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Aim: While the therapeutic potential for current long-acting (LA) antiretroviral therapy (ART) is unde-
niable, ligand-decorated nanoformulated LA-ART could optimize drug delivery to viral reservoirs. The
development of decorated ART hinges, however, on formulation processes and manufacture efficiencies.
To this end, we compared manufacture and purification techniques for ligand-decorated antiretroviral
drug nanocrystals. Materials & methods: Ligand-decorated nanoparticle manufacturing was tested using
folic acid (FA) nanoformulated cabotegravir. Results: Direct manufacturing of FA-cabotegravir resulted in
stable particles with high drug loading and monocyte–macrophage targeting. A one step ‘direct’ scheme
proved superior over differential centrifugation or tangential flow filtration facilitating particle stability
and preparation simplicity and efficiency. Conclusion: Direct manufacturing of FA nanoparticles provides
a path toward large-scale clinical grade manufacturing of cell-targeted LA-ART.
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Lay abstract: Folic acid (FA) decoration on the surface of nanocrystals can be achieved by mixing FA con-
jugated poloxamer 407 (FA-P407) and native P407 in varied ratios followed by size reduction by homoge-
nization and differential centrifugation or tangential flow filtration to remove excess unbound polymers.
The optimized manufacturing scheme is by direct homogenization with predetermined quantity of FA
conjugated P407. Direct manufacturing method yields stable homogenous nanoparticles with high drug
loading.
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Long-acting (LA) antiretroviral therapy (ART) is being developed for the treatment and prevention of HIV infection.
After parenteral injection, LA-ART provides month-long effective plasma drug concentrations overcoming obstacles
in regimen adherence [1]. Notably, transition from daily oral to monthly or bimonthly injections provide consistent
plasma drug concentrations and may combat drug resistance [2]. LA-ART also positively affects patient privacy by
reducing social stigmas associated with daily regimens [3,4]. Indeed, LA cabotegravir (CAB) and rilpivirine (RPV),
the first LA-ART combination, demonstrate comparable efficacy and safety to daily oral three drug regimens as seen,
so far, in Phase II clinical trial [5]. CAB and RPV are potent antiretroviral drugs with low aqueous solubility allowing
both to be formulated into 200 or 300 mg/ml wet-milled suspensions [6,7]. The formulation strategy produces
pure nanosized drug crystals stabilized by surfactants with high drug loading. Nevertheless, two injections of a 2- or
3-ml volume are required to achieve desired monthly or bimonthly dosing, respectively. Injection site reactions are
the most common adverse event and a reason for patient therapeutic withdrawal [5,8,9]. Variant pharmacokinetic
(PK) profiles and lack of penetration into mucosal and viral reservoir tissues could also affect therapeutic outcomes
and the emergence of viral resistance [6,8].

To further improve LA-ART delivery, our laboratory developed cell-targeted LA nanoformulated ART
(nanoART) [10–13]. Herein, macrophages serve as ‘Trojan horses’ carrying crystalline ART to endosomal cell com-
partments [14,15]. Slow release of drug from macrophages allows for sustained drug levels thus affecting long-term
viral suppression [16]. The highly mobile macrophages can also be recruited to sites of infection and inflammation [10]

enabling cell cargoes to move across physiological barriers. Macrophages have a long lifespan and are less sensitive
to virus-induced cytopathicity and thus readily serve as drug sanctuaries [17,18].

One means to achieve macrophage targeting is by creating ligand-targeted nanoparticles. By attaching ligands
that bind to specific cell receptors, targeted nanoparticles can better reach and release therapeutic agents at the
disease site. As an example, folic acid (FA) can be used as a ligand to target folate receptor-β expressed on the
surface of activated macrophages [19]. Indeed, previous studies by our group have demonstrated that FA decorated
nanoparticles can improve PK profiles and antiretroviral activity of ART [11,12]. FA was covalently conjugated
to hydrophilic termini of amphiphilic poloxamer 407 (P407), which serves as a stabilizer to prevent aggregation
of drug crystals. After high-pressure homogenization, FA conjugated P407 (FA-P407) coats the nanosized drug
crystals, presenting FA on the particle surface. Excessive FA-P407 was then removed by differential centrifugation.
The process is essential for targeting as unbound FA-P407 may compete with FA-decorated nanoparticles for
receptor binding [11]. However, high-speed centrifugation may cause particle aggregation and limit resuspension
and large-scale production. In fact, purification by differential centrifugation, filtration, dialysis or chromatography
is tedious and provides limitations in the preparation of ligand-targeted formulations [20].

To address these limitations, we developed a simplified, scalable and reproducible production scheme for
macrophage-targeted nanoART using CAB as a model compound. CAB is a novel highly potent integrase strand
transfer inhibitor with low aqueous solubility, high melting point and protein binding and a long systemic half-life.
These make CAB an excellent component of any LA-ART regimen [6]. The chemical structure of CAB is illustrated
in Figure 1. The optimized manufacturing scheme obviates the need for purification. The resultant FA decorated
nanoformulated CAB (FA NCAB) demonstrated high particle integrity and drug loading with potential for large-
scale production. Notably, the process can be adapted to other ligand-targeted delivery systems and be of broad
utility in the production of targeted drug crystals.
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Figure 1. Chemical structure of cabotegravir.
Cabotegravir is a hydrophobic integrase inhibitor under
development for treatment and prevention of HIV
infection. It has a long half-life of 21–50 days after a
single parenteral dose.
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Figure 2. Size reduction scheme for folic acid nanoformulated cabotegravir. 1% (w/v) cabotegravir was dispersed in polymer
solutioncontaining both targeted and nontargeted P407 polymer, followed by high-pressure homogenization until the desired particle
size and polydispersity index was achieved. The size-reduced particles contained excessive polymers and needed further purification.
CAB: Cabotegravir; FA: Folic acid; FA-P407: FA conjugated poloxamer 407; P407: Poloxamer 407.

Materials & methods
Materials
CAB and CAB LA parenteral (CAB-LAP) were a gift from ViiV Healthcare (NC, USA). P407, poloxamer
188, PEG 2000, PEG 3350, PEG 4600, histidine, sodium carboxymethyl cellulose, sucrose, dextrose, trehalose,
glucose and mannitol were purchased from Sigma-Aldrich (MO, USA). FA-P407 was synthesized as previously
described [11]. Dulbecco’s modified eagle’s medium was purchased from Corning Life Sciences (MA, USA). Heat-
inactivated pooled human serum was obtained from Innovative Biologics (VA, USA). Gentamicin, HPLC grade
acetonitrile, HPLC grade methanol and Optima grade liquid chromatography–mass spectrometry (LC/MS) water
were purchased from Thermo Fisher Scientific (MA, USA).

High-pressure homogenization
For preparation of multistep purified formulations, 1% (w/v) CAB was added to a solution of 0.3% (w/v) P407
and 0.2% (w/v) FA-P407 in endotoxin-free water (Figure 2). For optimized direct preparation, 5% (w/v) CAB
was premixed with 0.15% (w/v) FA-P407 solution. Polymer stabilized drug suspensions were stirred on a magnetic
stir plate for at least 16 h at room temperature followed by high-pressure homogenization (Avestin EmulsiFlex-C3;
Avestin, Inc., Ottawa, ON, Canada) at 20,000 psi to a desired particle size of approximately 300 nm.

Differential centrifugation
After homogenization, the nanosuspensions were purified by sequential centrifugations. The suspension was first
centrifuged at 10,000 × g for 15 min. The supernatant was discarded and the pellet resuspended in 0.2% (w/v)
P407. The redispersed nanoparticles were then centrifuged at 200 × g for 1 min to remove poorly dispersed
particles. Supernatant from the secondary centrifugation was collected as the final formulation.

Tangential flow filtration
To remove excessive polymer, homogenized suspensions were diafiltrated using a Kros Flo research IIi tangential
flow filtration (TFF) system (Spectrum Laboratories, Inc., CA, USA) with a mPES MidiKros R© Filter Module
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(cut-off size: 0.2 μm; surface area: 20 cm2). For a 15 ml suspension, the formulation was concentrated to 5 ml
followed by diafiltration with 5 or 10 diavolumes (DV) of water.

Physicochemical characterizations
Effective diameter (Deff), polydispersity index (PdI), and ζ-potential of the nanoformulations were assessed by
dynamic light scattering using a Malvern Zetasizer Nano Series Nano-ZS (Malvern Instruments, Inc., MA, USA).
Encapsulation efficiencies of the formulations were calculated using the following equation:

Encapsulation efficiency 
weight of drug in formulation

(%) 
wweight of drug fed initially

100

The morphologies of nanoformulations were examined by scanning electron microscopy (SEM) using a Hitachi
S4700 field-emission scanning electron microscope (Hitachi High Technologies America, Inc., IL, USA). Proton
nuclear magnetic resonance (1H-NMR) spectroscopy was used to analyze the structure and drug-to-polymer ratio
in the FA NCAB formulation.

Stability measurements
Stabilities of formulations prepared by the described manufacturing methods were assessed after prolonged storage
at 4◦C. Deff, PdI and ζ-potential were measured at predetermined times to assess particle integrity. The formulations
were considered unstable when Deff reached >500 nm and or the PdI was >0.3.

Monocyte-derived macrophages
Human peripheral blood monocytes were obtained and cultured as described [21]. Briefly, peripheral blood mono-
cytes were obtained by leukapheresis from HIV-1/2 and hepatitis B seronegative donors and purified by counter-
current centrifugal elutriation. Monocytes were cultured in Dulbecco’s modified eagle’s medium supplemented with
10% heat-inactivated pooled human serum, 10 μg/ml ciprofloxacin, 50 μg/ml gentamicin and 1000 U/ml recom-
binant macrophage colony-stimulating factor for 7 days to promote differentiation into macrophages. Macrophages
were treated with 100 μM CAB nanoformulations. At predetermined time points, monocyte-derived macrophages
(MDM) were washed three-times with sterile phosphate-buffered saline (PBS) and scraped into 1 ml PBS. Cell
pellets were collected by centrifugation at 1000 × g for 8 min, followed by probe sonication in 200 μl of HPLC
grade methanol to extract CAB. CAB concentrations were determined using a Waters ACQUITY ultra perfor-
mance liquid chromatography (UPLC) H-Class System with TUV detector and Empower 3 software (Milford,
MA, USA) [22].

PK tests
Male BALB/cJ mice (Jackson Labs, ME, USA) were dosed intramuscularly with 45 mg/kg FA NCAB purified
by TFF or prepared directly. CAB-LAP was used as a nontargeted control. Blood was collected at days 3, 7, 14,
21 and 28 into heparinized tubes and plasma prepared by centrifugation at 2000 × g for 5 min. At day 28 after
nanoART administration, mice were sacrificed and liver, spleen and lymph nodes were collected after whole body
perfusion with PBS. Plasma and tissue CAB concentrations were measured by UPLC tandem mass spectrometry
(UPLC–MS/MS) as previously described [22]. Noncompartmental PK analysis for plasma CAB was performed
using WinNonlin-5.1 (Certara USA, Inc., NJ, USA).

Results
Particle size reductions
A general scheme designed for particle size reduction is illustrated in Figure 2. FA NCAB is produced by premixing
CAB (1% w/v) with a P407 (0.3% w/v) and FA-P407 (0.2% w/v) solution using a magnetic stir bar. Premixing
suspends and disintegrates drug crystals to prevent clogging of the homogenizer. High-pressure homogenization
further reduced particle size (Deff) to approximately 300 nm with a narrow PdI of 0.228 and negative surface charge
(Table 1, before purification).

874 Nanomedicine (Lond.) (2018) 13(8) future science group



Synthesis of decorated cabotegravir nanocrystals Research Article

Table 1. Folic acid-decorated nanoformulated cabotegravir physicochemical properties.
Method Purification Deff (nm) PdI � -potential (mV)

Differential centrifugation - 312 ± 3 0.228 ± 0.013 -30.5 ± 1.2

+ 454 ± 5 0.180 ± 0.029 -22.1 ± 0.4

TFF - 290 ± 2 0.263 ± 0.013 -29.0 ± 0.4

+ (5 DV) 285 ± 4 0.258 ± 0.019 -28.6 ± 0.8

+ (10 DV) 295 ± 2 0.267 ± 0.016 -22.5 ± 0.3

Direct preparation - 319 ± 5 0.277 ± 0.041 -37.8 ± 1.9

DV: Diavolume; PdI: Polydispersity index; TFF: Tangential flow filtration.
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Figure 3. Folic acid nanoformulated cabotegravir preparations purified by differential centrifugation. (A) Post
homogenization process scheme of FA NCAB purified by differential centrifugation. High speed centrifugation at
10,000 × g was used to pellet FA NCAB followed by resuspension in 0.2% (w/v) P407 solution. Large particles that
cannot disperse during resuspension were removed by low speed centrifugation at 200 ×g. (B) Morphology of FA
NCAB purified by centrifugation was visualized by scanning electron microscopy. Scale bar: 5 μm. (C) Cellular uptake
of FA NCAB prepared by differential centrifugation was assessed in human MDM and compared with
nanoformulation without targeting ligand (NCAB). Intracellular drug concentrations were determined in MDM
treated with 100 μM NCAB or FA NCAB for 1–8 h. Intracellular drug concentrations were analyzed by HPLC-UV/vis.
Data are expressed as mean ± standard deviation for n = 3 samples per group. For each time point, means were
compared by two-tailed Student’s t-test.
*p < 0.05; **p < 0.01; ***p < 0.001.
CAB: Cabotegravir; FA NCAB: Folic acid decorated nanoformulated CAB; FA-P407: FA conjugated poloxamer 407;
MDM: Monocyte-derived macrophage; P407: Poloxamer 407.

FA NCAB purification by differential centrifugation
To remove unbound FA-P407 that could compete for receptor binding, differential centrifugation was used. The
process involves high-speed centrifugation, followed by redispersion of the pellet in a P407 solution (Figure 3A).
A total of 30% of the drug is lost during this process, yielding an encapsulation efficiency of 72%. Additionally,
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centrifugation resulted in an increased Deff from 312 to 454 nm coupled with a reduced surface charge (Table 1). The
size increase was due to formation of aggregates that were readily observed by SEM (Figure 3B). Despite increased
particle size, FA NCAB maintained its targeting ability. As shown in Figure 3C, FA NCAB treatment resulted in
approximately twofold greater drug concentration in MDM compared with a parallel NCAB formulation without
FA-P407. The highest drug concentration was observed 4 h after treatment for FA NCAB (12.5 μg/106 MDM)
and NCAB (7.8 μg/106 MDM) after which drug concentration decreased.

FA NCAB preparation by TFF
To preclude particle aggregation caused by high-speed centrifugation, the efficiency of TFF to remove unbound
FA-P407 was evaluated (Figure 4A). Both 5 and 10 DV of water were used for diafiltration. The Deff and PdI of FA
NCAB nanoparticles were not altered after TFF purification (Table 1). Encapsulation efficiencies of nanoparticles
subjected to 5 or 10 DV were 78.2 and 70.4%, respectively. The TFF purified formulations (both 5 and 10 DV)
remained stable in terms of Deff, PdI and ζ-potential without additional stabilizers for at least one month (Figure 4B).
TFF-purified FA NCAB nanoparticles were homogeneous with more cuboidal morphologies when compared with
those purified by differential centrifugation (Figure 4C). The targeting ability of the particles was maintained
after TFF purification. MDM uptake was two- to three-fold greater for TFF-purified FA NCAB compared with
nontargeted formulations (Figure 4D).

Direct manufacture
Having successfully produced stabilizer-free TFF-purified FA NCAB nanoparticles, we determined the polymer
content of the nanoparticles to facilitate development of a simplified direct manufacturing scheme for ligand-
targeted nanoformulations to bypass the need for purification. TFF-purified FA NCAB was lyophilized and
drug-to-polymer ratios were determined by evaluation of integral areas in the 1H-NMR spectrum. As shown in
Figure 5, the peak labeled ‘A’ with a chemical shift at 5.36 p.p.m. corresponds to a single proton from CAB, while
peak ‘B’ corresponds to 930 protons from the PEG and polypropylene glycol repeating units of P407. The CAB
to P407 ratio (w/w) for TFF-purified formulations was calculated based on integral values of the assigned protons
in the spectrum. To optimize the calculated ratios, variant drug-to-polymer ratios within the range of 16:1–45:1
were evaluated. FA NCAB prepared directly are protected against mechanical stresses such as centrifugation or
TFF that could damage the particle. Direct manufacturing also permits high drug loading without compromising
particle integrity. High-pressure homogenization then achieved a stable particle size and narrow PdI for nanocrystals
containing up to 20% (w/v) CAB (data not shown).

The optimized formulation procedure is illustrated in Figure 6A. Pure FA-P407 was used at a drug-to-polymer
ratio of 100:3. Directly prepared FA NCAB was stable for up to 80 days by Deff, PdI and ζ-potential measurements.
Thereafter, nanoparticle size began to increase (Figure 6B). Direct preparation of nanoparticles also resulted in
uniform morphologies (Figure 6C). The elimination of posthomogenization purification steps resulted in a ≥99%
encapsulation efficiency. Targeting ability of the produced formulation was confirmed by MDM uptake wherein FA
NCAB treatment resulted in intracellular CAB concentrations of 7.8 μg/106 cells at 4 h, which was approximately
fourfold higher than in NCAB treated cells (2.0 μg/106 cells; Figure 6D). In the presence of free FA, FA NCAB
uptake by MDM was reduced to levels comparable to NCAB control. Cellular drug concentration was 2.6 μg/106

cells when co-incubated with 25 mM free FA for 4 h (Figure 6E).

PK evaluation
Male BALB/cJ mice were administered a single intramuscular FA NCAB injection at 45 mg/kg. These were
prepared by either TFF or direct preparation for PK and biodistribution drug measures. A total of 14 days after
injection, animals treated with FA NCAB made by either TFF or direct methods showed higher plasma CAB
concentrations (22,050 and 22,780 ng/ml, respectively) when compared with CAB-LAP (15,250 ng/ml). Direct
FA NCAB manufacture led to sustained plasma drug levels over the 28-day study (14,400 ng/ml). In contrast, the
TFF purified formulation showed a faster decay. Indeed, at 28 days the plasma drug concentration (3679 ng/ml)
was comparable to that of animals administered CAB-LAP (3125 ng/ml; Figure 7A). Noncompartmental PK
analysis was performed for all the formulations (Table 2). Direct FA NCAB preparations resulted in a threefold
longer apparent terminal phase half-life (t1/2) compared with CAB-LAP (22.3 vs 6.9 days, respectively), while
TFF-prepared FA NCAB did not exhibit any significant improvement (t1/2 of 7.7 days) compared with CAB-LAP.
Similarly, the volume of distribution (Vβ/F) increased, while clearance (CL/F) was reduced in mice given direct
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Figure 4. Folic acid decorated nanoformulated cabotegravir preparations by tangential flow filtration. (A)
Manufacturing scheme for FA NCAB purified by tangential flow filtration (TFF). FA NCAB was purified by TFF
diafiltration using 5 or 10 DV of water. (B) Time course measurements of FA NCAB prepared by TFF for Deff,
ζ-potential and polydispersity index. Data are expressed as mean ± standard deviation for n = 3 measurements. (C)
Morphology of FA NCAB purified by TFF was visualized by scanning electron microscopy. Scale bar: 5 μm. (D) Cellular
uptake of FA NCAB prepared by TFF was assessed in human MDM and compared with formulation without targeting
ligand or NCAB. Intracellular drug concentrations were determined in MDM treated with 100 μM NCAB or FA NCAB
for 2 and 4 h. Intracellular drug concentrations were analyzed by HPLC-UV/vis. Data are expressed as mean ±
standard deviation for n = 3 samples per group. One-way ANOVA followed by Tukey’s post hoc test was used to
compare FA NCAB with nontargeted NCAB formulation.
***p < 0.001.
CAB: Cabotegravir; DV: Diavolume; FA NCAB: Folic acid decorated nanoformulated
cabotegravir; MDM: Monocyte-derived macrophage; PdI: Polydispersity index.

preparations of FA NCAB. Drug levels in liver, spleen and lymph nodes at day 28 correlated with the plasma drug
concentrations. Notably, directly prepared FA NCAB resulted in higher tissue drug concentrations compared with
treatment with FA NCAB produced using TFF or CAB-LAP (Figure 7B).

Additives
To adjust tonicity and further stabilize the formulation from direct method, we examined a variety of buffers,
stabilizers and tonicity adjusters (Table 3). Salts, including phosphate buffer, PBS, HEPES, histidine and sodium
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Table 2. Noncompartmental pharmacokinetic analysis.
PK parameters CAB-LAP FA NCAB (direct) FA NCAB (TFF)

�Z (1/day) 0.100 0.031 0.090

t1/2 (day) 6.9 22.3 7.7

AUClast (day*ng/ml) 546,640.6 726,640.0 650,934.0

AUC0-∞ (day*ng/ml) 577,934.2 1,189,658.7 691,786.8

AUC % extrapolation 5.41 38.92 5.91

V�/F (l/kg) 0.78 1.22 0.72

CL/F (l/day/kg) 0.08 0.04 0.07

MRT 0-∞ (days) 11.1 32.8 12.5

AUC: Area under the curve; CAB-LAP: Cabotegravir long-acting parenteral; FA NCAB: Folic acid decorated nanoformulated cabotegravir; MRT: Mean residence time; PK: Pharmacokinetic;
TFF: Tangential flow filtration; V�/F: Volume of distribution.

carboxymethyl cellulose, decreased FA NCAB stability resulting in a greater than 50% increase in Deff to over
500 nm. For instance, addition of 0.2% (w/v) sodium carboxymethyl cellulose to FA NCAB particles increased the
size from 300 to 1042 nm with a broad size distribution (PdI >0.5). Histidine buffer caused a gradual incremental
increase in particle size. Seven days after particle preparation, the Deff was 688 nm with a PdI of 0.296. Sugars,
including sucrose, dextrose, trehalose, glucose and mannitol, elicited a stable particle size and PdI for 1 month or
longer. PEG 3350 is one of the excipients in the CAB-LAP formulation [6]. Thus, PEGs of various molecular weights
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Figure 6. Direct preparation of folic acid decorated nanoformulated cabotegravir. (A) Manufacturing scheme of FA
NCAB prepared by a direct method. (B) Time course measurements of direct prepared FA NCAB over 120 days for
Deff, ζ-potential and polydispersity index. Data are expressed as mean ± standard deviation (SD) for n = 3
measurements. (C) Morphology of FA NCAB prepared by the direct method was visualized by scanning electron
microscopy. Scale bar: 5 μm. (D) Monocyte-derived macrophage (MDM) uptake of NCAB and FA NCAB prepared by
the direct method. MDM were treated with 100 μM NCAB or FA NCAB, and intracellular drug concentrations were
analyzed by HPLC-UV/vis at 1, 2 and 4 h after drug treatment. Data are expressed as mean ± SD for n = 3 samples. For
each time point, means were compared by two-tailed Student’s t-test. **p < 0.01; ***p < 0.001. (E) Competitive
uptake study of FA NCAB. Cells were pretreated with free FA (0–25 mM) for 30 min to block folate receptors,
followed by FA NCAB treatment. Data are expressed as mean ± SD for n = 3 samples.
CAB: Cabotegravir; FA: Folic acid; FA NCAB: Folic acid decorated nanoformulated cabotegravir; FA-P407: FA
conjugated poloxamer 407; PdI: Polydispersity index.
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CAB: Cabotegravir; CAB-LAP: Cabotegravir long-acting parenteral; FA NCAB: Folic acid decorated nanoformulated cabotegravir;
TFF: Tangential flow filtration.

Table 3. The effect of additives on folic acid decorated NCAB stability.
Excipients Concentration (%) pH Formulation stability (weeks)†

Phosphate buffer – 6.8 0

PBS – 6.8 0

HEPES buffer 10 mM 6.8 0

Histidine 0.2 (w/v) 6.8 1

Sodium carboxymethyl cellulose 0.2 (w/v) NA 0

Sucrose 0.2; 1; 2 (w/v) NA �4

Dextrose 0.2; 1; 2 (w/v) NA �4

Trehalose 0.2; 1; 2 (w/v) NA �4

Glucose 0.5 (w/v) NA 9

Mannitol 0.5 (w/v) NA 8

PEG 2000 0.5 (w/v) NA �3

PEG 3350 0.5 (w/v) NA �3

PEG 4600 0.5 (w/v) NA 1

P407 0.5 (w/v) NA �3

P188 0.5 (w/v) NA �3

†The formulations were considered to be unstable when Deff � 500 nm and/or polydispersity index � 0.03.
NA: Not applicable; P188: Poloxamer 188; P407: Poloxamer 407; PBS: Phosphate-buffered saline.

were also screened. PEG 2000 and 3350 were compatible with FA NCAB while the high molecular weight PEG
4600 resulted in a particle size increase to over 500 nm 1 week after preparation. Additional P407 and poloxamer
188 did not affect the stability of FA NCAB. Mannitol and glucose were selected for further stability evaluation
under variable temperature conditions. As shown in Supplementary Figure 1, without additives FA NCAB was
stable at 63 days at 4, 25 and 37◦C. In the presence of 0.5% (w/v) glucose, Deff increased from 350 to 378 nm,
381 and 483 nm at 4, 25 and 37◦C, respectively, by day 63. Storage at 37◦C also resulted in a PdI of more than
0.3 after day 49. Additional mannitol was able to maintain a stable Deff and PdI for 35 and 56 days when stored
at 4 and 25◦C, respectively. At 37◦C, there was a slight increase in Deff at day 3 to approximately 390 nm, which
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remained stable afterward. Based on these data sets, glucose yielded stable FA NCAB compared with mannitol.
Macrophage uptake measurements (Supplementary Figure 2) demonstrated that additional mannitol or glucose
did not affect particle cell entry.

Discussion
LA medicines show promise in achieving improved therapeutic outcomes for HIV/AIDS. Prolonged dosing intervals
and less fluctuation in plasma drug concentrations can result in improved regimen adherence, reductions in systemic
toxicities, reduced viral mutations and reduced HIV stigma related to observed use of daily ART [1,23]. To meet the
needs of global increases in the numbers of infected people, innovative robust and scalable formulation processes
and devices are of immediate need [23–27]. A successful drug-delivery scheme requires high drug encapsulation and
loading that would maintain sufficient amount of drug for months within a suitable injection volume. Emerging
trends in drug-delivery systems rely on the use of nanocrystals to facilitate dissolution and delivery of hydrophobic
drugs [28]. Nanocrystals are composed of 100% nanosized drug crystals stabilized by aqueous surfactant solutions,
thus circumvent organic solvent related side effects. The resultant high drug loading and drug-to-excipient ratios
limit incompatibility and toxic reactions linked to excipients [29]. Process equipment is readily available for current
pharmaceutical industry enabling batch to batch reproducibility and ease of scale-up production [30]. In current
practice, RPV and CAB-LA formulations are nanocrystals manufactured by wet milling, a commonly used top-
down technology for hydrophobic drug crystal manufacture. In this method, coarse drug powder is predispersed
in an aqueous surfactant solution and then size-reduced by milling beads under agitation. Surfactants such as
polysorbate 20 (for CAB) and poloxamer 338 (for RPV) [6,7] are used to wet the coarse powder and prevent the
resultant nanoparticles from aggregation. Preparation of nanoparticles by wet milling is dependent on the target
particle size and drug concentration and is completed after hours to days. For FA NCAB formulation, high-pressure
homogenization was used in lieu of milling. It is also a top-down method. Nonionic poloxamers are adsorbed on
the surface of nanocrystals to prevent nanoparticle aggregation during storage and administration [29,30].

The ideal delivery systems must both protect the drug cargo against degradation then deliver it to sites of active
viral replication. To facilitate targeted delivery, FA decorations were introduced to enhance particle uptake into
macrophages. Macrophages are a target cell and reservoir for HIV [31,32] but can also serve as nanocrystal drug
depots [15]. Indeed, because of their phagocytic functions, macrophages can serve as drug-delivery vehicles. Their
intrinsic high mobility allows the cells to readily cross physiological barriers to sites of infection. Thus, drug cargoes
can easily access sites of viral growth, such as the gut-associated lymphoid tissue, brain and lymph nodes, employing
macrophages as the principal drug transporter [13,33]. Furthermore, depending on surface chemistry and lipophilic
properties, nanoparticles phagocytosed by macrophages can be disseminated from vesicles in the cytoplasm into
the surrounding tissues and other cell types [34]. This depot effect could result in reduced maximal plasma drug
concentration (Cmax) and prolonged apparent half-life (t1/2), which could potentially reduce drug dose and high
peak drug concentration-induced toxicities, while extending dosing intervals [29].

Prior studies performed by our group demonstrated that FA-decorated ART particles enhance delivery to tissue
macrophages [10–12,34–36]. FA was conjugated to hydrophilic termini of P407 and coated on the surface of nanocrys-
tals to gain entry into the cell through the folate receptor-β expressed on the surface of activated macrophages [19].
One apparent hurdle for translation to clinical use is the complexity of the formulation process when a targeting
ligand is introduced. Active targeting not only requires presentation of the ligand on the surface of the formed
particles to interact with cell surface receptors, but also the amount of targeting ligand and orientation is critical
for rapid internalization of the drug loaded particles. Standard purification steps such as differential centrifugation,
dialysis and filtration are often required to remove unbound targeted polymers that could compete for receptor
binding. However, these processes are usually time consuming and the additional force during purification could
destabilize adsorbed surfactants to form particle aggregates and/or loss of targeting ability. Indeed, particle aggre-
gation was observed when differential centrifugation was used to purify the FA NCAB formulation. Large-sized
particles obtained by centrifugation were rapidly taken up by macrophages compared with smaller sized homo-
geneous nanocrystals from direct or TFF preparation methods. Numerous studies have shown that macrophages
have a higher phagocytic activity toward microparticles than nanoparticles [37]. However, aggregation and poor
homogeneity of microparticles could potentially affect drug release resulting in uneven plasma drug levels and
unpredictable PK profiles after administration.

To overcome nanoparticle purification limitations of high-speed centrifugation, a mild but effective TFF method
was tested. After diafiltration, the resultant FA NCAB formulation was stable in terms of particle size, size
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distribution and surface charge. Notably, particle stability did not rely on additional surfactants or stabilizers.
NMR spectroscopy was then used to determine drug-to-polymer ratios in the nanoparticles after TFF purification
to facilitate development of a direct method for targeted formulations. The resultant manufacturing scheme was
simple and scalable with no purification steps. It is also worth noting that the TFF scheme utilizes a premix of
folate modified and nontargeted P407 surfactants to stabilize nanoparticles, while the direct method incorporates
limited amounts of the folate modified polymer alone. Most importantly, FA NCAB nanocrystals from the direct
scheme retained macrophage targeting ability. Of particular note, an improved PK profile was observed for FA
NCAB nanocrystals produced by the direct scheme over those processed by TFF. Diafiltrated particles provided
limited improvement over the nontargeted CAB-LAP formulation. This is most likely linked to continuous polymer
exchange on the particle surface. In contrast, optimized FA NCAB was directly prepared with pure targeted polymer,
and therefore polymer exchange would not affect its targeting ability. Because only a limited amount of polymer
was used, tonicity adjusters and stabilizers may still be required for injection and long-term storage. Salts were
found to be incompatible with the FA NCAB formulation, likely due to electrostatic interactions with the drug or
polymer that would disrupt the nanoparticle surface. Sugars such as glucose and mannitol, in contrast, maintained
FA NCAB stability for a long period of time.

Taken together, while current LA-ART nanoformulations demonstrate considerable potential for HIV treatment
and prevention, further drug formulation refinements would improve intracellular and tissue drug delivery profiles
and as such maximally affect viral restriction [16,24,38,39]. The current report demonstrating improvements in
the manufacturing scheme for ligand-targeted nanocrystals is a notable step forward in development of the next
generation of LA-ART for human use.

Conclusion
LA macrophage-targeted FA-decorated CAB nanocrystals were successfully prepared with stable profiles. The FA
NCAB particles displayed enhanced uptake by macrophages compared with nontargeted particles. We successfully
simplified formulation preparation for targeted drug nanocrystals. The resultant manufacturing scheme enabled
direct preparation of targeting ligand-decorated nanocrystals. Such improvements obviated complex purification
steps. With improved PK profiles, FA NCAB has a real translational potential for inclusion in future HIV
management schemes.

Future perspective
Despite promising results for LA-ART, challenges remain to further ease formulation administration and to restrict
injection site adverse effects. Discovery of novel highly potent antiretroviral drugs to lower the overall required
dose is one path. Alternatively, formulation strategies such as co-formulation of multiple drugs in a single delivery
system or reduction of unnecessary excipient usage as reported in this report could further ease drug regimen
administration for broader application. Another concern for LA-ART is that once injected, the regimen cannot
be removed, which could potentially expose patients to intractable adverse effects. One solution is the use of oral
lead-in regimens of the same drugs as currently applied in clinical trials [5]. Development of retrievable LA-ART
will also provide a solution. Nevertheless, current retrievable LA-ART requires procedures to insert or retrieve the
implantable agents [40], which could be a concern for patients and may need additional infrastructure. Therefore,
retrievable LA-ART that can be easily administered could further broaden the application of LA-ART. Also, with the
technical hurdles addressed, the next generation of LA-ART can target specific receptors using a readily translatable
manufacturing process. Various targeting ligands, such as hyaluronic acid [41], tuftsin [42], gp120 peptide [43,44],
etc., can be tested using this manufacturing scheme. Such targeting strategies could result in further prolonged
dosing intervals, effective drug concentrations within viral reservoir tissues and reduced systemic toxicities, which
will positively affect ART and prevention outcomes.
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