
Controlled release of nitric oxide from liposomes

Dakota J. Suchyta, Mark H. Schoenfisch
Department of Chemistry, The University of North Carolina at Chapel Hill, 131 South Rd., Chapel 
Hill, North Carolina, 27599

Abstract

We report the ability to readily tune NO release from N-diazeniumdiolate-encapsulated liposomal 

structures by altering the NO donor molecule structure and/or phospholipid composition 

(independently or in combination). While encapsulating more stable NO donors expectedly 

enhanced the NO release (up to 48 h) from the liposomes, the phospholipid headgroup surface area 

proved equally useful in controlling NO-release kinetics by influencing the water uptake and 

concomitant N-diazeniumdiolate NO donor breakdown (to NO). The potential therapeutic utility 

of the NO-releasing liposomes was further assessed in biological/proteinaceous fluids. The NO-

release kinetics were similar in buffer and serum.
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Introduction

The drug delivery field has demonstrated that the encapsulation of therapeutics (e.g., 

antifungals, biocides, chemotherapeutics, and virucides) within liposomes is an effective 

strategy for controlled delivery to select targets of interest.1–4 Using liposomes as drug 

delivery vehicles affords many benefits, including reduced immune response, increased 

cellular uptake, and protection of drug payload from premature action or breakdown.5 

Although liposomes passively localize themselves at the site of interest,5 post-delivery 
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accumulation of the encapsulated therapeutic (e.g., cisplatin and doxorubicin) has been 

shown to negatively impact surrounding healthy tissue. 6–7 The need to develop therapeutics 

with limited off-target cytotoxicity remains highly desirable.

Nitric oxide (NO) is an endogenously produced free radical involved in multiple 

physiological processes, including blood pressure regulation, the immune response to 

pathogens, neurotransmission, and cellular proliferation.8–11 Unlike current 

chemotherapeutics, NO is rapidly converted to a harmless metabolite (i.e., nitrite) and 

cleared in biological media, mitigating the toxic accumulation common to most drugs. 

Based on NO’s promise as a potential therapeutic, a significant body of research has focused 

on strategies to exogenously deliver NO using synthetic NO donors, such as metal-NO 

complexes, S-nitrosothiols (RSNOs), and N-diazeniumdiolates.12–16 N-diazeniumdiolates 

are a particularly attractive vehicle for NO storage and delivery because they undergo pH-

dependent decomposition (faster release as the pH is lowered) to liberate NO (Scheme S1). 

Furthermore, the breakdown and release of NO is a direct function of the molecular structure 

of the donor, enabling exquisite control over the rate of release.16 Structures bearing cationic 

primary amines can electrostatically stabilize their anionic diazeniumdiolate group, thus 

yielding longer NO-release half-lives. For example, spermine/NO (SPER/NO) exhibits a 

much longer half-life than proline/NO (PROLI/NO) at pH 7.4 (t1/2 = 37 min and 2 s, 

respectively).17 This breakdown of N-diazeniumdiolates to NO can be used therapeutically 

by exploiting the microenvironment of certain disease sites (e.g., cancer, dental caries, and 

ulcerative colitis) that exhibit a lowered pH due to altered cellular metabolisms. In contrast 

to healthy tissue where pH homeostasis is maintained near pH 7.4, these diseased tissues 

should promote more rapid NO release at the site of interest, thereby mitigating off-target 

cytotoxicity.18–20

Others have previously demonstrated that liposomes can encapsulate NO donors in order to 

enhance delivery and prolong NO release.21–24 In contrast to these studies that used gaseous 

NO and NO photodonors, our lab has utilized encapsulated N-diazeniumdiolates to deliver 

NO. The liposomes exhibited enhanced NO donor stability (>3 mo shelf-life) along with 

greater in vitro cytotoxicity toward pancreatic cancer cells compared to the free, 

unencapsulated NO donor.25 However, the kinetic tunability of this system was rather 

limited (i.e., controlled only by pH) with the relationship between liposomal characteristics 

(e.g., composition and size) and NO-release properties remaining unclear. As such, the focus 

of this research is developing strategies for altering the properties of NO release (e.g., half-

life and total storage) by modifying the N-diazeniumdiolate and phospholipid structures. 

The utility of these changes on protein surface adsorption in serum (important to scaffold 

clearance from the bloodstream) is also investigated, with attention to NO-release properties 

as a function of solution media.26–27

Experimental Section

Materials.

Dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC), 

distearoylphosphatidylcholine (DSPC), dipalmitoylphosphatidylglycerol (DPPG), 

dipalmitoyltrimethylammoniumpropane chloride salt (DPTAP), 
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dipalmitoylphosphatidylethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DPPE-

PEG2000), dipalmitoylphosphatidylethanolamine (DPPE), and 

distearoylphosphatidylethanolamine (DSPE) were purchased from Avanti Polar Lipids 

(Alabaster, AL). Cholesterol (Chol), N-propyl-1,3-propanediamine (PAPA), L-proline 

(PROLI), diethylamine (DEA), spermine (SPER), pyranine, coumarin, 5(6)-

carboxyfluorscein, Dowex 1X2 chloride form (200-400 mesh) anion exchange resin, 

hemoglobin from bovine, and fetal bovine serum (FBS) were obtained from Sigma (St. 

Louis, MO). Chloroform, anhydrous acetonitrile, sulfuric acid, diethyl ether, sodium 

hydroxide, and the Bradford assay kit were purchased from Fisher Scientific (Fair Lawn, 

NJ). The source of Sephadex G-25 was GE Healthcare (Pittsburgh, PA). Pure nitric oxide 

(NO) gas (99.5%) was obtained from Praxair (Sanford, NC). Nitrogen (N2), argon (Ar), and 

nitric oxide (NO) calibration gas cylinders (26.80 ppm, balance N2) were obtained from 

Airgas National Welders (Durham, NC). A Millipore Milli-Q UV Gradient A10 System 

(Bedford, MA) was used to purify distilled water to a resistivity of 18.2 MΩ·cm and a total 

organic content of ≤6 ppb. Canine blood was freshly collected into EDTA-coated vacutainers 

by the Francis Owen Blood Lab (Carrboro, NC). Serum was isolated from the blood samples 

within 15 min of initial collection.

Synthesis of N-diazeniumdiolates.

A previously reported method was used to synthesize the NO donors.17 Briefly, the 

precursor amine (i.e., PROLI, DEA, PAPA, or SPER) was dissolved in anhydrous 

acetonitrile at a concentration of 33.3 mg/mL. The solution was then purged with argon to 

100 psi inside a stainless steel Parr bomb. Six sequential purges (three quick purges of 10 s 

each, followed by three slow purges of 10 min each) was used to remove residual oxygen. 

The solution was subsequently charged with 145 psi NO for 3 d. After 3 d, the solution was 

purged six times with argon to 100 psi to remove residual NO. The precipitated product was 

poured over a Hirsch funnel, washed twice with diethyl ether, and dried under vacuum 

overnight. The final NO-releasing product (i.e., PROLI/NO, DEA/NO, PAPA/NO, or 

SPER/NO) was stored at −20 °C until further use. Spectroscopic characterization was 

performed on the NO donors, including their decomposition products at pH 5.4 and 7.4 

(Figures S1–S5).

Preparation and characterization of liposomes.

Liposomes were synthesized using a 1:1 molar ratio of lipid to Chol (49.5 μmol lipid:49.5 

μmol Chol) following the report by Szoka and Papahadjopoulos.28 Chloroform and diethyl 

ether (5 mL each) were used to dissolve the lipids in a round-bottomed flask under a N2 

atmosphere. The N-diazeniumdiolate donor (i.e., PROLI/NO, DEA/NO, PAPA/NO, or 

SPER/NO) was dissolved in 50 mM NaOH to make a 14 mM stock NO donor solution and 

subsequently injected (1.5 mL) into the flask, which was sonicated for 4 min at a 

temperature 5 °C higher than the transition temperature of the phospholipid. The organic 

phase was removed by rotoevaporation and the resulting liposomes incubated above their 

respective transition temperature for 30 min. The unencapsulated donor was removed using 

four Sephadex G-25 spin columns packed in 10-mL syringes. The final volume of purified 

liposomes collected from the column was stored at 4 °C. Fluorophore-encapsulated 

liposomes were prepared in the same manner as NO-releasing liposomes.
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Characterization of liposome size.

Dynamic light scattering (DLS) measurements were performed to determine liposome size 

and polydispersity. The liposomes were diluted with water and their size characterized using 

a Zetasizer Nano (Malvern Instruments, UK). Transmission electron micrographs (TEM) 

were also collected to confirm liposome formation. Liposome samples for TEM analysis 

were prepared by diluting the stock solution with Milli-Q water (1:1 volumetric ratio) and 

casting the suspension onto Formvar-coated, square mesh copper TEM grids (Electron 

Microscopy Sciences, Hatfield, PA). The solvent was allowed to evaporate for 45 min prior 

to applying a negative-stain using 2% (w/v) uranyl acetate. A drop of the stain was left on 

the grid for 30 s after which the droplet was removed using filter paper. The sample was then 

allowed to dry for 5 min. The liposomes were imaged using a JEOL 100CX II transmission 

electron microscope at an accelerating voltage of 100 kV.

Nitric oxide release from liposomes.

Nitric oxide totals and the overall release kinetics were evaluated using a Sievers 

chemiluminescence Nitric Oxide Analyzer (NOA; Boulder, CO).29–30 The instrument was 

calibrated using a NO zero filter (0 ppm NO) and a 26.80 ppm NO standard (balance N2). 

An aliquot of the liposomes was injected into a 2:1 volumetric ratio of ethanol to 0.183 M 

sulfuric acid (30 mL total volume) at 37 °C to determine the NO donor encapsulation 

efficiency. The encapsulation efficiency, or the extent to which the NO donor is entrapped 

within the liposomal aqueous core, was calculated by comparing the liposome NO payload 

to the amount of NO in the free donor solution used during preparation of the liposomes. 

Studies to evaluate NO-release kinetics were performed in 10 mM MES buffer (pH 5.4) and 

10 mM PBS (pH 7.4) at 37 °C. The presented data and error are from at least 3 separate 

liposome preparations. Nitric oxide release was terminated when the NO concentration 

dropped below 10 ppb per 300 μL liposomes.

Turbidity assay.

Liposomes (30 μL) were mixed with 600 μL FBS and incubated at 37 °C with slight 

agitation. After 1 h, 100 μL was removed, placed into a 96-well plate, and then the 

absorbance at 450 nm measured using a Thermoscientific Multiskan EX plate reader 

(Waltham, MA). The relative turbidity increase was compared against that of a control 

solution (30 μL of 50 mM NaOH mixed with 600 μL FBS). Of note, no further changes in 

turbidity were observed after 1 h incubation with FBS.

Serum protein adsorption to liposomes.

Quantification of proteins adsorbed to the liposome surface was measured using the 

Bradford assay.31 Briefly, liposomes (20 μL) were mixed with 400 μL of a 10% (v/v in 10 

mM PBS) FBS solution and incubated for 1 h at 37 °C with slight agitation. Afterwards, the 

liposomes were centrifuged (13,000 × g for 3 min) and washed twice with 10 mM PBS. The 

resulting lipid pellet was then dissolved in 100 μL of a 1:2 volumetric ratio of 10 mM PBS 

to ethanol. This dissolved pellet (30 μL) was added to a 96-well plate, mixed with 300 μL 

dye solution. After 10 min, the absorbance from the solution was measured at 595 nm. 
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Bovine serum albumin standards (330 μL total volume) were used to generate linear 

calibration curves.

Nitric oxide release from liposomes in whole blood and serum.

Nitric oxide release from liposomes was measured in both animal blood and serum. Briefly, 

liposomes (30 μL) were mixed with 600 μL freshly-obtained citrated whole blood or serum 

(pre-incubated at 37 °C). The solution was stored in a 37 °C incubator for a pre-determined 

period of time, after which an 80 μL aliquot was injected into a 2:1 volumetric ratio of 

ethanol to 0.183 M sulfuric acid (30 mL total volume) at 37 °C. The % NO remaining was 

determined by dividing the total NO released at each timepoint by the total NO released at 

the initial timepoint (~10 s after mixing liposomes with blood/serum) and multiplying by 

100.

Results and Discussion

Nitric oxide donor structure.

An important aspect in choosing an appropriate delivery system is the ability to easily 

modify drug-release kinetics. Altering the release rates of most liposome systems requires 

varying the lipid bilayer composition (e.g., cholesterol content, phospholipid property). Such 

an approach is not ideal since other aspects of the scaffold (i.e., hydrophobicity, aggregation, 

and the potential immune response) will be inevitably altered as well. One unique advantage 

of N-diazeniumdiolate NO donors is the ability to independently manipulate liposomal NO-

release kinetics at the molecular level using discrete NO donors. In this study, four different 

NO donors (Figure S6) were encapsulated within liposomes composed of DPPC.

The size, polydispersity, and encapsulation efficiency (EE) of each NO donor-containing 

liposome was measured to determine how varying the NO donor affected the resulting 

liposome (Table 1). As expected, sizes of the liposomes remained consistent (~200 nm) 

regardless of the encapsulated NO donor, likely the result of the donors’ similar molecular 

weights. Low polydispersity index PDI values (~0.2) indicated that the liposomes were 

monodisperse and did not form aggregates. Both the size and monodispersity of the 

PAPA/NO liposomes were preserved even after a 3-month storage period at 4 °C (193 nm 

and 0.211, respectively). The average EE was approximately 35%, regardless of the NO 

donor, a value similar to reported values for other solutes encapsulated by reverse-phase 

evaporation methods.24,28 The slightly lower EE observed for PROLI/NO liposomes (30%) 

is attributed to the unavoidable loss of NO during preparation. Indeed, this NO donor has a 

short NO-release half-life in its free form (t1/2= 2 s).

Nitric oxide-release measurements.

Nitric oxide was measured in 10 mM PBS (pH 7.4, 37 °C) to evaluate the effect of NO 

donor identity on the liposomal NO-release rates under physiological conditions. Each of the 

encapsulated NO donors exhibited extended NO-release kinetics relative to the free NO 

donor (Table 2). For example, the half-life of SPER/NO increased from 37 min in its free 

form to ~2 d when encapsulated within the liposome. The prolonged NO release for all 

systems is attributed to the lipid bilayer providing a physical barrier against proton diffusion/
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exchange into or with the aqueous core.24 As the molar amount of the lipid was held 

constant for all liposomal preparations, the total NO payload was normalized to the volume 

of each liposome system injected during analysis. Relative to the average NO payloads 

reported previously for NO-releasing liposomes (~6 μmol NO/mL liposomes or ~0.25 μmol 

NO/mg lipid),24 we measured payloads that were significantly larger (~8-9 μmol NO/mL) 

for DEA/NO, PAPA/NO, and SPER/NO containing liposomes. In contrast, the NO totals for 

the PROLI/NO liposomes were lower than other systems, which we again attributed to the 

rapid breakdown of the NO donor.

Nitric oxide release from the liposomes was also evaluated in 10 mM MES buffer (pH 5.4, 

37 °C) to mimic NO release at more acidic disease sites (e.g., tumor microenvironments). A 

pH gradient is thus created across the lipid bilayer, causing a large influx of protons into the 

liposomal core that reduced the internal pH.24 As expected, the lower intraliposomal pH 

resulted in rapid N-diazeniumdiolate decomposition, large levels of NO, and reduced NO-

release half-lives for the four liposome systems (Table S1) relative to pH 7.4. The system 

with the most prolonged NO release (SPER/NO liposomes) exhibited a decrease in overall 

NO-release duration from >1 week (pH 7.4) to <48 h (pH 5.4). Dynamic light scattering 

measurements confirmed preservation of the liposome size (i.e., rupturing did not occur). 

Despite the significantly more rapid release, the NO-release kinetics were still tunable, even 

at low pH, with half-lives ranging from 4 min to 10 h depending on the N-diazeniumdiolate 

identity.

Effects of lipid bilayer hydrophobicity and charge.

The liposome structure and NO-release rates of PAPA/NO liposomes were studied as a 

function of the lipid bilayer composition and associated properties (lipid structures are 

provided in the Supporting Information). PAPA/NO was selected as the model NO donor for 

this work due to its moderate NO-release characteristics under the tested conditions. By 

preparing different liposomes using electrically neutral lipids of varying alkyl chain length 

(including DMPC, C14, DPPC, C16, and DSPC, C18), liposome size and the NO-release 

characteristics could be studied as a function of bilayer hydrophobicity. In addition, parallel 

studies were performed using C16 cationic (DPTAP) and anionic (DPPG) lipids to 

investigate the effects of charge on these same properties. Charged lipids are typically used 

to encapsulate larger macromolecules (e.g., DNA) more effectively or to localize the vesicle 

at an area of interest due to coulombic attraction.32–33 As the N-diazeniumdiolate NO 

donors are anionic, studying coulombic interactions using charged phospholipids, such as 

DPPG (negative) and DPTAP (positive), may elucidate unique effects on both EE and NO-

release properties (i.e., NO payloads and release kinetics).

Varying the phospholipid’s carbon chain length caused only slight deviations in the liposome 

size for the longest chain length (C18), as indicated by DLS (Table 3) and TEM analysis 

(Figure S8). Liposomes made from DMPC (C14) and DPPC (C16) remained similar in size 

(~200 nm) with comparable PDI and EE values (~30%). In contrast, liposomes prepared 

using DSPC (C18) were significantly larger (340 nm) and more polydisperse, likely due to 

the longer alkyl chains disrupting bilayer formation.34 Anionic DPPG liposomes exhibited 

size and monodispersity similar to that of neutral DPPC liposomes (Table 3 and Figure S9), 
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but demonstrated an 11% decrease in EE. We hypothesize that the repulsive interactions 

between the negatively charged phospholipid and anionic N-diazeniumdiolate prevented 

efficient encapsulation within the liposomal core. The effects of coulombic charge were 

probed further by comparing the EE values of DPPC and DPPG liposomes encapsulating 

either neutral (coumarin) or negatively charged (carboxyfluorescein) fluorophores. While 

similar coumarin EE values were observed for both liposome systems, neutral DPPC 

liposomes exhibited greater encapsulation of carboxyfluorescein relative to anionic DPPG 

(Table S2). Therefore, charge interactions between the encapsulated molecule and the 

phospholipid may significantly affect the efficiency of drug encapsulation.

Liposomes prepared using cationic DPTAP lipids had comparable EE values to the neutral 

liposomes. However, DLS measurements revealed substantially larger and more 

polydisperse sizes relative to liposomes prepared using the other lipids (Table 3). Large PDI 

values have been previously reported for liposomes synthesized utilizing TAP-based lipids in 

high ionic strength solutions as a result of aggregation.35–37 Indeed, we found that we were 

able to obtain better size (308 nm) and PDI values (0.316) after preparing DPTAP liposome 

solutions of a lower ionic strength (1 mM), corroborating the correlation between ionic 

strength and vesicle aggregation. As an alternative to changing the ionic strength, DPPC was 

employed as a co-lipid for DPTAP liposome preparation. Positively charged liposomes with 

a 50:50 DPPC:DPTAP molar ratio were characterized as having similar size, PDI, and EE 

(227 nm, 0.168, and 31%, respectively) compared to pure DPPC liposomes. By utilizing this 

method, cationic liposomes with sizes and PDI values mirroring those of neutral and anionic 

liposomal systems were readily achieved.

Bilayer properties and NO release.

Nitric oxide-release properties of the liposome systems were determined at pH 7.4 and 37 °C 

(Table 4). With the exception of the liposomes composed of negatively charged DPPG lipids, 

each liposome system studied exhibited similar NO payloads (~8.5 μmol/mL). Although the 

repulsive ionic forces lowered the NO totals of the DPPG liposomes, the release kinetics 

remained similar to that from neutral liposomes, indicating that bilayer water permeability 

was not appreciably influenced by the bilayer’s negative charge. Conversely, aggregation of 

the positively charged DPTAP liposomes may likely have caused a greater proton influx to 

the liposome center with concomitantly more rapid NO release compared to the neutral 

liposome systems. To rule out the influence of electrostatically surface-bound NO donor on 

rapid NO release, DPTAP liposomes were incubated with an anion exchange resin. After 

filtering the liposomes from the resin, the measured NO-release kinetics were nearly 

identical to the liposomes prior to resin incubation, suggesting that DPTAP bilayer defects 

represent the only factor impacting the rapid NO release.

We initially hypothesized that the liposome NO-release kinetics would be prolonged as the 

hydrophobicity (i.e., carbon chain length) of the phospholipid was increased. While the C18-

containing DSPC liposomes exhibited significantly longer NO-release kinetics, the DMPC 

and DPPC systems demonstrated similar NO-release half-lives. As such, it seemed unlikely 

that the extended NO-release kinetics observed for the DSPC liposomes was a result of 

greater alkyl character or hydrophobicity. Further, differential release kinetics due to varying 
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transition phase temperatures between the phospholipids should not occur as cholesterol was 

included in all liposome formulations, which homogenizes the bilayer and attenuates the 

effects of temperature on ordering of the lipid phase.38

In lieu of hydrophobicity alone, the NO-release kinetics proved dependent on the 

compactness of the lipid chains upon liposome formation. Indeed, tighter packing of the 

lipid chains has been shown to occur as the headgroup surface area of the lipid decreases, 

resulting in reduced water permeability of the lipid bilayer.39 Given the area per lipid 

headgroup being nearly identical for DMPC and DPPC (~0.655 nm2) and distinct from 

DSPC (~0.430 nm2),40–41 the tighter lipid packing for the DSPC liposomes would slow the 

decrease in intraliposomal pH and N-diazeniumdiolate NO donor decomposition to NO.

Water permeation into the liposome core was characterized by examining intraliposomal pH 

changes using a fluorescent dye. Pyranine (10 μM), a bilayer-impermeable pH-sensitive dye, 

was encapsulated within the liposomes to probe internal pH changes over time. Under basic 

conditions, pyranine produces a strong fluorescent signal (λ = 520 nm) that reduces in 

intensity upon becoming protonated (i.e., as pH decreases).42 After immersion into pH 7.4 

buffer, the fluorescence from DMPC and DPPC liposomes would be expected to decrease at 

similar rates over time, whereas that from the DSPC liposomes would be more gradual due 

to the restricted water permeability. As shown in Figure 1, this behavior was followed 

exactly. Over 24 h, the fluorescence measured from DSPC liposomes approached that from 

the DMPC and DPPC vesicles. The smaller initial change in intraliposomal pH combined 

with the gradual fluorescence drop over time for DSPC liposomes clearly confirms the 

influence of headgroup-mediated water/proton permeation on NO release. Of note, DLS 

measurements confirmed typical size values, indicating that bursting of the liposomes did 

not occur during the experiment.

As shown in Figure 2, lipids with similar packing (i.e., headgroup surface area) exhibited 

nearly identical water/proton permeation with similar NO-release kinetics regardless of 

charge or headgroup moiety.39 These results explain why the anionic (and lower EE) DPPG 

liposomes maintain identical NO-release properties as neutral DPPC liposomes. A range of 

NO-release kinetics is therefore possible by varying the lipid bilayer composition (both 

partially or completely). For example, we used a 10:90 DPPE:DPPC molar mixture to 

produce PAPA/NO liposomes with intermediate NO-release half-lives (t1/2 = 3.7 h) relative 

to analogous single-lipid systems (DPPC t1/2 = 2.5 h; DPPE t1/2 = 6.6 h). Identical trends in 

NO release were observed at pH 5.4 (Table S3), indicating that the bilayer composition-

mediated control over NO release was maintained at lower pH as well.

Nitric oxide-release kinetics in biological media.

Bilayer composition has been shown to influence the in vivo fate of liposomes.46 For 

example, cationic liposomes are efficiently uptaken or internalized by cells, attributed to the 

electrostatic interactions with negatively charged cell membranes.47 Charged liposomes also 

promote protein binding and opsonization, facilitating rapid clearance from the bloodstream.
48 We thus investigated if the liposomal surface properties (e.g., charge and PEGylation) 

affected the NO-release kinetics in biological fluids where protein adsorption may occur. 

DPPC (neutral), DPPG (negative), 50:50 DPTAP:DPPC (positive), and 10:90 DPPE-PEG/

Suchyta and Schoenfisch Page 8

ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DPPC (PEGylated) liposomes were selected due to their similar NO release (t1/2 ~2.5 h) and 

long-term structural stability (Figure S10).

NO-release kinetics were first measured in serum to determine if permanent or transient 

defects form in the liposome bilayer upon protein fouling, perhaps altering the NO release. 

Surprisingly, the NO release did not change appreciably (Figure 4a). Indeed, the liposomes 

exhibited similar half-lives (t1/2 ~2.5 h) to those measured in PBS, which agrees with the 

minimal protein adsorption that had occurred on the liposome surface in serum (Figures 

S11).49–52

While measuring NO release in serum elucidated the effects of proteins on liposomal NO-

release kinetics, serum lacks a number of complex cellular components and molecules (e.g., 

hemoglobin) that are capable of scavenging NO. Nevertheless, nearly analogous NO release 

was measured in whole blood between the different liposome compositions (Figure 4b). 

Even the PEG-stabilized liposomes exhibited only slight initial differences in NO-release 

rates. These results indicate that the surface properties of PAPA/NO-containing liposomes 

(e.g., charge) can be controlled independently of NO-release kinetics in blood, to achieve 

potential targeting and/or adjusting bloodstream clearance.

A notable decrease in the NO-release half-life in blood was observed relative to PBS and 

serum. For example, neutral DPPC PAPA/NO liposomes having similar PBS and serum NO 

release (t1/2 = 2.6 ± 0.4 and 2.9 ± 1.0 h, respectively), exhibited 60% faster NO release (t1/2 

= 1.0 ± 0.2 h) in whole blood (Figure 5). We hypothesize that these results are caused by the 

high concentration of NO scavengers in blood.53 At concentrations from 129–177 mg/mL 

(12.9–17.7 g/dL) in humans, hemoglobin is among the most active NO scavengers in the 

bloodstream due to iron-NO radical complexation.53–58 As such, scavenging would lead to 

an increase in the measured real time NO-release kinetics due to the consumption of 

detectable NO. To explore this, NO release from neutral DPPC PAPA/NO liposomes was 

measured in 10 mM PBS (pH 7.4, 37 °C) containing 157 mg/mL hemoglobin (Figure S12). 

The measured NO-release half-life indeed decreased (t1/2 = 0.5 h) relative to in pure PBS 

(t1/2 = 2.6 h), supporting blood hemoglobin being at least partially responsible for the 

observed differences in the NO-release kinetics for blood versus PBS/serum. The disparity 

between blood and PBS containing hemoglobin is likely due to compartmentalization of 

hemoglobin within erythrocytes (not free, as in the PBS solution), leading to less overall NO 

scavenging and longer measured NO-release durations.54 Of note, negligible hemolytic 

activity of the NO-releasing liposome systems (Figure S13) indicates that the liposomes do 

not enhance liberation of intracellular hemoglobin.

Conclusions

Herein, the ability to precisley control NO-release half-lives was demonstrated by selection 

of an appropiate NO donor and varying the composition of the lipid bilayer. We found that 

the lipid headgroup surface area was the defining factor that controlled NO-release kinetics 

due to the dependence of bilayer proton permeability on lipid packing density. Liposomes 

prepared using different ionic charges and PEG-modified lipids exhibited low protein 

adsorption (≤5 g protein/mol lipid) and similar NO release in PBS and serum, regardless of 
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the lipid identity. However, the overall NO-release flux in whole blood compared to PBS and 

serum was less, and thus the NO-release kinetics appeared shorter. These results were 

attributed to the large concentrations of hemoglobin in blood, a known NO scavenger. Our 

study may provide guidance for the development of other macromolecular scaffolds with 

respect to how charge may affect protein adsorption and the influence of complex cellular 

components of blood on in vivo NO-release kinetics.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fluorescence emission at 520 nm from pyranine-encapsulated (■) DMPC, (●) DPPC, and 

(▲) DSPC liposomes diluted 100-fold in 10 mM PBS (pH 7.4, 37 °C) as a function of time. 

The spectra were collected using a 450 nm excitation wavelength. Inset depicts fluorescence 

from the first 5 min of data collection.
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Figure 2. 
Relationship between the liposomal NO-release half-life and phospholipid headgroup 

surface area using PAPA/NO-encapsulated liposomes. Each point represents a different 

phospholipid (see Materials section for list of lipids).40–41,43–45
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Figure 3. 
Nitric oxide release in (a) serum and (b) blood from (■) neutral DPPC, (▲) anionic DPPG, 

(●) cationic DPTAP, and (▼) PEGylated PAPA/NO liposomes.
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Figure 4. 
Nitric oxide release in (a) serum and (b) blood from (■) neutral DPPC, (▲) anionic DPPG, 

(●) cationic DPTAP, and (▼) PEGylated PAPA/NO liposomes.
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Figure 5. 
Neutral DPPC PAPA/NO liposome NO-release kinetics in (■) PBS, (●) serum, and (▲) 

blood. Statistical analysis yielded p < 0.02 between all PBS and blood values.
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Table 1.

Physicochemical properties of DPPC liposomes encapsulating various NO donors.

NO donor Size 
a

 (nm) Polydispersity index Encapsulation efficiency 
b
 (%)

PROLI/NO 174 ± 18 0.166 ± 0.018 30.6 ± 1.9

DEA/NO 234 ± 20 0.185 ± 0.024 33.7 ± 4.2

PAPA/NO 203 ± 33 0.167 ± 0.070 33.4 ± 3.1

SPER/NO 248 ± 54 0.251 ± 0.020 38.3 ± 3.9

a
Z-average size measured using DLS.

b
Ratio of μmol of NO inside liposomes to μmol used for synthesis multiplied by 100.
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Table 2.

Nitric oxide-release properties of DPPC liposomes as a function of NO donor in PBS (pH 7.4) at 37 °C.

NO donor
t1/2

a
 (h) td

b
 (h) [NO]total

c
 (μmol/mL)

PROLI/NO 0.16 ± 0.05 2.8 ± 0.1 5.10 ± 0.51

DEA/NO 0.31 ± 0.02 4.6 ± 2.3 9.16 ± 0.33

PAPA/NO 2.6 ± 0.4 43.4 ± 3.9 8.83 ± 0.64

SPER/NO 45.3 ± 4.6 168.2 ± 17.0 7.73 ± 0.71

a
Half-life of NO release.

b
Duration of NO release.

c
Total amount of NO released normalized to the injected volume from the liposome stock solution. Respective pH 7.4 half-lives of free (i.e., 

unencapsulated) PROLI/NO, DEA/NO, PAPA/NO, SPER/NO at 37 °C : 2 s, 2 min, 15 min, and 37 min.
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Table 3.

Physicochemical properties of PAPA/NO liposomes as a function of bilayer composition.

Lipid 
a

Size 
b

 (nm) Polydispersity index Encapsulation efficiency 
c
 (%)

DMPC (C14) 236 ± 44 0.215 ± 0.050 30.3 ± 1.5

DPPC (C16) 203 ± 33 0.167 ± 0.070 33.4 ± 3.1

DSPC (C18) 340 ± 77 0.328 ± 0.080 32.2 ± 2.7

DPPG (− C16) 161 ± 11 0.203 ± 0.030 22.0 ± 3.2

DPTAP (+ C16) 446 ± 63 0.497 ± 0.120 29.4 ± 0.6

a
Charge and alkyl chain length of the lipid is denoted in parentheses.

b
Z-average size measured using DLS.

c
Ratio of the μmol of NO inside the liposomes to the μmol used for the synthesis, multiplied by 100.
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Table 4.

Nitric oxide-release properties of PAPA/NO liposomes as a function of bilayer hydrophobicity and charge in 

PBS (pH 7.4) at 37 °C.

Lipid
t1/2

a
 (h) td

b
 (h) [NO]total

c
 (μmol/mL)

DMPC (C14) 2.6 ± 0.5 42.9 ± 5.1 8.26 ± 0.29

DPPC (C16) 2.6 ± 0.4 43.4 ± 3.9 8.83 ± 0.64

DSPC (C18) 16.7 ± 1.2 85.6 ± 7.6 9.00 ± 0.74

DPPG (− C16) 2.6 ± 1.0 38.1 ± 1.8 6.33 ± 1.17

DPTAP (+ C16) 0.9 ± 0.4 18.4 ± 1.9 8.63 ± 0.43

a
Half-life of NO release.

b
Duration of NO release.

c
Total amount of NO released normalized to the injected volume from the liposome stock solution.
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