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Abstract

Nitric oxide (NO) presents innumerable biologicales, and its exogenous supplementation for
therapeutic purposes has become a necessity. Somearous materials proved to be potential
vehicles for NO with high storage capacity. Howewhere is still a lack of information about
their efficiency to release controlled NO and iéyhare biocompatible and biologically stable.
In this work, we address this knowledge gap stautiyp evaluating the NO release and stability
under biological conditions and their toxicity wighimary keratinocyte cells. Titanosilicates
(ETS-4 and ETS-10 types) and clay-based materiaits the materials under study, which have
shown in previous studies suitable NO gas adsarfrétease rates.

ETS-4 proved to be the most promising material, mamg good biocompatibility at 180
pg/mL, stability and slower NO release. ETS-10 aBd@AS-10 showed the best
biocompatibility at the same concentration andhacase of clay-based materials, CoOS is the
least toxic of those tested and the one that regetiee highest NO amount. The potentiality of
these new NO donors to regulate biological fun&iovas assessed next by controlling the
mitochondrial respiration and the cell migratiorONbaded ETS-4 regulates, @onsumption
and cell migration in a dose-dependent manner. dellir migration, a biphasic effect was
observed in a narrow range of ETS concentratioth avistimulatory effect becoming inhibitory
just by doubling ETS concentration. For the otheatemals, no effective regulation was
achieved, which highlights the relevance of the ramsessment presented in this work for

nanoporous NO carriers that will pave the way totHer developments.
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1. Introduction

The potential outcome of the controlled deliverymitiic oxide (NO) to specific biological
targets led to the development of new NO-carryimg aeleasing matrices for therapeutic
benefit. Among its many biological roles, NO isteosg vasodilator, antimicrobial agent and
wound healing accelerator, and its use as a thetia@gent provides an excellent alternative to
conventional drugs [1,2]. Generically, therapy egliboth on NO donors that release the
molecule in a direct or indirect way.€., via metabolic activity, biotransformation or redo
activation), and on agents that increase NO biaiicti3]. Most of existing molecular donors
present, however, certain limitations when in contaith biological fluids, namely high
solubility, non-target and uncontrolled NO releas®l the release of toxic decomposition
products €.g.carcinogenic nitrosamines) [4—6]. For example, @uiés high solubility, NO may
be released before reaching the target site, #qusiring higher amounts of donor to meet the
therapeutic needs, triggering potential toxic @fdd]. Under these circumstances, additional
chemical reactions become relevant, generatingtiveanitrogen oxide species capable to
inhibit cell respiration and to induce cell toxic[6].

Recent work has unveiled the NO adsorption/relgasential of nanoporous framework solids
bearing metal active sites [3,6]. These new mdsewaercome the limitations of the most
conventional donors because they provide a safaggand controlled delivery of pure NO in
the target tissue, being of special interest fpical applications [5]. In addition, the amount of
NO and the release period may be modulated, byguttie porosity of the material and/or
varying the nature and the number of metal sitesaérframework [7-9].

Several types of porous materials have recentlyn btadied for this purpose, including:
zeolites, clays, metal-organic frameworks (MOFg] #tanosilicates [7,10-12]. We have been
interested in designing new porous structuresHerstorage and controlled release of NO. We
showed that microporous titanosilicates (ETS-4)taiming T unsaturated metal centers and
CU* or Cd* extra-framework cations exhibit exceptional prdiesrto adsorb and release
controlled NO amounts[12,13].Another microporouartosilicate structure, ETS-10, and the

effect of its isomorphic substitution of Si by Ahd Ga, was also explored [14], as well as
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materials based on modified mineral clays (segidiibd montmorillonite) [11,15], synthetic
clays (smectite clays with cobalt ions) [16] andjaoclays (natural clays modified with L-
histidine) [17]. Clay-based materials, althoughristp less NO than titanosilicates and
displaying faster NO release still release NO anmuhat may trigger positive biological
responses.

So far, studies using these new donors concerhiigthiocompatibility, stability and control of
biological processes with the NO released are tithrly explored. Only few papers, using
MOFs and zeolites based materials, demonstratédNtbaeleased from those materials is able
to inhibit platelet aggregation [7,18], to relaxa@sth muscle of blood vessels [9] and stimulate
the wound healing process [19]. However, no aaieahonstration of control of the biological
systems was provided, namely by establishing atioekhip between the response
extension/intensity and the amount of NO releasetti¢ system. This is of central importance
to modulate the response of the biological systantke therapeutic level and the present work
aims to provide this demonstration and afford aenmoemprehensive assessment of the real
potentialities of the materials.

The work starts by evaluating the biocompatibilising primary keratinocyte cells (HEKn), the
materials’ stability in biological fluids and folleng with the evaluation of NO release under
biological conditions. Materials that exhibited thest combination of good biocompatibility,
stability and NO slower release were then evalutdembntrol two relevant cellular processes:
(1) mitochondrial respiration and (2) cell migratioin two independent assessments. We
demonstrate in this work that not all materials #r@ able to store and release NO can be used
in biological systems, since they should combingssd characteristics to provide a successful

effect.

2. Materials and Methods

2.1. Materials

ETS-4 was synthesised with an alkaline solution emlagl dissolving 33.16 g of meta- silicate
(BDH), 2.00 g NaOH (Merck), and 3.00 g KCI (Merdko 25.40 g HO. 31.88 g of TiJ{

4
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(15% m/m, TiC} and 10% m/m HCI, Merck) was added to this solutiod stirred thoroughly.
This gel was transferred to a Teflon-lined autoelawnd treated at 230 °C for 17 hours. The
product was filtered off, washed at room tempegratuith distilled water and dried at 70 °C
overnight, the final product being an off-white nacrystalline powder. This synthesis
optimization and product characterization are deedrelsewhere [20]. Cu and Co exchanged
ETS-4 was prepared by cation exchange with Cubi@ CoNQ solutions, and the products
characterized as previously described [13].

ETS-10, ETAS-10 and ETGS-10 were synthesized aowprdo previously optimized
procedures described elsewhere [21-23], usinguitatrichloride as Ti source. The materials
were characterized as previously described to t@odheir purity and porosity [14].
Sepiolite-type natural clay was obtained from th@s@ Group, Spain. Organoclay modified
with L-histidine and modified synthetic clays wesgnthetized according to the procedures
previously described by Fernandssal.[16,17].

To confirm the synthesis’ purity and the solid prsasbtained the materials were characterized
by powder X-ray diffraction (XRD) and nitrogen adstion at -196 °C. The detailed description
of those experimental methods and the obtainedtseare in Section | of the Supplementary
material. All the obtained data are coincident ifté literature, which ensures the purity of the
newly synthesized materials [11,13,16,17,20-22]rédwer, a brief description of the materials
used in this study and their NO adsorption/releeeeacities are shown in Table 1. These
materials represent a selection from the studieténads by our group to date that present the

most promising NO storage and release properties.
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Table 1 — Porous materials studied in this worksergting suitable NO gas adsorption and release

properties.
RELEASE
MATERIAL DESCRIPTION éEggg.Pryg/g CAPACITY REF.
(% m/m)
. m . . A+
ETS-10 Titanosilicate with hexacoordinated framework Ti 8 3 [14]
ETAS-10 ETS-10 W|Et+1 |sc3)1norphous substitution  of 12 5 [14]
framework Si"" by Al
ETGS-10 ETS-10 W|£t1 |sor3130rphous substitution  of 16 2.9 [14]
framework Si”” by Ga
Titanosilicate with unsaturated (pentacoordinated) 11 5 [12]
ETS-4 | 1
CU-ETS-4 (E:I§—4 with extra-framework cations exchanged by 12 6.3 [13]
Co-ETS-4 (E:'(I)'ZS+—4 with extra-framework cations exchanged by 7 4 [13]
Sepiolite | Natural clay 1 0.6 [11]
Smectite clay with Co*" in the structure using 51 2 [16]
Co0s tetramethyl orthosilicate as a silicon source
. . 24 . . e .
COAS-B Smectlte cl'e?y with Co™ in the structure using silicic 35 1 [16]
acid as a silicon source
L-HM-1 Organoclay with the modification of aluminum 3.2 1.4 [17]
silicate (montmorillonite) with L-histidine

2.2. NO adsorption and storage in the materials

Loading of the material with NO was proceeded hyoucing each sample in a glass vacuum
cell with a valve and degassed under high-vacuumditions (better than 1{Pa) to activate the
samples. Time and heating temperatures for degpegre different depending on the material:
For ETS-4 and modified specimens, the conditioredusere 100 °C for 3 h [13]; ETS-10,
ETAS-10 and ETGS-10 were heated at 300 °C for 21%lh Sepiolite was heated at 250 °C for
2 h [11]; Modified organoclay with L-histidine (LMW-1) was degassed at 150 °C for 2.5 h [17]
and modified synthetic clays (CoOS and CoAS-B) %@ 2C for 2.5 h [16]. After outgassing
and with the material already at room temperatN@ was admitted to the vacuum cell housing
the solid, at a pressure of 80 kPa, and kept floerg days. After this period of NO loading, the
remaining gas was evacuated by connecting thaaétle vacuum line and opening the valve.
The loaded material was stored by filling immediatee valve with helium up to atmospheric

pressure.
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2.3.NO release profiles in biological media

NO released over time by the materials was quadtifn biological medium (RPMI-1640 with
10% (/V) fetal bovine serum, penicillin-streptomycin (100I/mL and 100 pg/mL,
respectively) using the method of Griess at 37T1@s is an indirect method, which quantify its
decomposition product (NQ accumulated in the medium over time [24]. Aft&; 30, 60 and
120 minutes, 2 mL of sample with a material conediun of 450 pg / mL was centrifuged in
order to separate the material from the mediumeOtoncentrations were tested for ETS-4
(180, 90 and 45 ug / mL). Subsequently, the supembabtained after centrifugation was
incubated with Griess reagent (0.2% naphthylettedéamine dihydrochloride, and 2%
sulphanilamide in 5% phosphoric acid) generatingheomophoric azo product, which was
quantified by absorbance at 548 nm, using a miatepkreader (Tecan, A-5082 Sunrise
Remote). A calibration curve was prepared usingodiusn nitrite solution (0-200 pM)

according to the same procedure described abohd@amples.

2.4 Material’'s stability in biological medium

The material’s stability in complete cellular cutumedium (EpiLife® - same used for HEKn
cells culture) was evaluated under cell incubationditions (37 °C, humidified atmosphere
with 5 % CQ) after 72 hours (maximum time of the accomplisieetlular assays), using a
material concentration of 450 pg/mL. Depending loa material’s structure, the determination
of the correspondent metal(s) content in the medias done by ICP at the laboratory of
analysis of Instituto Superior Técnico, followinpet analytical procedure defined in the
standard ISO 11885:2007.

Powder X-ray diffraction was performed using a ipsilX-ray diffractometer (PW 1730) with
automatic data acquisition (APD Philips v3.6B),ngsCu Ku radiation £ = 0.15406 nm). The
diffraction patterns were collected in thé range of 5°-20° with a 0.01° step size and an

acquisition time of 200 seconds per step.
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2.5. HelLa and HEKn cells culture

HelLa cells (human cervical cancer cell line) (Aman Type Culture Collection, Manassas,
VA, USA) were cultured in supplemented RPMI-164Ghnetal bovine serum (10 %/V),
penicillin-streptomycin (100 Ul/mL and 10@g/mL, respectively) and 2 mM glutamine, and
incubated at normal culturing conditions (&, 5% CQ). Fresh medium was replaced every 2
days up to adequate confluency for subcultivation.

HEKn cells (epidermal keratinocytes isolated fromomatal foreskin) (Thermo Fisher
Scientific) were cultivated in EpiLife® Medium supmented with 60 uM calcium, an
antibiotic/antimycotic solution of gentamicin anthphotericin B and an human keratinocyte
growth supplement (1% V/V; composed by bovine ity extract (0.2% V/V), recombinant
human insulin-like growth factor-1 (1 pg/mL), hydartisone (0.18 pg/mL), bovine transferrin
(5 pg/mL) and human epidermal growth factor (0.2mig) and an antibiotic/antimycotic
solution of gentamicin and amphotericin B, inculdaded maintained in the conditions of HeLa

cells.

2.5.1 HEKn cytotoxicity tests

Viability/toxicity was assessed by the fluorometlamarBlue® assay. HEKn cells were seeded
in 96-well plates at a density of 7500 or 5000cpkr well for the 24 or 72 hours experiments,
respectively. After 24 hours of incubation, the medere replaced by the supplemented
medium containing the desired concentration ofcttrapound. Two concentrations were tested:
450 pg/mL and 180 pug/mL. Eight replicates were deeéach condition.

On the respective time, 10 pL of alamarBlue® wadeaddirectly to each well and the plate

was incubated for at least 4 hours. alamarBlue®atioh was quantified by fluorescende.€

530 nm,xen= 590 NmM) in a Spectra Max Gemini EM reader fromlédalar Devices. Cell

viability was calculated as follows:
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F(cells+material)

cell viability (%) = x 100

Fcontrol (cells)

WhereF ceiis+materiany represents the average of the fluorescence obtéanetle cells incubated
with the material an®controi(celisythe fluorescence average of the control, whichesponds to

the cells incubated only with the medium. The fasmence signal of the supplemented medium

was subtracted in all the conditions.

2.5.2 Measurement of oxygen consumption rates ugtgl a cells

Mitochondrial respiration was measured at 37 °@gisin oxygen electrode. HelLa cells (2.5 mg
of protein) were resuspended in 40 pL PBS, kepterfor 5 minutes and incubated in the O
electrode chamber containing a specific respiratiaffier (0.07 M sucrose, 0.23 M mannitol, 30
mM Tris HCI, 4 mM MgC}, 5 mM KH,PQy;, 1 mM EDTA and 0.5% bovine serum albumin, pH
7.4) and with 0.01% digitonin (to permeabilize ttedls) under stirring. Respiratory substrate
(20 mM succinate) was added to the mitochondrig@uliation (state 4). State 3 active
respiration was obtained by adding ADP (0.125 mdlpwing the ATP synthase to function,
proton motive force to drop and election transpmeccelerate. Finally, the NO-loaded material
was added at the desired concentration. The fallgwbncentrations were tested: 450, 180 and
90 pg/mL. Respiration rates {Gonsumption) were calculated as the negative tiensative of
oxygen concentration using the Oxygraph plus progi@onsidering the maximum respiration
rate reached in state 3, the mitochondrial intohitby the NO is expressed comparatively to
that value. Since £consumption showed some variation from day to ttayrespiration rate is
reported as percentage of control.

Preliminary studies were performed without cellg,aoding the different tested concentrations
of NO-loaded material, confirming no interferencighvthe signal. Moreover, unloaded material

was also tested and no significant inhibition @& thitochondrial respiration was observed.

2.5.3Cell migration assay
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For this process, the OFR5Cell Migration Assay (Platypus technologies, LL\@adison WI)
was used by adapting the manufacturer’s protoablusmg HelLa cells with a confluent density
of 5 x 1d per well NO-loaded material was tested using iffé concentrations and, in
parallel, the unloaded material was also testedpasol. Cells were allowed to migrate into the
central detection zone for 48 hours. Images weptucad at pre-migration time (0 hours) and
after 6, 12, 24 and 48 hours using a microscopgni@ls, CK40) equipped with a digital
camera (C4040; Olympus). For that, a black mash @ prefabricated openings that precisely
frame the central detection zone of each well, atteched to the bottom of the 96-well plate.
The quantification of cell migration was performbyg imaging analysis using ImageJ 1.50i
software. All images covered the entire detectionezand the surrounding area was black due
to the masking plate. Using a MRI wound healind {@6], it was possible to adjust a threshold
in order to obtain the value of the free area imgltt detection zone that was not occupied by

cells. The migrated cells area at each time wasitzed using the equation (1):

. . (Areapre—migration (t=0 h)~ AT€Apost—migration (t=x h
% cell migration or wound closure = pre—migraXoTNgFh h) postzmigration t=xh. 100 (1)

Areapre—_migration (t=0 h)
The average percentage of wound closure and sthrakiation of the three independent
assays with four replicates each were reportethénrésults. Since, some variability is always
present between independent assays, the resultsepoeted as the difference in closure
percentage between the control (only cells) anaétie with the new donor. Statistical analysis
was performed using unpaired student’s t-test the level of statistical difference was defined

atp <0.05.

3. Results

3.1 HEKn biocompatibility
Biocompatibility is a key for understanding the hiesponse to a material [26]. In this context,
preliminary cytotoxic tests with HelLa cells haveealdy been performed for titanosilicates

[13,14] and clays [11,16,17], showing very encoimggesults. In order to better evaluate

10
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toxicity, here we report additional tests with pairm human cells. HEKn cells were chosen due
to the potential application of these materialsvound healing treatments. The obtained results
are shown in Figure 1 a and b for clay-based atahdsilicate-based porous materials,
respectively. Since our objective was to compaeentiaterials and not to establish the toxicity
threshold, two concentrations were tested, 1804&0dug/mL, the latter being at the upper limit
usually used for evaluating the cytotoxicity oficgils and other porous materials [27,28] (this

concentration was also used in the previous Hedig)te

m 24 hours - 180 pg/mL

™ 24 hours - 450 pg/mL

100 @ 72 hours - 180 pg/mL

&1 72 hours - 450 pg/mL
80
60
40

20 § E
0 ' '

Sefiolite Co0OS CoAs-B L-HM-1

Viability (%)

b
® 24 hours - 180 pg/mL
™ 24 hours - 450 ug/mL
100 =72 hours - 180 pg/mL
80

Viability (%)
3 3

N
o

72 hours - 450 pg/mL

ETS-10  ETAS-10 ETGS-10 ETS-4  Cu-ETS-4 Co-ETS-4

Fig. 1 — Cytotoxicity assays with selected porous mate. Viability results fora) clay-based materials ank)
selected titanosilicates using primary keratinosytelEKn) after 24 and 72 hours of incubation. Allterals were
tested without NO, at a concentration of 450 and [1§0nL, represented by striped and solid bars, retpaly. The
error bars represent the standard deviation of eigiplicates.
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For clay-based samples (Fig. 1 a), results withhilgber concentration (450 pg/mL) reflected
high toxicity after 72 hours, with 20% cells surai\at best case (CoOS). At low concentration
(180 pg/mL) CoOS and CoAs-B present no toxicitera4 hours and a survival rate of at least
60% after 72 hours. Since the natural clay sepialiid L-HM-1 present toxicities higher than
50% after 72 hours even at low concentration, theie in biological systems is not
recommended.

The biocompatibility results of titanosilicates gFil b) revealed a considerable toxicity at the
longer exposure time (72 hours) at high concewtnafstriped bars), which is more evident in
ETS-4 and ETS-4 based materials (toxicity > 70%).|0&v concentrations (full bars), cells’
survival increased significantly (75% viability fahe worst case, Co-ETS-4). Additionally,
toxicity was assessed with selected materials adéh NO and compared with unloaded ones
(Supplementary Figure A.8). Although high amourftmaterial have been used (450 pg/mL) in
both conditions, no significant differences in ki were observed, which indicates that the
concentration of NO released by these material8 (4#mL) is not enough to induce toxicity.
Overall, results demonstrated an increased subdiptivhen using primary cells, comparing
with the results obtained with HelLa cells [11,1315417]. For instance, HelLa cells in contact
with sepiolite at 450 pg/mL presented0% cell survival after 72 h [11], in clear contrasth

the ~10% cell survival observed with HEKn cells in thegent work (Fig. 1). Comparing with
other porous materials studied for this purposejrfstance vitamin BMOFs with Ni and Co
metal centres [10], both MOFs present toxicitigghér than 60% at 450 pug / mL after 72 h in
contact with the same cell line. This toxicity sngparable with the results presented here (Fig.
1 and 2) for most of the materials. Tests of commewlites carried out with various cell lines
[7,18] show that those materials are less toxi@{2@ high concentration) than most materials

assessed in this work [34—36]. However, zeolitesgmt lower NO adsorption/release capacity.

3.2 NO release and materials’ stability in biologial media
Having knowledge about the NO release behaviourthese materials under biological
environments is also extremely important for dep&lg useful therapeutics, since beneficial

12
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effects of any NO-based drug depend strongly onctirecentration and duration of the NO
delivery [29]. Previous studies of NO release kosetin liquid phase relied on the
oxyhemoglobin assay [30], using a haemoglobin &woluat room temperature [12]. However,
for a more consistent evaluation, the physiologimallium used should mimic closely that of
the proposed application. For example, the amotiavailable NO released from a material in
blood is significantly lower than in phosphate leuéfd saline solution [31]. Thus, NO release
studies were performed in the present work usirgy @miess reagent assay undervitro
biological conditions.

Figure 2 a) and b) displays the NO release profibtained for titanosilicates and clays,

respectively.
200 -
da
L1 L }cuETS4
160 } P S— fooe
140 -
= = }ETGS-10
= 100 A ST R A
Y = s ETASH0
O 80 - . } S - I ..... ETS10
= R 1 =
60 -
40 A :
20 - '.“..n .......................... N .], CoAs-B i
S ereneeeueaneeenee@ensteseaseesasseesteentessesseese® L-HM-1 [
0 e T T T i 1] T T T 1
0 05 1 15 2 0 05 1 15 2
Time (h) Time (h)

Fig. 2 — Nitric oxide release studies under biologicconditions. Concentration of nitrite measured by Griess
reagent assay in supplemented RPMI-1640 mediuheipresence of NO-loaded materials at a concentraiiod50
pg/mL: a) release profiles from the selected mediftitanosilicates and b) release profiles from talected
modified clays. All the measurements were perforategl7 °C. The error bars represent the standard atéw of
three assays.

On the overall, titanosilicates release higher amwwof NO than clays, with exception to the
CoOS which presented a release within the randgbeofitanosilicates. In three specific cases,
ETS-4, ETGS-10 and Cu-ETS-4, the release can bieafled over time as shown by the slow
increase of nitrite in the solution, particularly the ETS-4 case. For this material, the NO
released amount increased almost linearly with timkich is the most favourable release
kinetic for drug delivery systems [32]. Although &% was not the material that releases the

highest amount of NO, it ensures that no exaggarameounts of NO are released in the first

few minutes, since this effect may induce toxicidageffects on the surrounding tissues. The

13



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

highest nitrite release at 450 pug/mL was achiewedCh-ETS-4 (up to 180 puM), with the
highest amount of NO being released in the first fainutes. Similarly, a fast (up to 15
minutes) NO release is observed from ETS-10 arate@lmaterials (ETAS-10 and ETGS-10),
which may be limiting for future therapeutic applions.

Regarding clay-based materials, L-HM-1 and Segidid not release any significant amounts
of NO, whereas CoOS is the most promising matdé&@l UM nitrite after 2 hours), but this
release is very fast which may limit its applicapil

Overall, titanosilicates clearly released highepanis, as was previously demonstrated through
NO adsorption/desorption studies of each matefiable 1). Although the adsorbed NO is
never fully released under vacuum, it was possibleonfirm the higher capacity of adsorption
and release of titanoslicates [11-14,16,17]. TiNGerelease results are not easily comparable
to those described in the literature for nanopomsnlgls designed for the same purpose since
different media, concentrations and temperatureditions were used. For instance, release
studies of Zﬁ*-exchanged zeolite carried out with a NO electrinl®&% LB:PBS media and at
37 °C, revealed significant NO flow in the first ffdnutes that decreased to near zero thereafter
[37]. Nevertheless, such burst efficiently inhibitbacterial growth [37]. The more sustained
NO release profile obtained for ETS-4 prompted aisstudy its release profile at lower
concentrations (Figure 3), since at 450 pg/mL storiity is noticed (Fig. 1 b). These results
demonstrated a time-dependent and concentratioendept NO release over 2 hours. This
supports the high potential of applying this commbuo achieve a control release of NO

concentrations that is essential for pharmacoldgieplications.
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Fig. 3— Indirect nitric oxide release studies of ET&-at different concentrations under biological coitidns.
Nitrite release levels from NO loaded ETS-4 were nredsin RPMI-1640 medium at 37 °C, using Griess reage
The error bars represent the standard deviatioright assays.

Materials’ stability is also another requirement & successful NO carrier, being critical to
ensure the storage of the gas, its controlled seleend to avoid the leaching of their
components in the tissues that may cause potesitlal reactions. Thus, the stability of the
present materials under biological conditions wesdeld and the respective data are shown in
Supplementary Table A.2. Except for Cu-ETS-4 aneET&-4, titanosilicates present excellent
stability in HEKn cell culture by showing no releasf metals to the medium, which is
indicative of absence of degradation by the mdgeri€u-ETS-4 and Co-ETS-4 assays,
however, present a €and C3" concentrations of 21.25 and 4.25 pg/mL, respdgtive the
culture medium, indicating that these exchangeaat®mns that compensate the charge of the
framework can be released/exchanged when in cowititicell culture medium. In the case of
clay-based materials, all exhibit some degradapooved by considerable amounts of the
correspondent metals detected in the medium.

To confirm overall results, a more comprehensivelystwith XRD was performed with one of
those materials, namely ETS-4, by comparing its X@iitern before and after submersion in
the biological medium for 72 hours (Supplementagufe A.9). The results did not present any

significant changes in the material’'s crystallinityhich confirm its stability. Although the
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amount of free metals in the medium is not the @slyect that drives toxicity, overall stability

results (Supplementary Table A.2) are in line wiié 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 eialternative in the control of biological
functions, the impact of the active NO releasedtenbiological systems must be addressed.
Thus, effects on the mitochondrial respiration wemaluated by measuring the oxygen
consumption of digitonin-permeabilized HelLa celipe@sed to NO-loaded ETS-4 using a O
electrochemical sensor. Figure 4 displays the meésa in the @ consumption profiles by
exposing the cells to different concentrations @-Maded ETS-4 (90, 180 and 450 pg/mL).
Using the lower NO donor concentration (Fig. 4thg mitochondrial oxygen consumption was
reversibly inhibited by the material, attaining arhibition maximum of 76.7+2.4% and
returning to normal values after2 minutes as the NO concentration decayed. Fomglehi
ETS-4 concentration (180 pg/mL, Fig. 4 b), the lition of the respiration rate was similar
(73.4£1.7%) but was observed for a longer perie@.¢ minutes). For 450 pg/mL of NO-
loaded ETS-4 (Fig.4 c), an abrupt decrease in Rygen consumption was observed for an
even longer period~4 minutes) caused by higher release of active NQh& medium.
Calculation of oxygen consumption inhibition wag possible due to interferences in the O
signal caused by the high amount of solid in thepsusion. Overall, the main variation
observed by changing the concentration was theidaraf respiration inhibition that increased
with the amount of NO released, highlighting thghhdependence of the NO concentration in

the control of the biological effect.
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3.3.2 Cell migration

To evaluate the efficiency of the released NO fitbe new donors in wound therapy, in vitro
models were created. Cell migration was then etwetbasing Ori8" Cell Migration Assay,
with the conditions optimized for this type of $bNO carriers, with HeLa cells. This cell line
was used as a starting point for these tests dite fast growth and easy maintenance, which
allows the observation of results within a few dajsgure 5a illustrates the schematic

representation of the migration assay.

a A — Well from the 96- b 12 1 mETS4
OQ well plate. Area with .
= adhered cells. - m ETS-4 with NO
> o 10 A * *
'EI' 0 B - Ungeeded ] = *
o / region, into which the g— S 8 -
o POL 7' ,g‘ X seeded cells may o ®
b".:.“""l,ﬂw‘\ migrate. Area under o £
LN observation. = "g' 6 1
3£
A - Detection mask. g 24
S e
s
— Mi o<
B - Migrated cells. 282
o
C - Free cell area that 22
simulates the wound 53 = 0
area, which is o "é 6h
measured after each

2 - Time

time point.

N
= [ce)
o) <
< 1]
n_| o

o e
= b
o
kel 2
) L
e ()
= RS
|—

Fig. 5 — Enhancement of cell migration and prolifet@an during Oris™ cell migration assay with NO-loade
ETS-4 using Hela cellsa) Scheme showing Oris™ cell migration assay in tteemigration stage (upper figure)
and post-migration stage (below figure). At giveninps in time, images of each condition (n=5) weaptured and
free cell area was measured using software analyBi€ell migration data obtained for cells treated witO-
loaded ETS-4 and unloaded ETS-4 with a concentraifdd0 pg/mL. The migration data of the control withany
material represents 0% and the percentage of woloslice shown for NO-loaded ETS-4 and unloaded ETS-4 i
relative to that value, i.e., the graph only sholes percentage of migration variation between untrdaind treated
cells. Data are reported as averages = standardoesrof the averages from three independent assaypaired
student’s t-test was used to assess significancepaitidues < 0.05 considered statistically signifitg*p<0.05). c)
lllustrative microscope pictures captured duringl esigration assay. The first image on the leftptaed without a
detection mask, illustrates the cells (control}tle pre-migration period (t=0 hours). The middletpire, captured
with a detection mask (black area), shows the mignatif the control cells after migration time (t= #®urs). The
first picture from the right, captured with a deiect mask, represents the post-migration cells @héurs) with the
NO-loaded ETS-4 (90 pug/mL), where ETS-4 particlesbeanoticed.
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Cells were exposed to different concentrations OflNaded ETS-4. Results demonstrated that
cells treated with a concentration of 90 pg/mL @-daded ETS-4 migrate faster toward the
central unseeded region than untreated cells (abss#mmaterial); while ETS-4 by itself did not
show any statistically significant effect in aling points (Fig. 5 b). After 6 hours of the stoppers
removal (when free area starts to be accessibédls exposed to NO donor displayed an
accelerated migration and, consequently, an inetcea®und closure of81.1% was observed,
comparing with the control groups. This significamprovement remained until the end of the
experiment. As revealed by comparing the microsdopges (Fig. 5 ¢) of control cells with
cells exposed to NO-loaded a ETS-4 the presend®¢Cofreatly increased the closure of the
wound after 48 h. Two other concentrations, 180nkgand 45 pg/mL, of NO-loaded ETS-4
were simultaneously tested (Supplementary Fig. A.Fdr the lowest concentration, no
differences in the migration rate were observed gamng treated cells and control, while
exposing the cells to 180 pug/mL, a delay in woulwsure was observed. All concentrations
were< 180 pg/mL, the same that exhibited viability ab®&286 after 72 hours of exposure in
the above described HEKn toxicity tests, thus énguro significant toxicity.

NO-loaded titanosilicates ETS-10 and ETAS-10 wested at 450 pg/mL (Supplementary Fig.
A.11 A) and B). No improvement in the wound closwas observed. Since these materials
present very fast release kinetics, perhaps a highecentration of material could enhance
positive cell responses. However, this was notistldue to the concerns of the toxicological
effects of the materials. The synthetic modifiedyclCoOS, was also tested at 450 pug/mL
(Supplementary Fig. A.11 C). In this case, a sligiluction in the cell migration was verified
both with NO loaded and unloaded CoOS treatmentpanimg with control cells without
material. For this case, the toxicity effect ofsthhaterial was evident at this concentration.
Using lower concentrations of this material couduce its toxicological effect and assure a
more adequate NO dosage for this application. N¥etinstability (Supplementary Table A.2)
would certainly be a limitation, since this causefast and uncontrollable NO release that was
confirmed by the fast release profile observedigufe 3 (almost all NO is released within the
first 15 minutes).
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Altogether, these results illustrate the importapickaving a slow release of NO to increase cell
migration, with fast-releasing compounds being fexfve. It is also important to control the
concentration of NO, because NO shows biphasicvi@haith stimulatory effects turning into

inhibitory effects in a relative narrow range ohcentrations.

4. Discussion

The evaluation of storage capacity and kinetic asteprofile, material stability in culture
medium and toxicity has demonstrated that not aliops materials that store NO can be
considered for biological applications, namely iffine control of biological functions is
envisaged. ETS-4 proved to be the most promisintgmad from those tested, since it is the
only one that combines good biocompatibility at 18fmL, high stability and controlled NO
release, offering thus a great promise to be usedkeidical applications.

ETS-4 loaded with NO was capable of an active g of cells @ consumption in a
reversible way by controlling the NO released anmidua. material concentration). Moreover,
results obtained in Figure 4 clearly show thateasing the amount of NO released, the time of
respiration inhibition is longer.

Moreover, this new NO donor promoted cell migrataond these encouraging results (Fig. 5)
clearly highlight the potential application of thasaterial for wound healing. Obviously, the
results presented are still far from a clinical destration, since they were obtained with an
immortalized cell type and with a stagnant mediavédtheless, this simpler system allows us to
get a first assessment of the potentiality of tiday NO donor. Additionally, as showed before,
sustained NO release was not maintained for 48sheince ETS-4 is unable to do so and during
this time the observed effects can also arisegilgrfrom other formed species besides the NO
released. Thus, applying multiple doses of NO daver a certain period may be an option to
maintain the optimal therapeutic concentration diree and obtain better results. Nevertheless,
NO-based therapy for wounds treatment is challangine to the high dependence on the
specific NO concentration in the affected areahalgh down-regulation of NO production

leads to delayed wound healing by decreasing adeatiom of collagen and reducing wound
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mechanical strength [37,38], overexpression of iIN@8. excess of NO available in the wound
site), may enhance the inflammatory phase of wdwealing, leading to keloid lesions [39,40].
According to the literature, similar migration egierformed with huESCs cells treated with
different concentrations of SNAP (a conventionat@? also confirmed the high dependence of
the NO concentration in achieving positive migratir@sponses, demonstrating that depending
on the SNAP concentration, treated cells presestindt speed in the migration [41]. Therefore,
NO amounts released from ETS-4 at 180 pg/mL andgibiL are not adequate for this specific
application (Supplementary Figure A.10). The sarappened with other materials (ETS-10,
ETAS-10 and CoOS, Supplementary Figure A.11), wHailed in demonstrate capacity to
promote cell migration, perhaps not only becaugheif inadequate NO release profile but also
because of other constraints such as the instalmlitbiological medium and toxicity. This
underlines the necessity for the more compreheraraguation of materials developed in this
work that will guide future developments of nanap materials for a new therapy approach,
with possible application in a broad spectrum ofmbuo diseases that would benefit from

exogenous NO administration.
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Highlights
« Toxicity, stability and NO release assessed fantsilicates and clays.
« First validation of these NO donors to regulatddgacal functions.

» For a positive biological response, low toxicitydaslow NO release are

required.
* ETS-4 proved to regulate cells>©@onsumption and accelerate cell migration.

» Application conditions and effect time window anrglmed.



