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Abstract

Nitric oxide (NO) is a fascinating and important endogenous free-radical gas with potent
antimicrobial, vasodilating, smooth muscle relaxant, and growth factor stimulating effects.
However, its wider biomedical applicability is hindered by its cumbersome administration, since
NO is unstable especially in biological environments. In this work, to ultimately develop site-
specific controlled release vehicles for NO, the NO donor S-nitroso-N-acetyl-D-penicillamine
(SNAP) was encapsulated within poly(lactic-co-glycolic acid) 50:50 (PLGA) microspheres by
using a solid-in-oil-in-water emulsion solvent evaporation method. The highest payload was
0.56(+0.01) umol SNAP/mg microspheres. The release kinetics of the donor were controlled by
the bioerosion of the PLGA microspheres. By using an uncapped PLGA (Mw = 24,000 — 38,000)
SNAP was slowly released for over 10 days, whereas by using the ester capped PLGA (Mw =
38,000 — 54,000) the release lasted for over 4 weeks. The presence of copper ions and/or ascorbate
in solution was necessary to efficiently decompose the released NO donor and obtain sustained
NO release. It was also demonstrated that light can be used to induce rapid NO release from the
microspheres over several hours. SNAP exhibited excellent storage stability when encapsulated in
the PLGA microspheres. These new microsphere formulations may be useful for site-specific
administration and treatment of pathologies associated with dysfunction in endogenous NO
production, e.g. treatment of diabetic wounds, or in diseases involving other biological functions
of NO including vasodilation, antimicrobial, anticancer, and neurotransmission.
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Introduction

Since its initial discovery as the endothelium-derived relaxing factor in 1987 by Ignarro and
co-workers [1], several crucial roles of nitric oxide (NO) have been identified in the body.
These include: regulation of blood pressure via its smooth muscle relaxant activity [2],
mediating immune response [3-5], controlling cell proliferation [6], modulating apoptosis
[7], promoting growth factor-induced angiogenesis [8], accelerating wound healing [9-11],
and functioning as a neurotransmitter [12].

Although NO has been shown to have pharmacological activity for many years, such effects
are highly dependent on the location of NO production and its concentration in physiological
systems [6]. Endothelial cells lining the interior surface of all blood vessels and lymphatic
vessels produce an estimated NO surface flux of 0.5-4.1x1071% mol cm=2 min=1 [7].

The pharmaceutical application of NO is further complicated because of NO’s extreme
reactivity, short half-life and associated relatively short diffusional distance [8,9]. The
therapeutical application of NO in its native gaseous form is complicated, expensive and
very limited. Nitric oxide is, however, used as an inhaled gas at 5-20 ppmV concentrations
to reduce pulmonary hypertension in neonates and to improve their gas exchange rates [10].

Beyond inhaled NO, a wide range of NO donor molecules have been studied for NO
delivery. The oldest NO donors employed to date are organic nitrates, such as glyceryl
trinitrate (GTN) which has been used for more than 100 years for treating angina pectoris
[11,12]. However, short term oral application of GTN causes measurable NO release into
the body [13], and it has also been reported that the actual action of GTN is unrelated to its
bioconversion to NO [14]. Other NO donors such as nitrites, metal ion-NO complexes,
diazeniumdiolates (NONOates), N-nitroso compounds, C-nitroso compounds, and S-nitroso
(RSNO) compounds [15,16] all require different interactions to produce NO. Their NO
release behavior is further complicated by their different sensitivity to changes in light
intensity (and wavelength), temperature, trace metal ions and pH. Recently, the two most
promising groups of small molecule NO donors are the NONOates and nitrosothiols
(RSNOs). Endogenous RSNOs (e.g., S-nitrosocysteine, S-nitrosoglutathione and S-
nitrosoalbumin) are also considered as NO storage reservoirs in vivo [17,18].

Several research groups have attempted to develop novel NO delivery and storage systems
whereby the NO donors are blended into or covalently attached to macromolecular
frameworks. Pulfer et al. prepared 10-50 um diameter polyethyleneimine microspheres and
derivatized them with a NONOate moiety [19]. These microspheres released 194 nmol
NO/mg with a half-life of over 66 h under physiological conditions. Jeh et al. encapsulated
diazeniumdiloated proline (PROLI/NO) as a small molecule NO donor within biodegradable
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PLGA and polyethylene oxide-co-lactic acid (PELA) microspheres for inhalation delivery of
NO [20]. The PELA particles were found to be better, but the half-life of NO release was
only several minutes. Our group prepared fumed silica particles that release NO for several
hours by first tethering alkylamines onto the surface of the silica, then converting these
amine groups to corresponding N-diazeniumdiolate groups via reaction with NO gas at high
pressure [21]. Similarly, Schoenfisch and co-workers formed NONOate moieties on amine
functionalized gold [22] and silica [23] nanoparticles, as well polypropyleneimine
dendrimers [24] that typically released NO for several hours. The longest release time was
achieved by employing O?-protected diazeniumdiolate-modified mesoporous silica
nanoparticles, which had a half-life of 3 weeks at pH 7.4 [25]. Yoo et al. encapsulated
diethylenetriamine (DETA) NONOate into PLGA successfully and the loaded PLGA
released ~0.3 umol NO/mg polymer in a controlled manner for just over 6 h. [26] The
drawback of the these particles in general is that formation of N-diazeniumdiolates using
polyamine compounds may also yield carcinogenic N-nitrosamines as side-products [27].

S-Nitrosothiols have also been utilized as NO donors within polymeric matrices. Frost et al.
anchored RSNOs to fumed silica particles for embedding them into polymeric films [28].
Such particles were capable of NO release via addition of copper(l1) ions or ascorbic acid to
the media, or by shining light on the particles. Stasko et al. developed an RSNO modified
polyamidoamine (PAMAM) dendrimer type NO delivery vehicles, that were able to store up
to 2 umol NO/mg dendrimer and release NO for 10 min - several hours via triggering with
copper(1l) or by light [29]. One issue with these prior efforts to make particle type NO
donors is that since the NO donors are immobilized on the surface of the particles, they are
exposed to the matrix environment. Hence, the presence of small amounts of ascorbate or
copper ions can induce NO burst type release, which can potentially cause adverse effects.

The aim of this work was to develop a particle-based NO release material that could yield
physiologically relevant levels of NO for extended periods (e.g., 1-2 weeks), without any
risk of toxic by-products. This is possible since the product of NO loss from S-nitroso-N-
acetyl-D-penicillamine (SNAP), the NO donor used in this work, is N-acetyl-L-
penicillamine (NAC), which is non-toxic at low levels [30]. Further, penicillamine itself
(after loss of acetate group from NAC) is FDA approved for reversing heavy metal ion
poisoning [31]. Herein, we demonstrate that the duration and rate of NO release from the
proposed PLGA microparticles can be tuned by the nature of the PLGA and degree of SNAP
loading within the particles. Examples of light activated release are also explored.

Materials and methods

PLGA (RG 503H and RG 504) was obtained from Evonik Industries (Essen, Germany).
Reagents, buffer salts, poly(vinyl alcohol) (PVA, Mw: 9,000-10,000, 80% hydrolyzed) and
solvents were ordered from Sigma-Aldrich. All chemicals were used as received. All
aqueous solutions were prepared with ultrapure deionized water (18.2 MQ c¢cm resistivity,
Millipore). Composition of PBS buffer was 0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride, pH 7.4. The PBSACu buffer contained 50 uM CuCl,
and 1 mM ascorbate in PBS. PBSE contained 0.1 mM EDTA in PBS. 50 mL amber
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polypropylene centrifuge tubes were used for in-vitro NO release experiments (Greiner Bio-
One International, Kremsmunster, Austria).

S-Nitroso-N-acetyl-D-penicillamine (SNAP) synthesis

Two g of N-acetyl-D-penicillamine (NAP) (Fluka) was dissolved in a mixture of 50 mL
methanol, 16.7 mL H,0, 8.3 mL cc. HCl and 2.5 mL cc. HpSOy4. Twenty mL of 1 M NaNO,
was then slowly added to the mixture. The color of the solution turned dark red. The
solution was placed onto an ice bath and with blowing N, over the solution so that the
methanol can be evaporated until crystals formed (~3 h). The green crystals were collected
by solution filtration, washed with ice-cold water and vacuum dried. The entire process was
performed while protecting the solutions from light to avoid photo-decomposition of SNAP.
Before encapsulation into PLGA particles, the SNAP was ground by a CryoMill (Retsch,
Disseldorf, Germany). Five hundred mg of SNAP was ground in two 5 mL stainless steel
jars, with 16 stainless steel (3 mm diameter) balls in each. After 8 min long precooling with
liquid nitrogen at 5 Hz, the SNAP particles were ground for 40 min at 20 Hz, then freeze-
dried (41 °C, 0.160 mbar) for 1 d after flash freezing in liquid nitrogen.

SNAP loaded PLGA microsphere preparation

SNAP loaded microspheres were prepared by a solid-in-oil-in-water emulsion solvent
evaporation technique [32]. PLGA polymer was dissolved in 1 mL of methylene-chloride in
a 100 mm x 16 mm glass culture tube. The cryomilled SNAP was added to this solution and
homogenized at 10 000 rpm for 1 min with a Tempest 1Q? homogenizer (The VirTis Co.,
Gardiner, NY, USA) equipped with a 10 mm shaft. Four mL of a 5% (w/v) PVA in DI water
was immediately pipetted in it and vortexed (Genie 2, Fisher-Scientific Industries, Inc.,
Bohemia, NY, USA) at the highest speed for 1 min, then poured into 100 mL of 0.5% (w/v)
PVA in DI water under rapid stirring with a magnetic stir-bar, and hardened for 3 h. The
resulting microspheres were sieved and washed with 500 mL DI water. The fraction of
particles sieved in the range of 20 — 125 um was collected and freeze-dried (-41 °C, 0.160
mbar) for 2 d after flash freezing in liquid nitrogen.

Measurement of loading

To determine the SNAP loading in given lot of microspheres, 5 mg of the microspheres
were dissolved in 1 mL acetonitrile and the concentration of SNAP was measured by
absorbance at 340 nm using a Synergy Neo Microplate Reader (BioTek U.S., Winooski, VT,
USA). The encapsulation efficiency was calculated as the ratio of the actual to the
theoretical loading (based on total amount of SNAP used in the preparation).

To measure the SNAP remaining within the microspheres after soaking in buffer for given
time periods, the microspheres were washed three times with 100 pM EDTA containing
buffer and DI water to remove residual copper and buffer salts prior to dissolving them in
acetonitrile, and measuring the absorbance at 340 nm.

Morphology and size distribution of microspheres

For morphology and size distribution analysis, microspheres were coated with 40 nm of gold
using a sputter coater (Desk 11, Denton Vacuum Inc., Hill, NJ, USA) for 120 s. Secondary
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electron micrographs were taken by a Hitachi S-3200N Variable Pressure SEM (Hitachi
High-Technologies Corp., Tokyo, Japan). The applied accelerating voltage was 15 kV. For
size distribution measurements, the diameter of at least 500 particles was measured and
analyzed with ImageJ software [33]. For cross-sectional images, the microspheres were cut
using a razor-blade on glass slide prior to coating with gold for the SEM analysis.

To observe the morphology changes of the microspheres after soaking in buffer, the
microspheres were washed three times with DI water after a given soaking time in order to
remove salts prior to SEM analysis.

Nitric oxide release measurement by Nitric Oxide Analyzer

For NO release experiments, 10 mg of microspheres were incubated in 5 mL of release
media at 37°C in an amber 50 mL centrifuge vial placed onto a rocker for gentle shaking
during incubation at 37°C. Nitric oxide release was quantitated by using an ozone-based
chemiluminescence technology with a Sievers Nitric Oxide Analyzer (NOA, Model 280i,
GE Analytical Instruments, Boulder, CO, USA). The amber incubation vials were
thermostated at 37 °C using a water bath. Nitric oxide released from the suspension of
particles was purged from the media via a N, purge gas (at ca. 50 mL/min) into the NOA
system that had been pre-calibrated. The release media was changed every second day
whenever NO release experiments were performed. The NO levels in ppb unit measured
every other day were converted to NO release rate in mol min~t mg™1 unit using the NOA
instrument constant determined by quantitative reduction of a known amount of nitrite. The
amount of NO released was calculated by integration of NO release rate curves for given
time periods, and the fraction of NO release was determined based on the initial
predetermined SNAP loading into the microspheres.

Light modulated NO release measurements were performed by placing a given amount of

the SNAP loaded PLGA particles into a transparent vial irradiated with a tungsten halogen
lamp using a Fostec DCR 11 EKE cold light source (Schott-Fostec, LLC, New York, USA)
set at the highest intensity.

Results and Discussion

Encapsulation of SNAP into PLGA microspheres

Before encapsulation, the dark green crystalline SNAP was micronized at —196°C in a ball
mill, resulting in a pale green powder of SNAP with particle dimensions typically < 25 pm
(see Figure 1). For encapsulation, we used a faster degrading acid terminated PLGA (RG
503H) as well as a slower degrading ester capped PLGA (RG 504), and both were 50:50 of
glycolic acid and lactic acid polymers. The polymers were dissolved in methylene chloride,
which does not dissolve the NO donor SNAP. The solid in oil in water emulsion and solvent
evaporation method (S/O/W) described in the Materials and Methods section provided
encapsulation efficiencies of ~48-62% for SNAP (see Table 1), yielding pale green PLGA
microspheres with diameters in the 20-125 um size range (see Figure S1) after sieving. The
SNAP loading of the PLGA microspheres was determined by UV/VIS absorption after
dissolving the microspheres in acetonitrile. Increasing the amount of micronized SNAP in
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the formulation yielded increased SNAP loading with both PLGA polymers with values up
to ~12% (w/w).

The amount of encapsulated SNAP was approximately 0.3-0.6 umol per mg microsphere.
Figure 2 shows the cross sectional SEM images of the microspheres with increasing SNAP
loadings. The SNAP crystals are embedded typically in the center portion of the
microspheres.

For in vitro monitoring of the NO release from the microspheres, the microspheres were
dispersed in the release media within a 50 mL polypropylene centrifuge tube that was placed
into a water bath thermostated at 37°C. An amber centrifuge tube was employed to avoid
light induced NO photo-release. The emitted NO was purged out from the release media
with a continuous nitrogen stream and detected by a chemiluminescence method, which is
the gold standard for NO release measurements [34,35]. The NO concentration of the purged
gas was measured until a plateau occurred in the detected NO concentration, which usually
took about 0.5 h. As shown on Figure 3, the microspheres did not show an initial burst
release even in the presence of copper(l1) ions and ascorbic acid in the release media
(PBSACu), which are known to be initiators for SNAP decomposition [36-38]. However, in
the presence of EDTA (PBSE), that chelates the copper(ll) ions, the NO release was
negligible.

The instantaneous NO release of the PLGA microspheres with different loadings at different
time points is shown on Figure 4. In all cases, a significantly higher release rate can be
observed just before the measured NO release rates begin to decrease with time. Indeed, the
overall NO release is controlled, shown by the estimated cumulative NO release curves (Fig.
S2), which were estimated by integrating the instantaneous NO release rates with the
trapezoidal rule. The duration of NO release was typically 10-14 days in case of
microspheres prepared with the RG 503H polymer and ca. 30 days in case of the RG 504
microspheres. This correlates well with the expected degradation rates of these two different
PLGA polymers. Since the RG 503H has a smaller molecular weight and it is free acid
terminated (which increases water content and speeds up the acid catalyzed hydrolysis of the
PLGA copolymer) its degradation rate is faster compared to the RG 504, which has a higher
molecular weight and an ester capped terminus. In addition, the absolute value for the NO
release rate was tunable as a function of the amount of encapsulated SNAP. It should be
pointed out that the estimated cumulative NO release was significantly overestimated in the
case of the RG 503H microparticles (see also Figure S2 A). This is probably due to the
different conditions used during the NOA measurements (purging with nitrogen) vs. during
the incubation of the microspheres in just buffer solution, without purging the NO. To
measure the NO release rate, the particles are more intensively mixed and there is essentially
no dissolved NO in the solution at any given time (nitrogen purge) that might further
decrease the rate of SNAP decomposition. Measuring the remaining SNAP loading in the
particles over time demonstrates very similar NO release Kinetics, but without the
aforementioned measurement error (Figure 5). The loading change over time is not
significantly different in the PBSACu vs. the PBSE buffer.
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The concentration of decomposition product N-acetyl-D-penicillamine disulfide ((NAP),) in
the release media was also monitored by RP-HPLC-MS (see Supporting Information).
(NAP), leached out continuously during the NO release and after the NO release stopped we
did not see a significant amount of (NAP), in the release media after 16 and 30 days for RG
503H 100 and RG 504 100 formulations, respectively (data not shown). The overall kinetic
pattern of release was similar to that described in Figs 4, 5, and S2, and suggests that the
release of (NAP), happens approximately at the same time with the NO release. Thus, it
seems likely that the location of the SNAP decomposition is within the pores of
microspheres formed during the degradation process. Indeed, the degradation of the
microspheres was monitored by SEM and correlates well with the release data (see Figure
6). Therefore, in practice, the NO release rate can be controlled by the degradation rate of
the PLGA microsphere, since exposure of the encapsulated SNAP species to the aqueous
media containing trace copper ions and/or ascorbic acid, is required for NO release. Indeed,
physiological levels of copper (1 uM) and ascorbate (100 uM) are sufficient to measure
physiologically relevant NO release from RG 503H 100 microspheres, that is 10 mg RG
503H 100 microsphere spread over a 1 cm? area can deliver NO well above the endothelial
NO flux rate for about two weeks under physiological conditions (data not shown).

The data provided above suggests that the main mechanism of NO release is the controlled
release of the SNAP species and its immediate decomposition at the interfaces of the
microspheres where the necessary copper(ll) ions and/or ascorbate are present. However, by
shining light directly on the microspheres another release mechanism is also possible. Figure
7 shows the instantaneous NO release by shining light on the dispersed microspheres (A) in
two different solutions as well as on the intact dry microspheres. Clearly, in this case, no
exposure of the SNAP to the soaking solution is required, and the crystals of SNAP within
the microspheres are sensitive to the photolysis reaction.

The encapsulated microcrystalline SNAP showed excellent stability also at elevated
temperature, which is in agreement with our previous findings for SNAP in certain
polymeric materials [39]. Indeed, the SNAP loading did not decrease below 90% after a
one-month storage period in the dark (Figure 8) at room temperature, and even when stored
at an elevated temperature of 37 °C, there was still ca. 70% of the active NO donor present
in the dry microparticles after one year.

Conclusion

In this study it has been shown, for the first time, that the NO donor SNAP can be
encapsulated into PLGA microspheres using S/O/W method with high efficiency for long-
term controlled release of NO. These microspheres release SNAP in a controlled manner for
up to four weeks and in the presence of copper(ll) and ascorbate the released SNAP is
instantaneously decomposed to generate localized NO. The PLGA encapsulated SNAP is
highly stable when stored at room temperature for up to 1 year, demonstrating an enhanced
shelf-life over many other NO donor systems. Given that the products produced from the
SNAP decomposition are non-toxic, the microparticles reported here could ultimately be
injected in numerous locations within in the body or incorporated into creams or hydrogels
to create wound healing patches that may be useful in treating various types of wounds,
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including ulcers related to diabetes. Research in this direction is currently in progress using
appropriate animal models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SEM images of SNAP crystals before (A) and after (B) cryomilling
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Figure 2.
Cross sectional secondary electron micrographs of RG 503H (A-D) and RG 504 (E-H)

PLGA-SNAP microspheres with increasing SNAP loadings: (A, E) blank, (B) 7.4(%0.3)%,
(C) 9.1(£0.3%), (D) 12.4(£0.2)%, (F) 6.3(x0.2%), 8.5(+0.7%), 11.7(+0.8%) (all as wt%).
Scale bar is 10 pm.
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Figure 6.
Secondary electron micrographs of the surface (left side) and the cross section (right side) of

RG 503H PLGA-SNAP microspheres before (A) and after incubation in release media at
37°C for 4 days (B), 7 days (C), 10 days (D) and 14 days (E), as well RG 504 PLGA-SNAP
microspheres before (F) and after incubation in release media at 37°C for 1 week (G), 2
weeks (H), 3 weeks (1) and 4 weeks (J). White colored scale bar is 20 pm.
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