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A B S T R A C T

Nitric oxide (NO) presents innumerable biological roles, and its exogenous supplementation for therapeutic
purposes has become a necessity. Some nanoporous materials proved to be potential vehicles for NO with high
storage capacity. However, there is still a lack of information about their efficiency to release controlled NO and
if they are biocompatible and biologically stable. In this work, we address this knowledge gap starting by
evaluating the NO release and stability under biological conditions and their toxicity with primary keratinocyte
cells. Titanosilicates (ETS-4 and ETS-10 types) and clay-based materials were the materials under study, which
have shown in previous studies suitable NO gas adsorption/release rates.

ETS-4 proved to be the most promising material, combining good biocompatibility at 180 μg/mL, stability
and slower NO release. ETS-10 and ETAS-10 showed the best biocompatibility at the same concentration and, in
the case of clay-based materials, CoOS is the least toxic of those tested and the one that releases the highest NO
amount. The potentiality of these new NO donors to regulate biological functions was assessed next by con-
trolling the mitochondrial respiration and the cell migration. NO-loaded ETS-4 regulates O2 consumption and
cell migration in a dose-dependent manner. For cell migration, a biphasic effect was observed in a narrow range
of ETS-4 concentration, with a stimulatory effect becoming inhibitory just by doubling ETS-4 concentration. For
the other materials, no effective regulation was achieved, which highlights the relevance of the new assessment
presented in this work for nanoporous NO carriers that will pave the way for further developments.

1. Introduction

The potential outcome of the controlled delivery of nitric oxide
(NO) to specific biological targets led to the development of new NO-
carrying and releasing matrices for therapeutic benefit. Among its many
biological roles, NO is a strong vasodilator, antimicrobial agent and
wound healing accelerator, and its use as a therapeutic agent provides
an excellent alternative to conventional drugs [1,2]. Generically,
therapy relies both on NO donors that release the molecule in a direct or
indirect way (i.e., via metabolic activity, biotransformation or redox
activation), and on agents that increase NO bioactivity [3]. Most of
existing molecular donors present, however, certain limitations when in
contact with biological fluids, namely high solubility, non-target and
uncontrolled NO release and the release of toxic decomposition pro-
ducts (e.g. carcinogenic nitrosamines) [4–6]. For example, due to its

high solubility, NO may be released before reaching the target site, thus
requiring higher amounts of donor to meet the therapeutic needs,
triggering potential toxic effects [4]. Under these circumstances, addi-
tional chemical reactions become relevant, generating reactive nitrogen
oxide species capable to inhibit cell respiration and to induce cell
toxicity [5].

Recent work has unveiled the NO adsorption/release potential of
nanoporous framework solids bearing metal active sites [5,6]. These
new materials overcome the limitations of the most conventional do-
nors because they provide a safe storage and controlled delivery of pure
NO in the target tissue, being of special interest for topical applications
[5]. In addition, the amount of NO and the release period may be
modulated, by tuning the porosity of the material and/or varying the
nature and the number of metal sites in the framework [6–8].

Several types of porous materials have recently been studied for this
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purpose, including: zeolites, clays, metal-organic frameworks (MOFs)
and titanosilicates [7,9–11]. We have been interested in designing new
porous structures for the storage and controlled release of NO. We
showed that microporous titanosilicates (ETS-4) containing Ti4+ un-
saturated metal centres and Cu2+ or Co2+ extra-framework cations
exhibit exceptional properties to adsorb and release controlled NO
amounts [11,12].Another microporous titanosilicate structure, ETS-10,
and the effect of its isomorphic substitution of Si by Al and Ga, was also
explored [13], as well as materials based on modified mineral clays
(sepiolite and montmorillonite) [10,14], synthetic clays (smectite clays
with cobalt ions) [15] and organoclays (natural clays modified with L-
histidine) [16]. Clay-based materials, although storing less NO than
titanosilicates and displaying faster NO release still release NO amounts
that may trigger positive biological responses.

So far, studies using these new donors concerning their bio-
compatibility, stability and control of biological processes with the NO
released are still poorly explored. Only few papers, using MOFs and
zeolites based materials, demonstrated that NO released from those
materials is able to inhibit platelet aggregation [7,17], to relax smooth
muscle of blood vessels [8] and stimulate the wound healing process
[18]. However, no actual demonstration of control of the biological
systems was provided, namely by establishing a relationship between
the response extension/intensity and the amount of NO released to the
system. This is of central importance to modulate the response of the
biological systems at the therapeutic level and the present work aims to
provide this demonstration and afford a more comprehensive assess-
ment of the real potentialities of the materials.

The work starts by evaluating the biocompatibility using primary
keratinocyte cells (HEKn), the materials’ stability in biological fluids
and following with the evaluation of NO release under biological con-
ditions. Materials that exhibited the best combination of good bio-
compatibility, stability and NO slower release were then evaluated to
control two relevant cellular processes: (1) mitochondrial respiration
and (2) cell migration, in two independent assessments. We demon-
strate in this work that not all materials that are able to store and re-
lease NO can be used in biological systems, since they should combine
several characteristics to provide a successful effect.

2. Materials and methods

2.1. Materials

ETS-4 was synthesized with an alkaline solution made by dissolving
33.16 g of meta-silicate (BDH), 2.00 g NaOH (Merck), and 3.00 g KCl
(Merck) into 25.40 g H2O. 31.88 g of TiCl3 (15% m/m, TiCl3 and 10%
m/m HCl, Merck) was added to this solution and stirred thoroughly.
This gel was transferred to a Teflon-lined autoclave and treated at
230 °C for 17 h. The product was filtered off, washed at room tem-
perature with distilled water and dried at 70 °C overnight, the final
product being an off-white microcrystalline powder. This synthesis
optimization and product characterization are described elsewhere

[19]. Cu and Co exchanged ETS-4 was prepared by cation exchange
with CuNO3 and CoNO3 solutions, and the products characterized as
previously described [12].

ETS-10, ETAS-10 and ETGS-10 were synthesized according to pre-
viously optimized procedures described elsewhere [20–22], using tita-
nium trichloride as Ti source. The materials were characterized as
previously described to ascertain their purity and porosity [13].

Sepiolite-type natural clay was obtained from the Tolsa Group,
Spain. Organoclay modified with L-histidine and modified synthetic
clays were synthetized according to the procedures previously de-
scribed by Fernandes et al. [15,16].

To confirm the synthesis’ purity and the solid phases obtained the
materials were characterized by powder X-ray diffraction (XRD) and
nitrogen adsorption at −196 °C. The detailed description of those ex-
perimental methods and the obtained results are in Section I of the
Supplementary material. All the obtained data are coincident with the
literature, which ensures the purity of the newly synthesized materials
[10–13,15,16,19–22]. Moreover, a brief description of the materials
used in this study and their NO adsorption/release capacities are shown
in Table 1. These materials represent a selection from the studied ma-
terials by our group to date that present the most promising NO storage
and release properties.

2.2. NO adsorption and storage in the materials

Loading of the material with NO was proceeded by introducing each
sample in a glass vacuum cell with a valve and degassed under high-
vacuum conditions (better than 10−2 Pa) to activate the samples. Time
and heating temperatures for degassing were different depending on
the material: For ETS-4 and modified specimens, the conditions used
were 100 °C for 3 h [12]; ETS-10, ETAS-10 and ETGS-10 were heated at
300 °C for 2.5 h [13]; Sepiolite was heated at 250 °C for 2 h [10];
Modified organoclay with L-histidine (L-HM-1) was degassed at 150 °C
for 2.5 h [16] and modified synthetic clays (CoOS and CoAS-B) at
250 °C for 2.5 h [15]. After outgassing and with the material already at
room temperature, NO was admitted to the vacuum cell housing the
solid, at a pressure of 80 kPa, and kept there for 3 days. After this period
of NO loading, the remaining gas was evacuated by connecting the cell
to the vacuum line and opening the valve. The loaded material was
stored by filling immediately the valve with helium up to atmospheric
pressure.

2.3. NO release profiles in biological media

NO released over time by the materials was quantified in biological
medium (RPMI-1640 with 10% (V/V) fetal bovine serum, penicillin-
streptomycin (100 UI/mL and 100 μg/mL, respectively) using the
method of Griess at 37 °C. This is an indirect method, which quantify its
decomposition product (NO2

−) accumulated in the medium over time
[23]. After 15, 30, 60 and 120min, 2mL of sample with a material
concentration of 450 μg/mL was centrifuged in order to separate the

Table 1
Porous materials studied in this work presenting suitable NO gas adsorption and release properties.

MATERIAL DESCRIPTION ADSORPTION CAPACITY (%) RELEASE CAPACITY (% M/M) REF.

ETS-10 Titanosilicate with hexacoordinated framework Ti4+ 8 3 [13]
ETAS-10 ETS-10 with isomorphous substitution of framework Si4+ by Al3+ 12 5 [13]
ETGS-10 ETS-10 with isomorphous substitution of framework Si4+ by Ga3+ 16 2.9 [13]
ETS-4 Titanosilicate with unsaturated (pentacoordinated) Ti4+ 11 5 [11]
Cu-ETS-4 ETS-4 with extra-framework cations exchanged by Cu2+ 12 6.3 [12]
Co-ETS-4 ETS-4 with extra-framework cations exchanged by Co2+ 7 4 [12]
SEPIOLITE Natural clay 1 0.6 [10]
CoOS Smectite clay with Co2+ in the structure using tetramethyl orthosilicate as a silicon source 5.1 2 [15]
CoAS-B Smectite clay with Co2+ in the structure using silicic acid as a silicon source 3.5 1 [15]
L-HM-1 Organoclay with the modification of aluminum silicate (montmorillonite) with L-histidine 3.2 1.4 [16]
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material from the medium. Other concentrations were tested for ETS-4
(180, 90 and 45 μg/mL). Subsequently, the supernatant obtained after
centrifugation was incubated with Griess reagent (0.2% naphthylethy-
lenediamine dihydrochloride, and 2% sulphanilamide in 5% phos-
phoric acid) generating a chromophoric azo product, which was
quantified by absorbance at 548 nm, using a microplate reader (Tecan,
A-5082 Sunrise Remote). A calibration curve was prepared using a
sodium nitrite solution (0–200 μM) according to the same procedure
described above for the samples.

2.4. Material's stability in biological medium

The material's stability in complete cellular culture medium
(EpiLife® - same used for HEKn cells culture) was evaluated under cell
incubation conditions (37 °C, humidified atmosphere with 5% CO2)
after 72 h (maximum time of the accomplished cellular assays), using a
material concentration of 450 μg/mL. Depending on the material's
structure, the determination of the correspondent metal(s) content in
the medium was done by ICP at the laboratory of analysis of Instituto
Superior Técnico, following the analytical procedure defined in the
standard ISO 11885:2007.

Powder X-ray diffraction was performed using a Philips X-ray dif-
fractometer (PW 1730) with automatic data acquisition (APD Philips
v3.6B), using Cu Kα radiation (λ=0.15406 nm). The diffraction pat-
terns were collected in the 2θ range of 5°–20° with a 0.01° step size and
an acquisition time of 200 s per step.

2.5. HeLa and HEKn cells culture

HeLa cells (human cervical cancer cell line) (American Type Culture
Collection, Manassas, VA, USA) were cultured in supplemented RPMI-
1640 with fetal bovine serum (10% V/V), penicillin-streptomycin (100
UI/mL and 100 μg/mL, respectively) and 2mM glutamine, and in-
cubated at normal culturing conditions (37 °C, 5% CO2). Fresh medium
was replaced every 2 days up to adequate confluency for subcultivation.

HEKn cells (epidermal keratinocytes isolated from neonatal fore-
skin) (Thermo Fisher Scientific) were cultivated in EpiLife® Medium
supplemented with 60 μM calcium, an antibiotic/antimycotic solution
of gentamicin and amphotericin B and an human keratinocyte growth
supplement (1% V/V; composed by bovine pituitary extract (0.2% V/
V), recombinant human insulin-like growth factor-I (1 μg/mL), hydro-
cortisone (0.18 μg/mL), bovine transferrin (5 μg/mL) and human epi-
dermal growth factor (0.2 ng/mL)) and an antibiotic/antimycotic so-
lution of gentamicin and amphotericin B, incubated and maintained in
the conditions of HeLa cells.

2.5.1. HEKn cytotoxicity tests
Viability/toxicity was assessed by the fluorometric alamarBlue®

assay. HEKn cells were seeded in 96-well plates at a density of 7500 or
5000 cells per well for the 24 or 72 h experiments, respectively. After
24 h of incubation, the media were replaced by the supplemented
medium containing the desired concentration of the compound. Two
concentrations were tested: 450 μg/mL and 180 μg/mL. Eight replicates
were used for each condition.

On the respective time, 10 μL of alamarBlue® was added directly to
each well and the plate was incubated for at least 4 h alamarBlue® re-
duction was quantified by fluorescence (λex= 530 nm, λem=590 nm)
in a Spectra Max Gemini EM reader from Molecular Devices. Cell via-
bility was calculated as follows:

= ×
+cell viability

F
F

(%) 100cells material

control cells

( )

( )

Where F(cells+material) represents the average of the fluorescence ob-
tained for the cells incubated with the material and Fcontrol(cells) the
fluorescence average of the control, which corresponds to the cells

incubated only with the medium. The fluorescence signal of the sup-
plemented medium was subtracted in all the conditions.

2.5.2. Measurement of oxygen consumption rates using HeLa cells
Mitochondrial respiration was measured at 37 °C using an oxygen

electrode. HeLa cells (2.5 mg of protein) were resuspended in 40 μL
PBS, kept in ice for 5min and incubated in the O2 electrode chamber
containing a specific respiration buffer (0.07M sucrose, 0.23M man-
nitol, 30mM Tris HCl, 4 mM MgCl2, 5 mM KH2PO4, 1mM EDTA and
0.5% bovine serum albumin, pH 7.4) and with 0.01% digitonin (to
permeabilize the cells) under stirring. Respiratory substrate (20mM
succinate) was added to the mitochondrial incubation (state 4). State 3
active respiration was obtained by adding ADP (0.125mM), allowing
the ATP synthase to function, proton motive force to drop and election
transport to accelerate. Finally, the NO-loaded material was added at
the desired concentration. The following concentrations were tested:
450, 180 and 90 μg/mL. Respiration rates (O2 consumption) were cal-
culated as the negative time derivative of oxygen concentration using
the Oxygraph plus program. Considering the maximum respiration rate
reached in state 3, the mitochondrial inhibition by the NO is expressed
comparatively to that value. Since O2 consumption showed some var-
iation from day to day, the respiration rate is reported as percentage of
control.

Preliminary studies were performed without cells, by adding the
different tested concentrations of NO-loaded material, confirming no
interference with the signal. Moreover, unloaded material was also
tested and no significant inhibition of the mitochondrial respiration was
observed.

2.5.3. Cell migration assay
For this process, the Oris™ Cell Migration Assay (Platypus technol-

ogies, LLC, Madison WI) was used by adapting the manufacturer's
protocol and using HeLa cells with a confluent density of 5×104 per
well NO-loaded material was tested using different concentrations and,
in parallel, the unloaded material was also tested, as control. Cells were
allowed to migrate into the central detection zone for 48 h. Images were
captured at pre-migration time (0 h) and after 6, 12, 24 and 48 h using a
microscope (Olympus, CK40) equipped with a digital camera (C4040;
Olympus). For that, a black mask with 96 prefabricated openings that
precisely frame the central detection zone of each well, was attached to
the bottom of the 96-well plate. The quantification of cell migration
was performed by imaging analysis using ImageJ 1.50i software. All
images covered the entire detection zone and the surrounding area was
black due to the masking plate. Using a MRI wound healing tool [24], it
was possible to adjust a threshold in order to obtain the value of the free
area inside the detection zone that was not occupied by cells. The mi-
grated cells area at each time was calculated using equation (1):

=
−

⋅
− = − =

− =

cell migration or wound closur

e
Area Area

Area

%
(

100pre migration t h post migration t x h

pre migration t h

( 0 ) ( )

( 0 ) (1)

The average percentage of wound closure and standard deviation of
the three independent assays with four replicates each were reported in
the results. Since, some variability is always present between in-
dependent assays, the results are reported as the difference in closure
percentage between the control (only cells) and the cells with the new
donor. Statistical analysis was performed using unpaired student's t-test
and the level of statistical difference was defined at p < 0.05.

3. Results

3.1. HEKn biocompatibility

Biocompatibility is a key for understanding the host response to a
material [25]. In this context, preliminary cytotoxic tests with HeLa
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cells have already been performed for titanosilicates [12,13] and clays
[10,15,16], showing very encouraging results. In order to better eval-
uate toxicity, here we report additional tests with primary human cells.
HEKn cells were chosen due to the potential application of these ma-
terials in wound healing treatments. The obtained results are shown in
Fig. 1 a and b for clay-based and titanosilicate-based porous materials,
respectively. Since our objective was to compare the materials and not
to establish the toxicity threshold, two concentrations were tested, 180
and 450 μg/mL, the latter being at the upper limit usually used for

evaluating the cytotoxicity of silicas and other porous materials [26,27]
(this concentration was also used in the previous HeLa tests).

For clay-based samples (Fig. 1 a), results with the higher con-
centration (450 μg/mL) reflected high toxicity after 72 h, with 20%
cells survival at best case (CoOS). At low concentration (180 μg/mL)
CoOS and CoAs–B present no toxicity after 24 h and a survival rate of at
least 60% after 72 h. Since the natural clay sepiolite and L-HM-1 pre-
sent toxicities higher than 50% after 72 h even at low concentration,
their use in biological systems is not recommended.

The biocompatibility results of titanosilicates (Fig. 1 b) revealed a
considerable toxicity at the longer exposure time (72 h) at high con-
centration (striped bars), which is more evident in ETS-4 and ETS-4
based materials (toxicity > 70%). At low concentrations (full bars),
cells’ survival increased significantly (75% viability for the worst case,
Co-ETS-4). Additionally, toxicity was assessed with selected materials
loaded with NO and compared with unloaded ones (Supplementary
Figure A8). Although high amounts of material have been used (450 μg/
mL) in both conditions, no significant differences in toxicity were ob-
served, which indicates that the concentration of NO released by these
materials (450 μg/mL) is not enough to induce toxicity.

Overall, results demonstrated an increased susceptibility when
using primary cells, comparing with the results obtained with HeLa
cells [10,12,13,15,16]. For instance, HeLa cells in contact with sepiolite
at 450 μg/mL presented ∼70% cell survival after 72 h [10], in clear
contrast with the ∼10% cell survival observed with HEKn cells in the
present work (Fig. 1). Comparing with other porous materials studied
for this purpose, for instance vitamin B3 MOFs with Ni and Co metal
centres [9], both MOFs present toxicities higher than 60% at 450 μg/mL
after 72 h in contact with the same cell line. This toxicity is comparable
with the results presented here (Figs. 1 and 2) for most of the materials.
Tests of common zeolites carried out with various cell lines [18,28–30]
show that those materials are less toxic (20% at high concentration)
than most materials assessed in this work. However, zeolites present
lower NO adsorption/release capacity.

3.2. NO release and materials’ stability in biological media

Having knowledge about the NO release behaviour of these mate-
rials under biological environments is also extremely important for
developing useful therapeutics, since beneficial effects of any NO-based
drug depend strongly on the concentration and duration of the NO
delivery [31]. Previous studies of NO release kinetics in liquid phase
relied on the oxyhemoglobin assay [32], using a haemoglobin solution
at room temperature [11]. However, for a more consistent evaluation,
the physiological medium used should mimic closely that of the pro-
posed application. For example, the amount of available NO released

Fig. 1. Cytotoxicity assays with selected porous materials.
Viability results for a) clay-based materials and b) selected titanosilicates using
primary keratinocytes (HEKn) after 24 and 72 h of incubation. All materials
were tested without NO, at a concentration of 450 and 180 μg/mL, represented
by striped and solid bars, respectively. The error bars represent the standard
deviation of eight replicates.

Fig. 2. Nitric oxide release studies under biological conditions.
Concentration of nitrite measured by Griess reagent assay in supplemented RPMI-1640 medium in the presence of NO-loaded materials at a concentration of 450 μg/
mL: a) release profiles from the selected modified clays and b) release profiles from the selected modified titanosilicates. All the measurements were performed at
37 °C. The error bars represent the standard deviation of three assays.
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from a material in blood is significantly lower than in phosphate buf-
fered saline solution [33]. Thus, NO release studies were performed in
the present work using the Griess reagent assay under in vitro biological
conditions. Fig. 2a) and b) displays the NO release profiles obtained for
titanosilicates and clays, respectively.

On the overall, titanosilicates release higher amounts of NO than
clays, with exception to the CoOS which presented a release within the
range of the titanosilicates. In three specific cases, ETS-4, ETGS-10 and
Cu-ETS-4, the release can be controlled over time as shown by the slow
increase of nitrite in the solution, particularly in the ETS-4 case. For this
material, the NO released amount increased almost linearly with time,
which is the most favourable release kinetic for drug delivery systems
[34]. Although ETS-4 was not the material that releases the highest
amount of NO, it ensures that no exaggerated amounts of NO are re-
leased in the first few minutes, since this effect may induce tox-
icological effects on the surrounding tissues. The highest nitrite release
at 450 μg/mL was achieved by Cu-ETS-4 (up to 180 μM), with the
highest amount of NO being released in the first few minutes. Similarly,
a fast (up to 15min) NO release is observed from ETS-10 and related
materials (ETAS-10 and ETGS-10), which may be limiting for future
therapeutic applications.

Regarding clay-based materials, L-HM-1 and Sepiolite do not release
any significant amounts of NO, whereas CoOS is the most promising
material (80 μM nitrite after 2 h), but this release is very fast which may
limit its applicability.

Overall, titanosilicates clearly released higher amounts, as was
previously demonstrated through NO adsorption/desorption studies of
each material (Table 1). Although the adsorbed NO is never fully re-
leased under vacuum, it was possible to confirm the higher capacity of
adsorption and release of titanoslicates [10–13,15,16]. These NO re-
lease results are not easily comparable to those described in the lit-
erature for nanoporous solids designed for the same purpose since
different media, concentrations and temperature conditions were used.
For instance, release studies of Zn2+-exchanged zeolite carried out with
a NO electrode, in 5% LB:PBS media and at 37 °C, revealed significant
NO flow in the first 10min that decreased to near zero thereafter [35].
Nevertheless, such burst efficiently inhibited bacterial growth [35]. The
more sustained NO release profile obtained for ETS-4 prompted us to
study its release profile at lower concentrations (Fig. 3), since at
450 μg/mL some toxicity is noticed (Fig. 1 b). These results demon-
strated a time-dependent and concentration-dependent NO release over
2 h. This supports the high potential of applying this compound to
achieve a control release of NO concentrations that is essential for

pharmacological applications.
Materials’ stability is also another requirement for a successful NO

carrier, being critical to ensure the storage of the gas, its controlled
release and to avoid the leaching of their components in the tissues that
may cause potential side reactions. Thus, the stability of the present
materials under biological conditions was tested and the respective data
are shown in Supplementary Table A2. Except for Cu-ETS-4 and Co-
ETS-4, titanosilicates present excellent stability in HEKn cell culture by
showing no release of metals to the medium, which is indicative of
absence of degradation by the materials. Cu-ETS-4 and Co-ETS-4 assays,
however, present a Cu2+and Co2+ concentrations of 21.25 and
4.25 μg/mL, respectively, in the culture medium, indicating that these
exchangeable cations that compensate the charge of the framework can
be released/exchanged when in contact with cell culture medium. In
the case of clay-based materials, all exhibit some degradation proved by
considerable amounts of the correspondent metals detected in the
medium.

To confirm overall results, a more comprehensive study with XRD
was performed with one of those materials, namely ETS-4, by com-
paring its XRD pattern before and after submersion in the biological
medium for 72 h (Supplementary Figure A9). The results did not pre-
sent any significant changes in the material's crystallinity, which con-
firm its stability. Although the amount of free metals in the medium is
not the only aspect that drives toxicity, overall stability results
(Supplementary Table A2) are in line with the toxicity tests (Fig. 1).

3.3. Biological effects of NO-loaded materials

3.3.1. Mitochondrial respiration
To establish this new class of NO donors as a viable alternative in

the control of biological functions, the impact of the active NO released
on the biological systems must be addressed. Thus, effects on the mi-
tochondrial respiration were evaluated by measuring the oxygen con-
sumption of digitonin-permeabilized HeLa cells exposed to NO-loaded
ETS-4 using a O2 electrochemical sensor. Fig. 4 displays the variances in
the O2 consumption profiles by exposing the cells to different con-
centrations of NO-loaded ETS-4 (90, 180 and 450 μg/mL). Using the
lower NO donor concentration (Fig. 4 a), the mitochondrial oxygen
consumption was reversibly inhibited by the material, attaining an in-
hibition maximum of 76.7 ± 2.4% and returning to normal values
after ∼2min as the NO concentration decayed. For a higher ETS-4
concentration (180 μg/mL, Fig. 4 b), the inhibition of the respiration
rate was similar (73.4 ± 1.7%) but was observed for a longer period
(∼2.6min). For 450 μg/mL of NO-loaded ETS-4 (Fig. 4 c), an abrupt
decrease in the oxygen consumption was observed for an even longer
period (∼ 4min) caused by higher release of active NO to the medium.
Calculation of oxygen consumption inhibition was not possible due to
interferences in the O2 signal caused by the high amount of solid in the
suspension. Overall, the main variation observed by changing the
concentration was the duration of respiration inhibition that increased
with the amount of NO released, highlighting the high dependence of
the NO concentration in the control of the biological effect.

3.3.2. Cell migration
To evaluate the efficiency of the released NO from the new donors in

wound therapy, in vitro models were created. Cell migration was then
evaluated using Oris™ Cell Migration Assay, with the conditions opti-
mized for this type of solid NO carriers, with HeLa cells. This cell line
was used as a starting point for these tests due to its fast growth and
easy maintenance, which allows the observation of results within a few
days. Fig. 5a illustrates the schematic representation of the migration
assay.

Cells were exposed to different concentrations of NO-loaded ETS-4.
Results demonstrated that cells treated with a concentration of 90 μg/
mL of NO-loaded ETS-4 migrate faster toward the central unseeded
region than untreated cells (absence of material); while ETS-4 by itself

Fig. 3. Indirect nitric oxide release studies of ETS-4 at different con-
centrations under biological conditions.
Nitrite release levels from NO loaded ETS-4 were measured in RPMI-1640
medium at 37 °C, using Griess reagent. The error bars represent the standard
deviation of eight assays.
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did not show any statistically significant effect in all time points (Fig. 5
b). After 6 h of the stoppers removal (when free area starts to be ac-
cessible), cells exposed to NO donor displayed an accelerated migration
and, consequently, an increased wound closure of 8±1.1% was ob-
served, comparing with the control groups. This significant

improvement remained until the end of the experiment. As revealed by
comparing the microscope images (Fig. 5 c) of control cells with cells
exposed to NO-loaded a ETS-4 the presence of NO greatly increased the
closure of the wound after 48 h. Two other concentrations, 180 μg/mL
and 45 μg/mL, of NO-loaded ETS-4 were simultaneously tested
(Supplementary Fig. A10). For the lowest concentration, no differences
in the migration rate were observed comparing treated cells and con-
trol, while exposing the cells to 180 μg/mL, a delay in wound closure
was observed. All concentrations were ≤180 μg/mL, the same that
exhibited viability above 80% after 72 h of exposure in the above de-
scribed HEKn toxicity tests, thus ensuring no significant toxicity.

NO-loaded titanosilicates ETS-10 and ETAS-10 were tested at
450 μg/mL (Supplementary Fig. A11 A and B). No improvement in the
wound closure was observed. Since these materials present very fast
release kinetics, perhaps a higher concentration of material could en-
hance positive cell responses. However, this was not studied due to the
concerns of the toxicological effects of the materials. The synthetic
modified clay, CoOS, was also tested at 450 μg/mL (Supplementary Fig.
A11 C). In this case, a slight reduction in the cell migration was verified
both with NO loaded and unloaded CoOS treatment comparing with
control cells without material. For this case, the toxicity effect of this
material was evident at this concentration. Using lower concentrations
of this material could reduce its toxicological effect and assure a more
adequate NO dosage for this application. Yet, its instability
(Supplementary Table A2) would certainly be a limitation, since this
causes a fast and uncontrollable NO release that was confirmed by the
fast release profile observed in Fig. 3 (almost all NO is released within
the first 15min).

Altogether, these results illustrate the importance of having a slow
release of NO to increase cell migration, with fast-releasing compounds
being ineffective. It is also important to control the concentration of
NO, because NO shows biphasic behaviour with stimulatory effects
turning into inhibitory effects in a relative narrow range of con-
centrations.

4. Discussion

The evaluation of storage capacity and kinetic release profile, ma-
terial stability in culture medium and toxicity has demonstrated that
not all porous materials that store NO can be considered for biological
applications, namely if a fine control of biological functions is en-
visaged. ETS-4 proved to be the most promising material from those
tested, since it is the only one that combines good biocompatibility at
180 μg/mL, high stability and controlled NO release, offering thus a
great promise to be used in medical applications.

ETS-4 loaded with NO was capable of an active regulation of cells
O2 consumption in a reversible way by controlling the NO released
amount (i.e. material concentration). Moreover, results obtained in
Fig. 4 clearly show that increasing the amount of NO released, the time
of respiration inhibition is longer.

Moreover, this new NO donor promoted cell migration and these
encouraging results (Fig. 5) clearly highlight the potential application
of this material for wound healing. Obviously, the results presented are
still far from a clinical demonstration, since they were obtained with an
immortalized cell type and with a stagnant media. Nevertheless, this
simpler system allows us to get a first assessment of the potentiality of
this new NO donor. Additionally, as showed before, sustained NO re-
lease was not maintained for 48 h since ETS-4 is unable to do so and
during this time the observed effects can also arise partially from other
formed species besides the NO released. Thus, applying multiple doses
of NO donor over a certain period may be an option to maintain the
optimal therapeutic concentration over time and obtain better results.
Nevertheless, NO-based therapy for wounds treatment is challenging
due to the high dependence on the specific NO concentration in the
affected area: although down-regulation of NO production leads to
delayed wound healing by decreasing accumulation of collagen and

Fig. 4. Impact of NO released from ETS-4 on oxygen cell consumption.
O2 consumption profiles of digitonin-permeabilized cells (1.25mg of protein)
exposed to different concentrations of NO-loaded ETS-4: a) 90 μg/mL; b)
180 μg/mL and c) 450 μg/mL. The material was added after reaching the state 3
respiratory conditions, defined by the state of maximal phosphorylation after
the addition of ADP.
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reducing wound mechanical strength [36,37], overexpression of iNOS,
(i.e. excess of NO available in the wound site), may enhance the in-
flammatory phase of wound healing, leading to keloid lesions [38,39].
According to the literature, similar migration tests performed with
huESCs cells treated with different concentrations of SNAP (a conven-
tional donor) also confirmed the high dependence of the NO con-
centration in achieving positive migration responses, demonstrating
that depending on the SNAP concentration, treated cells present distinct
speed in the migration [40]. Therefore, NO amounts released from ETS-
4 at 180 μg/mL and 45 μg/mL are not adequate for this specific appli-
cation (Supplementary Figure A10). The same happened with other
materials (ETS-10, ETAS-10 and CoOS, Supplementary Figure A11),
which failed in demonstrate capacity to promote cell migration, per-
haps not only because of their inadequate NO release profile but also
because of other constraints such as the instability in biological medium
and toxicity. This underlines the necessity for the more comprehensive
evaluation of materials developed in this work that will guide future
developments of nanoporous materials for a new therapy approach,
with possible application in a broad spectrum of human diseases that
would benefit from exogenous NO administration.
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