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Abstract

Hydroxypropyl methylcellulose (HPMC) belongs to the cellulose ether family that has both
hydrophobic methyl groups (DS) and hydrophilic hydroxypropyl groups (MS) on its chain.
Herein, the interactions between water molecules and cryogels prepared with HPMC in the
presence and absence of a linear nonionic surfactant containing a dodecyl chain and a PEG
chain, as well as CaO; microparticles, which react with water producing O, were
systematically investigated by sorption experiments and Time-Domain Nuclear Magnetic
Resonance (TDNMR). Regardless of the DS and MS, most water molecules presented
transverse relaxation time t2 typical of intermediate water and a small population of more
tightly bound water. HPMC cryogels with the highest DS of 1.9 presented the slowest swelling
rate of 0.519 +0.053 gwae/(g.S) and the highest contact angle values 85.2500° + 0.0039°,
providing the best conditions for a slow reaction between CaO, and water. When the surfactant
is present, it may create hydrophobic interactions that allow the polar head of the surfactant
to be exposed to the medium, resulting in a higher swelling rate and lower contact angle
values. The HPMC with the highest MS presented the fastest swelling rate and the lowest
contact angle. These findings are relevant for the formulations and reactions, where tuning

the swelling kinetics is crucial for the final application.
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1 Introduction

Understanding the interactions between polysaccharides and water allows the
preparations of materials with tunable properties. For instance, the degree of swelling and
dissolution of polysaccharides in food formulations affect the texture and consistency of the
final products (Dedhia et al., 2022; Y. Wei et al., 2021). Polysaccharides are commonly used
as protective materials in drug formulations due to their biocompatibility (Barclay et al., 2019;
Kurczewska, 2022). The sustained release of the drug depends on the swelling and erosion
rate of the polysaccharide layer, which is controlled by the polysaccharide molecular structure
(Khalid et al., 2021). In the field of construction and building materials such as gypsum paste
(Liu et al., 2021) or cement (Schmidt et al., 2017) the addition of polysaccharides can tune

their rheological properties.

Hydroxypropyl methylcellulose (HPMC) or hypromellose belongs to a family of
cellulose mixed ethers resulting from the substitution of hydroxyl groups by methyl and
hydroxypropyl groups. The degree of substitution (DS) and the molar substitution (MS) refer
to the number of moles of methyl group and of hydroxypropyl groups per mole of repeated
unit, respectively. Hydroxypropyl groups can undergo chain reactions, increasing the MS
value. HPMC samples with high DS values tend to be more hydrophobic, whereas samples
with high MS values tend to be more hydrophilic (Thielking & Schmidt, 2006). The solubility of
HPMC in water tends to improve when the system is cooled, as lower temperatures decrease
the entropy of water, which promotes the hydration of HPMC chains (Tundisi et al., 2021).
When the system is heated, the entropy of water molecules increases, leading to dehydration
of the HPMC chains and an increase in hydrophobic interactions between the methyl groups.
Some trends were found based on the rheological behavior and scattering properties of
aqueous solutions of HPMC. When the concentration of HPMC in an aqueous solution
exceeds the critical overlap concentration, which is related to the entanglement of polymer
coils, the solution undergoes phase separation upon heating up to ~ 50 °C (Lodge et al., 2018).
This phase separation temperature is not affected by the heating rate (thermodynamic phase
transition), but it does depend on the HPMC concentration, DS, MS, and molecular weight
(Lodge et al., 2018). The increase in the DS values tends to decrease the temperature at

which such phase transitions take place (Perez-Robles et al., 2022).

The structure of water molecules in polysaccharide hydrogels depends on the chemical
structure of the polysaccharide. In general, water molecules can be found in three different
states: (i) non-freezing bound water molecules, which are not freezable due to the strong
interaction with the polymer chains, (ii) freezing bound water or intermediate water, which

freezes below 0 °C due to the less strong interactions between water and polymer chains, and



(iii) free water (Hatakeyama & Hatakeyama, 2017). Experimentally, these states of water can
be detected by calorimetry and Time-Domain Nuclear Magnetic Resonance (TDNMR).
TDNMR is a powerful tool to determine the states of water in hydrogels because free water
molecules have t2 relaxation time of typically greater than thousands of ms (Toledo et al.,
2020), whereas non-freezing bound water molecules have t2 in the order of units of ms (Wang
et al., 2020; S. Wei et al., 2018). t2 values of typically hundreds of ms are assigned to freezing
bound water or to water molecules that form “water pools" in hydrogels (da Silva et al., 2022).
Trp modified HPMC cryogels presented populations of water molecules with t2 relaxation time
in the range of 200 ms to 400 ms, indicating that the modification favored the state of freezing
bound water. The adsorptive capacity of HPMC-Trp cryogels towards methylene blue and
rhodamine B increased with the increase of the fraction of freezing bound water molecules,
which was caused by the progressive increase of Trp content (Toledo et al., 2020). Vanillin
modified chitosan hydrogels presented swelling degree and populations of freezing bound
water molecules that decreased with the increase of vanillin content due to the hydrophobicity
(da Silva et al., 2022).

HPMC cryogels can be formed upon freeze-drying hydrogel precursors. In the
presence of citric acid, the heating of dry cryogels at 165 °C for 5 min promotes the
esterification reaction between the HPMC hydroxyl groups and carboxylic acid groups (Martins
et al., 2017), rendering stability in the pH range from 0 to 9, and above pH 9 the ester linkages
undergo hydrolysis. Citric acid can be used as crosslinker between two HPMC chains and as
a linker between HPMC chains and B-cyclodextrin (de Souza & Petri, 2018), amino acids
(Toledo et al.,, 2020), or sugarcane bagasse microparticles (Dias et al., 2022). When
crosslinked and tryptophan (Trp) modified HPMC cryogels are immersed in water, they can
uptake up to 47 grams of water per gram of cryogel (Toledo et al., 2020).

The interactions between polysaccharides and water might affect certain reactions. For
instance, calcium peroxide (CaOy) reacts with water producing oxygen (Oz) (eq. 1) and/or
H.O. (eq. 2), which is decomposed to O; (eq. 3). For this reason, CaO; is often used for
wastewater treatment, restoration of eutrophic aquatic systems and soil remediation (Lu et al.,
2017). However, the direct application of CaO- to ground water generates Ca(OH),, increasing
the pH of the surrounding medium, and affecting indigenous microorganisms (Kao et al.,
2003). Although poly(vinyl pyrrolidone), poly(ethylene glycol) and poly(vinyl alcohol) have
been applied as protective layers of CaO, nanopatrticles (Ali et al., 2020), there is scarce
information about the use of polysaccharides to retard the reaction between CaO, and water
(Lee et al.,, 2014).

Ca0; + H20 — Ca(OH), + ¥ 02 (1)



Ca0O;+ 2H,0 — Ca(OH)z + H.0, (2)
H.O2; — H20 + % O, (3)

In this work, cryogels were prepared with three HPMC samples of similar molecular
weight, but different DS and MS. These cryogels were then modified by incorporating a
nonionic surfactant called Alkonat-L230® which contains a dodecyl chain and a PEG chain
and/or CaO- microparticles. The choice of Alkonat-L230® was based on its wetting properties
and the lack of previous studies using this kind of surfactant. The hypothesis is that a
preferential orientation of surfactant molecules towards the HPMC functional groups can
influence the wetting properties, swelling degree and the states of water of the cryogels.
Furthermore, it is hypothesized that incorporating CaO; microparticles into HPMC cryogels
(modified or not by the surfactant) should retard the reaction between water and CaO.,
providing a more sustained release of oxygen compared to pure CaO.. Thus, this study was
developed to understand how the molecular structure of HPMC and surfactant modified HPMC
affects (i) the interactions between HPMC and water, (ii) the states of water in the hydrogels

and (iii) the CaO. decomposition to O».

2 Material and methods

2.1 Materials

HPMC samples kindly provided by Dow Chemical Brazil Co. with different DS and MS
values, but similar molecular weights (Table 1), citric acid (Labsynth, Brazil, 192.12 g mol?),
sodium hypophosphite (Labsynth, Brazil, 105.99 g mol?), calcium peroxide (CaO2, Sigma-
Aldrich 466271, 72.08 g mol?t, ~ 75% purity, 200 mesh), Alkonat-L230® surfactant (CAS
Number: 9002-92-0, 1198 g mol?!, HLB 16.9, Oxiteno, Brazil), hydrochloric acid (HCI,
Labsynth, 36.5% purity), Tris(hydroxymethyl)aminomethane (Tris, Sigma, 121.14 g mol?, 99.5
purity) were used as received. Fig. 1a and 1b represent the chemical structure of HPMC and
Alkonat-L230®, respectively. Alkonat-L230® is an uncharged surfactant obtained from the
reaction between lauryl alcohol and ethylene oxide. The critical micelle concentration (cmc)
was determined by tensiometry at 22 + 1 °C as 0.084 g L (0.07 mM), details were provided
as Fig. SM1.

Table 1 HPMC characteristics: United States Pharmacopeia (USP) codes corresponding to
the DS and MS ranges. Degree of substitution (DS), molar substitution (MS), weight average
molecular weight (Mw), and viscosity average molecular weight (M)

HPMC type USP code Code DS* | MS* Molecular weight (g mol?)




K4M 2208 HPMC-K 15 |025 |@®M,21x10°

J12MS 1828 HPMC-J 15 075 |®M,35x10°

E4M 2910 HPMC-E 19 |025 |@M,25x10°

*Data provided by producer, (a) determined by gel permeation chromatography (Marani et

al., 2015), (b) determined by capillary viscometry (Dezotti et al., 2021).

2.2 Preparation of HPMC/Alkonat/CaO, and HPMC/CaO- cryogels

Solutions of HPMC at 3.0 wt% containing 0.3 wt% of citric acid (crosslinker) and 0.15
wt% of sodium hypophosphite (catalyst) were prepared with MilliQ® water under magnetic
stirring. For the preparation of HPMC solutions with Alkonat-L230®, Alkonat-L230® was
added to the HPMC solution so that the final concentration was 0.168 g L-1 (2 x cmc). For the
incorporation of CaO2 microparticles into the HPMC solutions, 50.0 mg of CaO2 was added
to 1.6 g of HPMC solution. Then, the precursors were put into polypropylene tubes of 2 mL,
frozen at —-24 °C during 24 h (standard freezer), and then freeze dried under vacuum (0.2 bar)
during 10-12 h. After that, the cryogels were oven heated to 165 °C for 5 min to promote the
esterification reaction between citric acid and HPMC hydroxyl groups. The resulting cryogels
were coded as shown in Fig. 1c.
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Figure 1 Schematic representation of chemical structures of (a) HPMC, where R= —-H, —CHjs,
or —CH,-CHOH-CHzs; (b) Alkonat-L230®, n = 23 and dodecyl chain, coded as A. (c) Codes
used for the different formulations of HPMC based cryogels and the corresponding
photographs; (d) Experimental setup used for the determination of O, released in the aqueous
medium as a function of time.

2.3 Kinetics of O, release

The kinetics of the reaction of CaO, and water was evaluated by measuring the release
of O (equations 1 and 3) in the aqueous medium as a function of time, using a selective O
sensor (Lutron WA-2015), which registered periodically the concentration of O, dissolved in
the medium. For all the experiments, a glass vial of 60 mL was filled with 50 mL of MilliQ®
water, which was previously purged with N2 to reduce the concentration of O, naturally
dissolved in the medium. The temperature was controlled by a thermostat (Thermo Scientific,

Accel 250), and the system was kept under mild magnetic stirring during 4 h or 24 h. The



system (Fig. 1d) was sealed with Parafilm®. Considering that the reaction vial was practically
completely filled, all O2 produced is expected to be in the aqueous phase.

Initially, the effect of temperature, ethanol/water mixture and pH on the kinetics of the
reaction between pure CaO. and water was evaluated by varying (i) temperature (20 °C, 25
°C, 30 °C); (ii) water concentration (water, ethanol/water 50% v/v), and (iii) pH (5.5 MilliQ®
water and Tris-HCI buffer at 7.5). For all experiments, the CaO; concentration was set at 1 mg
mL1. The results of these experiments allowed choosing the best conditions for the kinetics

study using the CaO; incorporated in the cryogels.

2.4 Characterization

After the crosslinking reaction, the cryogels were weighed (mpa), and washed (except
for samples with CaO,) with deionizer water to remove the unreacted molecules until the water
reached the conductivity of ~ 5.5 uS cm™. Noteworthy, after crosslinking, the cryogels
containing CaO, microparticles were not rinsed to avoid loss of CaO; by the reaction with
water. Then, the cryogels were swollen with MilliQ® water, freeze-dried for the second time,

weighed (maried), and used in further analyses. The gel content was calculated according to:
Gel(%) = Tdried 5 100 (4)
Mpol

The swelling kinetics was determined using the sorption kinetics mode of a Kriiss K100
precision tensiometer (+ 0.00001 g, Kriss, Hamburg Germany), at 22 + 1 °C. The sample was
fixed at the mass sensor (Fig. SM2), the vessel containing MilliQ® water approached the
sample automatically. Upon touching the sample, the water was sorbed by the sample and its
mass was registered as a function of time. The swelling rate (SR) was determined by the initial
slope of the dependence of the mass of sorbed MilliQ® water on the time. The swelling degree
(SD) was calculated by dividing the mass of sorbed MilliQ® water under equilibrium conditions
(Mwater) DY Maried:

SD = Myater (5)

Mdried

The contact angle of water on the cryogels was determined indirectly by the Washburn
method using a K100 Kriss (Germany) tensiometer, at 22 + 1 °C, as shown in Fig. SM2. The
increase of mass absorbed by the sample due to capillary forces was recorded as a function
of time. First, the capillary constant (Cw) was calculated using the Washburn equation (Eq. 6),

and n-hexane as liquid (contact angle 6 = 0°).

™ (6)

tp20Cy,

cosf =

Where, 0 (°) is the contact angle of the liquid on the solid, m (g) is the mass of liquid absorbed
through capillarity, n (Pa s) is the viscosity of the liquid, t (s) is the time, p (g cm™) is the density

of the liquid, and o (N m?) is the surface tension of the liquid. After determining the C., the



sorption experiments were performed for MilliQ® water in order to find out the 6 values for
water on the HPMC cryogels.

The apparent density was calculated by measuring the cryogel dimensions with a
pachymeter and weighting them in an analytical balance in triplicate. The apparent porosity

(Pap) of cryogels was calculated by
Oq
Pp=(1- ?:’”) X 100 (7)

Where, pap is the apparent density of cryogels and pcen is the density of HPMC (1.3 g cm™).

FTIR analysis was done in the attenuated total reflectance mode (ATR-FTIR, Perkin
Elmer Frontier), using a ZnSe crystal, resolution of 4 cm?, in the range of 600 cm™ to 4000
cm?, and accumulation of 64 scans. The morphology of HPMC based cryogels was evaluated
by scanning electron microscopy (SEM), using Jeol Neoscope JSM-7401F microscope,
operating at 10 kV and high vacuum; all samples were previously coated with a 5 nm layer of
gold.

Transverse water proton relaxation time (t2) measurements were carried out on a
Bruker Minispec MQ20 (20 MHz) at 33°C using Carr-Purcell-Meiboom-Grill (CPMG) pulse
sequence requiring 30000 echoes with echo time of 0.16 ms, adopting similar data approach
as the reference. SKL Neo MultiExp program was used for inverse Laplace transform and
Log-Normal distribution integration was aided by a user-guided program called Peakfit 4.00
(Jandel scientific software) (Toledo et al., 2020). The dried cryogels were swollen in deionized
water in the weight-to-weight (w/w) ratio (between 10-30%) inside the NMR probe during
TDNMR acquisition that lasted a total of 20 min.

2.5 Statistics

Statistical analysis was done using the Origin Lab software (version 2022b) with ANOVA
and Tukey Test. Values of p < 0.05 indicated a statistically significant difference. The standard

deviations were represented with two significant digits (Harris, 2019).

3 Results and discussion

3.1 Effect of DS, MS and surfactant on the physical properties of HPMC cryogels and on

their interaction with water

The effects of DS, MS and the addition of a nonionic surfactant on the physical
properties of HPMC cryogels and on their interaction with water were systematically
investigated.

Table 2 shows the mean values of gel content (Gel%), swelling degree (SD), swelling
rate (SR), and contact angle values determined for HPMC-E, HPMC-J, and HPMC-K indicated
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that the sample with the largest MS value of 0.75 of HPMC-J favored the crosslinking with
citric acid, increasing the Gel%. Although the SD values determined for HPMC-E, HPMC-J
and HPMC-K were statistically similar, the swelling rate (SR) values were not (Table 2 and
Fig. 2). The SR values determined for HPMC-E, HPMC-J and HPMC-K amounted to 0.519 +
0.053 gwater/(9.8), 7.29 + 0.92 guwawer/(g.S) and 1.54 + 0.67 guaer/(g.S), respectively. The slowest
water sorption was observed for HPMC-E, which has the highest DS, whereas the fastest
water sorption was observed for HPMC-J, which has the highest MS. This trend was also
observed for the contact angle values. The highest DS value of 1.9 rendered HPMC-E the
highest contact angle value (85.2500° £ 0.0039°), whereas the lowest DS value of 1.5 led to
contact angle values of 72.56° + 0.94° and 73.5° + 2.8° for HPMC-K and HPMC-J, respectively.

Table 2. Mean values of apparent density (pap), apparent porosity (Pap), gel content (Gel%),
swelling degree (SD), swelling rate (SR), and contact angle determined for the HPMC-E,
HPMC-E/A, HPMC-J, HPMC-J/A, HPMC-K, and HPMC-K/A cryogels.

o p sSD SR Contact
Sample @ carpn'3) (025 Gel% (Gune/0) (Qwater/(9.S)) arzg) le
ipmek | 00477 | 9633 | 886 332 1.54 72.56
(£0.0067) | (+0.52) | (£7.6) | (+14) (+0.67) ( 0.94)
pyc. | 00640 | 9508 | 936 35.1 7.29 73.5
(+0.0015) | (+0.11) | (x1.2) | (+3.1) (+0.92) (*2.8)
ipme.p | 00529 | 9593 | 925 322 0.519 85.2500
(£0.0017) | (0.13) | (£3.3) | (#25) | (x0.053) | (+0.0039)
00630 | 9516 | 927 35.7 1.49 68.5
HPMC-KIA 1 10.0043) | (2033) | (x12) | (26.3) (£0.12) (+ 1.5)
00678 | 9479 | 90.38 | 32.3 2.46 73.5
HPMC-JIA 1 10.0059) | (:0.45) | (+037) | (¢3.1) (+0.92) (*3.0)
0.0605 | 9495 | 931 317 0.720 80.55
HPMC-B/A | (10.0054) | (x0.41) | (+23) | (+15) | (+0.082) ( 0.84)
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Figure 2. Mean values of swelling degree (SD) as a function of time determined for HPMC
cryogels in MilliQ® water, at 22 + 1 °C. The red lines correspond to the linear fits. The dotted
lines represent the minimum and maximum values of SD determined for each system.

Regardless of the type of HPMC, the addition of Alkonat-L230® (surfactant) did not
affect the Gel% and SD values, which amounted to ~ 90-93%, and 32-35 Quater g, respectively
(Table 2). Giang and co-workers (Giang et al., 2022) observed that the addition of PEG (1
wt%) to HPMC-E and citric acid (5 wt%) led to Gel% of only ~ 50%; such a low Gel% was
attributed to the degradation of PEG during the thermal esterification process. However, it was
not the case for the cryogels containing Alkonat-L230® because the cryogels were stable (no
change of color) after heating at 165 °C to promote the esterification with citric acid and the
Gel% valeus did not decrease. On the other hand, the SR values determined for HPMC-E/A
(0.720 = 0.082 gwaer/(g.S)) were slightly larger than those for HPMC-E (0.519 + 0.053
Owater/(g.S)), indicating somehow the polar head of the surfactant adsorbed on the cell walls
made the environment more hydrophilic. One should notice that for the characterization, the
cryogels were rinsed to remove loose HPMC chains and unreacted molecules, and freeze-
dried again. Thus, the remaining Alkonat-L230® molecules are probably bound to the cryogels
as monomers. This interpretation was reinforced by the decrease in the contact angle values
from (85.2500° + 0.0039°) to (80.55° + 0.84°). Conversely, in the case of HPMC-J/A (high MS),
the SR values decreased significantly, from 7.29 £ 0.92 gwate/(9.S) t0 2.46 + 0.92 Quwater/(g.S). It
might be due to the interactions of the Alkonat-L230® polar head to the hydroxypropyl groups
(MS 1.9), exposing the hydrophobic tails, although no change was observed in the contact
angle values. Tablets of HPMC K100M prepared with sodium dodecyl sulfate (SDS) presented

smaller swelling degree and increased erosion than their pure counterparts due to possible
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attractive hydrophobic interaction between HPMC K100M and SDS dodecyl chains (Zeng et
al., 2009). The SR and the contact angle values for HPMC-K/A were statistically similar to
those determined for HPMC-K, possibly due to the low MS and DS values.

There is scarce information about the interactions between HPMC and linear nonionic
surfactants with structures similar to that of Alkonat-L230®. However, the interactions between
Pluronic® F-127, a surfactant composed of PEO-PPO-PEO blocks, and HPMC were
estimated using calculations based on the Hartree-Fock method; the interactions between
HPMC-K and the hydrophilic PEO blocks were more favorable (-30 kcal/mol) than those
between HPMC and the hydrophobic PPO blocks (- 22 kcal/mol) (da Silva et al., 2021). This
trend corroborates with the most pronounced effects of Alkonat-L230® on the SR and contact
angle values determined for HPMC-J/A (highest MS).

Fig. SM3 shows the FTIR-ATR spectra obtained for all HPMC based cryogels. HPMC
cryogels containing Alkonat-L230® showed no shift in the characteristic peaks and absence
of new peaks, in comparison to the spectra of each pure HPMC cryogel and pure Alkonat-
L230® because they have similar functional groups (Parhi, 2016). All cryogels presented the
typical HPMC s (assignments available in the Fig. SM3), and the esterification between citric
acid and HPMC chains was identified by the band at 1732 cm™, which was assigned to C=0
stretching of the ester group (Toledo et al., 2020).

Fig. 3 shows the SEM images obtained for the HPMC-K, HPMC-J, HPMC-E, HPMC-
K/A, HPMC-J/A, and HPMC-E/A cryogels. All cryogels presented open isotropic macropores
ranging from ~ 20 um to 100 pum. The presence of Alkonat-L230® led to a slight increase in

the pap values, which might be associated with the favorable interactions between HPMC and
Alkonat-L230®.
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Figure 3. SEM imagens for the (A) HPMC-K, (B) HPMC-J, (C) HPMC-E, (D) HPMC-K/A, (E)
HPMC-J/A, and (F) HPMC-E/A cryogels.

The transverse water proton relaxation time (t2) was used to determine the states and
locations of water pools within HPMC based cryogels. Fig. 4 shows the distribution of t2
obtained for HPMC-K, HPMC-J, HPMC-E, HPMC-K/A, HPMC-J/A and HPMC-E/A cryogels,
and Table SM4 presents the corresponding populations. All samples showed water molecules
mostly (90-96%) distributed in the intermediate t2 values (100 ms - 10000 ms) and a small
population (4-10%) in the t2 range of 10 ms to 100 ms. They presented similar distributions of
t2 probably because they have similar heterogeneous and interconnected structures (open
isotropic macropores ranging from ~ 20 um to 100 pum), as observed in Fig. 3. One should
notice that the measurements were performed at swelling equilibrium conditions, when these
samples presented similar SD values (Table 2), and there was no bulk water. For comparison,
the t2 distribution was measured for Avicel® microcrystalline cellulose under similar
conditions. The distribution of t2 observed between 100 ms and 1000 ms was narrower than
those observed for the HPMC based cryogels, and no t2 signal was detected below 100 ms.
It means that the substitution of cellulose hydroxyl groups by methoxy and hydroxypropyl
groups created small heterogeneous sites, where the water molecules became stiffer.

Physical hydrogels of HPMC K presented t2 of 1865 ms and 7.4 ms, corresponding to
free and bound water (Baumgartner et al., 2002). Citric acid crosslinked HPMC chains,
creating a tighter network and smaller pores for water than those in physically crosslinked
HPMC hydrogels. Moreover, in Fig. 4 no signal was observed for t2 larger than 1000 ms

because there was no excess of water (bulk water).
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Figure 4. Transverse water proton relaxation time (t2) distribution measured by TDNMR for
(@) Avicel, HPMC-K, HPMC-J, HPMC-E, HPMC-K/A, HPMC-J/A and HPMC-E/A cryogels. All
cryogels were swollen in MilliQ water.

3.2 Reaction of water with CaO, microparticles incorporated in the HPMC cryogels

CaO; microparticles were incorporated in the HPMC cryogels in the absence and in the
presence of Alkonat-L230®. One should notice that gel content, swelling degree, swelling rate,
and contact angle were not determined for HPMC cryogels containing CaO> microparticles
due to the reaction of CaO, and water. Fig. 5 shows the SEM images obtained for the HPMC-
K/CaO,, HPMC-J/Ca0O,, HPMC-E/Ca0,, HPMC-K/A/Ca0O,, HPMC-J/A/Ca0,, and HPMC-
E/A/Ca0; cryogels. Fig. SM5 shows a typical SEM image of commercial CaO, microparticles
used in this work; it shows amorphous agglomerates of different sizes. Such agglomerates
were also observed on the cell walls of all types of cryogels (Fig. 5), making the cell walls
rougher and more heterogeneous than those observed in Fig. 3. The incorporation of CaO;
microparticles in the cryogels increased approximately twofold the mean density values (Table
SM6). The commercial CaO, sample is a mixture of ~ 75% CaO- (2.91 g cm™®) and ~ 25%
CaO (3.34 g cm™®) and has a much higher density than HPMC (1.36 g cm) (Doerr et al.,
2018).
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Figure 5. SEM imagens for the (A) HPMC-K/CaO,, (B) HPMC-J/CaO,, (C) HPMC-E/CaO.,
(D) HPMC-K/A/ICaO,, (E) HPMC-J/A/ICa0., and (F) HPMC-E/A//CaO: cryogels.

The reaction of CaO; (solid) with water (eq. 1 and 2) produces O, and Ca(OH). (eq. 1)
or Ca(OH); and H20; (eq. 2), with further decomposition of H.O- into H,O and O: (eq. 3). In
all experiments, CaO- was the limiting reagent, and the amount of water was large enough to
remain nearly constant. Fig. 6a and SM7 show that in the initial stage, the concentration of
02, [O2], in the agueous medium increased fast and linearly as a function of time (t). Then,
after approximately one hour, the amount of O; in the aqueous medium did not increase
linearly with the time, evidencing that the reaction became slower, until a constant value was
achieved. This behavior is probably due to the fact that the surface area of the CaO:
undergoes changes during the reaction, exposing physical and chemical heterogeneities; for
instance, the sample area might be covered by Ca(OH). formed, reducing the production of
O.. A similar case of surface erosion is the heterogeneous reaction between magnesium and
aqueous hydrochloric acid that produces Mg?* ions and H; (Birk & Walters, 1993). Thus, only
the slope of the initial stage was considered for the calculation of the initial rate (Vo) of the
reaction, which was based on the rate of O, production.

Preliminary experiments were done to evaluate the effect of the temperature on the
reaction of pure CaO; (at 1.0 mg mL™*) and H.O (MilliQ® water, pH 5.5). Fig. SM7a shows the
increase of [O;] in the aqueous medium as a function t at 20 °C, 25 °C, and 30 °C. Already
after 5 min, the [O-] in the aqueous medium was considerably high (burst release) and the pH
increased to 11. The Vo values (Fig. SM7c¢c and SM7e) determined at 20 °C, 25 °C, and 30 °C
were 0.0840 +0.0021 mg mL* min?, 0.0401 £0.0078 mg mL™* min', and 0.037 +0.061 mg mL"
' min, respectively. The [O] at the plateau (after 2 h) also decreased as the temperature

increased. This trend is in agreement with the exothermic behavior of the dissolution of CaO-
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observed by Northup and Cassidy (Northup & Cassidy, 2008). However, Wang and co-
workers observed that the temperature increase accelerated the release rate of O, and H,O>
(Wang et al., 2016). In the present work, the temperature of 20 °C was chosen to further study
the reactions involving CaO; incorporated into the HPMC cryogels.

The reaction of pure CaO; (at 1.0 mg mL™?) in a mixture of H.O/ethanol (50 % v/v), at
20 °C, was monitored as a function of time (Fig. SM7b). The V, value (Fig. SM7d and SM7e)
amounted to 0.0550 +0.0021 mg mL™* min, which is ~ 65% of the V, value determined for the
reaction in pure water (0.0840 +0.0021 mg mL* min'), and the [O;] at the plateau (after 2 h)
also decreased significantly, evidencing the crucial role of H,O as reactant (solvent).

The pH plays an important role in the reaction of CaO, with H.O because the product
Ca(OH); is alkaline; as previously mentioned, the pH increased from 5.5 to 11 in 5 min of
reaction. Northup and Cassidy (Northup & Cassidy, 2008) and Wang et al. (Wang et al., 2016)
observed that the rate of CaO; dissolution increased markedly with decreasing pH, because
the equilibrium reaction is favored in the products direction. Fig. 6a shows the [O;] as a
function of time, produced in a buffered medium (pH 7.5, Tris-HCI); the V, value was 0.141
+0.014 mg mL* min (Fig. 6b), which is larger than that determined at pH 11 (0.0840 +0.0021
mg mL* min?). Also, it is possible to observe the burst release effect (Rastinfard et al., 2017;
Steg et al., 2015), because after ~ 2 h the release of O, decreased.

Fig. 6a shows the [O;] as a function of time measured for CaO, microparticles
incorporated in the HPMC cryogels in the absence and in the presence of Alkonat-L230®, at
20 °C and pH 7.5 (Tris-HCI buffer). Fig. 6b shows the V, values determined for each system.
The release of O from any of the cryogels was slower than that observed for pure CaO., there
was no burst effect and even after 4 h, the [O;] tended to increase, indicating a sustained
release behavior. The type of HPMC used to prepare the cryogels or the presence of Alkonat-
L230® in the cryogels exerted no statistically significant effect on the V, values. Although the
SR and contact angle values determined for the cryogels indicated different interaction with
water, the SD values under equilibrium were similar (Table 2), and that might be the reason
for the similar Vo values. Nevertheless, after 4 h, the amount of O released to the medium
from HPMC cryogels prepared with Alkonat-L230® was slightly larger than that released from
the HPMC cryogels free of surfactant, particularly for the systems HPMC-E/CaO; and HPMC-
E/A/Ca0,. Considering that HPMC-E and HPMC-E/A presented the smallest SR and highest
contact angle values (Table 2), this system was chosen to evaluate the amount of O; released
over 24 h.

The trend observed in Fig. 6a was confirmed in the release experiment over 24 h (Fig.

6¢), where the typical burst effect from pure CaO, was observed. The curve can be divided
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into three regions: (i) the initial 30 min, when the highest amount of O, was released quickly;
(if) from 30 min to ~ 5 h, the release rate decreased and (iii) from ~ 5 h to 24 h the release rate
was the slowest. The highest amount of released O from CaO- incorporated in the HPMC-E
and HPMC-E/A cryogels were observed after 4 h and 8 h, respectively, mitigating the burst
effect observed for pure CaO.. The decrease of the release rate of O» was more sustained
from CaO; incorporated in the HPMC-E than that from CaO. incorporated in the HPMC-E/A
cryogels. These findings can be correlated with the significant decrease of the contact angle
values observed for HPMC-E/A in comparison to HPMC-E (Table 2).

Thus, itis possible to conclude that the incorporation of CaO. micropatrticles into HPMC
cryogels is advantageous when the burst release should be avoided. The mechanism seems
to be the same as that observed for the release of drugs. HPMC is frequently used for drug
formulation due to its slow dissolution rate, which retards the dissolution and diffusion of the
drug to the medium (Li et al., 2010; Talasaz et al., 2008; Zarmpi et al., 2020). Upon contact
with water, HPMC chains swell, increasing the local viscosity. The swollen layer acts as a
barrier for the diffusion of O to the medium, retarding its release to the medium. Among the
three types of HPMC chosen for this study, HPMC-E would be most adequate for the
incorporation of CaO, microparticles due to the smallest SR and the highest contact angle
values (Table 2).

Fig. 7 shows the t2 distribution measured for the HPMC cryogels in the absence and
in the presence of Alkonat-L230®, containing CaO, microparticles, swollen in MilliQ® water
for 20 min; the pH was 11 (initially pH 5.5). The measurements in the buffer were not done to
avoid additional signals from the Tris-HCI, but the reaction products are the same as in MilliQ®
water. The isotropic reorientation of water molecules in the bulk (free water) has characteristic
correlation time larger than thousands of ms, which is due to the fast isotropic reorientation
modulates their intermolecular 1H-1H dipolar interaction. The behavior of populations with t2
greater than thousands of ms is observed in cryogels when there is water in excess(bulk
water). This was observed for HPMC-K/CaO,, HPMC-E/CaO, and HPMC-K/A/CaO: cryogels
(a fraction of free water greater than 50%) suggesting a collapse of the porous structure. On
the other hand, the anisotropic reorientation of water molecules confined in cryogels, “water
pools”, correspond to intermediate t2 values (tens and hundreds of ms), which depend on the
size (diameter), heterogeneity and interconnection of the “water pools”. In the HPMC-K/CaO.,
HPMC-E/Ca0O, and HPMC-K/A/CaO, cryogels a broad distribution of t2 population was
observed, evidencing diffusion of water (migration between distinct diameter pools sizes) and
reinforcing structure collapse. It might be due to the fact that upon increasing the pH to 11,
some ester bonds between citric acid (crosslinker) and HPMC hydroxyl groups might have
been hydrolyzed. On the other hand, slow t2 (greater than thousands of ms) signals were not
observed for the HPMC-J/CaO, HPMC-J/A/Ca0O; and HPMC-E/A/CaO; cryogels, indicating
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that the cohesive structure was kept. The presence of Alkonat-L230® avoided the diffusion of
water from more confined “pools” to the bulk state (2 > 1000 ms) only in the case of HPMC-
E. Thus, the preferential orientation of Alkonat-L230® molecules on the HPMC-E increased
the hydrophilicity (decreased the contact angle) and stabilized the network structure.

The appearance of t2 signals in the 1 ms to 100 ms range for all cryogels might be
related to the increase in the concentration of H,O; in the solution (eq. 2) (Buljubasich et al.,
2010). As reported in the literature (Buljubasich et al., 2010), in agueous solutions of H,O; the
exchange between protons is very complex, making a direct correlation of t2 with H>O,
concentration very difficult, but it surpasses any other effect such as the presence of a metal-
containing porous medium or production of oxygen bubbles. The presence of H.0; is expected
because it is the product of eq. 2, and its decomposition is slow (Marzzacco, 2001; Pedziwiatr
et al., 2018).

HPMC-J/A/Ca0,
HPMC-K/A/CaO0,

HPMC-E/Ca0,

HPMC-J/CaO0,

. HPMC-K/CaO,
10° 10" 102 10° 104
Time [ms]

Figure 7. Transverse water proton relaxation time (t2) distribution measured by TDNMR for
HPMC-K/CaO., HPMC-J/CaO, HPMC-E/Ca0., HPMC-K/A/CaO2, HPMC-J/A/Ca0,, HPMC-
E/A/Ca0; cryogels. All cryogels were swollen in MilliQ water.
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Figure 6. Kinetics of O; release at 20.0 + 0.1 °C and pH 7.5 (Tris-HCI buffer) from (a) HPMC
cryogels and pure CaO., (b) Vo calculated from the linear fittings in the initial stage. (c) Release
of O, from pure CaO;, CaO; incorporated in HPMC-E and HPMC-E/A cryogels over 24 h, at
20.0 £ 0.1 °C and pH 7.5 (Tris-HCI buffer).

4 Conclusions

HPMC cryogels with the highest DS had the lowest wettability and swelling rate
(HPMC-E), while those with the highest MS had the highest swelling rate (HPMC-J). Despite
the type of HPMC used, all cryogels presented water molecules primarily in the intermediate
t2 range, with only a small amount tightly bound in the t2 range of 10 ms to 100 ms. This is
likely due to the presence of methyl and hydroxypropyl groups along the HPMC chains, which
are not found in unsubstituted cellulose. The presence of Alkonat-L230® increased the
wettability of HPMC-E cryogels possibly due to hydrophobic interaction between methyl
groups and surfactant alkyl chain, with consequent orientation of polar head to the medium. A
reverse orientation of the surfactant monomers was proposed in the case of HPMC-J cryogels

because the swelling rate became slower.

This work demonstrated that the incorporation of CaO, microparticles into HPMC
cryogels is a feasible strategy when slow O; release to the medium is required, as for instance,
for biomedical applications (Willemen et al., 2021) and wastewater treatment (Amerhaider
Nuar et al.,, 2022). However, the HPMC-E cryogels tend to be the most adequate to the
incorporation of CaO; in order to promote a sustained release of O, to the medium, in
agreement with the lowest wettability. The reaction of CaO- with water was chosen as a case
study. Nevertheless, considering that the HPMC samples investigated in this study are
pharmaceutical and food grades, the findings presented here are relevant for drug and food

formulations, where the interaction with water might control the success of the final application.
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