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Abstract

Halloysite nanotubes (HNTSs) are natural aluminosilicate clay that have been extensively explored
for delivery of bioactive agents in biomedical applications because of their desirable features
including unique hollow tubular structure, good biocompatibility, high mechanical strength, and
extensive functionality. For the first time, in this work, functionalized HNTSs are developed as a
delivery platform for nitric oxide (NO), a gaseous molecule, known for its important roles in the
regulation of various physiological processes. HNTs were first hydroxylated and modified with an
aminosilane crosslinker, (3-aminopropyl) trimethoxysilane (APTMS), to enable the covalent
attachment of a NO donor precursor, N-acetyl-D-penicillamine (NAP). HNT-NAP particles were
then converted to NO-releasing S-nitroso- V-acetyl-penicillamine HNT-SNAP by nitrosation. The
total NO loading on the resulting nanotubes was 0.101 £ 0.07 umol/mg which could be released
using different stimuli such as heat and light. Qualitative (Fourier-transform infrared spectroscopy
and Nuclear magnetic resonance) and quantitative (Ninhydrin and Ellman) analyses were
performed to confirm successful functionalization of HNTs at each step. Field emission scanning
electron microscopy (FE-SEM) showed that the hollow tubular morphology of the HNTs was
preserved after modification. HNT-SNAP showed concentration-dependent antibacterial effects
against Gram-positive Staphylococcus aureus (S. aureus), resulting in up to 99.6% killing
efficiency at a concentration of 10 mg/mL as compared to the control. Moreover, no significant
cytotoxicity toward 3T3 mouse fibroblast cells was observed at concentrations equal or below 2
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mg/mL of HNT-SNAP according to a WST-8-based cytotoxicity assay. The SNAP-functionalized
HNTSs represent a novel and efficient NO delivery system that holds the potential to be used, either
alone or in combination with polymers for different biomedical applications.
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1. Introduction

Nitric oxide (NO), a gaseous diatomic free radical produced endogenously, has been shown
to possess a wide variety of physiological functions. The molecule was first identified as the
endothelial-derived relaxing factor in the 1980s and its many other roles in biological
processes were later discovered, such as cell proliferation, inhibition of platelet activation
and adhesion, prevention of bacterial proliferation and biofilm formation, immune system
regulation, angiogenesis, and wound healing [1, 2]. The wide-ranging and advantageous
properties of NO in physiology have prompted many researchers to develop materials that
can exogenously deliver NO for different biomedical applications [3, 4].

NO is generated /n vivo by nitric oxide synthase (NOS) enzymes at the pico- to nanomolar
range depending on the physiological function or site of generation. Therefore, the effective
therapeutic dose of NO is determined by the final application. Regarding this, NO dose and
release kinetics should be considered carefully in developing therapeutic NO delivery
systems [5]. However, storage and precise spatiotemporal delivery of NO is technically
challenging due to its short biological lifetime and high reactivity [6]. Owing to the
difficulties of delivering NO gas directly, several types of NO donor molecules have been
employed which can store and spontaneously release NO when placed under physiological
conditions [7]. S-Nitrosothiols (RSNOSs) in particular are an endogenous class of NO donor
molecules and have received substantial attention for biomedical applications due to their
versatility when being incorporated into polymeric medical devices. S-Nitroso-A-acetyl-
penicillamine (SNAP), a synthetic tertiary RSNO derived from the amino acid
penicillamine, has been utilized and studied extensively in combination with biomaterials
due to its relatively high stability and nontoxic origins [8, 9].
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Incorporating NO donors into biomaterials not only induces the desired therapeutic effects
but also allows for localized control over NO release. In recent years, various NO-releasing
biomaterials have been developed by either physical blending, solvent swelling, or
covalently attaching NO donors into organic and inorganic formulations such as polymeric
films, hydrogels, nanofibers, and micro/nanoparticles [10-14]. Despite having simpler
production methods, physically blended or impregnating NO-releasing materials have issues
with potential leaching of the donor molecules and by-products leading to decreased NO
release lifetimes and potential cytotoxic effects. These issues can be circumvented by
covalently linking the NO donor molecules to their underlying substrates, therefore
increasing the stability and safety of NO-releasing scaffolds [15].

NO donors can be covalently attached to polymer backbones or submicron size inorganic
filler particles [16-18]. Covalent attachment of NO donor molecules to the surface of filler
particles has the advantage of imparting NO release properties to a wide range of biomedical
polymers by simply blending the filler into the polymer. The mechanical properties of the
polymeric substrate can be enhanced by the addition of these NO-releasing filler particles
while simultaneously not affecting the polymer’s backbone chemistry or crosslinking
process. Moreover, by adjusting the amount of filler added and the type of polymer used, the
NO release kinetics can be fine-tuned for specific applications [19]. A few numbers of
research groups have previously reported the development of covalently attached NO donors
(N,N-diazeniumdiolates and S-nitrosothiols) to filler particles such as porous and nonporous
silica [20, 21], fumed silica nanoparticles [22, 23], and diatomaceous earth silica particles
[24]. However, burst NO release kinetics and low attachment efficiency of NO donors to the
modified surface of these particles mark two main factors limiting their efficacy. Therefore,
seeking for novel NO carriers with improved storage and release properties remains an open
challenge in the field of NO delivery.

For the first time in this study, covalent attachment of the S-nitrosothiol NO donor molecule,
SNAP, to inorganic halloysite nanotubes (HNTSs) is demonstrated. HNT [Al,(OH),4Si>O5(2-
H,0)] is a naturally occurring, biocompatible aluminosilicate clay with a hollow tubular
structure. The tubular structure of halloysites is composed of silica on the outer surface and
alumina at the innermost surface with an inner diameter of 10-30 nm, an outer diameter of
40-70 nm, and a length of 500-1500 nm [25]. The unique hollow nanotubular structure
along with other attractive features such as high length-to-diameter ratio, availability in large
amounts at low cost, mechanical strength, biocompatibility, and environmental friendliness,
make HNTSs highly suitable for a wide range of applications [26]. Applications of HNTs
include various fields such as a carrier for the loading and controlled release of guest
molecules, adsorbent for pollution remediation, personal care and cosmetics, template or
nanoreactor for biocatalysis, and fabrication of polymer nanocomposites [27].

Specifically, the drug delivery potential of HNTs has received much attention in the
biomedical field. Guest molecules can be either loaded into the inner lumen of HNTS or
grafted onto the outer surface [28-31]. Different chemistry of the inner and outer surfaces in
HNTs allows for separate modification and simultaneous immobilization of two or more
active agents with different biological properties which offers an additional advantage over
other nanofillers [32]. The successful loading of diverse active molecules such as
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pharmaceuticals [33-35], biomacromolecules [36—39], corrosion inhibitors [40-44], and
antibacterial agents [45-48] on HNTSs has been previously demonstrated [49]. However, the
delivery of NO gas using HNTSs has never been explored.

In this work, the outer surface of HNTs was functionalized with the primary
aminecontaining silane reagent, aminopropyltrimethoxysilane (APTMS). The terminal
amine groups of APTMS modified HNTs were then reacted with NAP-thiolactone, a self-
protected penicillamine derivative, yielding free sulfhydryl groups on the surface. After NAP
attachment, the free sulfhydryl groups were nitrosated to form the corresponding SNAP
derivatized HNTSs. The efficiencies of both surface silylation and NAP-thiolactone
attachment were evaluated. The chemical modification of HNTs and retention of nanotube
morphology throughout the modification were confirmed by Fourier transform infrared
spectroscopy (FTIR), Nuclear magnetic resonance (NMR), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). Nitric oxide release over an 8 h
period, total NO content, and storage stability at different conditions were determined by
chemiluminescence. Finally, the antibacterial properties and cytocompatibility of the NO-
releasing HNTs were examined.

2. Materials and methods

2.1 Materials

Halloysite nanotubes (HNTSs) (quality level=100), A-Acetyl-D-penicillamine (NAP) (=
99.0% purity), (3-Aminopropyl) trimethoxysilane (APTMS) (97% purity), L-cysteine
hydrochloride monohydrate (= 98.0% purity), Ellman’s Reagent (5,5’-dithiobis(2-
nitrobenzoic acid), DTNB) (= 98.0% purity), glycine hydrochloride (= 99.0% purity),
1,4,8,11-tetraazacyclotetradecane (cyclam) (= 98.0% purity), and £butyl nitrite (= 96.0%
purity) were purchased from Sigma-Aldrich (St. Louis, MO). Absolute ethanol (= 99.8%
purity) was purchased from VWR (USA). Toluene (= 99.5% purity) and methanol (= 99.8%
purity) were purchased from Fischer Scientific (Waltham, MA). Sodium acetate (= 99.9%
purity) was obtained from EMD Chemicals, Inc. (Gibbstown, NJ). Luria-Bertani (LB) broth
was obtained from Fisher Bioreagents (Fair Lawn, NJ). LB Agar was purchased from Difco
Laboratories Inc. (Detroit, MI). Phosphatebuffered saline (PBS), pH 7.4, containing 138 mM
NaCl, 2.7 mM KCI, and 10 mM sodium phosphate, was used for all in vitro experiments.
Dulbecco’s modified Eagle’s medium (DMEM) and trypsin-EDTA were purchased from
Corning (Manassas, VA 20109). The Cell Counting Kit-8 (CCK-8) was obtained from
Sigma Aldrich (St. Louis, MO 63103). The antibiotic Penicillin-Streptomycin (Pen-Strep)
and fetal bovine serum (FBS) were purchased from Gibco-Life Technologies (Grand Island,
NY 14072). The bacterial strain S. aureus (ATCC 25922) and mouse 3T3 cells (ATCC 1658)
were originally purchased from American Type Culture Collection (ATCC).

2.2 Preparation of N-Acetyl-D-penicillamine (NAP) thiolactone

Self-protected NAP-thiolactone was synthesized using the established protocol developed by
Moynihan and Robert [50]. 5 g of NAP was dissolved in 10 mL of pyridine and a separate
mixture of 10 mL of pyridine and 10 mL of acetic anhydride were also prepared. Both
solutions were allowed to chill in an ice bath for 1 h before being combined and stirred at
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room temperature for 24 h. The solution was then rotary evaporated at 60 °C to remove all
the pyridine. The remaining viscous, orange crude was re-dissolved in chloroform and
washed and extracted three times with 1M HCI. The organic layer was then dried using
anhydrous magnesium sulfate and filtered. The chloroform was removed under vacuum at
room temperature to obtain a solid product. The solid material was washed and filtered with
hexane and allowed to dry overnight at room temperature before being stored at 4 °C.

2.3 SNAP functionalization of HNTs

2.3.1) HNTs purification and alkali treatment: HNTs were modified according to
the previously reported literature with slight modification [51]. The as-received HNTSs (3g)
were purified with 30% H,0, aqueous solution (10mL) and magnetically stirred for 2 h. The
HNTs dispersion was then centrifuged and the resultant purified HNTs were first dried at
110 °C for 8 h in an oven and then dried at 60 °C in a vacuum oven for 4 h. To increase the
number of hydroxyl groups on the surface, HNTs were treated with sodium hydroxide
(NaOH). 2 g of HNTs were dispersed into 100 mL of 0.01 M NaOH solution and sonicated
for 10 min using a water bath sonicator (Ultrasonic cleaner, Branson 2800) to obtain a
homogeneous dispersion and magnetically stirred for 24 h at room temperature. The
resultant hydroxylated HNTs (HNT-OH) were collected by centrifugation and rinsed several
times with water until the pH reached near neutral. The prepared HNT-OH were dried at 110
°C for 8 h then at 60 °C for 4 h under vacuum.

2.3.2) Surface silylation: Surface silylation of HNTs was carried out following the
previously reported literature with slight modification [52]. 0.3 g of hydroxylated HNTs
were added to 10 mL of dry toluene and sonicated for 10 min to obtain a uniform dispersion.
1 mL of (3-aminopropyl) trimethoxysilane (APTMS) was added and the solution was
refluxed under constant stirring for 20 h at 120 °C. The product was recovered by
centrifugation and washed with toluene several times to remove the excess organosilane.
APTMS modified HNTs (HNT-APTMS) were dried under vacuum at 60 °C for 24 h.

2.3.3) NAP-thiolactone attachment and nitrosation: The silanized HNTs were
further reacted with NAP by slightly modifying a protocol by Frost et al [22]. Equal amounts
(0.2 g) of HNT-APTMS and NAP were suspended in 15 mL toluene and allowed to stir for
24 h at room temperature to obtain NAP derivatized HNTs (HNT-NAP). Nitrosation of the
formed HNT-NAP was done by adding #butyl nitrite. 7-butyl nitrite was first chelated of
any copper contaminants by vortexing it with an equal volume amount of 20 mM cyclam
solution and repeated three times. The organic £butyl nitrite layer was then separated into an
amber vial and stored at 5 °C. 500 pL of #butyl nitrite was then added to 15 mL of HNT-
NAP to form a green, HNT-SNAP dispersion. The nitrosated nanotubes (HNT-SNAP) were
then collected by centrifugation, washed several times with fresh toluene, vacuum-dried at
room temperature, and stored in the dark at 4 °C.

2.4 Ninhydrin primary amine quantification

The amount of amine groups bound to the surface of HNT-APTMS was estimated by using
the ninhydrin assay. 2 mL of HNT-APTMS dispersions in 0.05% glacial acetic acid was
combined with 1 mL of ninhydrin reagent and the mixture heated in a boiling water bath for
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10 min. After cooling to room temperature, the samples were brought to a total volume of 8
mL with 95% ethanol and the absorbance was measured at 570 nm using a UV-vis
spectrophotometer (Thermo Scientific Genesys 10S UV-vis). The amine content of HNT-
APTMS samples was quantified using a calibration curve of known glycine hydrochloride
concentrations.

2.5 Ellman’s test for free sulfhydryls

Ellman’s Reagent, DTNB (5,50-dithio-bis-[2-nitrobenzoic acid]), was used to determine the
amount of thiol groups on the surface of HNT-NAP nanotubes. Briefly, a stock DTNB
solution containing 2 mM DTNB and 50 mM NaAc was prepared and used to create a
working DTNB solution consisting of 50 pL of DTNB stock solution, 100 pL of PBS, 800
pL of H20, and 50 pL of the sample. Absorbance values for each sample were recorded with
a UV-vis spectrophotometer (Thermo Scientific Genesys 10S UV-vis) at a wavelength of
412 nm. The number of thiol groups was calculated from a standard curve of L-cysteine at
pre-known concentrations.

2.6 Fourier-transform infrared spectroscopy (FTIR) and Nuclear Magnetic Resonance

(NMR)

The successful functionalization of HNTSs at each step was analyzed using Fourier transform
infrared spectroscopy (FTIR). The HNT powders before and after modification were formed
into a disk after mixing with potassium bromide (KBr) with a ratio of 1:100. For each
measurement, the spectra were obtained from 128 scans with a resolution of 4 cm™1 over the
wavenumber range of 400-4000 cm~1.

Solid-state cross-polarization magic angle spinning carbon-13 nuclear magnetic resonance
(CP/MAS 13C NMR) was performed using a Bruker NEO 600 MHz spectrometer equipped
with a 4mm rotor CMP-HRMAS probe. Due to the low carbon count with respect to the
HNT element composition, final NMR spectra were obtained from the summation of 18
spectra at 256 scans at a spinning speed of 10 kHz. Carbons were detected and characterized
on both the APTMS and NAP modified HNTSs.

2.7 Nitric oxide release and storage stability measurements

NO release from HNT-SNAP was measured via chemiluminescence using a Sievers nitric
oxide analyzer (NOA) model 280i (Boulder, CO). Samples were weighed and incubated in
0.01 M PBS containing EDTA at 37 °C in an amber reaction vessel to protect from light.
Nitric oxide released from the suspension of nanotubes was continuously swept from the
vessel by an N, purge gas at a flow rate of 200 mL min~1 into the NOA system. The NO
levels in the ppb unit measured at each time point were converted to NO release rate in mol
min ~1 mg~1 using the NOA instrument constant, determined by quantitative reduction of a
known amount of nitrite. Between the final and initial NOA measurements, the samples
were stored in 0.01 M PBS with EDTA at 37 °C. NO release at different temperatures was
measured by placing the sample vial in 4 °C, room temperature (RT), 37 °C, and 45 °C
water bath, respectively. Using the same instrument, light-triggered NO release from HNT-
SNAP was also measured by placing the nanotubes in clear sample vials and irradiating
them with a light-emitting diode (LED) lamp (12 W).

J Colloid Interface Sci. Author manuscript; available in PMC 2022 May 15.
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To measure the total NO loading, alternating injections of 0.25 M copper (1) chloride and
ascorbic acid were added to the NOA reaction vessel. These injections catalytically triggered
the release of all NO present in the sample within a time frame measurable by NOA. The
total amount of NO released was calculated by the integration of NO release rate curves.
Storage stability of the HNT-SNAP was examined by storing the samples under light and
dark conditions at ambient temperature and in the freezer (—20 °C). After 4 weeks, the NO
content in each sample was measured and compared to the initial total NO loading to
calculate the % NO remaining.

2.8 Morphology observation

The morphology of the nanotubes was observed by field emission scanning electron
microscopy (FE-SEM). Transmission electron microscopy (TEM) images were used to
measure the size of nanotubes before and after modification. Dilute HNT dispersions in DI
water were dropped onto a carbon-film supported Cu grid and dried. Then the samples were
observed using a JEOL JEM-2100 transmission electron microscope under an accelerating
voltage of 200 kV. In order to compare the diameter of different HNT samples, ImageJ
software was used to measure the widths of 50 tubes from the TEM images.

2.9 Invitro antibacterial assay

To assess the antibacterial activity of the derivatized halloysite nanotubes, a 24 h
antibacterial assay was performed against S. aureus (ATCC 6538) based on a previously
established protocol [53]. Bacteria were handled in a BSL-2 facility previously approved by
the University of Georgia. An isolated strain of S. aureuswas inoculated in LB broth at 150
rpm at 37 °C. After 16 h, the bacterial solution was centrifuged at 2500 rpm for 7.5 min and
washed with sterilized PBS (pH 7.4). The solution was again centrifuged at 2500 rpm for 7.5
min and resuspended in sterilized PBS through vortexing. The bacterial solution was diluted
with PBS to reach a concentration of ~107 colony-forming units (CFUs) per mL. Using a 96-
well plate, 100 pL of the bacterial solution was plated with 100 pL of HNT (concentrations
ranging from 0.5 mg/mL-10 mg/mL) suspended in PBS (n=5). Wells absent of nanotubes
were used as control. The plate was incubated at 37 °C at 150 rpm for 24 h. After
incubation, solutions in each well were serially diluted and plated on LB agar plates. Plates
were incubated overnight at 37 °C. After incubation, CFUs present on the plates were
counted to determine the effect of the presence and concentration of control and NO-
releasing halloysite nanotubes on the viability of S. aureus, which represent the number of
viable CFUs present per mL. The % reduction in bacterial viability was calculated according
to the following equation (C = CFUs per mL):

Ccontrol - Csample % 100

Reduction of bacterial viability (%) = (Eq. 1)

Ccontrol

2.10 Cell culture and viability studies

3T3 mouse fibroblast cells (ATCC 1658) were cultured in a 75 cm? T-flask containing
complete DMEM medium with 10 % fetal bovine serum (FBS) and 1 % penicillin—
streptomycin to prevent contamination. The T-flask with cells was incubated at 37 °C, ina 5
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% CO, humidified environment to allow for monolayer formation. The culture medium was
changed every two days, and cells were checked daily for growth and contamination. After
the confluency reached above 80 %, cells were trypsinized (0.18 % trypsin and 5 mM
EDTA) and detached from the T-flask. Finally, the cells were counted under a
hemocytometer using Trypan blue (dye exclusion method). The effect of modified HNTs on
cell viability was determined by the CCK-8 cell counting kit according to the manufacture’s
protocol (Sigma Aldrich). The CCK-8 test is nondestructive in nature and more sensitive
than other tetrazolium salts such as MTT, XTT, WST-1, and MTS. The number of living
cells is directly proportional to the amount of formazan dye (orange color) generated by the
interaction of the highly water-soluble tetrazolium salt, WST-8, with dehydrogenases in the
cells and is detected at the absorbance maxima of 450 nm. First, cells were seeded in 96-
well plates at a density of 5000 cells per well and allowed to attach in a humidified incubator
with 5 % CO, for 24 h. The media were then replaced with fresh media containing
unmodified HNTs or HNT-SNAP at various concentrations (0.5 mg/mL-10 mg/mL) and
incubated for another 24 h. Cells maintained in DMEM without HNTs were used as a
control group. To avoid absorbance interference by HNTs and HNT-SNAP, the media
containing nanotubes was removed and 100 L fresh media plus 10 pL of CCK-8 solution
was added into each well and incubated for an additional 2 h at 37 °C. The absorbance was
detected at 450 nm. The data were expressed as mean + standard deviation (SD) (h=6), and
the cell viability was calculated using the following equation [54]:

Absorbance (treated cells)

Cell viability (%) = Absorbance (control cells)

x 100 (Eq. 2)

2.11 Statistical Analysis

All data are reported as a mean + standard deviation collected from three data points unless
otherwise noted. A one-way analysis of variance was used to compare any significant
differences. p-values of < 0.05 were considered statistically significant.

3. Results and discussion

3.1 Chemical Synthesis

Fig. 1 shows a schematic representation of HNT functionalization with SNAP. HNTs are
first treated with NaOH to create hydroxyl groups on their external surface. It is previously
reported that NaOH can effectively react with the tetrahedral silicate to create silanol (SiOH)
groups [51, 55]. After base treatment, HNTSs are functionalized with
aminopropyltrimethoxysilane (APTMS) by a silane coupling reaction. Silanization reactions
proceed via a two-step process: (i) hydrolyzation of silanol groups in presence of water and
(i) condensation of silanol groups with SiOH groups present on the HNT-OH surface [56].
APTMS is a reactive aminosilane coupling agent that is widely used to modify the surface of
HNTs [57, 58]. APTMS consists of three methoxy moieties that allow for stable surface
binding and the formation of an amine rich layer on the surface. Afterward, NAP-
thiolactone, a self-protected penicillamine derivative, is anchored to the amine groups by a
ring-opening reaction resulting in a tertiary thiol-bearing silane. The thiol groups are then
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readily converted to their corresponding S-nitrosothiols by reaction with #butylnitrite. The
nitrosated nanotubes are referred to as HNT-SNAP.

3.2 FTIR and NMR

The surface modification of HNT by NaOH and further chemical functionalization by
APTMS and SNAP were confirmed by FTIR analysis. Fig. 2 shows the FTIR spectra of
HNT, HNT-OH, HNT-APTMS, and HNT-NAP. In the unmodified HNT spectrum, the peaks
at 3700 cm~1 and 3620 cm™1 are assigned to the stretching vibrations of hydroxyl groups on
the external and internal surface of HNT. The vibration at 1640 cm~ corresponds to O-H
deformation of water and bands at 1030 cm™1 and 910 cm™1 exhibit the asymmetrical Si-O-
Si stretching and Al-OH bending vibrations, respectively. The intensity of Si-O-Si stretching
peak at 1030 cm™1 is increased in the HNT-OH FTIR spectrum compared to the unmodified
HNT. This indicates the formation of SiOH groups on the surface of HNTs according to a
previous study [59]. After functionalization of HNT-OH by APTMS (HNT-APTMS), new
characteristic peaks appeared at 2940 cm™1, 1554 cm™1, and 1490 cm~! which are
respectively attributed to C-H stretching vibrations of alkyl groups, bending vibrations of
NH,, and antisymmetric stretching vibrations of C-N in APTMS. Moreover, the OH
stretching band at 3620 cm™1 is widened which might be due to the overlap of OH with the
NHj, stretching vibrations signal around 3360 cm™2. These results indicate that APTMS has
been successfully grafted onto HNT. The covalent attachment of NAP-thiolactone on HNT-
APTMS was shown by characteristic peaks for amide conjugation in the respective FTIR
spectrum. The new absorption band observed at 1657 cm~ denotes carbonyl vibrations and
the signal at 1540 cm™1 is ascribed to N-H bending vibrations. Additionally, the sp3 C-H
bonds consistent with the alkyl chain of APTMS and methyl groups in NAP are also seen in
subtle vibrations at 3051 cm™1 and 2916 cm™L. Further analysis of the surface modifications
of the HNTs was done through CP/MAS 13C NMR. Fig. 3 shows the modification of
APTMS to the HNTSs and the subsequent attachment of NAP. The carbon peaks that form on
the HNT-APTMS are identical to the ppm shifts seen from a previous study which attached a
similar aminopropy! silane molecule to HNTs [60]. Signals observed at 42.58, 25.76, and
10.00 ppm match with the three carbons present on the APTMS. After the attachment of
NAP, a characteristic carbonyl peak at 171.00 ppm is seen, proving there was a successful
ring-opening reductive amination reaction. While some of the carbons were difficult to
differentiate in the methyl region (between 15-30 ppm) due to overlapping signals, there
was an overall increase in total carbons after integrating the region when compared to the
HNT-APTMS spectrum. Therefore, these results strongly suggest that NAP-thiolactone is
covalently attached to the HNT-APTMS.

3.3 Quantitative characterization of functionalized HNTs

To quantify HNT surface modifications and measure overall reaction efficiencies, the
primary amine content, the resulting sulfhydryl content, and the total NO loading of HNTSs
after reaction with £butyl nitrite were assessed (Table 1).

3.3.1) Primary amine content: Ninhydrin assay was performed to measure the primary
amine groups of aminosilanes grafted on the surface of HNT. Ninhydrin reagent reacts with
primary amines via oxidative-reductive reactions to generate a colored product known as
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Ruhemann’s purple. The absorbance of the Ruhemann’s complex at 570 nm is proportional
to the surface amine density [61]. The amount of amine groups on the surface of HNT was
estimated to be 0.252 £+ 0.009 umol/mg. Prior measurement, HNT-APTMS were thoroughly
washed to eliminate the nonsurface bound silanes. Therefore, the measured amine content is
attributed to covalent aminosilanes grafting and not to physical surface adsorption.

3.3.2) Sulfhydryl content: It is previously reported that NAP-thiolactone exposes its
thiol group only upon the ring-opening reaction with amine functional groups [62].
Therefore, the amount of NAP-thiolactone covalently attached to HNT-APTMS can be
determined by measuring the number of primary thiols. The free thiol concentration on
modified HNT’s surface after NAP-thiolactone attachment was determined by means of
Ellman’s assay. Ellman’s reagent, 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) reacts with
the thiol functional group to form a mixed disulfide and dianion of 2-nitro-5- thiobenzoic
acid (TNB2") in water. This solution has a distinctive yellow color that can be quantified by
measuring the absorbance of visible light at 412 nm [63]. Using this method, the free
sulfhydryl content of HNT-NAP was found to be 0.202 £ 0.015 pmol/mg indicating a NAP-
thiolactone attachment efficiency (conversion ratio) of 80%. The conversion ratio obtained
in this study is significantly higher than what was previously reported in the literature (~
2.5-47 %) for covalent attachment of NAP-thiolactone to aminosilane modified silica-based
particles [22, 24, 64]. According to the previous studies, low values of conversion ratios are
usually associated with aminosilanes self-polymerization and the formation of highly dense,
interconnected silane networks causing steric congestion for NAP-thiolactone ring-opening
reaction. However, in this study moderate reaction temperature, low silane concentration,
and multiple washings with organic solvents advantageously minimize the formation of
aminosilane-based oligomers and polymers.

3.3.3) Total NO loading: The total NO loading of HNT-SNAP was monitored via NOA
using multiple injections of 0.25 M copper (I1) chloride and ascorbic acid to trigger
complete NO release. HNT-SNAP could store up to 0.101 + 0.07 umol/mg NO after
nitrosation with #butylnitrite demonstrating a nitrosation efficiency of ~50%. According to
the previous studies, the incomplete nitrosation of HNT-SNAP is most likely caused by
thiols that exist as disulfides or that are inaccessible to the nitrosating agent due to the
associated steric hindrance surrounding the tertiary thiol functionality [64, 65]. Nevertheless,
the total NO loading of HNTSs is about three orders of magnitude larger than the previously
reported SNAP functionalized diatomaceous earth silica particles and is almost equal to the
total NO loading of SNAP grafted fumed silica particles [22, 24]. The obtained results after
quantification of primary amines, thiol groups, and total NO content of modified HNTs
along with the calculated reaction efficiencies are summarized in Table 1.

3.4 In vitro release kinetics of HNT-SNAP

NO release from S-nitrosothiols (RSNOs) such as SNAP can easily occur by cleavage of the
S—-NO bond in presence of either heat, light, or certain metal ions leading to the formation of
free NO and disulfide species (RSSR) (Eq. 3) [8]. NO release from HNT-SNAP was studied
under different stimuli including light and various temperatures.
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2RSNO — RSSR + 2NO (Eq. 3)

The main mechanism of NO release from /n vivo administered NO delivery systems is the
thermal decomposition of SNAP via heat and moisture. Therefore, NO release measurement
was first carried out at 37 °C in dark. Fig. 4 shows both the real-time and cumulative NO
release from HNT-SNAP at different time points over the course of 8 h. The cumulative
percentage was obtained by integrating the real-time NO release rates with the trapezoidal
rule and dividing it by the total amount of NO initially loaded onto HNT-SNAP. The
instantaneous release profile showed an initial rapid NO release over the first two hours
followed by a slower release rate for 8 h. The burst effect during the first hours may
correspond to the loosely bound aminosilane-SNAP complexes trapped within HNTS or less
entangled SNAP functional groups that are exposed to the matrix environment. The
cumulative release of NO within 8 h reached up to 47.4 + 3.9% meaning that the release
half-life of HNT-SNAP is more than 8 h. This indicates a remarkable improvement upon the
release kinetics of previously reported NO-releasing silica nanoparticles that reportedly
deliver more than half of their NO payload in less than 2 hours [20, 22, 23, 66]. Covalent
attachment of SNAP to HNT results in a total NO release of 0.101 + 0.07 umol/mg for over
8 h and may also decrease unwanted side effects and toxicity caused by leaching of the
donor or reaction by-products commonly caused by physically blending them within a
polymer.

The light-induced NO release from HNT-SNAP was also tested by irradiating the nanotubes
with a white LED light (12 W) and is shown in Fig. 5. HNT-SNAP released NO at a constant
rate of ~7 ppb/mg when the light was off. However, by switching the light on, a significant
increase in the NO flux was observed resulting in a sharp peak in the NO release profile
(Fig. 5). This process was repeated three times and the peak intensities were decreased in
time as the NO reservoir was drawn down. The light-triggered NO release properties of
SNAP and S-nitrosoglutathione (GSNO) NO donors doped within polydimethylsiloxane
films have been previously studied using an LED light source with different wavelengths
[67].

In addition to light, the effect of temperature on NO release kinetics of HNT-SNAP was
studied and the results are presented in Fig. 6. HNT-SNAP showed a very low amount of NO
release at 4 °C with an average rate of 3 ppb/mg. A higher NO flux of about 7 ppb/mg was
obtained at room temperature which was further increased to 31 ppb/mg and 50 ppb/mg by
elevating the temperature to 37 °C and 45 °C, respectively. By lowering the temperature
back to RT, the NO flux was shortly decreased down to about 7 ppb/mg again. Overall, these
results demonstrate the ability of HNT-SNAP to release tunable amount of NO by using
light and adjusting the temperature which can prove useful for versatile biomedical
applications.

The kinetics of NO release from HNT can be further modulated by incorporating these
inorganic fillers into polymeric substrates to limit the exposure of SNAP molecules to the
media and prevent a rapid release. The fluxes of NO can be finely tuned depending upon the
application by changing the polymeric matrix (and the associated water uptake properties) or
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altering the amount of HNT-SNAP blended into the polymer. Additionally, certain metal
ions (e.g. Cu™) that are shown to have a catalytic effect on the release of NO from S
nitrosothiols can be loaded on the outer walls or into the inner lumen of HNTSs to enhance
NO release [53, 68-71]. In fact, using this approach allows for obtaining different NO
release profiles for versatile biomedical applications such as platelet inhibition, bacteria-
killing, and wound healing.

The stability of HNT-SNAP was evaluated by measuring the NO content after storing them
at different conditions (light at room temperature, dark at room temperature, and —20 °C
freezer) for a period of 4 weeks. HNT-SNAP showed the highest stability in the freezer with
97.2 + 2.7 % of NO being remained after storing at —20 °C for 4 weeks (Fig. 7). While the
lowest stability was attributed to HNT-SNAP stored under light at room temperature (RT)
with only 53.8 £ 3.2 % of NO being remained after 4 weeks. As expected, HNT-SNAP
stored at dark in RT could preserve a significantly higher amount of NO (67.3 £ 4.5 %)
compared to HNT-SNAP stored under light at the same temperature.

3.5 Morphological Analysis

The TEM and FESEM images of unmodified HNT and HNT-SNAP are depicted in Fig. 8.
Both FESEM and TEM images display the polydispersity and hollow tubular structure of
nanotubes with an open-ended lumen along the tube. From TEM images, the size of HNTs
was measured to be 100-1000 nm long, with an outer diameter of about 60 nm and a lumen
diameter of about 10 nm. After modification with SNAP, the outer walls of HNTs became
slightly thicker (~70 nm), indicating that the functionalization is occurring on the outer
surface of nanotubes [72].

In addition to size, the morphology of nanomaterials is also a critical factor affecting their
loading capacity and release kinetics. For instance, NO-releasing fumed silica particles have
been previously developed and studied for biomedical applications. However, aggregation of
these particles into coarse, irregular clusters upon pyrolytic production, renders their final
morphology and NO release kinetics highly unpredictable [73]. In contrast, HNTs are well
known for their excellent dispersion ability originating from their stable tubular morphology,
charge distribution, and unique crystal structure [74]. To obtain reliable and consistent NO
release kinetics, it is imperative to maintain the original morphology of HNTSs after chemical
modifications. Apart from loading and controlled release of guest molecules, morphological
properties of HNTs can also significantly affect their performance in other applications such
as the fabrication of HNT-polymer nanocomposites, nanoreactor templates, and filtration
purposes [75]. As can be seen in the FESEM and TEM images, the tubular morphology and
crystal structure of HNTSs are preserved after chemical modifications with APTMS and
SNAP. While the original tubular morphology of the HNTSs is preserved, the SEM images
seen in Fig. 8 also demonstrate a rougher surface interface on the HNT-SNAP when
compared to control HNTSs. This is most likely due to a hydrolysis reaction between APTMS
chains, creating a polymerized siloxane layer at the HNT interface. Since the reaction
conditions mentioned previously were not perfectly anhydrous, this type of hydrolysis is
commonly seen [76].
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3.6 Bactericidal properties of HNT-SNAP

Over the past few years, increasing attention has been focused on nanoparticle-based
materials in the field of antimicrobial therapies. Administration of antimicrobial agents using
nanoparticles provide several benefits over free antimicrobial agents such as improved
solubility, pharmacokinetics, and therapeutic index of the drug, reduced side effects, as well
as controlled release and targeted delivery of the drug to the site of infection [77, 78]. One of
the most common causes of hospital-acquired infections is the gram-positive S. aureus
bacteria [79]. Currently, successful treatment of infections caused by S. aureus is being
restricted as this microorganism has developed resistance toward silver and many antibiotics
[80, 81]. Therefore, alternative therapeutic approaches are essentially needed. Nitric oxide is
known to be a potent antimicrobial agent that kills bacteria through rapid and nonspecific
mechanisms [82]. Therefore, the incidence of bacterial resistance is minimized as opposed
to antibiotics and silver nanoparticles. According to the literature, chemical alteration of
DNA, disturbing protein synthesis, damaging cell membrane amino acids, and lipid
peroxidation are the main bactericidal mechanisms of nitric oxide [83]. In this study, the
antibacterial activity of HNT and HNT-SNAP toward S. aureus was studied as a proof-of-
concept evaluation for biomedical applications. The result of bacterial viability was
quantified using a CFU counting methodology and is depicted in Fig. 9. The reduction
efficiency values of all the tested concentrations of HNT-SNAP are also presented in Table
2. HNT-SNAP showed antibacterial activity against S. aureusin a concentration-dependent
manner. By increasing the HNT-SNAP concentration from 0.5 mg/mL to 10 mg/mL, the
bacteria reduction efficiency was enhanced from 48.9% to 99.6% (> 2 log reduction),
whereas, unmodified HNT showed no antibacterial activity against S. aureus regardless of
the concentration, suggesting that the antibacterial activity of HNT-SNAP is attributed solely
to the NO release. Additionally, it has been previously shown that NO donors either
physically blended or covalently attached to biomaterials exhibit antibacterial effects toward
different bacteria including £ aeruginosa, S. aureus, and E. coli [84, 85]. The previously
demonstrated antibacterial properties of NO against these bacteria along with the
antibacterial effects of HNT-SNAP displayed in this study provide promising perspectives
for the potential application of HNT-SNAP either alone or in combination with other
biomaterials. Moreover, this work marks a significant improvement upon the antibacterial
properties of previously reported NO-releasing diatomaceous earth (DE) silica particles by
our group [24]. HNT-SNAP at concentrations of 5 mg/mL and 10 mg/mL reduced the
number of S. aureus bacteria by 94.4 + 1.9 % and 99.6 + 0.1 % respectively, whereas a lower
reduction efficiency of 92.9 + 2.6 % was reported for SNAP modified DE silica particles at
an even greater concentration of 21.5 mg/mL. The superior bactericidal efficiency of HNT-
SNAP might be the result of enhanced total NO loading and higher flux of NO release.
According to a study by Nichols and Schoenfisch, the bactericidal properties of NO-
releasing surfaces are dependent on the NO payload, rate of delivery, and duration of NO
release [86].

3.7 Cytocompatibility of HNT-SNAP

While we were able to demonstrate a significant reduction in bacterial viability due to the
NO release of the HNT-SNAP, it is imperative that they exhibit no toxic effects towards
mammalian cells. To assess the cytotoxicity of HNT-SNAP, the direct contact CCK-8
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(Sigma-Aldrich) method was performed on mouse fibroblast cells (ATCC). Cells were
exposed to different concentrations of nanotubes ranging from 0.5 mg/mL to 10 mg/mL. The
results of the test are depicted in Fig. 10 and cell viability values for HNT and HNT-SNAP
at all the tested concentrations are reported in Table 3. No significant cytotoxicity was
observed for both unmodified HNT and HNT-SNAP at concentrations below 2 mg/mL as
compared to control (wells without any nanotubes). However, by further increasing the
concentration of nanotubes to higher values (= 2 mg/mL), the number of viable cells
decreased and reached less than 50% of the control at 10 mg/mL (p-value < 0.05). It is
noteworthy to mention that, at all concentrations, the viability of cells exposed to HNT-
SNAP remained higher than the cells treated with unmodified HNT. The higher viability of
cells in contact with HNT-SNAP can be explained by the previously described regulating
effects of NO on fibroblasts proliferation. In the past, several reports have demonstrated that
exogenously applied NO, at low concentrations, is able to increase the growth and
proliferation of several mammalian cell lines including fibroblasts [87-89]. The /in vitroand
in vivo cytotoxicity of HNT have also been extensively studied and described by many
research groups, all in agreement that HNT shows a high level of cytocompatibility and low
cytotoxicity [49]. Therefore, the reduction in the viability of cells at higher concentrations of
HNT-SNAP is most likely attributed to the high number of particles. Despite the
development of many nanoparticulate NO delivery systems, only a few studies have
investigated the cytocompatibility of these nanosized delivery systems in direct contact with
cells. We have previously shown that regardless of the biocompatibility of the substrate and
the loaded NO donor, NO-releasing nanoparticles at high concentrations (5-10 mg/mL) can
induce toxicity toward fibroblast cells [90]. However, this toxic effect was found to be solely
related to the high number of nanoparticles covering the cells in the well plate. Similar
results have also been reported by Nurhasni et al., evaluating the cytotoxicity of NO-
releasing poly(lactic-co-glycolic acid)-polyethyleneimine nanoparticles against mouse
fibroblast cells [91]. Collectively, our results demonstrate that SNAP functionalized HNTs
show tunable NO release, strong antibacterial properties, and desirable cytocompatibility
which may prove useful for a range of applications. To further confirm the preclinical
potential of HNT-SNAP, comprehensive /n vivo verification of the /n vitro results is
required.

4. Conclusion

Covalent attachment of the nitric oxide (NO) donor molecules to inorganic filler particles is
an effective approach to impart NO release properties to a wide range of biomedical
polymers and enhance their safety and stability by reducing the potential leaching of the
donor molecules and by-products. However, burst NO release kinetics and low attachment
efficiency of NO donors to the modified surface of these particles mark two main factors
limiting their efficacy. With the goal of improving these properties, this paper aimed to
develop and characterize a novel NO delivery system based on halloysite nanotubes (HNTS).
(3-aminopropyl) trimethoxysilane (APTMS) functionalization of HNT facilitated the
covalent attachment of Aracetyl-D-penicillamine (NAP) which was further converted to S-
nitroso-A-acety1-penicillamine (SNAP), the NO donor molecule. The amount of primary
amine groups after APTMS modification and thiol groups after NAP attachment were
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estimated to be 0.252 £ 0.009 pmol/mg and 0.202 + 0.015 umol/mg respectively, indicating
a favorably high conversion ratio of 80%. In total, each mg of HNTs was loaded with 0.101
+ 0.07 umol of NO which were released sustainably over an 8 h period. The high conversion
ratio and NO release half-life of more than 8 h obtained for HNT-SNAP demonstrated a
significant improvement upon the previously reported NO-releasing silica particles [20-24].
Light-triggered NO release from HNT-SNAP was also studied using a light-emitting diode
source and it was found that NO fluxes were notably increased immediately upon
irradiation. The release of NO from HNT-SNAP could also be fine-tuned by adjusting the
temperature. The successful modification of HNT was further confirmed and studied using
Fourier transform infrared spectroscopy and 13C Nuclear magnetic resonance. The field
emission scanning electron microscopy (FE-SEM) images showed that the unique
morphology of HNTs remains intact throughout the synthesis. However, according to
transmission electron microscopy (TEM) images, the outer walls of HNTs became slightly
thicker after surface modification. Additionally, the bactericidal efficiency of HNT-SNAP
towards gram-positive S. aureus and biocompatibility with mammalian cells were
demonstrated at different concentrations ranging from 0.5 mg/mL to 10 mg/mL. Based on
the promising results obtained in this study and the myriad of potential applications of NO-
releasing materials, it can be concluded that modification of HNTs with NO donor
molecules open up the use of these nanomaterials for several applications in the biomedicine
field such as implants, catheters, tissue engineering scaffolds, wound dressings, biosensors,
and medical device coatings. The results of this study form the basis for further future
studies in the pre-clinical settings to ascertain the therapeutic potential of NO-releasing
HNTs.
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Figure 1.

Schematic representing the chemical synthesis of NO-releasing halloysite nanotubes
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Figure 2.

FTIR spectra of a) unmodified HNT, b) HNT-OH, ¢) HNT-APTMS, and d) HNT-NAP
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Figure 3.

D 0 10

13C CP/MAS NMR spectra of (a) APTMS modified HNTs and (b) NAP modified HNTS.
The APTMS carbon peaks have been thoroughly investigated in previous literature [60].
While most of the carbon peaks in the NAP functionalized HNTSs are overlapped in the
methyl region (between 20-50 ppm), there is a distinct carbonyl peak at 171 ppm indicating

successful NAP attachment.
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Figure 4.
Cumulative and real-time NO release from HNT-SNAP soaking in PBS buffer at 37 °C in

the dark. The red graph (cumulative NO release) and the black bar graph (real-time NO
release) correspond to the right and left axes, respectively. Data represent the mean + SD
(n=4). p-values < 0.05 and < 0.01 are shown with * and **, respectively.
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Figure 5.

Real-time NO release from HNT-SNAP under light irradiation.
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Real-time NO release from HNT-SNAP under different temperatures.
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Figure 7.
Storage stability of HNT-SNAP at different conditions over 4 weeks.
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Figure 8.
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24 h viability of 3T3 mouse fibroblast cells (as a percentage relative to control) using WST
dye-based CCK-8 assay. The error bar represents the SD (n=6). p-values < 0.01 are shown

with **,
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Table 1.

Amine Content, thiol Content, conversion ratio, total NO loading, and nitrosation efficiency of modified HNTs
(n=4)

Amine content (umol/mg)  Thiol content (umol/mg)  Conv. ratio (%) Total NO (umol/mg)  Nitrosation efficiency (%)

0.252 +0.009 0.202 £ 0.015 80.15 0.100 +0.07 49.50
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Table 2.

Page 32

Viability reduction efficiency values of S. aureus bacterial strain after exposure to different concentrations of
HNT-SNAP for 24 h (n=5).

HNT-SNAP concentration (mg/mL) S. aureus reduction efficiency (%)

0.5

1

2

5

10

489+39™
69.9+9.8""
738+50""
94.4+1.9™"

*

99.6£0.17

b
indicates P-values < 0.01 versus HNTSs at the same concentration
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Viability values of 3T3 mouse fibroblast cells after direct exposure to different concentrations of HNT and

Table 3.

HNT-SNAP for 24 h.

Nanotubes concentration (mg/mL)

Cell viability (%)

HNT HNT-SNAP

0.5

10

116.2+8.7 119.8+15.6
83.1+16.2 98.8+15.0
65.8 +13.0 776+1.6

455+15 594+16""

264+21 488+70""

Hok

indicates P-values <0.01 obtained by comparison of HNT-SNAP and HNT at the same concentration
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