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Abstract

We evaluated two HIV protease inhibitors, atazanavir and darunavir, for pH-dependent solubility, 

lipid binding, and drug release from lipid nanoparticles. Both atazanavir and darunavir 

incorporated into lipid nanoparticles composed of pegylated and non-pegylated phospholipids 

with nearly 100% efficiency, but only atazanavir lipid nanoparticles formed stable lipid-drug 

particles and exhibited pH-dependent drug release. Darunavir lipid nanoparticles were unstable 

and formed mixed micelles at low drug-lipid concentrations, and thus are not suitable for lipid-

drug particle development. When atazanavir lipid nanoparticles were prepared with ritonavir, a 

metabolic and cellular membrane exporter inhibitor, and tenofovir, an HIV reverse transcriptase 

inhibitor, stable, scalable, and reproducible anti-HIV drug combination lipid nanoparticles were 

produced. Drug incorporation efficiencies of 85.5 ± 8.2, 85.1 ± 7.1, and 6.1 ± 0.8 % for atazanavir, 

ritonavir, and tenofovir, respectively, were achieved. Preliminary primate pharmacokinetic studies 

with these pH-responsive anti-HIV drug combination lipid nanoparticles administered 

subcutaneously produced detectable plasma concentrations that lasted for 7 days for all three 

drugs. These anti-HIV lipid nanoparticles could be developed as a long-acting targeted 

antiretroviral therapy.
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Introduction

Highly active antiretroviral therapy (HAART), introduced in the late 1990s and targeted to 

multiple viral proteins, clears human immunodeficiency virus (HIV) in the blood and has 

resulted in significant improvement in the quality of life and life-expectancy in HIV infected 

patients. Although oral HAART therapy is very effective in clearing HIV from the blood, 

residual virus persists in lymph nodes and other lymphoid tissues even with high drug 

doses.1-9 We previously reported that in HIV infected patients on the oral anti-HIV drug 
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indinavir, intracellular drug concentrations in mononuclear cells of lymph nodes exhibited 

levels that were one-third of those found in blood mononuclear cells.3 These data were 

recently confirmed by Fletcher et al. in a prospective clinical study in 12 HIV infected 

patients.9 They reported that lymph node intracellular drug levels for two HIV drugs 

(atazanavir, ATV, and darunavir, DRV) were as much as 99% lower than those in blood. 

These lower intracellular drug levels in lymph nodes correlated with residual virus in the 

patients.

Previously, we systematically developed pH-sensitive indinavir lipid nanoparticles and 

demonstrated that they preferentially localize in lymph nodes and lymphoid tissues when 

given subcutaneously.3,10 In HIV-infected primates, we reported that these lipid-indinavir 

complexes enhanced indinavir concentrations in lymph nodes throughout the body with drug 

levels up to 22.7-fold higher than in plasma.3,10 These studies showed significant plasma 

virus load reductions and reversal of CD4+ T cell decline. No enhancement in lymph nodes 

drug accumulation or clinical impact was seen in control primates treated with free drug.3

However, for clinical translation, a combination of anti-HIV drugs—more than indinavir 

monotherapy—is necessary to address potential drug resistance. Recent acquired 

immunodefficiency syndrome (AIDS) treatment guidelines recommend a number of drug 

combinations, most of which include at least two or three different anti-HIV drugs.11 

Among the protease inhibitors used in HAART, a number of newer anti-HIV drugs that 

exhibit 10-100-fold higher antiviral potency and a lower rate of drug resistance are now 

available. ATV and DRV are new generation protease inhibitors typically used in 

combination with ritonavir (RTV), another protease inhibitor, and tenofovir (TFV), a reverse 

transcriptase inhibitor.12-16

Therefore, the aim of this research was to characterize the lipid-drug interactions of the new 

protease inhibitors ATV and DRV with respect to membrane binding, degree of 

incorporation, stability, and pH-dependent release of drugs. These studies provide the basis 

for developing pH-responsive anti-HIV drug combination lipid nanoparticles composed of 

polyethylene glycol polymer modified lipid and phospholipid mixture that are stable and can 

be scaled with high incorporation efficiency of protease inhibitors for primate study. Our 

results indicate that both ATV and DRV bind to lipid and incorporate predominantly into 

lipid membrane, but only ATV-lipid nanoparticles (ATV-LNPs) are stable and exhibit pH 

sensitivity. Thus, ATV-containing nanoparticles are suitable for further development of anti-

HIV drug combination lipid nanoparticles containing ATV, RTV, and TFV.

Materials and Methods

Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[poly (ethylene glycol)2000] (DSPE-mPEG2000) (both GMP-

grade) were purchased from Genzyme Pharmaceuticals (> 99% purity; Cambridge, MA). 

Atazanavir (C38H52N6O7, ATV), darunavir (C27H37N3O7S, DRV), ritonavir 

(C37H48N6O5S2, RTV), and tenofovir (C9H14N5O4P, TFV) reference standards were 

provided by the National Institutes of Health (NIH) AIDS Research and Reference Reagent 
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Program. Some later samples were purchased from Waterstonetech LLC (Carmel, IN) and 

verified with a reference compound. Cyheptamide was purchased from Sigma-Aldrich (St. 

Louis, MO). 1,6-diphenyl-1,3,5-hexatriene (DPH) was obtained from Invitrogen (Eugene, 

OR). Other reagents were of analytical grade or higher.

Determination of atazanavir and darunavir distribution coefficient in octanol and buffer

The octanol-buffer drug distribution coefficient at room temperature was determined by a 

small-scale, shake-flask method described by Higuchi.17 Briefly, phosphate-buffered saline 

(PBS) at pH 3, 5, and 7.4 was used as the aqueous phase. 0.2 mg/mL of ATV or DRV was 

dissolved in octanol, added to an equal volume of PBS, and vortexed for 10 min. The 

mixture was centrifuged at 14,000 rpm (18,078 g) (Beckman Coulter™ Microfuge® 18 

centrifuge, Beckman Coulter Inc., Brea, CA) to separate octanol and the aqueous phase. The 

drug concentration in the two phases was determined with high-performance liquid 

chromatography tandem mass spectrometry (HPLC/MS/MS). The distribution coefficient 

was calculated as the ratio of the drug concentration in the octanol phase to the drug 

concentration in the aqueous phase. Triplicate samples were used at each pH.

Lipid-drug nanoparticle preparation

Lipid-drug nanoparticles were prepared as described previously.10,18,19 Briefly, DSPC and 

DSPE-mPEG2000 lipids (8:2, mol/mol) and ATV, DRV, and RTV were dissolved in 

chloroform in a glass tube, then dried under nitrogen gas until a uniform lipid-drug film was 

formed. Residual solvent was removed overnight by vacuum desiccation. The dried lipid-

drug film was then rehydrated with 0.9% NaCl containing 20 mM sodium bicarbonate (pH 

7.4). The lipid-drug samples were allowed to hydrate at 60°C for 2 h. Then samples were 

sonicated (laboratory scale) or homogenized (preclinical scale) to achieve a homogenous 

suspension.

For small-scale preparation of lipid nanoparticles, 200 μL samples were sonicated using a 

bath-type sonicator (Avanti® Polar Lipids Inc., Alabaster, AL) until the sample was 

transparent. For large-scale preparation, 45 mL hydrated lipid-drug mixtures were 

homogenized for 15 cycles with an Avestin EmulsiFlex-C5 (Avestin Inc., Ottawa Ontario, 

Canada) operating at 5,000-6,000 psi. Osmolality of the final preparation was measured with 

a VAPRO™ 5520 vapor pressure osmometer (Wescor Inc., Logan, UT). Lipid-drug 

nanoparticles and liposome control samples were stored at 4-8°C.

Drug incorporation efficiency

The percentage of ATV, DRV, RTV, and TFV incorporated into lipid-drug nanoparticles 

was determined using a dialysis method. Briefly, a 50 μL aliquot of the lipid-drug 

nanoparticle preparation was transferred into a dialysis membrane (MW cut-off = 

6,000-8,000; Spectra / Por® 6, Spectrum Laboratories Inc., Rancho Dominguez, CA) and 

dialyzed in 1,000 mL buffer at pH 7.4 to separate free drug from nanoparticle-incorporated 

drug. The incorporation efficiency was calculated as the ratio of the amount of incorporated 

drug over the total amount of drug loaded multiplied by 100%.
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Particle size analysis

The mean particle size of lipid-drug nanoparticles and liposome control was determined by 

photon correlation spectroscopy (PCS) using a NICOMP™ 380ZLS instrument (NICOMP 

Particle Sizing Systems, Santa Barbara, CA). Lipid nanoparticle formulations were diluted 

to 0.25 mM in saline buffer for size measurement (0.4 mL final volume), and evaluated at a 

90° angle using a 5 mW HeNe laser (λ = 632.8 nm). Samples were diluted with the same 

buffer to an identical final volume to analyze concentration effects. The light scattering data 

were analyzed based on intensity-weight NICOMP size distribution and expressed as a mean 

± SD.

Fluorescence anisotropy study to measure the membrane fluidity

To evaluate the change in membrane fluidity due to drug insertion into the lipid membrane, 

0.1% 1,6-diphenyl-1,3,5-hexatriene (DPH) was used as an intra-membrane probe.18,20 

Briefly, to incorporate DPH into the lipid membrane, 2μL of 2 mM DPH in tetrahydrofuran 

was added to the lipid nanoparticle suspension with or without drug. The final preparation 

was incubated at 60°C (above the 55°C DSPC phase transition temperature) for 30 min, then 

slowly cooled to room temperature over 15 min. Lipid nanoparticles containing DPH (drug-

loaded and empty) were added to a cuvet that was warmed to 45°C and then gradually 

increased to 65°C by 1-2°C increments. A water-jacketed cuvette holder connected to a 

circulating water bath (PolyScience, model 1162, Niles, IL) was used to control the 

temperature within the cuvette, which was measured by a digital thermometer. The cuvette 

was allowed to equilibrate for 10 min before taking each temperature reading. The 

fluorescence intensities, both parallel and perpendicular to the emission light, were 

measured continuously with a F-4500 fluorescence spectrometer (Hitachi, Minato-ku, 

Tokyo, Japan) set at λex/em = 360/430 nm; both excitation and emission slits were 5 nm. 

Fluorescence anisotropy response, r, was calculated by the equation:

where IVV and IVH are the fluorescence intensities recorded with a polarizer oriented parallel 

and perpendicular to the plane of polarization of the excitation beam.

The fluorescence anisotropy response versus temperature curve was generated by non-linear 

regression using SigmaPlot software (11.0 version, Systat Software, Inc., San Jose, CA). 

The mid-point of phase transition temperature (Tc) was estimated based on the following 

equation:

Duan et al. Page 4

J Pharm Sci. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



where y is fluorescence anisotropy, x represents temperature (°C), min is the minimum 

response, max is the maximum response, Tc is the temperature value midway between the 

min and max parameters, and Hillslope is the slope at Tc.

Determination of drug release from lipid-drug nanoparticles

Time and pH-dependent drug release from lipid-drug nanoparticles were determined using a 

dialysis method similar to that described above. Briefly, a 50 μL aliquot of the lipid-drug 

nanoparticle preparation was transferred into a dialysis membrane (MW cut-off = 

6,000-8,000; Spectra / Por® 6, Spectrum Laboratories Inc., Rancho Dominguez, CA) and 

dialyzed in 1,000 mL buffer at pH 3, 4, 5, 6, or 7.4 to evaluate pH-dependent drug release 

and separate free drug from nanoparticle-incorporated drug. The initial and final drug 

concentration were determined by HPLC/MS/MS (method described below) to estimate the 

percentage of drug release.

Plasma-time course of anti-HIV drug combination lipid nanoparticles in primates

Macaques (Macaca nemestrina, male, 2.9-5.0 kg) were used for the pharmacokinetic study, 

according to the Washington National Primate Research Center guidelines. All animal 

procedures were performed under an approved protocol reviewed by the University of 

Washington Institutional Animal Care and Use Committee.

Two young adult male macaques were given a single 20 mL subcutaneously injection of 

lipid nanoparticles, containing a combination of ATV, RTV, and TFV at a dose of 25 mg/kg 

ATV (35 μmol/kg), 12.8 mg/kg RTV (18 μmol/kg), and 15.3 mg/kg TFV (53 μmol/kg). 

Venous blood samples were collected from a femoral vein at 0, 0.5, 1, 3, 5, 8, 24, 48, 120, 

and 168 hours (7 days). 2 mL of plasma was immediately isolated from the blood by 10 min 

of centrifugation at 1,200 rpm (252 g) (Jouan CR 312 centrifuge, Jouan Inc., Winchester, 

VA). ATV, RTV, and TFV in the plasma were extracted in duplicate and analyzed with a 

liquid chromatography-mass spectrometry assay with a validated reverse phase 

HPLC/MS/MS method, similar to that of lopinavir (LPV), RTV, and TFV.21

The linear trapezoidal method was used to calculate the area under the plasma drug 

concentration-time curve (AUC) for ATV, RTV, and TFV during the time course, which 

was close to 168 h post-dosing. According to the reported ATV, RTV, and TFV plasma 

half-life (product label), and our preliminary data in primates administered with these drugs 

(data not shown), ATV, RTV, and TFV were mostly cleared from the blood after 8 h. 

Therefore, to delineate the impact of free drug versus lipid-bound drug, we analyzed the 

AUC for three continuous periods: 0-8 h, 8-168 h, and 0-168 h.

Analysis of multiple anti-HIV drugs by HPLC/MS/MS

All drugs in buffer and plasma were analyzed using a validated HPLC/MS/MS analytical 

method, capable of analyzing ATV, DRV, LPV, RTV, and TFV. The one-step analysis for 

LPV, RTV, and TFV was published previously.21 Briefly, the HPLC system was outfitted 

with a Shimadzu 20AD HPLC (Shimadzu Scientific Instruments, Inc., Pleasanton, CA). 

ATV, RTV, and TFV were separated on a reverse phase Synergi™ column (100 × 2.0 mm2; 

4 μm POLAR-RP 80Å, Phenomenex Inc., Torrance, CA) and were detected with an 
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quadrupole tandem mass spectrometer, MS/MS (AB SCIEX 3200 QTRAP®, Framingham, 

MA). An aliquot of internal standard, cyhepamide, was added to the plasma samples at a 

final concentration of 50 ng/mL. 5 μL of sample (with internal standard) was injected onto 

the column, and eluted at a flow rate of 0.35 mL/min with a mobile phase containing 

acetonitrile and water with 0.1% acetic acid, with a 3-100% gradient. Multiple reaction 

monitoring (MRM) was used to detect transition ions from a specific precursor ion to 

product ion. The analytes were detected using the following m/z transitions: 705.5/168.2 for 

ATV, 548.3/392.3 for DRV, 721.3/296.1 for RTV, 288.1/176 for TFV, and 238.1/193.2 for 

cyheptamide.

Statistical analysis

The student t-test was used when control and test samples were analyzed. For determination 

of differences for multiple groups with varying lipid-drug concentrations, analysis of 

variance (ANOVA) was used. A p-value of less than 0.05 is considered statistically 

significant.

Results

Characterization of atazanavir and darunavir and their ability to form lipid nanoparticles

In addition to lipophilicity, the degree of drug ionization at different pH could play a role in 

the ability of a drug to associate or bind to lipids.22 A number of predictive tools are 

available to estimate drug lipophilicity as a log value of the octanol-water partition 

coefficient (Log P) at neutral pH, typically expressed as XLog P.23,24 However, XLog P for 

ATV and DRV does not address the effects of varying pH. Therefore, we evaluated these 

values for ATV and DRV at pH 3, 5, and 7.4, and expressed them as Log D (octanol-buffer 

distribution coefficient) estimates. As shown in Table 1, while ATV and DRV have similar 

Log D values at pH 3—3.40 versus 2.98—only ATV, but not DRV, exhibited a pH-

dependent Log D value. Log D for ATV increased with increasing pH with a value of 4.66 

at pH 5, and 5.77 at pH 7.4. For DRV, Log D values for pH 5 and 7.4 were 2.80 and 2.84, 

respectively; no significant pH-dependent change in Log D was detectable. In comparison, 

the predicted XLogP3-AA values for ATV and DRV were 5.6 and 2.9, respectively, 

consistent with the observed Log D value for pH 7.4 stated above. Collectively, these data 

indicate that while ATV and DRV are both lipophilic (Log D of ∼3 or higher at neutral pH), 

only ATV exhibits a progressive increase in Log D with increasing pH.

To determine whether there is a difference in the degree and manner in which the two 

hydrophobic drugs ATV and DRV incorporate into lipids, each compound was dissolved 

together with lipids in organic solvent composed of chloroform. After solvent removal and 

hydration in buffer, followed by particle size reduction, drug incorporation efficiency, 

particle size, and particle-size stability in varying concentrations were assessed. To keep 

lipid composition constant, we used lipids composed of DSPC and DSPE-mPEG2000 (8:2, 

mol/mol). This composition has been shown to be biocompatible and proven effective for 

anti-HV drug incorporation and cell uptake.10,18,19 We found that in the absense of lipids in 

the mixture, both ATV and DRV formed precipitates, and failed to form drug suspension. 

When ATV and DRV were mixed with lipids, no drug precipitation was observed, which 
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allowed for determining drug incorporation into lipid nanoparticles. As shown in Table 2, 

we found that in all lipid-to-drug molar ratios (5:1, 8:1, and 20:1) tested, both ATV and 

DRV almost completely incorporated into lipid-drug nanoparticles. ATV incorporation 

efficiency was nearly 100% (range 96.2-97.4%) regardless of the lipid-to-drug molar ratio, 

while DRV incorporation efficiency appeared to decline with increasing drug density. DRV 

exhibited 8.5-6.3% lower incorporation efficiency at lipid-to-drug molar ratio 5:1 and 8:1, 

compared to that at lipid-to-drug molar ratio 20:1 (96.6% at 20:1, 94.4% at 8:1, and 88.1% 

at 5:1 lipid-to-drug molar ratio).

We next determined the impact of varying lipid-to-drug molar ratios on the size (in 

diameter) of these lipid-drug nanoparticles. As shown in Table 2, the size of DRV-lipid 

nanoparticles (DRV-LNPs) did not change significantly with increasing lipid-to-drug molar 

ratio. The size of all the DRV-LNPs was approximately 33.6-35.6 nm, and this value was 

very similar to that of control lipid nanoparticles without drug (d ∼35.4 ± 4.4 nm) (p > 

0.05). In contrast, the diameter of ATV-LNPs increased from 34.6 ± 3.1 nm to 68.2 ± 7.1 

nm with increasing drug density (or decreasing lipid-to-drug ratio) (p < 0.01; Table 2).

Taken together, these data indicate that ATV, but not DRV, exhibited pH-dependent 

hypdrophobicity. While both ATV and DRV can incorporate almost completely into lipid 

nanoparticles composed of DSPC and DSPE-mPEG2000, incorporation efficiency declined 

with increasing drug density only for DRV, but not for ATV. Based on these data, we fixed 

the lipid-to-drug molar ratio at 8:1 for ATV and DRV to assess in subsequent studies how 

both of these drugs at different concentrations affected membrane fluidity and stability.

Effects of atazanavir and darunavir on membrane fluidity: a measurement of lipid-drug 
interactions

To characterize the interaction between drug and lipid, and drug effects on membrane 

fluidity, we used DPH as a fluorescence polarization probe. As a planar and hydrophobic 

fluorescent molecule, DPH inserted within the hydrophobic domain of the phospholipid 

bilayer is sensitive to changes in phase behavior, which are denoted by a change in the 

degree of DPH polarization and fluorescence intensity. DPH has been used successfully in 

several reports to study the order of membrane bilayers with fluorescence anisotropy.25-27 If 

a drug was bound and incorporated within lipids, a change in lipid membrane disorder 

induced by the drug should be detected. Therefore, we monitored fluorescence anisotropy of 

DPH in DSPC and DSPE-mPEG2000 lipid membrane with and without drug as a function of 

temperature. Figure 1 shows, with increasing temperature, the fluorescence anisotropy for 

control lipid nanoparticles and lipid nanoparticles with ATV or DRV (at an 8:1 lipid-to-drug 

molar ratio). The mid-point of phase transition temperature (Tc) is also depicted.

As shown in Figure 1, the incorporation of DRV into lipid bilayers decreased the 

polarization of DPH in lipid nanoparticles compared to that of drug-free lipid control. In 

contrast, incorporation of ATV exhibited less influence on the membrane order, as the 

fluorescence anisotropy values were similar to those of the lipid control. However, both 

ATV and DRV reduced the phase transition temperature to different degrees. With a fixed 

lipid-to-drug molar ratio of 8:1, DRV reduced the Tc by 1.6°C, while ATV reduced Tc only 

0.7°C (Tc = 54.9, 54.2, 53.3°C for control LNPs, ATV-LNPs, and DRV-LNPs, respectively; 

Duan et al. Page 7

J Pharm Sci. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1). The 54.9°C Tc value of control LNPs without drug was similar to 55°C Tc reported 

for DSPC.28 Collectively, these data indicate that both ATV and DRV can bind and 

incorporate into the lipid bilayer, altering the membrane fluidity and reducing the phase 

transition temperature.

Stability of atazanavir and darunavir binding with lipid and concentration-dependent 
effects on lipid-drug nanoparticles

Although ATV and DRV bind to lipid and influence lipid structural behaviors, the stability 

of this binding interaction was important in developing a stable lipid-drug nanoparticle 

formulation. To address this question, we first tested particle-size stability under varying 

concentrations before determining the time-dependent drug release profile.

Our initial data indicated that ATV can bind stably into the lipid bilayer, while DRV binding 

was somewhat unstable. If drug molecules cannot bind stably with lipids, insoluble drug 

molecules could cause particle aggregation, dissociate from lipid as drug precipitates, or 

reorganize into smaller particles such as mixed micelles or micelles. After formation of 

ATV-LNPs and DRV-LNPs, we did not detect any drug precipitate, which was not typically 

observed with both ATV and DRV free drug in physiological buffer under identical 

conditions. As formation of mixed micelle or micelle structures are concentration-dependent 

and become apparent in low lipid-drug concentrations, lipid nanoparticles containing ATV 

or DRV along with control nanoparticles (without drugs) were diluted successively and a 

change in their diameters was monitored by PCS. The initial lipid concentrations were 

identical (200 mM) for the preparations, and they were diluted to a range of concentrations 

between 0.01-10 mM. As shown in Table 3, dilution of lipid-drug nanoparticles did not have 

a significant effect on the hydrodynamic diameter of ATV-LNPs. However, for DRV-LNPs, 

particle diameters appeared to get progressively smaller with decreasing lipid-drug 

concentrations (Table 3). When the concentration of DRV-LNPs was lower than 1 mM, the 

particle diameter declined to 8.9-14.3 nm from an initial 33.9 ± 3.8 nm (p < 0.01). The 

smaller diameter of these particles are in the range of mixed micelles and micelles. In 

contrast, the diameter of ATV-LNPs was not altered by dilution. As expected, dilution had 

no effect on the diameter of the control lipid nanoparticles (liposomes) without drugs (Table 

3).

The concentration dependent effects on DRV-LNPs were further confirmed by preparing 

DRV-LNPs at different initial concentrations to determine drug incorporation efficiency. We 

found that drug incorporation efficiencies for DRV at 5 and 0.5 mM lipid were 95% and 

58%, respectively, compared to 96% and 97%, respectively, for ATV.

Next, as a part of stability studies, we determined the time-course of drug release from 

ATV-LNPs and DRV-LNPs. These drug release studies were performed on 5, 25, and 200 

mM lipid-drug preparations and evaluated the percentage of drug released after 24 h at pH 

7.4. Over this time period, we did not find any appreciable fraction of drug release from 

ATV-LNPs (Fig. 2a). In contrast, for DRV-LNPs, nearly 100% of DRV was released in 5 

and 25 mM dilutions, and 53% drug release was detected in the 200 mM preparation. 

Instability of DRV-LNPs was also apparent by 4 h, at which time 65.21%, 42.14%, and 

29.99% of DRV was released from 5, 25, and 200 mM DRV-LNPs, respectively (Fig. 2b).
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Taken together, these data indicate that while DRV and ATV are equally effective in their 

ability to incorporate into lipid nanoparticles, only ATV integration in the lipid bilayer 

produces a stable structure that is not susceptible to dilution or rapid drug release. DRV-

LNPs are less stable and are subject to a concentration-dependent increase in drug release 

rate and particle size reduction. Therefore, for subsequent experiments, we used ATV-LNPs 

for pH-dependent drug release characterization, as well as for constructing combination drug 

particles for formulation scale up and preliminary primate studies.

pH-dependent release of atazanavir from lipid nanoparticles

As ATV exhibits pH-dependent lipophilicy, we determined whether a change in pH may 

induce drug release from ATV-LNPs. To do so, we exposed ATV-LNPs to buffer at 

different pHs and measured the fraction of ATV released from the lipid-drug nanoparticles. 

As shown in Figure 3, after exposing the ATV-LNPs to progressively lower pH at 37°C for 

24 h, about 21.3-26.2% of ATV molecules were released from ATV-LNPs under these 

conditions. When pH was dropped to 3, almost all ATV molecules were released within 24 

h. This behavior was also very similar to pH-dependent ATV release at 25 °C (Fig. 3). 

Collectively, these data indicate that release of ATV from ATV-LNPs is dependent on pH 

and to some degree temperature.

Development and scale up preparation of anti-HIV drug combination lipid nanoparticles

As the lipid drug interaction studies above indicated that ATV (not DRV)-lipid interactions 

produced stable ATV-LNPs, ATV was chosen to develop anti-HIV drug combination 

nanoparticles. Following the current clinical guidelines for optimal reduction of virus 

resistance potential, in addition ATV, this anti-HIV drug combination also includes RTV, a 

metabolic inhibitor/booster for ATV, plus TFV, a reverse transcriptase inhibitor.11 

Tenofovir (TFV) was chosen for its proven potency as a reverse transcriptase inhibitor and 

because it is retained intracellularly as a phosphorylated active metabolite for sustained 

response.29 Therefore, we prepared three different preparations of laboratory scale (0.2 mL) 

lipid nanoparticles containing ATV, ATV + RTV, or ATV + RTV + TFV and envaluated 

their incorporation efficiencies and physical characteristics. As shown in Table 4, addition 

of RTV or RTV + TFV into ATV-lipid nanoparticles did not alter the ∼100% ATV 

incorporation efficiency. We also found that under those conditions RTV incorporation 

efficiency was similarly almost 100% (Table 4). As a water soluble drug, TFV incorporation 

efficiency was about 2.4% and was reproducible from batch to batch. Including all three 

drugs in lipid nanoparticles did not have any impact on physical characteristics, as no 

significant change was detected in particle diameter (d = 56-62 nm) (Table 4). In a 

preliminary experiment, we compared ATV versus ATV + RTV lipid nanoparticles in their 

ability to produce pH-dependent drug release. We found pH-dependent release of ATV and 

RTV was very similar to that of ATV-LNPs. Therefore, we prepared these anti-HIV drug 

combination lipid nanoparticles (ATV + RTV + TFV LNPs) in a larger volume for a 

preliminary primate pharmacokinetical study (described below). As shown in Table 4, the 

scaled-up preparation (∼45 mL) produced under aseptic conditions also provided a particle 

size, pH, and osmolality comparable to that of the laboratory scale preparations (∼0.2 mL). 

This preclinical scale provided almost complete incorporation of ATV and RTV and 

consistant TFV incorporation of around 6% in a reproducible manner. Therefore, these anti-
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HIV LNPs containing the ATV, RTV, and TFV (2:1:3 molar ratio) drug combination were 

used for primate studies without undergoing removal of the unbound (about 93.9% free) 

TFV in the preparation.

Plasma time course of anti-HIV drug combination lipid nanoparticles in primates

To evaluate the plasma time course of ATV, RTV, and TFV, two primates were used in a 

preliminary study. They were given a subcutaneous single dose of anti-HIV drug 

combination lipid nanoparticles containing 25 mg/kg ATV, 12.8 mg/kg RTV, and 15.3 

mg/kg TFV. Plasma drug concentrations were monitored for 7 days (Fig. 4). As shown in 

Figure 4, in both macaques receiving anti-HIV LNPs, plasma drug concentrations persisted 

at detectable levels over the 7 days (168 h). Two prominent peaks in the plasma TFV 

concentration time-course profile were detected for both animals. The first peak of TFV 

appeared to subside at 8 h (Fig. 4e and Fig. 4f), followed by a more prominent and sustained 

plasma TFV level. Sustained plasma TFV levels was unexpected as this anti-HIV 

formulation provided only 6.1% of lipid-bound TFV (93.9% in free soluble form). For RTV 

and ATV, this reflection point appeared to be less prominent and more variable (Fig. 4a, 4b, 

4c, and 4d). However, both ATV and RTV were clearly detectable in the plasma at 7 days 

after a single subcutaneous dose of anti-HIV LNPs composed of the three-drug combination.

We further analyzed the time-course of plasma drug concentration by calculating the plasma 

drug cocnentration AUC of each drug to determine plasma drug exposure over time. Our 

experience with primate subcutaneous dosing of protease inhibitors such as indinavir, LPV, 

and RTV in solution or suspension, as well as the plasma half-life reported in respective 

product labels, has indicated that plasma drug concentrations are expected to fall below 

detection limits by 4-5 h and TFV in solution falls below detection limits by 8 h. Therefore, 

we analyzed the AUC for early (0-8 h) and late (8-168 h) time courses. While there were 

some variations between the two animals, it was clear that early (0-8 h) phase AUC was less 

than 20% of total AUC (0-168 h) for all three drugs, including TFV, after subcutaneous 

dosing with anti-HIV lipid nanoparticles. The low 2.6% early AUC0-8h fraction for TFV was 

unexpected as the anti-HIV LNPs contained 93.9% (only 6.1%-associated with LNPs) free 

TFV. In fact, a majority of the TFV exposure (AUC fraction) was found in the later phase 

AUC8-168 h. Regardless, these data indicated that anti-HIV LNPs provided sustained plasma 

drug levels for the three drugs, ATV, RTV, and TFV, in primates and the early phase drug 

exposure in the plasma was less than 20% of the total drug exposure that lasted over 168 h 

or 7 days after a single subcutaneous dose.

Discussion

While clinical use of a number of oral anti-HIV drug combinations, including protease 

inhibitors such as indinavir, LPV, RTV, ATV, and DRV, have been successful in reducing 

plasma HIV to below detection limits, most oral drug therapies require at least once or more 

daily dosings. Single or multiple daily dosing of multiple liquid and solid oral fomulations 

often face compliance challenges, particularly in the substance abuse and at-risk populations 

where the HIV transmission rate is high.9,12 Therefore, the healthcare community has placed 

urgency in developing a once-a-week anti-HIV combination drug regimen that overcomes 
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daily dosing requirements of an oral dosage form, particularly for patients with compliance 

(e.g., drug abuse population) or practicality (inability to swallow or gastrointestinal 

discomfort) issues. Taking advantage of the hydrophobicity of ATV and DRV, and their 

ability to bind and interact with lipids, we have developed lipid nanoparticles containing one 

(ATZ) of these two drugs and characterized the stability of the lipid-drug interactions. We 

found that ATV, but not DRV, associated stably with lipids, enabling development of an 

anti-HIV drug combination lipid nanoparticle composed of ATV, RTV, and TFV, a 

hydrophilic reverse transcriptase inhibitor.11 This combination of drugs was chosen 

considering current clinical HAART recommendations, giving it greater clinical potential. 

We produced these combination nanoparticles using a simple scale up process that generated 

reproducible characteristics on a preclinical scale suitable for study in primates.

Previous studies with the HIV protease inhibitor indinavir demonstrated that this compound 

associates completely with lipids. Additional optimization studies indicated that 

phospatidycholine lipid with C18 fatty acyl chains, (DSPC and a pegylated lipid, DSPE-

mPEG2000) provided stable drug incorporation and drug accumulation in lymphoid tissues 

when administered subcutaneously in primates.3,10 These reports also showed that the 

complete drug association in lipid-drug nanoparticles facilitated the ability of drug to 

localize in lymph nodes throughout the body and produce sustained drug levels in plasma. In 

this report, we used the same lipid composition to demonstrate that two potent HIV protease 

inhibitors, ATV and DRV, both of which exhibit a high degree of lipophilicity at neutral pH 

were able to bind to lipids at a high density (up to 1 drug molecule for every 5 lipid 

molecules). We were able to produce lipid nanoparticles with diameters of 33.6-68.2 nm that 

exhibited nearly 100% ATV or DRV incorporation efficiency (Table 2). The lipid insertion 

of ATV and DRV was apparent in the ability of each drug to lower the lipid phase transition 

temperature and, to a varying degree, the order of lipid molecular organization within the 

lipid-drug nanoparticle structure. The impact of drug on lipid packing was detectable as a 

reduction in anisotropic behaviors of the membrane polarization probe DPH (Fig. 1). While 

both ATV and DRV appeared to influence the order state of lipid membrane, DRV appeared 

to have a higher impact than ATV, detected as a greater suppression in lipid phase transition 

temperature (Fig. 1). In addition, concentration-dependent studies demonstrated that only the 

apparent size (diameter) of DRV-LNPs, not ATV-LNPs, was affected by dilution. Only 

DRV-LNPs particle size decreases significantly to the size range of mixed micelles. These 

data suggest that DRV, but not ATV, induced LNPs to adopt micelle-like behavior upon 

dilution (Table 3). In contrast, the diameter of ATV-incorporated lipid nanoparticles did not 

change significantly when lipid concentrations were lowered, indicating that they form 

stable lipid-drug nanoparticles. This concentration-dependent size behavior was consistent 

with the much lower drug release rate observed with ATV-LNPs compared to that of DRV-

LNPs, and the release rate for ATV-LNPs also appeared to be concentration-independent 

(Fig. 2).

While the exact mechanism or degree of DRV and ATV insertion into lipid membrane is not 

clear, it was apparent from the pH-dependent distribution coefficient data that only ATV 

exhibits a pH-dependent change in lipophilicity. The Log D, a measurement of pH-specific 

lipophilicity, for ATV increased from 3.40 to 5.77 when the pH was raised from 3 to 7.4, 

while the Log D of DRV remained comparably unchanged (2.80-2.98) for the same pH 
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range (Table 1). The higher Log P value of ATV, compared to DRV, may have contributed, 

in part, to a more stable association of ATV-LNPs (Tables 2-3 and Fig. 2). In addition, the 

pH-dependent lipophilicity of ATV may be related to the ability of ATV to dissociate pH-

dependently from lipid-drug nanoparticles between pH 3-7.4 (Fig. 3). Furthermore, pKa of 

the solute may influence the degree and extent of pH-dependent drug release from lipid-drug 

nanoparticles.30,31 As a chemically stable compound under acidic conditions, when pH is 

lower than pKa (acidic), the chemical compound will be protonated, and the solubility will 

be increased. Surroundings at pH 3 are lower than the pKa 4.42 of ATV (acidic, Table 1), 

which is the reason why at pH 3, about 98.1% of ATV was released from ATV-LNPs. For 

DRV, pH 3-7.4 are all higher than its pKa 2.39 (acidic, Table 1). In this condition, DRV will 

be deprotonated, making it more hydrophobic and unable to undergo pH-dependent release. 

Thus, ATV integrated into lipid nanoparticles can be internalized by cells in lymph nodes 

and lymphoid tissues and released subsequently in the endosome and lysosome where pH is 

lowered to 5.5 and 4, respectively. pH-sensitive drug association and dissociation from 

nanoparticles will be useful to improve intracellular delivery of free drug molecules to 

lymph nodes and lymphoid tissues. Within these intracellular acidic organelles, the free or 

unbound drug could be made available to potentiate anti-protease activities and anti-HIV 

effects. These and other possibilities need further investigation, however, such studies are 

beyond the scope of this report.

The stability of ATV binding and insertion into lipid membranes and a detailed 

understanding of lipid-drug interactions, have enabled us to develop a formulation that 

contains two other clinically-used anti-HIV drugs: RTV and TFV. RTV is a metabolic and 

exporter inhibitor that is often used in combination with other protease inhibitors such as 

ATV to decrease their rate of clearance. With nearly complete and reproducible 

incorporation of ATV and RTV into lipid nanoparticles (Table 4), the scale up process is 

greatly simplified without the need of removing free protease inhibitors. Thus, a wasteful 

and potentially cost-prohibitive purification process can be avoided. For example, the 

requirement for removal of free human growth hormone (hGH) in polymeric particles was 

proven to be cost-prohibitive and cited as a key reason for discontinuing production of the 

sustained release hGH after receiving regulatory approval for marketing in the US.32 The 

near-complete incorporation of ATV and RTV into lipids described in this report could be 

considered an important characteristic of these lipid-drug nanoparticles that allowed for 

sustained drug levels in primates beyond that attainable by oral or subcutaneous dosing of 

soluble and suspension formulations.

Current clinical guidelines recommend prescribing at least two drugs in combination to 

suppress viral resistance, or drug combinations that inhibit two HIV targets, such as protease 

inhibitors and reverse transcriptase. Therefore, we chose a proven reverse transcriptase 

inhibitor, TFV, which is phosphorylated intracellularly and subsequently retained for an 

extended time, for incorporation into lipid-drug nanoparticles containing ATV and RTV. 

However, due to the high water solubility (low lipophilicity), we found a low, but consistent 

and reproducible degree of TFV incorporation around 6%. We therefore proceeded to 

primate studies with these three drugs—ATV, RTV, and TFV—in the lipid-drug 

nanoparticles that contained 93.9% TFV in “free,” soluble form. Administration of soluble 

ATV, RTV, or TFV, have shown that plasma drug levels in primates typically fall below 
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detection levels within 8 h and no drug is detectable in plasma at 24 h. When the same three 

drugs were formulated together into lipid-drug nanoparticles, we found that all three drugs 

were still detectable in the plasma of two primates after 7 days. While it was anticipated that 

ATV and RTV would provide sustained but low levels, to our surprise, water soluble TFV, 

with only 6.1% bound to particles (93.9% free form), also exhibited a high degree of plasma 

drug exposure beyond that available during the free-drug release period. One would expect 

that the AUC ratio of TFV for the early time points (0-8 h) should be higher than later time 

points because 93.9% of TFV exists as free drug. Free drug would presumably be absorbed 

directly into the blood from the subcutaneous space, or permeate easily through the lymph 

nodes and appear in the blood rapidly. Thus, one would anticipate a high plasma drug 

concentration and a high AUC ratio at early time points (0-8 h). However, we found that 

only 2.6% of drug exposure (AUC0-8h) was detectable for TFV in plasma from 0-8 h, while 

97.4% of drug exposure was detectable from 8-168 h (Table 5). These data suggest that TFV 

(combined with ATV and RTV in the formulation) may interact with the anti-HIV LNPs 

with a yet-to-be defined mechanism, leading to the extended TFV persistence in plasma. 

While the exact mechanisms of the observed interaction and plasma TFV time course 

extension warrant further investigation, the current data point to a possibility of once-a-week 

dosing of triple ATV + RTV + TFV LNPs to provide sufficient antiviral levels in plasma.

If needed, plasma drug levels could be increased with either increasing dose, or increasing 

frequency of the same dose. Detailed pharmacokinetic studies with more animals are being 

planned and will be needed to elucidate the predictive pharmacokinetic parameters for 

defining the dose and frequency necessary to provide an optimal antiviral plasma 

concentration. Such studies, however, are beyond the scope of this report.

In summary, we have demonstrated that both protease inhibitors ATV and DRV can 

incorporate almost completely into lipid nanoparticles. However, only ATV, but not DRV, 

associated stably with lipids and enabled development of anti-HIV drug combination lipid 

nanoparticles. The triple anti-HIV LNPs containing ATV, RTV, and TFV could be prepared 

aseptically and scaled to produce consistent particle size, pH, and osmolality characteristics 

suitable for subcutaneous administration in primates. These anti-HIV drug combination lipid 

nanoparticles provided sustained plasma drug levels of all three drugs for more than 7 days, 

even for the hydrophilic drug TFV. Based on the preliminary primate plasma concentration-

time data, once-a-week dosing of anti-HIV nanoparticles containing ATV, RTV, and TFV 

may be feasible.
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HIV Human immunodeficiency virus

AIDS Acquired immunodeficiency syndrome

ATV Atazanavir

DRV Darunavir

TFV Tenofovir

RTV Ritonavir

LNPs Lipid nanoparticles

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine

DSPE-mPEG2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene 

glycol)2000]

NIH National Institutes of Health

DPH 1,6-diphenyl-1,3,5-hexatriene

PBS Phosphate-buffered saline

HPLC/MS/MS High-performance liquid chromatography tandem mass spectrometry

PCS Photon correlation spectroscopy

LPV Lopinavir

AUC Area under the plasma drug concentration-time curve

hGH Human growth hormone

ANOVA Analysis of variance
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Figure 1. Effect of atazanavir and darunavir on lipid phase transition behavior
The influence of anti-HIV drugs atazanavir (ATV : ○) or darunavir (DRV : □) on lipid 

phase transition behavior was monitored by fluorescence anisotropy using the membrane 

polarity probe DPH. DPH anisotropy data were plotted against temperature (°C). The lipid 

mixture without drug was also evaluated as a control (△) . The data were fitted with a 

nonlinear regression model as described in Materials and Methods. The mid-point 

representing the phase transition temperature (Tc) for each lipid-drug composition and 

control was estimated. The estimated Tc for control, ATV and DRV lipid mixture was 54.9, 

54.2 and 53.3°C, respectively.
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Figure 2. Concentration- and time-dependent atazanavir and darunavir release from lipid-drug 
nanoparticles
The release of atazanavir (panel A) and darunavir (panel B) from lipid-drug nanoparticles at 

5 mM (●) , 25 mM (■), and 200 mM (▲) were monitored at 25°C. Data were expressed as 

mean ± SD % drug release of triplicate samples.
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Figure 3. pH-dependent atazanavir release from atazanavir lipid nanoparticles (ATV-LNPs)
The percentage of total atazanavir in ATV-LNPs released after exposure to the indicated pH 

were measured at either 25°C (○) and 37°C (●). Data for each pH and temperature were 

expressed as mean ± SD % total atazanavir release of triplicate samples.
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Figure 4. Time-course of plasma drug concentrations in two primates administered with anti-
HIV lipid nanoparticles containing three drugs, atazanavir (ATV), ritonavir (RTV) and 
tenofovir (TFV) in combination
Two primates, M11016 (panel A, C, E) and M10088 (panel B, D, F), were given anti-HIV 

lipid nanoparticles containing ATV, RTV, and TFV (25, 12.8, 15.3 mg/kg, respectively) 

subcutaneously. The plasma drug concentration at indicated time points was determined for 

ATV (panel A, B), RTV (panel C, D), and TFV (panel E, F).
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Table 1
Molecular structure and pH-dependent hydrophobicity of atazanavir and darunavir

Hydrophobicity pH Atazanavir (ATV) Darunavir (DRV)

Log D (measured)a 3 3.40 ± 0.31 2.98 ± 0.02

5 4.66 ± 0.27 2.80 ± 0.02

7.4 5.77 ± 0.03 2.84 ± 0.07

XLogP3-AA (estimate)b 5.6 2.9

pKac 4.42, 11.92 2.39, 13.59

a
Distribution coefficient, log D, was measured as described in Materials and Methods for each pH value and presented as a mean ± SD of 

triplicates.

b
Theoretical estimates were derived from the PubChem database (ref: http://pubchem.ncbi.nlm.nij.gov; http://www.sioc-ccbg.ac.cn/software/

xlogp3).

c
Drug bank data, estimated by ChemAxon (ref: http://www.drugbank.ca/drugs/DB01072 for ATV; http://www.drugbank.ca/drugs/DB01264 for 

DRV)
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Table 2
Effect of the lipid-to-drug ratio on the degree of drug incorporation into lipid-drug 
nanoparticles and the particle size

Lipid-drug nanoparticlesa lipid : drug (mol/mol) Incorporation efficiency (%)b Particle sizec (nm)

Control (no drug) 1 : 0 ——— 35.4 ± 4.4

Atazanavir (ATV)

20 : 1 97.4 ± 1.8 34.6 ± 3.1

8 : 1 96.2 ± 3.8 56.3 ± 4.1

5 : 1 96.5 ± 2.6 68.2 ± 7.1

Darunavir (DRV)

20 : 1 96.6 ± 4.8 35.6 ± 3.7

8 : 1 94.4 ± 2.8 35.6 ± 3.9

5 : 1 88.1 ± 3.8 33.6 ± 3.1

a
Lipid-drug nanoparticles containing ATV or DRV with different lipid-to-drug molar ratios were prepared as described in Materials and Methods.

b
Drug incorporation efficiency was determined based on % of drug bound to particles after removal of free, unincorporated drugs; data were 

expressed as mean ± SD of 4 replicates.

c
Lipid-drug particle diameters were determined using PCS and the data were expressed as mean ± SD of 4 replicates.
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Table 3

Effect of concentration on apparent size of lipid-drug nanoparticlesa

Lipid concentration
(mM)

Particle size (nm)b

Control ATV-LNPs DRV-LNPs

10 36.2 ± 7.4 46.3 ± 5.7 33.9 ± 3.8

5 36.3 ± 6.7 53.6 ± 5.2 38.6 ± 5.1

1 34.0 ± 4.5 49.6 ± 3.6 13.8 ± 2.6

0.25 32.1 ± 4.6 43.7 ± 3.2 14.3 ± 1.0

0.05 33.1 ± 4.5 37.2 ± 2.8 10.3 ± 1.3

0.01 32.4 ± 4.5 37.8 ± 2.7 8.9 ± 1.0

a
Lipid-drug nanoparticles containing ATV or DRV with a fixed lipid-to-drug molar ratio (8 : 1) or control (without drug) were prepared as 

described in Materials and Methods.

b
The apparent size of particles at indicated concentrations and dilution were measured by PCS and the particle diameters were expressed as mean ± 

SD of 4 replicates.
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