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Introduction: Mimicking physiological functions of nitric oxide (NO) has applications in
regenerative medicine. However, few NO delivery systems have progressed to clinical trials
owing to limitations in delivery.

Materials and methods: A novel NO delivery system was explored by integrating S-nitro-
N-acetylpenicillamine-functionalized long-chain aliphatic hydrocarbons (LCAHs) into a
polyurethane-based polymer.

Results and discussion: Contact angle analysis determined the novel delivery system to be
significantly more hydrophobic than control. Chemilluminscence showed a four-phase NO
release profile of the delivery system with more stable and prolong NO release than control.
Conclusion: LCAHs can optimize the duration and rate of NO delivery and present a viable
option for use in surgical implants and biomedical applications.
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Introduction
Biomimetic materials are of interest to regenerative medicine endeavors as they present
innovative solutions to repair or restore damaged or diseased organs.! In particular,
there is an interest to develop materials mimicking endogenous nitric oxide (NO),
given its vital role in influencing biological systems.? NO mainly acts via the Nitric
oxide-souble guanylate cyclase-cyclic guanosine monophosphate (NO—-sGC—cGMP)
pathway to contribute to physiological homeostasis.> NO has potent antithrombogenic
effects and stimulates endothelial cell proliferation, mobilization, and adhesion and
inhibits smooth muscle cell proliferation and adhesion.*%!° Therefore, NO shows great
promise for applications in cardiovascular implants that can address the damage or the
absence of an endothelium by restoring cardiovascular homeostasis.” Other functions of
NO include neurotransmission, antimicrobial, and anticancer properties (Figure 1).5!!
Gaseous NO is short-lived and highly reactive under physiological conditions; thus,
a range of NO donor molecules capable of storing and enabling effective localized
delivery of NO have been studied. Current strategies seek to optimize the delivery
of NO from these donor molecules considering dose, duration, and rate of delivery.
Owing to such considerations, few studies have progressed to an in vivo test stage.
It is significant to establish NO delivery systems of greater storage stability with a
low cost of synthesis and biomimetic levels of NO release over prolonged durations.
One group of viable NO donors are the S-nitrosothiols (RSNOS), which are naturally
present in the body and therefore infer negligible toxicity in comparison to other NO
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Figure 1 NO can influence a great many physiological systems through a range of bio-physiological mechanisms.

Abbreviation: NO, nitric oxide.

donors. Additionally, they do not spontaneously decompose
but release NO by exposure to heat, UV ions, transition metal
catalysis, and ascorbic acid, thus providing opportunity for
tissue-specific release.!?

In previous attempts to stabilize the release of NO,
RSNOS have been blended with polymers, derivatized
to fibrin-based hydrogels or covalently bound to
nanoparticles.'*!* NO release can be further controlled
by incorporating NO donors into polymers, considering
the ability of polymers to form hydrophobic cores, hence
shielding the NO donor from aqueous environments and
prolonging NO release. There is an interest in stabilizing
NO with N-diazeniumdiolates (NONOates)!” but RSNOS
are preferred due to their greater biological compatibility.
It has been previously presented that polyhedral oligomeric
silsesquioxane poly(carbonate-urea) (PCU) urethane, a
relatively hydrophobic polyurethane-based biocompatible

polymer scaffold, proved to be effective for the integration of
RSNOS, which were passively incorporated and fabricated
into bypass grafts.'®!"” This study aimed to exploit the
inherent hydrophobic properties of long-chain aliphatic
hydrocarbons (LCAHs) for NO delivery. We hypothesized
that amine terminated LCAHs, dodecylamine (DD), and/or
octadecylamine (OD) would form hydrophobic, spherical
structures when conjugated to S-nitro-N-acetylpenicillamine
(SNAP), an RSNOS, which has been previously determined
to have antithrombogenic properties.?’ We predicted that
this delivery system would supply a more stable NO release
profile within a polyurethane-based polymer poly(carbonate-
urea) urethane (PCU)-based polymer system under
physiological conditions, when compared with passively
incorporated, unmodified SNAP. SNAP with DD conjugated
(DD-SNAP) or with OD conjugated (OD-SNAP) was
produced with simple amide chemistry and was incorporated
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within a biocompatible polyurethane-based polymer system
and characterized. NO release profiles of the delivery system
confirmed a steadier, sustained NO release, providing a
novel NO release system with potential applications for
surgical implants.

Materials and methods
All materials used in this study were obtained from Sigma-
Aldrich Co. (St Louis, MO, USA).

Organic synthesis

DD-SNAP and OD-SNAP were synthesized always main-
taining the samples in ice and in the dark to avoid SNAP
decomposition. SNAP was dissolved into 1 mL of dimeth-
ylformamide (DMF)-methylmorpholine (MMP). The amide
bond was formed using a two-step procedure involving acti-
vation and aminolysis steps using O-(1H-benzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexoflurophosphate (HBTU)
as a coupling agent. HBTU was added to the solutionina 1:1
ratio with SNAP, and the solution was left on the roller for 1 h
to allow activation of the —OH group of the SNAP molecule
(Figure 2A). DD is a white wax-like solid at room tempera-
ture that dissolves in DMF while OD is a white powder that
only partially dissolves in DMF (resulting in both solid and
liquid phases in the reaction chamber). DD or OD was added,
respectively, ina2.5:1 (SNAP:DD/OD) ratio and was allowed
to react for 14 h. HBTU was precipitated out of the DD. The
samples were centrifuged (at 3°C) and vacuum-dried to get
rid of the solvents and stored at 3°C.

Fourier transform infrared spectrometry
Samples were analyzed using a JASCO FT/IR-420 spectrom-
eter. Absorptions due to water and atmospheric CO, were
subtracted using the JASCO software. Spectra were obtained,
after taking a background reading for every sample.

Thin layer chromatography (TLC)-

column chromatography

TLC was performed to identify the components of the reac-
tion mixture after the organic synthesis. Five microdrops of
the DD-SNAP reaction mixture, SNAP, and DD dissolved
in diethyl ether were placed on a silica gel glass sheet. An
acetone:toluene (2:1) mixture was used as a mobile phase
to separate the components by capillary action. The spots of
the constituents were then visualized using iodine. The spot
that believed to correspond to DD-SNAP was scraped off
the plate, resuspended in DME, and centrifuged to remove
the silica, and the washed supernatant was put in the che-

miluminescence. In an attempt to separate the components
of the mixture, column chromatography was employed. A
custom-made column using silica gel and a simple glass tube
was manufactured. The column was thoroughly washed with
acetone:toluene (2:1) mixture to achieve uniformity inside
the column. Using the same conditions employed in the TLC,
fractions were collected after calibrating the column with the
pure constituents (DD and SNAP dissolved in diethyl ether).
The column was loaded with the mixture, and the components
were eluted using a stable flow rate of acetone:toluene (2:1).

Liquid chromatography—mass
spectrometry (LC-MS)

Mass spectrometry (MS) analysis using electrospray-coupled
LC-MS was performed in UCL School of Pharmacy and
UCL Department of Chemistry and carried out by Ramesh
and Dr Karu Kersti. LC-MS/MS analyses were carried out
using an Agilent HP 6400 Series Triple Quadrupole LC/
MS System (Agilent Technologies, Santa Clara, CA, USA).

Electrospray MS uses a soft ionization technique to deter-
mine the masses of molecular ions (molecular ion mass = 65)
present in the solution, and this study allows us to determine
the presence of the newly synthesized compounds OD—SNAP
and DD-SNAP. Liquid chromatography was coupled with
the electrospray technique in order to first separate the com-
ponents of the samples chromatographically and then ionize
them for MS, so that it is easier to separate masses in quite
impure samples. Samples dissolved in 400 pL of methanol
were analyzed considering the molecular weights of 220.25
for uncoupled SNAP, 185.35 for uncoupled DD, 387.58 for
DD-SNAP, 269.51 for uncoupled OD, and 471.74 for OD—
SNAP. Ionization and the handling of the samples can lead
to possible NO breakdown, and therefore, masses of 357.58
and 441.74 were also searched to account for DD-SNAP
and OD—SNAP, respectively, but without the NO attached
to the thiol group. In the absence of NO attached to the thiol
group, molecular mass is 30 less than the original molecule.

High-performance liquid chromatography

(HPLC)

In an effort to purify DD—SNAP from unreacted SNAP and
DD in the reaction mixture, HPLC was performed in metha-
nol (1 mL)-dissolved samples using an acetonitrile/water
gradient. HPLC pumps the liquid sample through a column
with absorbent material that has different affinities for various
components of the mixture and therefore creates different
flow rates, which enables the separation of the components
through elution at different time points. HPLC was performed
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Notes: (A) Chemical diagram of conjugation of long chain aliphatic hydrocarbons (OD/DD) with SNAP and formation of OD-SNAP and DD-SNAP. (B) Incorporation of
DD-SNAP or OD-SNAP with a hydrophobic polymeric scaffold and the proposed distribution of SNAP-conjugated long-chain aliphatic hydrocarbons and the diagrammatic
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Abbreviations: DD, dodecylamine; HBTU, O-(1H-benzotriazol- |-yl)-N,N,N’,N’-tetramethyluronium hexoflurophosphate; HOBt, Hydroxybenzotriazole; NO, nitric oxide;

OD, octadecylamine; SNAP, S-nitro-N-acetylpenicillamine.
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using an Agilent 1200 Series instrument with UV detection
(Agilent Technologies), and chromatography was carried out
over Spherisorb ODS2 Prep Column (250 mm X10 mm, pore
size =10 um; Waters, Milford, MA, USA).

Passive incorporation of -NH,
terminated aliphatic hydrocarbons into

PCU and material characterization

Methods of incorporating -NH, terminated aliphatic hydro-
carbons within PCU and sample processing is as described
in a previous study.?

Scanning electron microscopy (SEM)

Test samples were inserted into a Q150 Rotary-Pumped Sput-
ter Coater (Quorum, Essex, UK) in order to gold-coat the
samples. Images were taken after loading the samples into a
Zeiss EVO HD15 Scanning Electron Microscope.

Atomic force microscopy (AFM)

AFM was used for sample surface analysis. The equipment
used was a JPK Nanowizard microscope, with the samples
imaged using MSNL-10 (Bruker, San Diego, CA, USA)
cantilevers in contact mode.

Contact angle

An EasyDrop DSA20E drop-shape analysis system (Kruss)
with analysis software (DSA1) was used to measure 6.
Contact angles 6>90° and 6<90° are considered to indicate a
hydrophobic surface and a hydrophilic surface, respectively.
The measurements are then averaged for each sample.

Dielectric analysis

Samples were placed in a Dielectric Analyser (DS6000
Dielectric Thermal Analyser; Lacerta Technology, Leicester-
shire, UK) with controlled humidity unit. Dielectric measure-
ments were made under conditions of controlled humidity
in order to investigate how much water is absorbed on the
polymer (water absorbed by the polymer increases its per-
mittivity), ie, its wettability after the modifications. Samples
(1 em?) were placed between two electrodes, and dielectric
properties were measured as the humidity was increased
from 20% to 80% (at 1%/min). In dielectric analysis, an
alternating voltage is placed across the sample (AC field).
The alternating strain equivalent of the dynamic mechanical
analysis becomes the stored charge (Q) in the sample on the
Dielectric Thermal Analyser. The outputs are as follows: ¢’
(the dielectric constant or permittivity) and ¢” the loss factor.

Chemiluminescence

NO release was measured with ozone-induced chemi-
luminescence. Copper(II) sulfate at 0.1 M (1.5 mL per
sample and supplemented with 0.5 mL at 3 h) was used
as a catalyst for the release, and the reaction chamber
was always covered to eliminate break down by light. The
mechanism of detection is based on the fact that NO reacts
with ozone (O,) to form nitrogen dioxide (NO,) in the gas
phase. The samples were analyzed using a 280i Nitric Oxide
Analyzer (NOA™), which consists of an ozone generator
from oxygen, a reaction chamber, the optical filter, and a
photomultiplier tube (PMT) to detect the red light emission.
A vacuum pump is used to maintain the reaction chamber
at low pressure (4—7 Torr) to push the gas into the NOA
through a frit restrictor to maintain a constant flow rate
(200 mL/min). The signal from the PMT is processed,
and results are received in a connected computer using the
corresponding software.

Results and discussion

DD-SNAP and OD-SNAP were coupled by reacting with
HBTU as a coupling agent (Figure 2A). The different degrees
of solubility of the LCAH, with the use of more soluble DD in
comparison to the relatively less soluble OD, lead to the use
of different but complementary methods of characterization
of the conjugation of DD or OD with SNAP. OD—-SNAP was
separated out from the reaction mixture in the presence of
diethyl ether with relative ease.

TLC was used to confirm the presence of DD-SNAP.
Solubilized DD-SNAP was purified from the reaction mix-
ture using HPLC in a custom-made silica column, and this
separation was re-confirmed with TLC.

DD-SNAP formed a solution with diethyl ether, and
only HBTU and by-products were separated from the DD—
SNAP-HBTU mixture. The amide bond between OD and
SNAP was verified using the Fourier transform infrared
spectroscopy (Figure S1).

LC-MS with positive electrospray ionization was used
to identify the synthesis of both DD—SNAP and OD-SNAP
(Table 1). Peaks at 358.5 and 442.7 u were also identified,;
as these values are ~30 u lower than those for DD-SNAP
and OD-SNAP, they were recognized that they represent
molecules of DD-SNAP and OD-SNAP from which NO
had dissociated. However, this purification process was used
solely for characterization purposes, as the product of HPLC
would not be suitable for biological application considering
the lysis of the S-NO bond of the NO donor by H* during
HPLC.
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Table | Summary of the peaks obtained by LC-MS of SNAP, DD-SNAP, and OD-SNAP

Molecule Expected peak at mass (u) Measured peak at mass (u) Positive ion
SNAP 221.25 221.1 CH,N,OS
DD 186.35 186.3 C,HN*

DD-SNAP 388.58 388.6 CH;N,O,S*
oD 27051 270.4 CH,N*

OD-SNAP 472.74 472.7 C,H,N,O.s*
DD-SNAP without NO 358.58 3585 C,H;N,O.s
OD-SNAP without NO 442.74 442.7 C H, N O S*

25" 500 22

Abbreviations: DD, dodecylamine; LC-MS, liquid chromatography—mass spectrometry; NO, nitric oxide; OD, octadecylamine; PCU, poly(carbonate-urea); SNAP, S-nitro-

N-acetylpenicillamine.

DD-SNAP and OD-SNAP were passively incorporated
into PCU in the presence of the solvent dimethylacetamide
(DMAC) to form DD—-SNAP-P or OD-SNAP-P (Figure 2B).
The functionalized polymer solution was fabricated as vas-
cular conduits of 5 cm in diameter considering the potential
cardiovascular applications of the material, using previously
established methods of a solvent exchange coagulating pro-
cess.!® The integration of LCAH-SNAP within the polymer
scaffold and its resulting surface topography were verified
by SEM (Figure 3A) and AFM (Figure S2). The particles
observed with SEM are clusters due to the hydrophobic
environment of the surrounding hydrophobic polymer with
relatively larger particle size, but examinations with transmis-
sion electron microscopy (TEM) in solution are not clustered
and relatively small in size (Figures 2C and S3).

The degree to which the hydrophobic properties of the
LCAHEs influence the overall hydrophobicity of the delivery
system was confirmed with contact angle analysis (DSA100;
Kruss, Hamburg, Germany) (Figure 3B).

On AFM (Figure S2), the control polyurethane had an
amorphous and homogenous structure. The topography image
showed a high range of height values, ranging from 0 to 780 nm.
Some globular structures were visible on the surface in the
DD-SNAP image. OD-SNAP particles had a cobblestone-like
pattern when viewed in 2 dimension. The corresponding height
image showed clearly defined domains of different dimensions
but with a height of 450-780 nm. The domains could be as a
result of the longer chain length when compared with DD-
SNAP There were clearly defined groves between the domains,
which were deeper in the sample, and could correspond to the
variation in height seen in the control PCU sample.

SEM indicates the presence of DD and OD in a form of
spherical structures within the pores of relatively hydrophobic
PCU (Figure 3A), while the surface of the polymer was free
of such particles. Formation of a porous structure is well
recognized with the solvent exchange coagulating process

PCU + DD (2%) PCU
(control)

PCU + OD (2%)

2 um

Figure 3 Characterization of LCAH-SNAP-PCU.

Notes: (A) SEM images indicating porous structures of PCU and DD/OD-SNAP
globular structures (pseudo colored green). (B) Mean contact angle measurements
(0) in mean £ SD and images of water drop on the surface of PCU (control)
=107.8+1.9, DD-SNAP-P (2%) =109.0+5.1, and OD-SNAP-P (2%) =135.8+14.5.
Abbreviations: DD, dodecylamine; LCAH, long-chain aliphatic hydrocarbon; OD,
octadecylamine; PCU, poly(carbonate-urea); SEM, scanning electron microscopy;
SNAP, S-nitro-N-acetylpenicillamine.

of PCU." Porosity is a significant feature of materials used
in surgical implants to confer optimal mechanical properties
and to facilitate cell-material interactions.”

Amphiphiles, such as LCAHs, with the amine groups
such as those of OD and DD are expected to form micellar
geometries with varying degrees of surface area to volume
ratios. The range of structures that could form includes
spheres, ellipsoids, or globular-bilobed distorted spheres,
rods and cylinders, or bilayers. The polymorphisms of
hydrated LCAH-SNAP particles within the synthetic poly-
mer would be more precisely determined with recognized
methods such as phosphorus nuclear magnetic resonance,
X-ray diffraction, or differential scanning calorimetry.
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Hydrated lipid aggregates are known to entropically adopt a
confirmation and become stabilized with hydrophobic force
as the major thermodynamic force, with relatively minor
influences of forces exerted by van der Waals and hydrogen
bonds. However, considering standard lipid thermodynam-
ics, we envisage that the nonpolar long chain lipid group of
LCAHSs might prefer interactions with porous hydrophobic
polymer surface and therefore avert more polar SNAP
groups away from the polymer pores, thus forming “reverse
micelles” (Figure 2B). However, this theory requires further
thorough investigations and techniques such as dynamic light
scattering can be used to examine the size and consistency of
the micelle and its structure. NO has previously been incor-
porated into reverse micelle of N-acryloylmorpholine and
N-acryloyl2,5-dimethylpierazine to create 50 nm spherical
micelles. It was shown that the hydrophobic core shielded
NO from release and delayed its release to a half-life of 7
days.? Using amine functionalized silica nanoparticles, NO
was incorporated into the following three different diameters
of reverse micelle: 50, 100, and 200 nm. It was shown that
the smaller micelle of 50 nm had more significant antimi-
crobial activity and showed no toxic effect on fibroblasts at
therapeutic dose.?®

The chain length of the simple alkane chain amphiphiles
OD and DD is predicted to influence their hydrophobic-
ity. The effect of incorporating OD and DD into PCU was
demonstrated by controlled humidity dielectric analysis,
which was used to evaluate the effect of moisture regain
on these materials. Figure S4 shows that the conductivity
values of the modified materials (OD and DD) at 80% rela-
tive humidity (RH) are significantly lower in comparison
with the unmodified material indicating more hydropho-
bic characteristics. The van der Waals radii reflect the
proportionality between hydrophobicity and surface area
of contact between water and the nonpolar solute. This
suggests that larger molecules with longer chain alkanes
cause a larger perturbation on the water structure due to
a greater contact area. Moreover, biophysical factors,
including hydrophobic transfer free energy, predict that
greater hydrophobic molecules can aggregate at lower
concentrations. Contact angle study showed that incorpo-
ration of OD of a concentration as low as 2% significantly
increases the water contact angle of PCU to 135.8°, thereby
increasing the hydrophobicity of the delivery system. No
significant difference was observed with the shorter chain,
smaller molecule DD—SNAP-P compared to the control.
This result is in agreement with a previous study with
graphite sheets.?!

As suggested, chemiluminescence was used to determine
NO release profiles of OD—SNAP-P and DD—-SNAP-P with
SNAP-PCU as a control of graft (2 cm length and 5 mm
diameter; 120.95 cm?) with similar dimensions as tested
in a previous study to determine NO release from SNAP
(Figure 4A).%2 All these three test forms used a similar start-
ing concentration of 2% SNAP; a concentration that has been
shown to be effective in previous study, with a theoretical
amount of 4810 nmol of NO.!® The system was introduced
with highest levels of catalytic conditions (1 M Cu) to
observe the relative differences of NO release from the test
samples in a shorter time period. Release profiles, measured
by chemiluminescence for 6 h, indicate four distinct phases
of NO-release (Figure 4B). A recovery of 31% with SNAP-
PCU was obtained.?> However, the DD-SNAP demonstrated
arecovery of 49% and OD—-SNAP demonstrated a recovery
of 54%, which is attributed to its significantly high hydro-
phobicity and therefore greater retention within the polymer.
DD-SNAP-P and OD-SNAP-P showed an initial burst of
NO release recorded within the first 3 min after initiation.
In contrast, the SNAP-PCU control showed a rapid release
for the first 200 min. The second phase of NO release from
DD-SNAP-P and OD—SNAP-P is unique and distinct from
the control, with a characteristic significantly slower rate of
continuous NO release. Phase III occurs after 2.2 h, where
the rate of NO release gradually declines for all three groups.
However, the SNAP—PCU control enters this reduced release
rate at ~115 min: an earlier point in time than DD-SNAP-P
and OD—SNAP-P. The final phase, Phase IV, occurs after 4.5 h
and is a stable release phase for both control and modified
SNAP groups.

The average rate of NO in ppb/min per phase was
calculated for each group (Figure 4C). During Phase I,
we demonstrated a relatively high rate of NO release from
all samples within the initial 3 minutes, but OD—SNAP-P
was nevertheless significantly lower from average rate of
release from the control during the same phase. However,
during Phase II for the next 134 minutes, the rates of both
OD-SNAP-P and DD-SNAP-P are almost completely
stable with a relatively low release rates 1.53 ppb/min and
2.85 ppb/min compared to 91.33 ppb/min for free SNAP—
PCU. There is therefore a statistically significant difference
between the NO-release of DD—SNAP-P and OD-SNAP-P
with the control but not between each of these LCAH-
modified SNAP groups. Despite no statistically significant
difference between the LCAH-modified SNAP groups and
control during Phase III, OD—SNAP-P and DD-SNAP-P
continue to release NO at a reduced rate in comparison to
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Figure 4 Details of chemiluminescence studies.

Notes: (A) Schematic representation of chemiluminescence set-up for NO release measurement. (B) Four distinct phases of average NO release catalyzed with | M copper
sulfate over a 5 h period for DD-SNAP, OD-SNAP, and SNAP-PCU (control). Values are shown as mean * SD. (C) Rates of NO release in parts per billion per minute
illustrating relative NO release during the four distinct phases. Values are shown as mean + SD. Statistical significance is indicated with an *.

Abbreviations: DD, dodecylamine; NO, nitric oxide; NO,, nitrogen dioxide; OD, octadecylamine; O,, ozone; PCU, poly(carbonate-urea); PMT, photomultiplier tube;

SNAP, S-nitro-N-acetylpenicillamine.
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SNAP-PCU. During Phase IV, OD—SNAP-P, DD-SNAP-
P and SNAP-PCU show a low release rate. An interesting
observation was the burst release occurring during Phase I
for both DD-SNAP-P and OD—SNAP-P, and a subsequently
similar release rate between Phase II and Phase I'V. In com-
parison, SNAP-PCU initiates with a burst release, but the
rate does not stabilize until Phase IV, which is ~4 hours
after the initiation of release. The relatively slower release
of NO achieved by both OD-SNAP-P and DD-SNAP-P in
comparison to SNAP—PCU during Phase II confirms that
the conjugation of LCAHs to SNAP has conferred better
retention of the RSNOS within the polymer. All samples
tested after 7 days indicated no significant difference in
total volume of NO.

Moreover, in addition to variations in the duration and
the rate of release of NO, the successful outcomes of NO
bio-functionalization rely on the concentration of release.
This is due to the fact that the optimum concentration of NO
delivery varies according to the application for which it is
warranted. For example, the exploitation of the antithrom-
bogenic properties of NO requires a concentration of NO
release between 0.3 and 0.6 fmol/s/cm?>.? This is in contrast
with the application of NO in xerogels for antibacterial effect,
which requires a concentration of NO release between 1 and
20 pmol/s/cm*** Previous research has made the use of a
similar concept to the current study, whereby hydrophobic
particles are implemented for a prolonged and stable deliv-
ery of NO. An example of such a study involves the use
of a micellar system based on an amphiphilic copolymer,
which has been shown to deliver NO via diazeniumdiola-
tion enabling a stable 16-day release without the use of a
catalyst.” Another example of the modification of NONO-
ates is their conjugation to NO prodrugs rendering greater
hydrophobicity. This modified NONOate was incorporated
into the core of polymeric nanoparticles protecting the core
from the aqueous environment.?® S-nitrosoglutathione has
also been conjugated to hydrophobic polymeric nanopar-
ticles, thus showing a release profile for 10 days. However,
the release profile from this delivery system is not stable and
the quantity of NO drops by half within the first 5 h after the
initiation of release.?” In comparison to the present study,
these studies have used higher quantities of donors compared
with different or no catalysts. An additional advantage of our
novel delivery system in comparison to previous micellar
and nanoparticle-based delivery systems is its potential for
use in implantable devices with the implementation of NO
delivery system in the biofunctionalization of biomaterials.
Interestingly, the unique “reverse micelle” forming OD/

DD-SNAP syntheses may show more promise in structural
stability and biocompatibility.

Furthermore, the polymer’s ability to coagulate into sheets
and to shape can accommodate for the desired function, such
as incorporation into grafts and stents for cardiovascular
applications. This can also reduce the rate of re-stenosis in
vascular grafts due to its antithrombotic properties, hence
negating the need for patients to take life-long antiplatelet
therapy.

Various groups have documented the efficacy of NO
release from polymeric systems for antimicrobial properties
in vitro and in vivo to prevent potential nosocomial infections
by pathogens such as Staphylococcus aureus.' The formation
of biofilm in implanted grafts has been an issue in biomateri-
als, where patients have to be treated in a sterile environment,
ie, theater. Hence, the synthesis of a hydrophobic material
coupled with NO release would therefore have a range of
applications including antibacterial properties for wound
healing and for use in the respiratory and cardiovascular
system from air-borne and blood-borne infections. The novel
NO delivery system defined in the current study, comprising
amine LCAH chains conjugated to an NO-releasing donor,
could be potentially modified to deliver a range of bioactive
functional groups.

Conclusion

We have successfully functionalized RSNOS with LCAH in
order to increase its hydrophobicity. We have confirmed the
functionalization and passive integration of this RSNOS—
LCAH conjugate within a biocompatible polyurethane polymer.
We have investigated the physicochemical properties of this
biofunctionalized polymer and determined NO release profile
in vitro, verifying that DD-SNAP and OD-SNAP can elute
NO at a slower rate in comparison to alternative biomaterial
delivery systems. OD—SNAP is more favorable compared with
DD-SNAP as OD-SNAP can be relatively easily separated out
of the reaction mixture in addition to the abovementioned slow-
est rate of NO release. We believe that this novel NO delivery
system shows great promise for use in surgical implants and
for other regenerative medicine applications.
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Supplementary materials

ODSNAP supernatant

. ODSNAP powder
Zoomed area of interest DMF solvent

—-CH, -C=0

Figure S1 FTIR spectra of DMF, OD-SNAP, and OD-SNAP.

Notes: Arrows indicate the peaks of interest. FTIR was used to characterize the amide bond formation in both the DD and OD mixtures. In the DD-SNAP sample, DMF
that has amide bonds has masked the amide bond formation of the DD-SNAP despite vacuum drying the traces of DMF. In the case of OD-SNAP, the same masking effect
is can be seen. As OD is insoluble, it was easier to separate out. Peaks at 2850 and 2927 that correspond to the alkane groups (~CH,) of the long hydrocarbon chain. A
peak at 1690 corresponds to the C=0O of the amide bond. There is a relatively small but very broad peak ~3450, which could be attributed to the N-H of the amide bond.
Abbreviations: DD, dodecylamine; DMF, dimethylformamide; FTIR, Fourier transform infrared; OD, octadecylamine; SNAP, S-nitro-N-acetylpenicillamine.

SEM AFM

PCU + DD (2%) (czrilrJol)

PCU + OD (2%)

Figure S2 Characterization of LCAH-SNAP-PCU: AFM images showing changes in
topography after the addition of OD/DD-SNAP.

Abbreviations: AFM, atomic force microscopy; DD, dodecylamine; LCAH, long-
chain aliphatic hydrocarbon; OD, octadecylamine; PCU, poly(carbonate-urea); SEM,
scanning electron microscopy; SNAP, S-nitro-N-acetylpenicillamine.
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Figure S3 Negatively stained TEM imaging of aliphatic hydrocarbon globules in solvent (1% uranyl acetate). Red arrows indicate the presence of hydrocarbon globules.
Abbrevaition: TEM, transmission electron microscope.
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Figure S4 Values for electrical conductivity (pFm”-1) at 80% RH measured after
subjecting polymers to increase in RH at 1%/min from 20 to 80% RH and then
leaving polymer at 80% RH for 30 min.

Notes: Image presents a comparison of dielectric values for polyurethanes with
modifications with DD/OD-SNAP and native SNAP compared to polyurethane graft
in its natural state. Lowest value for OD-SNAP-PCU indicates most hydrophobic
material.

Abbreviations: DD, dodecylamine; OD, octadecylamine; PCU, poly(carbonate-
urea); SNAP, S-nitro-N-acetylpenicillamine.

Advanced Health Care Technologies Dove

Publish your work in this journal

Advanced Health Care Technologies is an international, peer reviewed, ~ nano-technologies, and methods and applications for nanoscience and
open access journal that provides a unique forum for articles on:  nanotechnology. The manuscript management system is completely
point-of-care, health care diagnostics and treatment, bioengineer- online and includes a very quick and fair peer review system, which is
ing, biotechnology, biosensing, electronics, clinical/medical science,  all easy to use. Visit http://www.dovepress.com/testimonials.php to read
chemical engineering, materials science, regenerative medicine, micro-/  real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/advanced-health-care-technologies-journal

36 submit your manuscript Advanced Health Care Technologies 2018:4

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 4: 


