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Abstract

Nitric oxide (NO) is one of the smallest endogenous molecules with particularly
interesting aspects roles in biological systems, despite its toxicological potential. Solid
carriers have potential biomedical interest in the delivery of exogenous NO for anti-
bacterial, anti-thrombic and wound healing applications. In this work, a smectite clay
was successful synthetized with incorporated cobalt ions in its structure, with the main
goal of studying its potential in the field of storage and release of nitric oxide for
therapeutic applications. Materials were characterized by X-ray diffraction, nitrogen
adsorption at -196 °C, TG-DSC and chemical analysis. The kinetic data for the nitric
oxide storage and release was obtained in gas and in liquid phases. The released
amounts of NO in the liquid phase were within the biological range and a slow release
kinetics was obtained with, inclusively, an almost direct relation between the released
fraction and time. Toxicological assays with HeLa cells indicated that the materials

have low cytotoxicity.
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1. Introduction

Nitric oxide (NO) is one of the smallest endogenous molecules with particular
interesting aspects on biological systems, despite its toxicological potential. The
delivery of nitric oxide in controlled amounts in the human body is an attractive
therapeutic alternative for a large number of pathologies. The various functions of NO
include a neurological function in synaptic plasticity, neurotransmission, learning and
memory, in addition to having a primary role in non-specific immunity and platelet
aggregation inhibition.'”’

NO is a gas at normal temperature and pressure unlike more common drug
molecules that are usually in solid or liquid state. Because of the limited utility of
authentic NO gas in many experimental systems and the short half-life of NO in vivo,
compounds that have the capacity to release NO slowly have been studied®'' Classic
donors, usually based on diazeniumdiolates, are well established. The use of
diazeniumdiolates in therapy is, however, limited because their action is systemic, that
is, they become distributed throughout the body, thus compromising selectivity and
causing unwanted side effects. Because of this multiplicity of effects, concentration
control is very important, since exposures to high concentrations of NO are toxic. For
example, several high-reactive toxic intermediates, such as dinitrogen trioxide and
peroxynitrate, that react with biomolecules may be formed.'> * In addition, many
proteins contain transition metals that may react with NO leading in the inhibition of
their function, which may result in toxicity."*

The growth of interest in the physiology of NO since the mid-1980s® has led to
the development of a variety of new NO donors that offer several advantages over
conventional NO donors. In this context, solid carriers have biomedical interest in the

delivering of exogenous NO. Initial research on materials for NO storage was

Page 2 of 37



Page 3 of 37

RSC Advances

concentrated on polymeric nanoparticles matrix.® Zeolites were also studied and
presented a delivery capacity similar to the best polymers.g’ 15, 16 Metal—organic
frameworks (MOFs) were studied in this context.® 171 Clays have also been studied in
this context.'" "2

Clays and clay minerals play an important role in the field of health products. In
fact, they are fundamental components in several medical products, being used as
excipients and fulfilling some technological functions. Particularly relevant in the
context of adsorption are the 2:1 clays minerals, such as smectites because these are
expandable materials. Smectites are formed by one sheet of cations (usually AP, Fe*',
Fe’™ or Mg®") in octahedral coordination sandwiched between two sheets of cations
(usually Si*" or Al3+) in tetrahedral coordination with the oxygen atoms.”' The structure
of the 2:1 layered clays is schematically exemplified in Fig. S1 in Electronic
Supplementary Information. In addition, clay minerals may be effectively used in the
development of new drug delivery systems, being a potential vehicle to store and release
NO.!- 1920223 Good adsorption capacity is not the only requirement for a NO-
delivery material. An appropriate releasing kinetics is also of paramount importance to
maintain a given concentration in the surrounding environment. In general, a slow-
releasing kinetics is preferred because it allows for easier and safer control of the NO
concentration for longer periods. Additionally, and not of least importance, to be used in
drug delivery a material must be biocompatible. Modified clays have been studied with
good results, '+ 1% %

In the present work, we synthetized smectite clays with cobalt ions incorporated
in its structure. The main objectives of preparing these synthetic clays were twofold.
Firstly, cobalt is not usually present in natural clays but this metal is of particular

24, 25
o

interest due to its capability of coordinating N and its low toxicity. Secondly,
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being synthetic materials it will be in principle possible to obtain samples with more
uniform, and preferentially smaller, particle dimensions than what occurs in natural
clays, which is an aspect that is related with certain types of applications for NO

delivering materials.

2. Experimental
2.1. Preparation of the Cobalt Clays
Cobalt clays, with two different silicon sources, silicic acid (99.9 %, < 20 pm
Sigma- Aldrich) and tetramethyl orthosilicate, TMOS (36.5-38 %, Sigma-Aldrich) were
prepared by hydrothermal treatment of mixtures with cobalt chloride (CoCl,.6H,0, p.a.,
Sigma Aldrich) and NaOH (98%, BDH Chemicals Ltd), using a procedure adapted from
the literature.**>*

The synthesis with silicic acid had two strands:

A) 8 mL of 2 M NaOH were added, dropwise under, to a mixture of
CoCl,-6H;0 (0.7 g) in 100 mL of 45 mM silicic acid and Na,S,04 (1 g, Sigma-Aldrich)
under N,. This gave a light pink cobalt hydroxide suspension. After 2 days stirring at
room temperature, in a closed flask, it was transferred to an autoclave, and left in the
oven at 150 °C for 50 h. The sample obtained was named CoAS-A.

B) 12.5mL of 2M NaOH were added, dropwise to a solution of
CoCl,-6H,O (1.21 g) in 150 mL of water under N,. This gave a light pink cobalt
hydroxide suspension. After 7 hours, silicic acid (0.65 g) and Na,S,04 (1 g) were added,
and the mixture was stirred overnight under N,. The mixture was then transferred to an
autoclave, and heated at 150 °C for 50 h. The sample obtained was named CoAS-B.

After this initial part, the procedure was the same for both samples, CoAS-A and CoAS-

B. The suspensions were centrifuged, washed and left stirring in 1 M NaCl solution
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overnight. The materials were then washed with distilled water, dialyzed through
cellulose membranes (Sigma-Aldrich), and dried.

For the sample prepared with TMOS, named CoOS, the procedure was the same
as the one used A) strand, as described for CoAS-A, only changing the silicon source.
The prepared materials were then characterized and compared with a natural smectite,
montmorillonite (from Wyoming, USA). Montmorillonite is a 2:1 clay, meaning that it
has two tetrahedral sheets of silica sandwiching a central octahedral sheet of alumina.
The particles are plate-shaped with an average diameter below 2 um and a thickness of
0.96 nm. This clay exhibits unique properties such as intercalation, swelling, and strong
adsorption, and it also has been applied in some biotechnological and biomedical

studies. 11, 20, 29-32

2.2. Characterization methods

The products were characterized by powder X-ray diffraction (XRD), FT-IR,
scanning electron microscopy (SEM), TG-DSC, and N, Adsorption at -196 °C.

Powder X-ray diffraction (XRD) patterns were recorded on a Philips PW 1730
diffractometer with automatic data acquisition (APD Phillips (v3.6B) software using a
CuK,, radiation (A=1.5406 A)). Diffractograms were obtained from 5 to 50 and 4 to 16
20/ °, with a step size of 0.017 20/ °, and time per step of 100 s. Oriented mounts were
obtained by covering a glass microscope slide with a suspension of sample in water
(previously dispersed in an ultrasonic bath for 5 minutes), and then placed in an oven at
50 °C and left to dry. Glycolation, to determine if the products were swelling clays, was

done by heating the oriented mounts in a sealed flask containing ethylene glycol at

90 °C for 5 h.>?
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Diffuse reflectance spectroscopy (DRIFTS) was recorded at room temperature
using a Nicolet 6700 Fourier Transform IR spectrophotometer with data acquisition
software OMNIC 7.2 (256 scans, resolution of 4 cm'l) in the range of 400-4000 cm’
Samples were analyzed in powder, diluted with KBr.

Chemical analysis of cobalt contents were obtained by atomic absorption
spectroscopy of digested samples using a Unicam 929 (ATI UNICAM)
spectrophotometer. Dynamic Light Scattering (DLS) analysis was performed using a
Zetasizer Nano ZS from Malvern Instruments, to measure the hydrodynamic diameter
(HD). For the HD measurement, the samples dispersed in water (0.5 mg cm™) were
stirred for 5 minutes in an ultrasonic bath. DLS plots of are number averaged. Nitrogen
(Air Liquid, 99.999%) adsorption isotherms were measured in a volumetric automatic
apparatus (Micromeritics, ASAP 2010), at — 196 °C using a liquid nitrogen cryogenic
bath. The samples, between 50 and 100 mg, were outgassed for 2.5 h, at a pressure

lower than 0.133 Pa, at 250 °C.

2.3. Nitric Oxide adsorption and release

The kinetic adsorption profiles of NO in the synthetized materials were
determined in a microbalance (C. I. Electronics, Disbal) suited for vacuum, connected to
a high-vacuum pump system composed of a turbomolecular pump and a diaphragm
pump (Pfeiffer Vacuum). Adsorption studies were made in gas phase, where samples
were outgassed in the same conditions as for nitrogen adsorption experiments and
release studies were performed both in gas and liquid phase. NO was introduced in the
system until an 80 kPa pressure was attained. The microbalance was connected to a
computer and the weight was recorded at fixed time intervals of 2 points per minute, for

72 h or equilibrium. After this period of time, vacuum was made in the cell and NO
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release started, the weight decreasing was recorded for 48 h maximum. Pressure
readings were made with a capacitance transducer (Pfeiffer Vacuum, CMR 262). The
temperature was controlled at 25 °C using a water bath (Grant, GD120), with 0.05 °C
precision.

The release studies were also performed in the liquid phase, following the
Oxyhemoglobin Assay, described in the literature®. This method is based on the
reaction of oxyhemoglobin with NO to form methemoglobin. As it is well known, in the
presence of even minor amounts of oxygen in aqueous solution, NO is highly unstable.
Therefore, to accurately determine the NO amount, the reaction of the detector with the
NO must be more rapid than that of other competing species. In the oxyhemoglobin
assay, this prerequisite is met due to the high rate of reaction between NO and
oxyhemoglobin, which has been estimated to be at least 26 times faster than the
autoxidation of NO in aqueous solution (even under saturating oxygen
concentrations)’*. The advantage of the rapid reaction between NO and oxyhemoglobin
is obvious in that the trapping of NO by oxyhemoglobin will be almost stoichiometric
under most experimental conditions. Therefore, the oxyhemoglobin assay is somewhat
unique among methods for NO determination, as it is less subject to constraints imposed
by competing reactions with oxygen or other reactants. To avoid dispersion problems of
the samples in the liquid phase, those were ground with poly(tetrafluoroethylene)
(PTFE, 25 mm particle size powder, from Aldrich) in a weight proportion of 75:25
(sample:PTFE). The mixture was then pressed into disks (5 mm diameter), under 8 tons
for 30 s. Then, 6 mg of the disks were introduced into small glass crucibles in vacuum
glass cells with a PTFE vacuum valve. The cells were connected to a vacuum line and
samples were degassed in vacuum for 2.5 h hours, at 250 °C. NO was introduced into

the cells and the pressure allowed to stabilize at 80 kPa. The valve was closed and the
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sample left in contact with NO for 72 hours. The cell was then evacuated for one minute
and filled with helium up to atmospheric pressure. The cell was closed and removed
from the vacuum line. For the NO release, the cell was opened, the crucible removed
and the pellet was added to 3 mL of oxyhemoglobin solution (I uM) in a quartz
container, which was vigorously shaken and the measurements started. The spectra of
the solutions were taken at 10 minute intervals during 2 h, using a UV/vis
spectrophotometer (Genesys 10S UV-Vis Spectrophotometer from Thermo Scientific).
Prior to this, oxyhemoglobin solution was prepared by dissolving 20 mg of lyophilized
human hemoglobin in 1 mL of 0.1 M phosphate buffer (pH=7.4). Purification and
desalting were performed by passing the resulting oxyhemoglobin solution over a

column of Sephadex G-25.*

2.4. Cell culture

HeLa cells (American Type Culture Collection, Manassas, VA, USA) were
cultured at 37 °C in a humidified atmosphere with 5% CO,. Cell culture medium
consisted of RPMI-1640 supplemented with 10 % of fetal calf serum (FBS), 5 mL of L-

Glutamine and 5 mL of antibiotics from Life Technologies.

2.5. Toxicological essays

Cells were plated in 96-well microplates (Orange Scientific) with 7500 and 2500
cells/well (for 24 h and 72 h sample assay, respectively) in a final volume of 100 puL
cell culture media.

After 24 h incubation 10 pL of each sample was added to eight different wells.
Before the experiment, the medium was removed and replaced by 100 pL/well of fresh

new medium. Then 10 pL of alamarBlue® was added directly to each well, the
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microplates were incubated at 37 °C for 4 h and the fluorescence signal was measured
(nine measures/well) on a Spectra Max Gemini EM from Molecular Devices, with a
SoftMax Pro software. Three independent experiments were taken for each sample. Cell

viability was calculated by the following equation:

Fsample

Cell viability = ( )

control

where Fampie 15 the fluorescence of the cells incubated with samples and Feoniror 15 the
fluorescence of the cells incubated without the sample. For CoAS-A a concentration
study was made. In this case, CoAS-A concentration varied between 113 and 1800
pg/mL. Survival was evaluated, after 24 h, as described above. In preliminary
experiments, it was observed that our test compounds did not affect alamarBlue®
fluorescence. Images of the cell cultures were obtained in an optical phase-contrast

microscope (Olympus CK40).

3. Results and discussion
3.1. Characterization of the samples

Fig. 1 shows the powder X-ray diffraction patterns obtained for cobalt materials.
The samples gave reflections similar to montmorillonite (MMT), with basal spacing,
before and after glycolation, as depicted on Table 1.

After exposure to ethylene glycol vapors the basal spacing increased and
decreased after the samples were heated at 300 °C (Fig. 2), a behavior characteristic of
swelling smectites clays. Besides MMT, the sample CoAS-A was the material where
the swelling was better observed. The synthetic materials have smaller particle size than

MMT, as discussed below, being this the most probable reason for the experimental
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difficulty in the preparation of the oriented mounts and hence to the worst definition of
the diffractograms in some samples, particularly for sample CoAS-B (not shown) .

As determined by chemical analysis, the cobalt ions content on the samples were
of 9 % for the sample prepared with TMOS (CoOS) and 22 and 30 % for samples
prepared with silicic acid (CoAS-A and CoAS-B, respectively).

Fig. 3 presents the infrared spectra for the synthesized materials and for
montmorillonite. For the latter, the characteristic silicate bands can be observed: the
stretching vibration of Si-O-Si group occur between 1027 and 1091 cm™; in the region
between 400 and 800 cm™ are observed various vibration stretching which correspond
to the links Si-O-M groups (M = aluminum, magnesium and other metals present in the
clay). In addition, a band could be observed next to 3625 cm™ attributed to the
stretching vibrations of the -OH groups. The absorption at approximately 3434 cm’ can
be attributed to the OH group stretching vibrations related to the adsorbed water with
the corresponding deformation vibrations of water observed at 1621 cm™.

All the synthesized materials, present the stretching vibration of Si-O-Si bond
(1027-1091 e¢m™), although with different intensity. The bands corresponding to Si-O-
M vibrations, that occur around 400-800 ¢cm™, are also present in all samples; in this
case, it may correspond to links with cobalt ions (Si-O-Co). The vibrations
corresponding to the stretching of the OH groups (3600 cm™) are present, as well as the
typical vibrations of stretching and deformation of the OH groups of adsorbed water,
3400 cm™ (except for the CoAS-A sample).

The characterization results for the synthesized materials carried out by XRD
and FT-IR, as discussed above, are compatible to the existence of expandable smectite

type clay materials.

10
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DLS is a versatile and useful technique for measuring the particle size
distributions. It should be emphasized that in DLS analysis it is considered that the
particles have a spherical shape, so the results in the materials studied here need to be
interpreted with due reservations, admitting however the comparative analysis which
was carried out between the various materials. Thus, in Fig. 4, it is noted that the CoOS
material has a particle size distribution between 100 and 250 nm, having, on average, its
particle size is around 200 nm. The sample CoAS-A shows an average particle size
distribution shifted to higher values, of about 400 nm, but still having particles between
1500 and 2500 nm resulting from particle aggregation. The CoAS-B material has
particles with sizes mostly of 100 and 450 nm, and its particle size distribution is very
similar to the CoOS sample. The CoAS-B sample, however, also tends to form
aggregates with sizes between 500 and 1000 nm approximately. It must be emphasized
that the particle size distributions of the synthetic cobalt clays prepared in this work
reveal particle sizes that are considerably lower, and for the CoOS sample the
distribution itself is narrower, than those found for the natural montmorillonite clay
(MMT). This points out the potential of the synthetic clays for not only topical deliver
of NO but also for intracorporeal applications since the dimensions of the particles are
well below the dimensions of the capillar blood vessels which have radius of 4 um or
higher.*

The nitrogen adsorption-desorption isotherms at -196 °C for CoAS-B, such as
for MMT, can be classified as type b* (Fig. 5) as expected for raw clays, which are
non-porous materials composed of aggregates of plate-like particles. The samples,
CoAS-A and CoOS, exhibit similar isotherms between each other, with mixed features
of type I and IV. *" ** From the nitrogen adsorption data, the surface area, Aggr, was

determined (Table 2). Below 0.4 p/p°, that is, at relative pressure range where the
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adsorption in the micropores is complete but capillary condensation in mesopores (pore
width between 2 and 50 nm) has not started, CoAS-A and CoOS are the materials which
adsorb the most, presenting the highest Appr values. The extension of the hysteresis
loops is similar for the various materials but is smaller for CoAS-B which is the
material more similar to MMT, presenting, although higher surface area (A4ggr) than
MMT.

Both CoSA-A and CoOS, present a much higher surface area (4ggr) values as
well as an increase of microporous volume (Table 2). The large surface area (4Aggr), for
CoAS-A and CoOS, is probably due to its morphology and the smaller particle size as
already mentioned. These materials, being considered as unmodified clays, present a
surface area comparable to some pillared clay materials previously studied.'" "’

From the data in Fig. 5 the pore size distributions were determined by DFT
method — Fig. 6. Unlike montmorillonite (non-porous), CoAS-A and CoOS materials
present microporosity with wide pores around 1.5 nm and also mesoporosity with pore
width in a range of 2 to 10 nm. CoAS-B material, do not present microporosity, being

essentially mesoporous.

3.2. Nitric Oxide adsorption and release

Data for adsorption and release, in the gas phase, of nitric oxide is shown in Fig.
7 a) and b), respectively. As can be seen in Fig. 7 a), the synthetic clays adsorb higher
amounts of nitric oxide comparing with montmorillonite.

NO adsorbed amounts for the cobalt samples were between 3.5 % (CoAS-B) and
5.1 % (CoOS) in mass (Table 3). The latter material presented a value similar to what
was found for instance for type-A zeolites’ and for pillared clays'" . The adsorption

kinetics was initially fast, decreasing with time. As can be seen in Fig. 7 b), the samples

12
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released between 30 to 40 % of the adsorbed nitric oxide. The release kinetics was also
faster on the two first hours, with almost 60 % of NO being released during that period
of time.

NO released from the synthetic clays was assessed in liquid phase from the
spectral changes of hemoglobin solutions in contact with the loaded solids — Fig. 8 a) b)
c) — as described in the experimental section. Comparing the initial spectrum and the
spectrum obtained after 2 hours, when using CoAS-A, a slight decrease in the intensity
of the 542 and 577 nm absorption bands was observed. Also, there was a slight shift to
lower wavelengths from the 415 nm band. This indicates that the sample released low
amounts of nitric oxide.

When comparing the UV-Vis spectrums of the oxyhemoglobin solution after 2
hours contact with CoOS and CoAS-B, the changes were evident and correspond to the
transformation of oxyhemoglobin to methemoglobin. Comparing the initial spectrum
and the spectrum obtained after 2 hours, a decrease in the intensity of the 542 and 577
nm absorption bands was observed, indicating the consumption of oxyhemoglobin. The
appearance of the 500 and 630 nm bands shows the formation of methemoglobin with
NO*. Also, in accord with the transformation of the oxyhemoglobin to methemoglobin
is the shift to lower wavelengths of the band at 415 nm.

The release of nitric oxide, from the synthetic clays, in the hemoglobin solution,
was followed during time. The release profiles are depicted on Fig. 9 in the form of
nitric oxide concentration versus time, and the maximum released amounts can be found
in Error! Reference source not found..

The NO amounts released in liquid phase are not entirely in line with the results
obtained in gas phase. In gas phase both materials prepared from silicic acid released

similar amounts of NO, being the ones which released the most. In liquid phase,
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however, these same materials present a huge difference regarding the NO amounts
released. The sample CoAS-B released significantly more NO than CoAS-A. The
release for CoAS-A was linear with time, and almost linear for the sample CoOS. The
material CoAS-B presented a faster release in the first hour experiment, and then begun
to slower and tends to a plateau.

To better understand the results obtained, NO release data was analyzed
according to Higushi, M/M, = k' (1), Korsmeyer et al., M/M, = ki" (2) and Peppas
and Sahlin, M/My = k" + k™ (3) equations,”®*' where M/Mj is the drug released
fraction at time ¢, & is the kinetics constant characteristic of NO / clay system, # is the
release exponent that depends on the release mechanism and the shape of the matrix
tested, k; and £, are the diffusion and relaxation rate constants, respectively, m is the
purely Fickian diffusion exponent for a device of any geometrical shape which exhibits
controlled release.*® * Regression parameters were determined using OriginPro 8.5
software. Since models from equations (1) to (3) have a different number of adjustable
parameters the Akaike’s Information Criterion (AIC)* instead of the regression
coefficient (R?) was used to determine the best fitting model.

For better comparison of the release kinetics the fractional released, expressed
by M/M,were M an M, are the concentrations at a given time and 2 h, respectively, is
shown in Fig. 10.

According to the AIC method the equation to be used for the releasing, when
using CoAS-B and CoOS is the Peppas-Sahlin, evidencing that the release follows two
mechanism: diffusion and relaxation, while using CoAS-A the Korsmeyer-Peppas is the
model which better applied. In Table 5 can be found the constant release values for all
the prepared materials as well as for MMT, obtained in previous works.'" For the

materials CoAS-B and CoOS the relaxation parameter took negative values, however,

14
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these values are very close to zero so they can be considered only residual. Its
diffusional kinetic parameters are very similar; being lower than the one of MMT,
which is an advantage in the present context as the goal is a slow release. CoAS-A
material followed the Korsmeyer-Peppas model, evidencing the prevalence of a Fickian
diffusional release that occurs by the usual molecular diffusion due to a chemical
potential gradient.*' It is the material with the lower kinetics constant, and as mentioned
above the sample for which the relation between the NO released and time is more
linear. For all the materials the release cannot be considered purely Fickian, as the

release exponent (n) is higher than 0.5.

3.3. Toxicological essays

Taking into account the obtained results, namely, NO amounts
adsorbed/released as well as the release kinetics parameter, toxicological assays were
carried out for all the three samples. The toxicity of the materials was studied using
HeLa cells and a material concentration of 450 pg/mL, by measuring the survival after
24 and 72 hours — Fig. 11. For all the materials, the results indicated a survival rate of at
least 80% after 24h, being above 90 % for CoAS-A and CoOS. After 72h exposition,
the viability tended to decrease, being more significantly for CoOS.

These results, in the overall indicate a low cytotoxicity (except for CoOS at 72 h
exposure) because a 450 pug/mL concentration is in the high end of the range usually
tested for porous material.”**° Considering the preliminary toxicity studies and the
results of NO releasing in liquid phase, the samples CoAS-A and CoOS were selected
for a study of the survival rate in which the concentration of the solid was varied — Fig.

12.
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It is evident that for the CoOS sample the cell viability tends to decrease with
the increase in sample concentration, but still is above 50 % for the highest
concentration. For the CoAS-A material, in the overall, viability remained high in all
range of concentrations. These results are better than the ones found for other natural

clays as montmorillonite® and Sepiolite’”.

4. Conclusions

The synthetic clays prepared in this work not only possessed high surface area,
and low particle size distributions, but also were able to adsorb higher amounts of nitric
oxide than a natural smectite clay. The released amounts of nitric oxide were also higher
(about four times) than for the natural clay and, particularly in liquid phase, the release
tends to be slow and linear with the time. It is evident that the presence of cobalt metal
centers in the synthetic clays improves the NO storage capacity. The cytotoxicity
studies with HeLa cells indicated a survival of at least 70 % after 24 and 72 hours (with
exception for CoOS sample at 72 h), which is an excellent result, considering the high
concentration of material used on the tests. In overall the results are an encouraging
indication that therapeutic applications involving NO release are a possibility for these

type of materials.
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Fig. 2 DRX curves for a) montmorillonite, b) CoAS-A, ¢) CoOS. 1 - Dry sample; 2 — after

exposure to ethylene glycol vapors; 3 — After heating at 300 °C.
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26

Page 26 of 37



Page 27 of 37

a)

Absorbance

b)

Absorbance

©)

Absorbance

0.5

0.4

0.3

0.2

0.1

RSC Advances

——CoAS-Af
——CoAS-Ai

350

0.5

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

400 450 500 550 600 650 700

Wavelength (nm)
—Co0S i
—CoOS f

350 400 450 500 550 600 650 700

Wavelength (nm)
——CoAS-Bi
—CoAS-B f

350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 8 Changes in the UV-Vis spectrum of the oxyhemoglobin solution upon introduction

of the materials with loaded NO. a) CoAS-A, b) CoOS, c¢) CoAS-B. (i — initial spectrum; f —

spectrum after 2 hours)
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Table 1

Basal spacing dy; for the studied samples

d001 (A)
Material Dry Glycolation 300 °C
CoSA-A 14.2 20.1 12.2
CoOS 11.9 19.5 11.2
CoSA-B 13.0 15.9 11.9
MMT 12.6 16.4 9.5
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Table 2
BET surface area (Aggr), microporous (V,) and mesoporous (V,,) volumes for the studied

samples

Material  Aggr (ng'l) Vu (cmsg'l) Vi (cmsg'l)

MMT 20 0.007 0.391
CoSA-A 218 0.066 0.084
CoOS 246 0.035 0.125
CoSA-B 41 0.000 0.093
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Table 3

Amounts of NO adsorbed and released.

Material ~ %NO g5 NO4gs NOgg* NOgq®
MMT 0.7 7.20 2.1 2.8

CoAS-A 4.5 45.0 8.0 13.2

CoAS-B 3.5 35.0 8.5 12.0°
CoOS 5.1 51.0 6.9 10.2

* maximum NO adsorbed in gas phase, °® maximum NO adsorbed in gas phase (mgyo/gsonia), - NO released
after 2h in gas phase (mgno/gsotid), 4NO released after 20 h in gas phase (mgno/gsoiia), ¢ NO released after

10 h in gas phase (mgno/gsolia)-
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Table 4

NO released amounts in liquid phase after 2 hours.

[NO]
Material [INO] (M)
(”gNO/ gsample)
CoAS-A 0.8 16
CoAS-B 2.4 47
CoOS 1.7 33
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Table 5

Results for the fitting application of the kinetic models for liquid release.

Peppas-Sahlin

Material
kg ke n
MMT 0.0630+ 0.00400 0.0050 + 0.00300 0.6050 + 0.12600
CoOS 0.0260 + 0.00100 -0.0001+ 0.00001 0.8310+£0.01100
CoAS-B 0.0250+ 0.00600 -0.0002+ 0.00007 0.9510+ 0.06100

Korsmeyer-Peppas

k n
CoAS-A 0,012 +7,92x10™ 0,922 +£0,144

kg, diffusion kinetics constant from Peppas-Sahlin equation (min™); k;, relaxation kinetics constant
from Peppas-Sahlin equation (min™"); k, diffusion kinetics constant from Korsmeyer equation(min

™); n, release exponent.
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