proton relaxations. While Equa-
tion (9) holds on average for all the polymeric net-
work meshes, similar expressions can be written for
polymeric network meshes of different dimensions

(&) (Equation (10)):

11, 2m
a ¢
where T»; is the relaxation time of the water mole-
cules protons trapped in polymeric meshes of size ¢&.
Equations (9) and (10) hold in fast-diffusion regime,
i.e when the mobility of the water molecules,
expressed by their self-diffusion coefficient D, is
high compared to the rate of magnetization loss,
identifiable with (M)R.((M)R./D << 1). R, indicates
the distance from the polymer chain axis where the
effect of polymeric chains on water protons relax-
ation becomes negligible (see Figure 2). It can be
expressed [39] by Equation (11):
R,

T Ve

As (1/T,) (see Equation (5)), Tox,0 and & (see Equa-
tion (8)) are known, Equation (9) allows the deter-
mination of (M). Furthermore, by knowing () and
T»i (see Equation (5)), Equation (10) makes possi-
ble the evaluation of & for each class of polymeric
network meshes. In addition, once () and the con-
tinuous 7, distribution f{73) (see Equation (6)) are
known, it is possible determining the continuous &
distribution f{¢). Indeed, the combination of Equa-

tion (8) and (10) allows to find the relation between
d¢ and dT75 (Equation (12)):

(10)

Ty T. 2H,0

R (11)

2(M)
2 T 2
f=— . di= <9m< e )de
l_ 1 a TZHZO_TZ
T, T2H20
(12)
Consequently, f(¢) is given by Equation (13):
1-¢
dr, @31 (Do — 1)\2
g =—=AT) = ( 2 T
1) = G0 = 550 T @)
(13)

Furthermore, for a better comparison among differ-
ent gels, it is convenient defining the probability
P(¢) of finding a mesh of size & inside the polymeric
network, given by Equation (14):
o) = A%
| “neae

&

min

(14)

2.6. Release experiments

The hydrogels, freshly prepared in a beaker (thus in
their swollen form), assumed the cylindrical shape
of the vessel (height = 1.0 cm, diameter = 2.2 cm)
and they were tested for the release of the two model
drugs TPH and Vit By,, at 37°C. The gels were
immersed in 200 mL (V}) of distilled water (pH =
5.4), and they were kept at a certain height from the
bottom of the container by a thin web (see Figure 3).
The medium was gently magnetically stirred and
3 mL samples were withdrawn from the solution at
appropriate time intervals and replaced with the
same amount of fresh solvent (thus, experimental
concentration data were corrected for dilution). The
amount of the released model drug was spectropho-
tometrically detected (TPH at 272 nm, Vit. B, at
361 nm), by means of a Perkin-Elmer (lambda 3a,
UV-Vis) spectrometer using quartz cells with path-
lengths of 1.0 or 0.1 cm. All experiments were car-

Release environment

Sustaining
et

C.V,
Release environment

-
-
-

="

o

: stirrer

Figure 3. Drug release occurs from a cylindrical gel kept
suspended in the release environment by a thin
sustaining web. The release process (indicated by
black thick arrows) implies the decrease of drug
concentration in the gel and the contemporaneous
increase of drug concentration (C;) in the release
environment (volume V;). Release environment
homogeneity is ensured by a magnetic stirrer.
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ried out in triplicate. The possible erosion of the gel,
in terms of polymer dissolution in the medium dur-
ing the release experiments, was quantitatively deter-
mined by a colorimetric method [43] using phenol
in the presence of sulphuric acid. Obtained results
indicate that such erosion, in the first 8 h, is almost
negligible (< 4%).

In order to evaluate model drug diffusion coeffi-
cients inside the gel network, release data were fit-
ted by a mathematical model presented elsewhere
[44]. Briefly, this model relays on Fick’s law and on
the observation that in the first 8 hours our gel did
not undergo significant erosion or further swelling in
the release environment. Due to gel symmetry, the
intrinsically three dimensional diffusive problem
could be reduced to a simpler two dimensional one
(Equation (15)):

aC Dy 9 aC 9*C
— == R— | +D;/—

=< — 15
at R, OR,\ R, YA (15)

where Dy is the drug diffusion coefficient in the gel,
t is time, C is the drug concentration (mass/volume)
in the cylinder, R, and Z are the radial and axial
axes, respectively. This equation must satisfy the
following initial and boundary conditions (Equa-
tions (16)—(19)):

Initial conditions:

C(ZaRa) = CO;
C.=0

~Z.<Z<Z, O0<R,<R. (16)

(17)
Boundary conditions:

C(ZRert) = C(2Ze, Roy 1) = ky Ci(2) (18)
Z. (R,

V.C(t)=mR2Z.Cy~ f J C(ZR t)2mRdR,dZ

0 0

(19)

where 27, and R, are, respectively, cylinder height
and radius (see Figure 3), Cj is the initial and uni-
form drug concentration in the cylinder, C; and V;
are the drug concentration and the volume of the
release medium while £, is the drug partition coeffi-
cient between the cylindrical gel and the environ-
mental release fluid. Equation (19) is a drug mass
balance for the gel/release fluid system allowing to
state the relation between C; and C(Z,R,.f). In order
to account for the diffusion resistance exerted by
the thin web surrounding the cylindrical gel (it

slightly reduces release surface and favours the for-
mation of a thick aqueous boundary layer at the gel/
release environment interface), an interfacial diffu-
sion coefficient (Dy;), lower than the bulk one (Dy),
is introduced. Thus, inside the gel, drug transport is
ruled by Equation (15) while, at the interface, drug
transport is governed by Equation (15) where D is
replaced by Dg;. As, in our case, polymer concentra-
tion is low and model drug solubility in the release
environment fluid is high, k, can be set equal to 1 [45].
Accordingly, the proposed model is characterized
by two fitting (unknowns) parameters (Dq and Dyg;).
Model numerical solution was performed according
to the control volume method [46] subdividing the
cylindrical gel into 100 control volumes in the
radial and axial directions (for a total of 10* control
volumes) and considering an integration time step
equal to 22.5 s.

Once Dy is known from Equation (15) fitting to
experimental release data, the Peppas equation allows
to estimate the polymeric network average mesh
size £ [47] (Equation (20)):

o= (1-F)en( - 15,)
—d _ — 75 )ex _
DdO 3 P 1-9¢

where g and Dy indicate, respectively, the radius of
the diffusing drug and its diffusion coefficient in the
pure solvent filling the polymeric network.

(20)

3. Results and discussion

Stress sweep tests, carried out at 25 and 37°C, indi-
cated that for all studied systems (GG, GGb, SCLG
and SCLGDb), the critical deformation y. is always
much higher than the constant one (y = 0.01) applied
in frequency sweep tests. Figures 4 and 5 show the
mechanical spectra referring to the four systems,
studied at 25 and 37°C, respectively.

It can be noticed (see Figure 4a) that, at 25°C, SCLG
exhibits a gel behavior as the elastic modulus (G') is
always bigger than the viscous one (G" ) and both
are, almost, pulsation (@) independent. On the other
side, GG shows the typical solution behavior as G"
prevails on G’ and both moduli depend on w. Five
and four Maxwell elements are, respectively, neces-
sary for a statistically good description (see F test val-
ues in Figure 4a caption) of the GG and SCLG
mechanical spectra (see fitting parameters values in
Table 1). Figure 4b clearly shows the different effect
of borax addition to the GG and SCLG systems. In
fact, while borax presence plays a marginal role in
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Figure 4. a) mechanical spectra (G’ elastic modulus, G" viscous modulus) referring to the Guar gum (GG) and Scleroglucan
(SCLG) systems at 25°C. Solid lines indicate the best fitting of the generalized Maxwell Model (Equations (1),
(2)) (F test always positive: Fg(5,32,0.95) < 150, Fscrg(4,25,0.95) < 374). b) mechanical spectra (G' elastic
modulus, G” viscous modulus) referring to the Guar gum/borax (GGb) and Scleroglucan/borax (SCLGb) systems
at 25°C. Solid lines indicate the best fitting of the generalized Maxwell Model (Equations (1), (2)) (F test always
positive: Fgap(4,32,0.95) < 103.5, Fscrgh(5,24,0.95) <251).

Table 1. Generalized Maxwell model (Equations (1), (2)) parameters (+ standard deviation) deriving from the fitting of
data shown in Figures 1 and 2. 4, is the first relaxation time, Gj represents the spring constant of the ith Maxwell
element, G is the shear modulus (sum of all Gj), px is the crosslink density calculated according to Equation (3),
while ¢ is the average network mesh size calculated according to Equation (4).

25°C GG SCLG GGb SCLGb
1 [s] (7.7£3)-1073 (81.7+11)-10°3 (15.7+4)1073 (30.0£5)-103
G, [Pa] 20.3 +4.4 7.0+0.4 21.846.1 9.7+0.84
G, [Pa] 2.3+1.1 6.2+0.36 0 7.4+0.5
G [Pa] 0.12+0.07 5.0+£0.37 36.5+8.4 6.4+0.5
G4 [Pa] 0.014+0.007 7.4+0.53 61.6+9.8 6.1+0.76
Gs [Pa] 0.012+0.004 - 42.0+13 4.0+0.9
G [Pa] 22.944.5 25.6+0.8 162+19 33.6+1.6
px [mol/cm?] - (1.0£0.03)-10°8 (6.5£0.79)-10°8 (1.4£0.06)-10°8
¢ [nm] - 67.4+0.8 36.5+1.4 61.6+1.0
37°C GG SCLG GGb SCLGb
21 [s] (11.6£2)-1073 (62.5£6.6)-107 (22.7£6.4)-1073 (18.9£2)-10°3
G [Pa] 7.6%1.1 5.4+0.23 7.942.5 8.3+0.32
G, [Pa] 0.40+0.22 4.1£0.16 10.0+3.8 5.5+0.27
G; [Pa] 0.049+0.045 2.9+0.15 36.1+3.8 4.0+0.2
G4 [Pa] 0.04+0.038 0 9.8+2.9 3.5+0.24
Gs [Pa] 0.069+0.043 1.8+0.5 1.6+0.6 1.5+0.3
G [Pa] 8.2+1.1 14.2+0.75 65.5+6.6 22.9+0.6
px [mol/cm?] - (5.5+0.3)-10°° (2.5+0.25)-10°8 (8.9£0.2)-10°°
& [nm] - 83.2+1.5 49.9+1.7 71.0£0.6

the case of SCLG (only a very small increase of the
moduli can be noticed), for the GG system a rele-
vant change occurs in the mechanical properties.
Now, G’ prevails over G” in the whole experimental
frequency window and the crossing point is around
® =0.01 rad/s. The ® dependence of G’ and G" wit-
nesses the weak nature of the formed hydrogel.
Also in this case, the generalized Maxwell model
provides a statistically good fitting (see F test val-
ues in Figure 4b caption) adopting, respectively,

four and five elements for the GGb and SCLGD sys-
tems.

Temperature increase to 37°C does not modify the
gel and the solution nature of the SCLG and GG
systems. Nevertheless G’ and G", for both systems,
are reduced (see Figure 5a). Again, borax addition
(Figure 5b) implies a moderate increase of the SCLGb
moduli and a considerable modification of the GG
characteristics. Indeed, not only G' and G" are clearly
increased (about one order of magnitude) but also
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Figure 5. a) mechanical spectra (G’ elastic modulus, G" viscous modulus) referring to the Guar gum (GG) and Scleroglucan
(SCLG) systems at 37°C. Solid lines indicate the best fitting of the generalized Maxwell Model (Equations (1),
(2)) (F test always positive: FgG(5,10,0.95) <38.1, FscrLg(5,22,0.95) < 504.5). b) mechanical spectra (G’ elastic
modulus, G” viscous modulus) referring to the Guar gum/borax (GGb) and Scleroglucan/borax (SCLGb) systems
at 37°C. Solid lines indicate the best fitting of the generalized Maxwell Model (Equations (1), (2)) (F test always
positive: Fggp(5,24,0.95) < 55.4, Fscron(5,32,0.95) <2076).

the system behavior shifts from that of a solution
(GG) to that of an incipient weak gel (GGb) as tes-
tified by the presence of the crossover point
(detectable at w = 0.2 rad/s) where system elastic
and viscous characteristics are equal. This means
that the system is moving from a sol to a gel condi-
tion, i.e, it lies in a sort of transition zone. General-
ized Maxwell model gives a statistically good fit-
ting of data shown in Figure 5a and 5b (see F test
values in the captions to this figures) assuming four
or five Maxwell elements (see Table 1). In conclu-
sion, rheological characterization evidences the
marked effect of borax addition to the GG system
and the weak effect exerted on the SCLG system at
both temperatures. While SCLG always exhibits
gel properties, GG system becomes a weak gel (or
incipient weak gel) only in the presence of borax.
On the basis of the crosslink density (px) evaluation
(see Equation (3)), equivalent network theory (see
Equation (4)) allows to estimate, for the gel sys-
tems, the average network mesh size & Table 1
shows that & spans from 36.5 nm (GGb, 25°C) to
83.2 nm (SCLG, 37°C). The high ¢ values witness
the low connectivity of all tested gels.

LF NMR analysis indicates that, regardless of tem-
perature, GG is characterized by only one relax-
ation time (73;) (see Table 2), as expected for aque-
ous solutions, while the relaxation of the protons
belonging to the polymeric chains are not detectable,
due to their very low amount (around 0.5%) in com-
parison with those of water. Thus, LF NMR and
rheology analysis lead to the same conclusion: the
GG system is an aqueous polymer solution at both
temperatures.

Table 2. Relaxation times, T, and 7»; + standard deviation,
and weight [%], 4% and 4,% + standard devia-
tion, referring to GG, SCLG, GGb, SCLGb and

distilled water, at 25 and 37°C. 4;%=
100-4i/(4; + A42)
T [OC] TZI [ms] Al% Tzz [ms] AZDA)
GG 2032492 100
GGb 1527446 100
25 SCLG 1359+23 100
SCLGb 343+84 | 84.5+£23.5 | 173£77 | 15.5£7.8
water 3007+20 100
GG 2466+80 100
GGb 1912494 100
37 SCLG 1321+46 100
SCLGb 451174 100 - -
water 3694+60 100

The addition of borax to the GG system induces a
significant reduction of 7,; at both temperatures.
Since the addition of borax to distilled water does
not substantially modify the water relaxation time
Ton,o (data not shown), we can assert that the
observed reduction of 75, at both temperatures, can-
not directly depend on the presence of borax. Thus,
the 75 reduction is in agreement with the formation
of a new, more compact, architecture of the poly-
meric chains (gel network) related to the addition of
borax. It is interesting to point out that, in the case
of a dextran system (c, = 0.7% w/v)), the addition
of borax (» = borax moles/dextran moles = 1; data not
shown) does not modify 75, this being a clear indi-
cation that, in this case, the presence of borax does
not lead to the formation of a polymeric network. It
is also interesting to notice that the relative increase
of T, with temperature is similar for both, GGb
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(25%) and GG (21%) systems (see Table 2). This
result shows that the interactions among polymeric
chains and water molecules are not so strong, as
expected for a weak gel.

Although the SCLG system shows, as GG, only one
relaxation time at 25 and 37°C, it cannot be consid-
ered a solution, because 73 is, essentially, tempera-
ture independent and this behavior should not occur
in a polymeric solution at such low concentration
(cp = 0.7% v/w). In addition, also the relatively
small 75, value (recorded at both temperatures)
with respect to that of water, 75,0, is not compati-
ble with such a low c;,. Finally, Table 2 shows that
the addition of borax to the SCLG system implies a
drastic reduction of the average relaxation time ( 73)
at 25°C (317 ms) and 37°C (451 ms). Again, the
essential (75) independence on temperature and its
high reduction in comparison with water, (Ton,0),
indicates the gel nature of the SCLGb system. The
fact that, for this last system, two relaxation times
were detected at 25°C and only one at 37°C can be
explained by the formation, at 37°C, of a more homo-
geneous polymeric network due to a higher mobil-
ity of borax ions in the initial polymer solution. In
conclusion, as far as the macroscopic behavior is
concerned, the relaxation analysis shows the same
findings obtained from the rheological characteriza-
tion of our polymeric systems. On the other side,
some differences arose in the estimation of &. Indeed,
knowing that ¢ = 4.35-107 and R¢= 2.15 nm for
both GG and SCLG systems [48], the application of
Equation (8) leads to &= 99.8 nm. The comparison
between the values reported in Table 1 (25 and
37°C) and Table 3 shows that the ¢ values from rhe-
ological approach are about 40% for GGb and
about 75% for SCLG and SCLGb of those obtained

by LF NMR theory. Nevertheless, taking into account
the simplifications adopted in both approaches, we
believe that these cannot be considered as signifi-
cant differences.

In order to estimate the continuous mesh size distri-
bution of GGb, SCLG and SCLGD systems, Equa-
tion (9) was used for the determination of parameter
(M) whose values are reported in Table 3. It can be
seen that (M) values, regardless of temperature,
increase going from GGb to SCLG and SCLGb sys-
tems. This indicates a stronger and stronger effect
of polymer chain surfaces on the relaxation of pro-
tons. The diffusion coefficient, D, was practically
constant with the diffusion time ¢4 for all studied
systems (see, Figure 6), and therefore the check on
the fast diffusion conditions (evaluation of the
dimensionless parameter (M)R./D) was carried out
taking into account the D value averaged on the
measurements performed at all 4.

3.5-10° -
3.0-10° | %«; g 1 %go
2510° |
2010}
1510
1.0-10°
3510°
51070 f

Q03

D [m?#/s]

o 37°C
* 25°C

0.08

£ [s°°]

0.18

Figure 6. Experimental dependence of the water self-diffu-
sion coefficient (D) on the square root of the dif-
fusion time 74 for the Guar gum/borax gel (GGb)
at 25 and 37°C. For ¢4 = 0, water self-diffusion
coefficient at 25 and 37°C is, respectively,
2.3-107° and 3.04-10"° m?/s [50]. Vertical bars
indicate standard error.

Table 3. Average relaxation time (75) + standard deviation, water self-diffusion coefficient D + standard deviation, average
effect of surface on protons relaxation (M) + standard deviation, R, = 32.6 nm (see Equation (11)) and mesh diam-
eter &, referring to SCLG, GGb and SCLGb systems at 25 and 37°C. Proton relaxation times (T2n,0) at 25°C is

3007+20 ms while at 37°C it is 3694+60 ms.

-10° 103
T [°C] (T D (9410 R s
[ms] [nm] [m?/s] [nm/ms)] D
GGb 1527+46 99.8 2.2+0.1 62+6 1.2
255C SCLG 1359423 99.8 2.2+0.1 99+3 1.5
10916 (34.5%)
SCLGb 317+23 3149 (15.5%) 2.3+0.1 6934263 10.0
GGb 1912494 99.8 2.9+0.2 79+5 0.7
37°C SCLG 1321446 99.8 2.8+0.2 119+6 1.4
SCLGb 451+74 99.8 2.9+0.2 477+89 5.4
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Figure 7. Mesh size distribution, P(¢), of GGb (Guar gum/
borax), SCLG (Scleroglucan) and SCLGD (Scle-
roglucan/borax) hydrogels at 37°C

Table 3 clearly shows that in all gel systems, (M)R./D
was much less than 1, i.e. fast diffusion conditions
always apply. Accordingly, Equation (10) and (13)
can be used for the estimation of f(75), f(¢) and,
finally of P(&), as shown in Figure 7 (37°C).

Figure 7 shows that, for GGb, the mesh size distri-
bution spans, approximately, from 10 to 300 nm
while it is slightly less wide for SCLG and SCLGb.
As the ¢ values estimated by means of rheology
experiments fall inside these distributions and they
are not too far from the distribution peaks, we may
conclude that the two approaches do not lead to
very different results (see Table 1).

Another approach to acquire some insight about
polymeric network characteristics is the determina-
tion of model molecule diffusion coefficients. For
this purpose, two model drugs, TPH and Vit B,
were considered. Figure 8 reports TPH and Vit By,
release from GGb at 37°C. These two release kinet-
ics are fitted by means of Equation (15) knowing
that the release volume ¥, = 200 cm? and the initial
drug concentration Cj in the gel is equal to 5.2 mg/cm?
for the two drugs. In both cases, the fitting is statis-
tically good as proved by the F test (Frpy (1, 10, 0.95)
<75; Fvits,, (1, 10, 0.95) <30627). In the case of
TPH we have Dy = Dg; = (2.7+0.5)-10"'° m?/s while,
for Vit Bj;, model fitting yields to Dg=
(2.3£0.1)-107' m?/s and Dg; = (3.0£0.1)-10""" m?/s.
These results indicate that the resistance due to the
thin web, suspending the gel in the release environ-
ment, is negligible for TPH while it plays a signifi-
cant role in the case of Vit Bj,. This seems reason-
able if we consider the different model drug
dimensions (TPH van der Waals radius = 3.7 A;
Vit By, van der Waals radius 7 = 8.5 A) [45]. On the
basis of the diffusion coefficients in water at 37°C
of TPH (Dgo = 8.2-107' m?/s) and of Vit B> (Dgo =

c/c,,

t[h]

Figure 8. Theophylline (TPH; filled squares) and Vit B,
release (open squares) from GGb hydrogel at
37°C (vertical bars indicate standard error). C;
and Cjyr are, respectively, drug concentration at
time t and after an infinite time. Solid lines indi-
cate model best fitting (Equation (15)).

3.8:107'9 m?/s) [45], Equation (20) allows estimat-
ing the polymeric network mesh size (&) knowing
that polymer volume fraction (¢) in GGb hydrogel
is equal to 4.35-1073, it turns out that &= (1.120.1)
and (4.3+£0.06) nm in the case of TPH and Vit By,
respectively. These values are much smaller than
those estimated by means of rheology and LF NMR
(49.9 nm, see Table 1, and 99.8 nm, see Table 3).
Due to the low polymer concentration and crosslink
density of GGb hydrogel, the & values estimated
according to Equation (20) seem too small. The
motivation for the Equation (20) failure should rely
on the fact that GGb system, at 37°C, represents an
incipient hydrogel condition (as previously dis-
cussed, see also Figure 5b). Here, drug diffusion is
not only affected by the presence of the structured
polymeric network but also by the chains that,
although bound to the network to one end, can freely
fluctuate among meshes. These chains are elasti-
cally inactive but can hinder drug diffusion through
a viscous drag, favoured by weak van der Walls
interactions with drug molecules. Tomic and co-
workers [49] found that also very weak van der
Waals interactions are sufficient to hinder drug mol-
ecule movements in the presence of a polymeric
network with mesh size much larger than the drug
molecular size. In addition, the rheological analysis
suggests that the number of elastically inactive
chains is high, as proved by the importance of the
viscous contribution to the GGb mechanical behav-
ior (see Figure 5b). On the contrary, in the case of a
true hydrogel, such as SCLGb (where the viscous
contribution is low), we found a good agreement
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between the estimation of ¢ according to the rheo-
logical approach and Equation (20) [44].

4. Conclusions

The rheological and LF NMR analyses allow con-
cluding that, regardless of temperature, the GG sys-
tem (c, = 0.7%) behaves as a polymeric solution
while SCLG (¢, = 0.7%) is a gel. The addition of
borax to GG (¢, = 0.7%) appreciably modifies the
system behavior leading to the formation of a weak
hydrogel that, at 37°C, can be considered as an incip-
ient weak gel. The evaluation of the polymeric net-
work mesh size by rheology resulted to be slightly
smaller than that derived from the LF NMR approach
(mesh size distribution spanning from 10 to 300 nm).
On the other side, the addition of borax to SCLG
mainly appears at the nanoscale level. In fact, while
gel strength is slightly increased, borax leads to a con-
siderable reduction of the proton average relaxation
times. The high values of the average polymeric
network mesh size of all the studied gels (GGbD,
SCLG, SCLGD) indicate their low connectivity. In
all tested gels (GGb, SCLG and SCLGD), the fast
condition diffusion was verified. In the case of GGb
hydrogel, rheology and LF NMR led to an estima-
tions of the average mesh size that does not agree
with that calculated from the model drug diffusion
coefficient inside the gel. As the rheology — LF
NMR estimations seems to be the correct ones, the
failure of the diffusion coefficient approach should
rely on the nature of the GGb polymeric network.
Actually, in a hydrogel where the viscous compo-
nent is high, model drug movement is not only
reduced by the presence of the polymeric network
(elastically active chains) but also by elastic inac-
tive chains that, although bound to the network, can
freely fluctuate and can exert a viscous drag, favored
by weak van der Waals interactions, on the moving
model drug molecules. This hypothesis is supported
by the fact that, in the case of SCLGb, where the
viscous component is not so important, rheology
approach and the diffusion coefficient approach
lead to a similar estimation of the average mesh
size.
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