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Abstract

The  present paper  investigates the  rheological  properties of  silated
hydroxypropylmethylcellulose (Si-HPMC) biohydrogel used for biomaterials and tissue
engineering. The general property of this modified cellulose ether is the occurrence of self-
hardening due to silanol condensation subsequently to decreasing pH (from 12.4 to nearly
7.4). The behavior of unsterilized and sterilized Si-HPMC solutions in diluted and
concentrated domains is firstly described and compared. In addition, the influence of
physiological parameters such as pH and temperature on the rate of the gelation process is
studied. In dilute solution, the intrinsic viscosity ([77]) of different pre-steam sterilization Si-
HPMC solutions indicates that macromolecular chains occupy a larger hydrodynamic volume
than the post-steam sterilization Si-HPMC. Although the unsterilized Si-HPMC solutions
demonstrate no detectable influence of pH upon the rheological behavior, a decrease in the
limiting viscosities (779) of solutions with increasing pH is observed following steam
sterilization. This effect can be explained by the formation of intra and intermolecular
associations during the sterilization stage originating from the temperature-induced phase
separation. The formation of Si-HPMC hydrogels from injectable aqueous solution is studied
after neutralization by different acid buffers leading to various final pH. Gelation time (y)
decreases when pH increases (7, varies from 872s to 11s at pH 7.7 and 11.8, respectively).
The same effect is observed by increasing the temperature from 20 to 45°C. This is a
consequence of the synergistic effect of the increased reaction rate and acid buffer diffusion.
pH and temperature are important parameters in the gelation process and their influence is a
key factor in controlling gelation time. By adapting the gel parameters one could propose
hydrogels with cross-linking properties adapted to clinical applications by controlling the

amount of pH of neutralization and temperature.
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1. Introduction

In the past few years, several polymers of natural origin have been proposed as alternative
materials for application within the tissue engineering field. Numerous hydrogels are already
used for this application [1] but none entirely satisfy the applications requested. These
polymers, that are capable of forming hydrogels, are of a natural origin (hyaluronic acid,
alginate, chitosan, chondroitin sulfate, collagen, fibrin adhesive and cellulose ether) or
synthetic (polylactide-co-glycolic, polyethylene glycol, polyvinyl alcohol, polypropylene
fumarate, etc.). Reticulated three-dimensional (3D) structures which enable the maintenance
and multiplication of cells entrenched in the macromolecular structure made up of more than
90% water are rare. Many teams use hydrogels in order to mimic and to support the growth,
multiplication, and differentiation of cells to carry out hybrid regeneration transplants. In
tissue engineering, it is crucial to control cell behavior to promote tissue regeneration. For this
reason, it is necessary to design suitable biomaterials, able to guide cell response. The nature
and the physic chemistry of hydrogels used, controlled the differentiation of steam cells and
guide the strategy for tissue regeneration [2]. Today regenerative medicine is moving towards
the development of less invasive surgical techniques with the objective of reducing morbidity
and the duration of hospitalization. This quest for minimally-invasive surgery has motivated
the development of injectable synthetic extracellular matrices. Once implanted, these
injectable matrices must also be able to set, acquire the desired form, and present mechanical
properties in relation to the tissue to be repaired. Polymers with good viscosifying capabilities
in water can be used to make hydrogels via physical, ionic, or covalent cross-linking. In this
case, they make veritable 3D macromolecular networks comparable to the extracellular
matrices (ECM). Vaccanti et al. [3], Miko et al. [4] and Mooney et al. [5] are amongst the
pioneers and the most innovative in the domain of hydrogel physical chemistry for tissue

engineering. A lot of polymers and macromolecules, coming from the biology, called



biopolymer, are used in tissue engineering of cartilage. Two types of biopolymers are used to
make hydrogels. The first family is macromolecules made of proteins like collagens and the
second one family is macromolecules made of polysaccharides like alginate [5], hyaluronic
acid [6] or chitin [7].

Among the natural polymers, hydroxypropylmethylcellulose (HPMC) has been one of the
most widely studied polymers. HPMC is frequently used as a significant hydrophilic carrier
material in many industrial applications such as hydrocarbons research and production [8],
and food preparation [9]. Such derivatives are in great demand because of their solubility,
gelation properties and their availability in a wide range of molecular weights. Moreover,
HPMC possesses appropriate biological properties which make it suitable for biomedical
applications [10]. In the biomaterial domain [11], HPMC equally plays a considerable role,
one of its most important characteristics being its biocompatibility. In ophthalmic surgery,
HPMC and other bioadhesive polymers are used as ophthalmic viscosurgical devices during
cataract surgery [12]. For non-invasive surgery and bone repair, HPMC has been used as a
matrix in an injectable bone substitute, which has been associated with biphasic calcium
phosphate [13].

HPMC is a methylcellulose modified with a small amount of 2-hydroxypropyl groups
attached to the anhydroglucose unit of the cellulose. The physicochemical properties of this
polymer are highly affected by the methoxyl group content, the hydroxypropyl group content,
and the molecular weight.

A novel cellulose-based biohydrogel has been developed for biomedical applications. The
polysaccharide used was HPMC (Methocel® E4M) grafted with glycidoxypropylsilanes. The
first synthesis of silated polysaccharides was described by Sau ef al. [14, 15], and Turczyn et
al. [16] were the first scientists to propose their biomedical applications. The silated

hydroxypropylmethylcellulose (Si-HPMC) appeared as a potential candidate for tissue



engineering [17], as bone [18] and cartilage [19] repair materials. The results of Vinatier ef al.
[20] showed that injectable and self-hardening Si-HPMC was a convenient scaffold for the
three-dimensional culture of chondrocytes. This scaffold enabled the growth of
phenotypically stable chondrocytes and the synthesis of cartilage extracellular matrix.

The self-hardening principle of the hydrogel is based on the silanes grafted along the Si-
HPMC chains (Fig. 1). The dissolution of this product takes place in strong basic media
(NaOH), which results in the silane ionization into sodium silanolate (—SiO'Na'). Gel
formation is based on the condensation between the silanol groups (—SiOH) by decreading
pH. The Si-HPMC solution is rapidly transformed into Si-HPMC hydrogel with the formation
of a three-dimensional network [21] at room or body temperature [17]. Gelation time is an
interesting parameter in tissue engineering applications. It is the time needed to manipulate
the cells and inject the blend (i.e. hydrogel and cells) without a flow character [19]. In case of
biomaterials applications, some of them, like endodontic ones need high pH to control acidic
pH due to inflammatory process [22].

Cellulose ether solutions are stable up to pH~10, above which viscosity decreases [23]. The
literature describes a loss of viscosity when the pH increases due to a slight hydrolysis of the
glycosidic linkage, leading to a modification of the macromolecular conformation [24].

The present paper firstly aims at determining the intrinsic viscosity and the rheological
properties of Si-HPMC solutions according to pH (NaOH concentration) and the steam
sterilization effect. The kinetics of Si-HPMC gelation according to pH and temperature are
characterized. Finally, the gelation time is determined by a rheological method and its

dependence on pH and temperature further evaluated.



2. Materials and methods

2.1. Polymer synthesis

The hydroxypropylmethylcellulose used in this study is Methocel® E4M Premium from the
Dow Chemical Company (M,=290,000g.mol ™). As specified by the producer, the methoxyl
content is 29% and the hydroxypropyl content is 9.7%, corresponding to an average degree of
substitution (DS) of 1.9 and molar substitution (MS) of 0.23, respectively. Silane grafting on
HPMC involves a Williamson reaction between the hydroxyl function of HPMC and the
epoxyde group of silane. The silane used in this study was 3-glycidoxypropyltrimethoxysilane
(GPTMS). The principle and procedure of synthesis of Si-HPMC have been described in
detail in our previous work [21]. The silane percentage was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES). The grafted silane percentage

(w/w) was calculated at 0.59%.
2.2. Sample preparation

2.2.1. Si-HPMC solutions at different pH

Si-HPMC powders are only soluble at basic pH, the dissolution of the powder being faster
when the NaOH concentration is higher. Three different NaOH solutions (0.1, 0.2 and 0.4M)
were used. Two different concentrations of HPMC were prepared (2 and 3% w/w) and the
different solutions were sterilized by steam at 121°C for 20 min. The pH measurements were
performed with a HI 1333B pH electrode (Hanna Instruments”, UK).

Sterilization was carried out with a 2% concentration even for intrinsic viscosity
measurements, after which the sterilized solution was diluted to determine the intrinsic

viscosity. The same NaOH solutions were used for dilution as those described above.



2.2.2. Gelation properties of the Si-HPMC hydrogel

Si-HPMC powder at 3% w/w was dissolved in 0.2M NaOH solution (pH~13.1). The resulting
Si-HPMC solution was twice dialyzed against NaOH solution (0.09M) using a 6-8kDa D-
Tube Dialyzer (Spectra/Por”, UK). The pH value after dialysis was 12.4. After dialysis, the
Si-HPMC solution was steam-sterilized at 121°C for 20 min.

Si-HPMC gelation was performed by decreasing the pH of Si-HPMC with an acid buffer. The
final concentration of Si-HPMC was constant. The buffers were formulated in order to control
the pH during the gelation step. The formulation of acid buffers was based on 99% 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid sodium salt (HEPES) (Aldrich, Germany),

NaCl and variable amounts of 0.1M HCI, in order to adjust the final pH.

2.3. Intrinsic viscosity measurements

The intrinsic viscosity ([ 77]) was determined experimentally from the measurement of solution
viscosity at very low concentration (C) [25] and using a Low Shear 40 rheometer (Contraves,
Germany) at 23°C. Since dilute solutions were considered a Newtonian behavior was
observed.

Respectively, denoting solution and solvent viscosity as, somrion a0d Msomens, [ 7] 1 defined by

the following relationships:

nso ution
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where 7, is the relative viscosity and 7, is the specific viscosity.
The intrinsic viscosity is therefore obtained by extrapolating data using the Huggins [26] and

Kraemer [27] relationships (Egs. (4) and (5), respectively).
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where K, is the Huggins constant and K} is the Kraemer constant.
2.4. Cloud-point determination of HPMC

Cloud-point determinations were carried out using unmodified HPMC (Methocel® E4M).
Aqueous solutions of HPMC polymer were prepared with deionized water at different
concentrations (from 0.25 to 4% w/w). HPMC solutions contained in sealed cylindrical tubes
were heated in a temperature-controlled bath to the required temperature at a rate 0.1°C/min
between 25 to 70°C.

The onset of the appearance of slight turbidity was visually determined by comparison with a

tube containing the cold solution at the same concentration [28].

2.5. Rheological measurements

Rheological measurements were performed using the Haake MARS rheometer
(ThermoHaake™, Germany) with a titanium cone-plate geometry (60mm diameter, 1° cone
angle, 52um gap).

Steady shear tests were carried out at 25°C on different Si-HPMC solutions (2 and 3% w/w).
The operating shear rate ranged from 0.1 to 9000s™'. Different flow curves were fitted and
extrapolated to lower shear rates by the Cross equation [29].

Oscillatory measurements were performed at 25°C on different Si-HPMC solutions. The
complex viscosity (77*) was determined as a function of oscillation frequency (w) under
conditions of linear viscoelastic response in the range from 0.6 to 600 rad.s™, at a constant

stress amplitude (1Pa).



An appraisal was made on the gelation properties of Si-HPMC according to buffer pH and
temperature using Si-HPMC solution (3% w/w at 0.2M NaOH). The time evolution of the
storage (G’) and loss (G”) moduli were measured within the linear viscoelastic region at
different frequencies of 1, 3.2 and 10Hz, respectively.

The time dependence of G’ and G” of the Si-HPMC hydrogel were firstly measured
according to pH at a fixed temperature and secondly according to temperature at a fixed pH.
The gelation time (#,;) was calculated as the time at which tand (= G’/G’) is independent of

frequency, in accordance with the approach proposed by Winter and Chambon [30, 31].

3. Results and discussion

3.1. Viscosimetric study of Si-HPMC solutions

3.1.1. Intrinsic viscosity

Intrinsic viscosity [77] has the dimensions of a specific volume. It is related to the
hydrodynamic volume occupied by a single macromolecule, which is closely related to the
size and conformation of the macromolecular chain in a particular solvent [32]. In dilute
solutions, when comparing the [ 7] values of unsterilized and sterilized Si-HPMC at different
NaOH concentrations (Table 1), it is clear that the unsterilized Si-HPMC has systematically a
greater intrinsic viscosity than the sterilized samples over the whole investigated range of
NaOH concentrations. The difference is higher than the fluctuations in the measurements. It
can therefore be deduced that Si-HPMC chains became more “compact” after steam
sterilization. This can be attributed either to a decrease in the molecular weight due to
polymer degradation at elevated temperatures or to aggregation phenomena of an intra- or
intermolecular nature. In addition, the influence of the NaOH concentration on hydrodynamic
volume of either unsterilized or sterilized Si-HPMC is small or negligible since the intrinsic

viscosity values. [77] values fluctuate by less than 5% for unsterilized and sterilized samples.
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The values of Huggins (Kj;) and Kraemer (K}) constants were determined for each sample.
The Huggins constant is a measurement of the polymer-solvent interaction [33].
Theoretically, K, should lie between 0.3 and 0.8, and values larger than 1 generally imply that
polymer-polymer aggregation or ramification are likely to occur [34]. Reports of Huggins
parameter values >1.0 are not uncommon for cellulosic derivatives [35, 36]. Huggins values
0f 0.16~0.4 and 0.39~0.5 were obtained for unsterilized and sterilized Si-HPMC, respectively,
reflecting certain differences in our samples and systematic decreases in Kj, with the NaOH
concentration. It is of interest to note that the magnitude of Kj; was slightly lower than
published values (0.53~0.54) for non grafted HPMC (Methocel® E4M) [21, 35]. The highest
value of Kj (0.5) was obtained for sterilized Si-HPMC at the lowest NaOH concentration
(0.1M). The Kraemer constant is a second parameter for the polymer-solvent system.
Compared to the Huggins constant, K is always lower. Kraemer values of 0.14~0.2 and
0.1~0.13 were obtained for unsterilized and sterilized Si-HPMC, respectively. It can thus be
deduced that the addition of even a small proportion of silanolate groups leads to a
modification of the interactions between macromolecules, especially at the highest ionic

strength.

3.1.2. Flow curves of Si-HPMC solutions

Fig. 2 describes typical flow curves for Si-HPMC solutions (2 and 3% w/w) at 25% and at
different pH. In all cases, the behavior is shear-thinning with a Newtonian region in the low
shear rate range. As expected, Si-HPMC solutions at 2% w/w were less viscous than Si-
HPMC solutions at 3% w/w, for similar concentrations of NaOH. The shear-thinning behavior
can be regarded as resulting from modifications of the in-solution macromolecular
organization as the shear rate changes and is common in entangled polymer solutions, which
corresponds to our concentration conditions (c[n]>1). At low shear rates, the disruption of

entanglements by the imposed shear is balanced by the formation of new ones, thus no net
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change in entanglements occurs, leading to a constant value for the viscosity, called the zero
shear viscosity (i.e. limiting Newtonian viscosity 77)). For higher shear rates, disruption
predominates over any formation of new entanglements, molecules align in the direction of
flow and the apparent viscosity decreases with increasing shear rate. As chain entanglements
increase with concentration, the relaxation time corresponding to the transition from
Newtonian to shear-thinning behavior moves to higher values.

Before steam sterilization, the concentration of NaOH did not affect the rheological behavior
of the Si-HPMC solutions, regardless of the polymer concentration. However, after steam
sterilization, a clear decrease in the viscosity of the solutions was observed, which became
even more marked when the NaOH concentration was increased. To quantify this effect, the

Cross equation [29] (Eq. (6)) was used to match the rheological behavior of Si-HPMC

solutions (Table 2).
B
- (U 6
7 1+Ay)" ©)

where 7 (Pa.s) is the viscosity at a given shear rate 7 (s'); A is the structural relaxation time

(s); n is the exponent in the power law regime and 7y (Pa.s) is the zero shear viscosity (i.e.,
limiting Newtonian viscosity).

There was a remarkably good match with the model predictions, as illustrated by the
satisfactory values of correlation coefficient (R~0.99). Table 2 provides the values of the
different parameters as a function of concentration and pH, confirming a variation of about
20% over the pH range of the zero shear viscosity of unsterilized samples, as compared to a
factor of 3 for sterilized ones. The values of 7, increased with the increasing concentration of
Si-HPMC (Fig. 3) and the exponent of the power law did not depend on pH, or any

sterilization step.
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3.1.3. Applicability of Cox—Merz rule of Si-HPMC solutions

For many flexible non-associating polymer solutions, the frequency dependence of complex
viscosity (n") and the shear rate dependence of apparent viscosity (1) are found to be virtually
identical, when the same numerical values of shear rate (7 ) and frequency (w) are compared
[37]. This empirical correlation is known as the Cox—Merz rule:

" (@) =07, (M
The Cox-Merz rule was checked by correlating the dynamic and steady shear properties of Si-
HPMC solution. The steady state viscosity versus shear rate and the complex viscosity versus
frequency of sterilized Si-HPMC solutions (2 and 3% w/w) were plotted together on Fig. 4.
Very clearly, the Cox-Merz rule applies to these solutions and the viscosity under flow is
always the same as the complex viscosity. Similar behavior was equally observed for
unsterilized Si-HPMC solutions (not shown here), thus is can be concluded that both Si-

HPMC (unsterilized and sterilized) samples behave like ordinary polysaccharide solutions

[38].

3.1.4. The effect of pH and steam sterilization on the properties of Si-HPMC solutions

The intrinsic viscosity ([77]) and average molecular weight (M,,) can be related according to
the Mark-Houwink-Sakurada (M-H-S) relationship [32, 39]:

] = kM ®)
where k is the M-H-S constant and a is the M-H-S exponent.

Parameters k and a depend on polymer, solvent, co-solutes and temperature. Parameter a does
not vary with the molecular weight for flexible-chain polymers but it has been reported [32]
that a can become a decreasing function of M, for semi-flexible chains above a critical
molecular weight. Both parameters are related to the stiffness of the polymer and almost any

value of a ranging from 0.4 to 1.2 has been reported for cellulosic derivatives in aqueous
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solution [36]. The parameter k reflects the stereochemistry of the intra-molecular species and
cellulosic derivatives are typically described [32] as being comprised of highly expanded
coils, leading to high values of k, as a consequence of the 1,4-linkage within the backbone of
the polymer chains. The values of the parameters & and a have already been reported for
HPMC (Methocel® E4M) [39] as 1.86x10™ and 0.82, respectively, for an intrinsic viscosity
expressed in dl.g” and a molecular weight expressed in kDa.

If one assumes that the decrease in intrinsic post-sterilization viscosity is due to a reduction in
the molecular weight, the corresponding change can be estimated using the M-H-S equation,
provided that the parameters are unchanged for the silane-modified polymer. Table 3 shows
that only a moderate change in the molecular weight can be expected (20% for 0.1M NaOH,
and dwindling to 8% for 0.4M NaOH). Table 3 also reports the ratio between limiting
Newtonian viscosity of unsterilized samples and sterilized ones according to concentration
and for various pH values.

Since the viscosity of a concentrated polymer solution depends on the number of
entanglements per chain, and thus on the molecular weight, it can be deduced that, the largest
drop in the viscosity is expected at the lowest concentration of NaOH, solely on the basis of
the molecular weight reduction, which is obviously not observed experimentally, given that
the opposite trend is noted. It can therefore be concluded that a decrease in the molecular
weight due to the sterilization step, and compatible with the intrinsic viscosity data, does not
lead to the observed variations of the zero shear viscosity of the concentrated solutions with
the NaOH content.

Phase separation phenomena of Si-HPMC during the sterilization step must also be taken into
account and might be responsible for intra or intermolecular associations.

In fact, it has been reported that heating during sterilization leads to a phase separation in the

HPMC solution (Methocel® E4M), the latter being reversible upon cooling (at least as regards
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the clarity of the solutions) [40]. Fig. 5 shows the cloud-point curve (temperature versus
concentration) of HPMC solution. The concave shape of the cloud-point curve thus obtained
by our procedure indicates that HPMC in water exhibits a lower critical solution temperature
(LCST). Below this curve, the system was clear and homogeneous whereas it turned into a
homogeneously turbid gel above the curve. This phenomenon was mainly observed for
cellulose derivatives [28, 41]. From the minimum in this curve we determined a critical
temperature 7,=50.3°C and a critical polymer concentration C,=3~3.5%.

The decrease in the intrinsic viscosity, which was measured from the dilution of a 2% steam-
sterilized solution, tends to prove that the change involves intramolecular association,
although it is carried out in the concentrated area. Such a phenomenon can explain the
simultaneous decrease in the viscosity of concentrated post-sterilization solutions, although
the detailed role of the pH is still unknown. The determination of the exact nature of the
interactions is beyond the scope of this paper and would require long and difficult
spectroscopic studies.

Since a sizeable decrease in the viscosity of the concentrated solutions can be observed after
sterilization, we could expect a greater decrease in the intrinsic viscosity. It is however
possible that the hydrodynamic volume in dilute solution is only slightly affected due to
compensation between intermolecular associations which cause it to increase, and

intramolecular associations which act in the reverse way.

3.2. Gelation properties of Si-HPMC hydrogel

3.2.1. Gelation study of Si-HPMC hydrogel

The storage (elastic) modulus G’ provides information about the elasticity or energy stored in
the material during deformation, whereas the loss (viscous) modulus G~ describes the viscous

character or energy dissipated on heating. The ratio between the viscous and the elastic
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modulus is expressed by the loss tangent tand (= G ”/G’) where ¢ is the phase angle. The loss
tangent is a measurement of the ratio of energy lost against energy stored in a cyclic
deformation.

Progressive gelation of Si-HPMC solution (3% w/w, at 0.2M of NaOH), mixed with acid
buffer (1v0.5) was investigated rheologically by the time evolution of both storage (G’) and
loss (G ) moduli at 25°C (Fig. 6). Initially, G’ was lower than G ”. Both moduli increase with
time, however, the faster increase with time of G’ compared to G” prompts a crossover point
before reaching a pseudo plateau for both moduli. This dramatic increase in G’ is attributed to
the initial fast rate of the network formation, facilitated by the high release of acid buffer,
which instantly decreases the sample pH from 12.4 to near 7.4. The pH just after the blend of
Si-HPMC and the buffer solution was 7.4. Eight minutes after the mixture the pH decrease a
little to reach 7.2 and stay stable for more than 3 days.

Fig. 6 clearly indicates that both moduli depend on frequency. After a long period of gelation,
G’ became independent of frequency but G~ was still slightly dependent on frequency (not
shown here). As shown in Fig. 6, the crossover point depends on frequency, and is therefore
inappropriate to define gel time (7). The Winter and Chambon [30, 31] criterion to
determine the gel point, defines #,; as the unique point where the curves of tand (= G"/G’)
cross for all investigated frequencies (Fig. 6).

The effects of key parameters, i.e. pH and temperature on the gelation of Si-HPMC were
investigated via their influence on gelation time (f,;) determined in accordance with the

previous method.

3.2.2. Influence of pH on gelation time of Si-HPMC hydrogel

For cartilage tissue engineering applications, when chondrocytes are blended with the Si-
HPMC hydrogel the best pH is 7.4 [19]. When this hydrogel is used for dental tissue

engineering applications as a biomaterial injected with or without calcium phosphate granules
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to fill a tissue defect the pH could be basic to balance the acidic level of the inflammatory
process [22]. In case of infected tissue, in specific area like apical zone of teeth we can reach
a high ph value like 11.5 or 12 that is equivalent to calcium hydroxide pH used in this
indication.

The neutralization behavior of Si-HPMC/buffer solutions is evidently a key characteristic.
Gelation time, for example, determined by rheological measurements, is greatly affected by
the pH of a prepared Si-HPMC/buffer solution (Fig. 7). To decrease pH of Si-HPMC
solutions, different acid buffers (different pH) were used at a final concentration of Si-HPMC
(2%). The final pH of post-neutralization hydrogel was measured and gelation time was
determined.

The temporal evolution of G’ and G”, measured for different Si-HPMC/buffer, determined
the dependence of gelation time on the final pH of the hydrogel. Gelation time decreased
when pH increased. Gelation time varied from 872s (pH 7.4) to 11s (pH 11.8). Increasing pH
accelerated the gelation process and enabled us to tailor the required gelation time. The rate of
silanol condensation was minimum near the neutral pH and increased both at lower (acid) and

higher (basic) pH [42, 43].

3.2.3. The influence of temperature on Si-HPMC hydrogel gelation time

The temporal evolution of G’ and G, measured for a Si-HPMC hydrogel at constant pH (7.4)
and various temperatures helped determine the dependence of gelation time on temperature
(Fig. 8).

Fig. 8a shows a decrease in gelation time (Z,;) with an increase in temperature from 20 to
45°C. The linear relationship between In(#,;) and 1/T depicted in Fig. 8b, suggests that the

temperature dependence of gelation can be represented by an Arrhenius equation [44] (Eq.

).
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Ln(t, )=A+—= 9
(7o) RT )

where A4 is a constant, R the ideal gas constant (8.314J XK '.mol™" of monomeric units), and 7
the temperature (K).

Calculation of the activation energy (£,) of the condensation reaction, using the above
equation, gives 74.3kJ.mol ™.

At pH 7.4, we demonstrated the decrease of the gelation time by increasing the temperature.
This behavior could be explained by catalytic action of temparture on the silanol
condensation[45]. It might also be possible that, at high temperature (45°C or higher)
additional mechanisms, such as the association of the hydrophobic zones in the
polysaccharide chain, can favor the essential network formation process due to the silanol
condensation (pH effect). Indeed, this temperature range is close to the LCST curve and
associations between polymer segments are likely to occur.. Hussain et al. have already
demonstrated that for HPMC (Methocel® E4M) the water solution clouding point was
observed at 42°C and phase separation occurred at 55°C, confirming physical gel formation
[40]. In our case, phase separation of the HPMC water solution was observed at 50.3°C, but
this macroscopic phenomenon is only observed when the size of the aggregates allows light
scattering. Furthermore; silanisation of HPMC could probably lower the temperature of this

phenomenon but further detailed investigations are required on this subject.

4. Conclusions

In the present work the Si-HPMC self-hardening hydrogel was studied. The hydrogel was
formed by condensation of silanol moieties using acid buffers as neutralizing agents. Si-
HPMC solutions were firstly studied without initiating the crosslinking reaction to
characterize the influence of pH and sterilization. Intrinsic viscosity measurements revealed

that hydrodynamic volume decreased after steam sterilization with a weak effect of pH. The
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influence of pH and steam sterilization for the concentrated solutions was also studied.
Although at a fixed Si-HPMC concentration, the limiting viscosity of unsterilized samples
was stable according to NaOH concentration; this was no longer the case after sterilization,
where a drop (up to factor 3) in viscosity was observed, which was extended by increasing
NaOH concentration. This change has been attributed to the formation of both intra and
intermolecular associations during the phase separation process.

The study of the Si-HPMC gelation properties showed a steadfast influence of the pH and
temperature on gelation time. In general, gelation accelerates with an increased pH of the Si-
HPMC hydrogel. Gelation time decreased as temperature increased from 20 to 45°C due to an
increased rate of the condensation process. In conclusion, pH and temperature are important
parameters in the gelation process and their influence is a key factor in controlling gelation

time.
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Figure captions

Fig. 1. Reactions of grafting and neutralization for the synthesis of Si-HPMC.

Fig. 2. Viscosity (77) versus shear rate (y ) at 25°C for different Si-HPMC solutions (2 and 3%

w/w) before (NS) and after (S) steam sterilization. The full line represents predictions of the
Cross model.

Fig. 3. Limiting viscosity (779) versus concentration of NaOH (0.1, 0.2 and 0.4M) at 25°C for
Si-HPMC solutions (2 and 3% w/w) before (NS) and after (S) steam sterilization.

Fig. 4. Cox-Mertz representation of sterilized Si-HPMC solutions (2 and 3% w/w) obtained
from steady-state flow data (0.1M (A), 0.2M (©) and 0.4M (o)) and dynamic data (0.1M (A),

0.2M (¢) and 0.4M (e)).

Fig. 5. Cloud-point as a function of the HPMC concentration in water. HPMC solutions
contained in sealed cylindrical tubes were heated in a temperature-controlled bath to the

required temperature at a rate 0.1°C/min between 25 to 70°C.

Fig. 6. Time evolution of G’ (closed symbols) and G (open symbols) at 25°C for Si-HPMC
(3%) hydrogel at pH 7.4. Three frequencies were applied (1. 3.2 and 10Hz) at fixed total shear
stress (1Pa). The tand is shown in the inset versus the frequency for Si-HPMC hydrogel where
gel time (#/) is indicated.

Fig. 7. Gelation time as a function of pH of the Si-HPMC solution (Si-HPMC 3% w/w;
NaOH 0.2M) at 25°C. The pH differences were generated by altering the pH of buffer
solution used to dissolve a constant amount of Si-HPMC.

Fig. 8. Variation of gelation time (7) as a function of temperature for Si-HPMC for Si-
HPMC (3%) hydrogel at pH 7.4: (a) decrease in #4; with the temperature. and (b) linear

relationship of In(#,.) versus 1/T.
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Figure 6

100

G',G" (Pa)

S

1
g e 10K / 10Hz
801 32H ¢ ——— 3.2Hz

T 2 1Hz
0,01 b L
0.1 100 100000
Time (s)
1 ‘ ' ; . L L I |
0 10000 20000 30000
Time (s)

Time evolution of G’ (closed symbols) and G (open symbols) at 25°C for Si-HPMC (3%)
hydrogel at pH 7.4. Three frequencies were applied (1. 3.2 and 10Hz) at fixed total shear
stress (1Pa). The tand is shown in the inset versus the frequency for Si-HPMC hydrogel where

gel time (Z,) 1s indicated.



Figure 7

10000 ¢
1000 -

100 -

Gelation time tger ()

-
o

pH

Gelation time as a function of pH of the Si-HPMC solution (Si-HPMC 3% w/w; NaOH 0.2M)
at 25°C. The pH differences were generated by altering the pH of buffer solution used to

dissolve a constant amount of Si-HPMC.



Figure 8

—_
[Y)
~

2100 |

1800 - y = 11114009
R* =0,9792

1500 |
1200 -
900 -

Gelation time t gei (S)

600 -

300 |

15 25 35 45
T(°C)

In(tger)
o

3,1 3,2 3,3 3,4 3,5
1T x 10° (K™)

Variation of gelation time (7,.) as a function of temperature for Si-HPMC for Si-HPMC (3%)
hydrogel at pH 7.4: (a) decrease in #,; with the temperature. and (b) linear relationship of

In(#ge;) versus 1/T.



Table(s)

Table 1

Intrinsic viscosity obtained for different Si-HPMC samples before and after steam

sterilization.
Sterilization ~ NaOH (M) pH [7] (dl.g™) K, K,
Unsterilized 0.1 12.8 6.85£0.08 0.40 0.14
0.2 13.1 6.55+0.03 0.35 0.15
0.4 13.4 6.52+0.10 0.16 0.20
Sterilized 0.1 12.8 5.96 +0.08 0.50 0.10
0.2 13.1 5.92+0.03 0.39 0.14
0.4 13.4 6.12 +0.02 0.39 0.13




Table 2

Magnitudes of the Cross model parameters obtained for unsterilized and sterilized Si-HPMC

at different concentrations and pH. Results are expressed as mean + standard error of triplicate

determinations.
Si-HPMC  Sterilization =~ NaOH M Ax103 n
(% wiw) M) (Pa.s) (s)
2 Unsterilized 0.1 1.09 = 0.01 6.29 £ 0.14 0.72 £ 0.00
0.2 0.92 + 0.01 5.83 £ 0.11  0.72 = 0.00
0.4 0.80 £ 0.02 5.04 £ 026 0.72 = 0.00
Sterilized 0.1 0.76 + 0.03 523 £0.72 0.69 = 0.01
0.2 0.40 £ 0.02 236 £ 0.08 0.72 = 0.00
0.4 0.25 + 0.01 1.56 = 0.15 0.73 + 0.02
3 Unsterilized 0.1 5.19 £ 0.17 2229 £ 1.39 0.72 = 0.00

0.2 554 £ 0.19 23.18 + 2.13 0.72 + 0.00

0.4 435 £ 0.16 21.08 £ 0.88 0.72 £ 0.00

Sterilized 0.1 3.67 £ 0.19 2472 + 1.65 0.71 = 0.01

0.2 2.63 £ 0.12 1246 = 1.09 0.72 = 0.01

0.4 1.19 + 0.03 553 +£0.04 0.74 + 0.01




Table 3

Different relative values (intrinsic viscosity, limiting viscosity and molecular weight) of Si-

HPMC samples.

NaOH (M) pH [7] ratio* M,, ratio* o ratio* at 2% o ratio* at 3%
0.1 12.8 1.15 1.19 1.43 1.42
0.2 13.1 1.11 1.13 2.30 2.11
0.4 13.4 1.06 1.08 3.19 3.66

*Between values of unsterilized and sterilized samples (NS/S).



