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1. Introduction 

Oral combination antiretroviral therapy (cART also known as highly active ART or HAART) 

was invented in 1995 [1] due to consistent attempts for the treatment of life-threatening HIV 

infection. It consists of two or more drugs from divergent antiretroviral (ARV) class targeting 

different stages of the HIV life-cycle which enabled increased life expectancy of HIV patients 

[2]. However, oral cART is associated with drawbacks including frequent dosing [3], 

inaccessibility, abysmal adherence [4,5], and pruned bioavailability of cART  [6] thereby 

ensuing inadequate therapeutic concentration of cART at inaccessible sites, viral rebound, and 

drug resistance [7]. Parenteral administration of antiretroviral nanoformulations via 

subcutaneous (SC) or intramuscular (IM) route may lead to long-term slow effective release for 

weeks or months by improving pharmacokinetics, biodistribution, and therapeutic efficacy 

against HIV infection [8,9]. Moreover, long-acting antiretroviral (LA ARV) nanoformulations 

form primary depot (injection site), secondary depot (infiltered immune cells at administration 

site or tissue lymphocytes) [10,11] and deliver ARV drugs to the major difficult to access sites 

(brain and thymus), HIV infection (rectum or vagina), spread sites (lymphatic vessel and 

lymph node) and reservoir sites (liver and spleen) through lymphatic-circulatory loop [9]. After 

two long-

acting nanocrystal suspensions namely; cabotegravir and rilpivirine have been recently 

approved by Health Canada for once-monthly administration by intramuscular route [12]. 

Cabotegravir or rilpivirine loaded LA nanosuspension showed plasma half-life of 25-40 days 

and 40-days respectively after intramuscular administration to healthy individuals [13]. Profuse 

preclinical success for LA polymer [14 16] or lipid nanocarriers [17 19] incorporating single 

or combination ARV have been established for maraviroc, tenofovir, emtricitabine, bictegravir, 

lopinavir, elvitegravir, atazanavir and ritonavir [9].  
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Drugs with penurious oral bioavailability, aqueous solubility, rapid first-pass metabolism, and 

longer half-life are eligible for presentation through LA nanoformulation [9]. To this end, 

copious hydrophobic drugs with longer half-lives were incorporated into LA nanoformulations 

which engendered protracted plasma and target tissue drug release [10,20 23]. However, 

hydrophilic drugs with a short half-life (<10 h), quick elimination, and rapid metabolism have 

been meagrely explored for the development of LA nanoformulation. Although, delivery of 

hydrophilic ARV with a median half-life (>10 h) has been developed recently for tenofovir, 

emtricitabine, and elvitegravir [24 27]; however, combination delivery of drugs with 

differential physicochemical properties remains at inception. The objective of the present work, 

therefore, involved the development of LA nanoformulation for co-delivery of drugs with 

differential physicochemical properties and half-lives. Efavirenz (Efa) is a non-nucleoside 

reverse transcriptase inhibitor (NNRTI) and is considered under first-line HAART treatment 

[28]. It exhibits poor aqueous solubility (8.55 µg/ml), log P of 4.6 [29], and rapidly 

metabolized by first-pass metabolism [30]. Whereas, Enfuvirtide (Enf) is a fusion inhibitor 

peptide approved by USFDA in 2003 [31]. It is a 36-amino acid peptide with a molecular 

weight of 4.5 KDa which blocks the fusion of viral and cell membranes by binding to 

glycoprotein-41 with poor oral bioavailability [32] and rapid catabolism by peptidase and 

proteinase prominently in hepatic and kidney cells [33,34]. It elicits increased solubility in 

aqueous buffers (pH 7.5) of 85-142 g/ 100 ml [35], log P of -17.2 [36], and half-life of 3.8 h 

[37].  Moreover, co-delivery of NNRTI and HIV-1 fusion inhibitor could massively improve 

anti-HIV effect of individual drugs [38]. Polymeric nanoparticles have precedence due to their 

hydrophobic nature, long-term stability, narrow polydispersity and surface functionalization 

potential; yet, encompass drawback including non-biocompatible/ biodegradable, toxicity, poor 

solubility and penetrability through various biological membrane. Whereas, lipid nanoparticles 

encompass advantages including higher drug loading, biocompatible, biodegradable, safety, 
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and low toxicity but, suffer from drawbacks including low stability, drug leakage and difficulty 

in scale-up [39,40]. Although, diverse polymeric and lipid based nanoparticles were developed 

to elicit LA potential [9]; however, development of long-acting polymer-lipid hybrid 

nanoparticles encompassing advantages of both polymeric and lipid system and eliminating 

their individual drawbacks would lead to enhanced pre-clinical success.  

Therefore, the objective of the present study emphasizes on development and optimization 

Efavirenz (Efa)-Enfuvirtide (Enf) co-loaded polymer-lipid hybrid nanoparticles (PLN) with 

effective intracellular delivery to immune cells (macrophages and T cells) predominantly 

responsible for secondary depot genesis. Additionally, it intends to elucidate the biodistribution 

of LA Efa- Enf co-loaded PLN in Balb/c mice. 

2. Materials and methods 

2.1 Materials 

Efa was a kind gift sample from Ranbaxy Laboratories Ltd. (Gurgaon, India), Enf was 

purchased from Prospec Protein Specialists (Rehovot, Israel), stearic acid, docusate sodium, 

dichloromethane, sodium dihydrogen orthophosphate, mannitol was purchased from S D Fine-

Chem Limited (Mumbai, India), soy lecithin, dialysis bag (MWCO 12-

phosphate buffer saline and glutaraldehyde (25% w/w) was purchased from HiMedia 

Laboratories Pvt. Ltd. (Mumbai, India), tween 80, trehalose and thiazolyl blue tetrazolium 

bromide (MTT) were obtained from Sisco Research Laboratories Pvt. Ltd. (Mumbai, India), 

cremophor HS-15 was kind gift samples from BASF Chemicals Company (Navi-Mumbai, 

India). Branched polyethyleneimine (molecular weight-25000), poly(lactic-co-glycolic) acid 

(PLGA) (50:50), coumarin-6 and cell proliferation WST-1 kit was procured from Sigma-

Aldrich Chemicals Company (Missouri, United States). Ficoll-Opaque Plus was procured from 

GE Healthcare (Chicago, United States). Ethanol from Jabsen and Jabsen Co. (GmbH, 
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Germany), RPMI 1640, and foetal bovine serum (FBS) were procured from Gibco Biosciences 

(New York, United States), Phorbol-12-myristate-13-acetate (PMA) was procured from 

Cayman chemical company. U937, Jurkat E6.1 suspended cell lines and Balb/c mice were kind 

gifts from ICMR-National Institute for Research in Reproductive Health (Mumbai, India), 

lactose and sucrose were procured from Central Drug House (New Delhi, India), xenoLight 

-dioctadecyltetramethyl indotricarbocyanine Iodide was procured from 

PerkinElmer (Waltham, United States) and ultrapurified water was obtained from Milli-Q 

system (Millipore GmbH, Germany). 

2.2 Preparation of Efa-Enf co-loaded PLN 

Efa-Enf co-loaded PLN were prepared by a double emulsion solvent evaporation method as 

described previously with some modifications [41]. Briefly, Efa (50-100 mg) and stearic acid 

(45 mg) equivalent to 1:1 molar ratio, soy lecithin (200 mg), and PLGA (10 mg) were 

dissolved in dichloromethane (5 ml) to obtain organic phase. Enf (2 mg) was dissolved in 1 ml 

of phosphate buffer (10 mM, pH 6.5) and added dropwise to above organic phase and probe 

sonicated using a probe sonicator (Sonics & Materials, Inc., USA) at 4oC for 90s (500 watts, 

25% amplitude) to obtain w/o primary emulsion. The primary emulsion was then added 

dropwise to 30 ml of external aqueous phase containing 2% w/v cremophor HS-15 using a 

homogenizer (IKA® T10 basic Ultra Turrax®) for 600 s at 15000 rpm to obtain w/o/w double 

emulsion. The organic phase of w/o/w double emulsion was evaporated using Buchi 

rotoevaporator® at 30oC for 20 min to obtain aqueous nanodispersion. The aqueous 

nanodispersion was then probe sonicated for 360 s at 4oC (500 watt, 25% amplitude) and was 

stored at 4oC until further evaluation. 

Coumarin-6 and DIR-loaded PLN were prepared by a similar procedure as mentioned above by 

dissolving coumarin-6 (1 mg) or DIR (0.5 mg) in the organic phase after omitting Efa and Enf 
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to yield dye loaded PLN. Coumarin-6 and DIR loaded PLN served as surrogate of Efa-Enf 

PLN to depict cellular uptake and in vivo biodistribution studies respectively. 

2.3 Optimization of Efa-Enf co-loaded PLN using Box Behnken design 

Optimization and statistical analysis of Efa-Enf co-loaded PLN was done by Box-Behnken 

design using Design-Expert®software version 8.0.7.1 (Stat-Ease Inc., Minneapolis, MN). Based 

upon initial screening, the three most significant factors namely Efa amount (A), sonication 

time for o/w primary emulsion (B), and sonication time for w/o/w aqueous nano-dispersion (C) 

in formation of Efa-Enf co-loaded PLN, were identified. While, amount of Enf (2 mg), stearic 

acid (45 mg), PLGA (10 mg), soy lecithin (200 mg), cremophor HS-15 (600 mg), 

dichloromethane (5 ml), external aqueous phase (30 ml) and homogenization speed and time 

(15000 rpm, 10 min) were kept constant. A valid design space was generated using 3-center 

points for replication and 12-mid points of each edge of a cube. Three independent factors were 

varied at three levels as shown in Table 4.1 to generate 15 experimental runs (Table 4.2).  The 

main effect, interaction effect, and quadratic effect of independent factors were observed on 

dependent factors like Y1-Efa %EE. Y2- Enf %EE, Y3-particle size, and Y4-polydispersity 

index (PDI) for Efa-Enf co-loaded PLN and suitable response surface graphs, polynomial 

equations, and mathematical models were generated. After generating the model based on the 

relation of independent and dependent factors, each dependent factor or response was 

optimized based on the desirability function. Validation of the model was performed by 

matching the predicted and obtained values of dependent factors for specific independent 

factors of PLN eliciting the highest desirability function.   
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Table 4.1 Independent and dependent factors in Box Behnken optimization design for 
Efavirenz-Enfuvirtide co-loaded PLN 

 Box-Behnken design 

Independent factors  Levels  

  -1 0 +1 

A=Efavirenz amount mg 50 75 100 

B= sonic time for w/o primary emulsion s 0.30 1.30 3.00 

C=sonic time for w/o/w emulsion min 1.30 3.00 6.00 

Dependent factors     

Y1=Efavirenz 
% entrapment   efficiency 

Y2= Enfuvirtide 
% entrapment 

efficiency 

Y3=Particle size Y4=PDI 

 

2.4 Characterization of Efa-Enf co-loaded PLN 

2.4.1. Particle size, polydispersity index (PDI) and zeta potential  

The aqueous nanodispersion of Efa-Enf co-loaded PLN, coumarin-6 loaded PLN and DIR 

loaded PLN obtained in section 2.2 were centrifuged at 17000 rpm at 4oC for 25 min using 

Eppendorf, 5430 R centrifuge followed by separation of supernatant from pellets. The pellet 

was re-dispersed and diluted using Milli Q water. Particle size, PDI, and zeta potential of 

diluted samples were measured by photon correlation spectroscopy using Malvern Nano ZS 

(Malverns instrument Ltd., UK) at 30oC. 

2.4.2. % Entrapment efficiency (EE)  

The supernatant obtained after centrifugation as described above was suitably diluted and 

analyzed using high-performance liquid chromatography (HPLC) as reported previously by our 

group [42] and spectrofluorophotometer to determine the amount of Efa and Enf respectively. 

The %EE was calculated using equation (4.1). 
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...(4.1)   

2.4.3. Field-emission Scanning Electron Microscopy (FESEM) 

2 mg of lyophilized Efa-Enf co-loaded PLN were placed onto the carbon tape attached to metal 

stub and gold-coated for 45s using Quorum Technologies Q150TES sputter coater (East 

Sussex, England). Gold-

microscope (Hilsboro, Washington) at 20KV high vacuum, 60000X magnification with a spot 

size of 8.0, and scale of 1-3 µm. 

2.4.4 Differential scanning calorimetry (DSC) 

DSC was performed by DSC-60 Plus by Shimadzu (Kyoto, Japan). DSC thermogram of Efa, 

Enf, stearic acid, PLGA, soy lecithin, cremophor HS-15, trehalose, and lyophilized Efa-Enf co-

loaded PLN was obtained by adding 5 mg of each sample in an aluminium pan and heating 

individual sample pan at the rate of 10 C/min between 30-300 C with an empty aluminium pan 

as reference under nitrogen purge (20 ml/min). 

2.4.5. Fourier transform infrared spectra (FTIR) 

FTIR spectra of 10 mg of each Efa, Enf, stearic acid, PLGA, soy lecithin, cremophor HS-15, 

trehalose, and their physical mixture and lyophilized Efa-Enf co-loaded PLN was recorded by 

Bruker alpha-one FTIR spectrophotometer (Bruker Optik, Germany) after placing individual 

sample (5 mg) on ZnSe sample crystal and scanning the spectra from 3800- 600 cm-1. 

2.5 Circular Dichroism analysis (CD) 

The secondary structure of free Enf and Enf loaded in PLN was analyzed using Jasco circular 

dichroism instrument (Easton, United States). CD analysis of both the samples was done in 
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phosphate buffer (10 mM, pH 6.8) at 25°C with a scanning speed of 50 nm/min and 0.1 cm cell 

length. 

2.6 Lyophilization studies 

2.6.1 Freeze-thaw studies  

Freeze-thaw studies were carried out as a pre-test to screen various cryoprotectants; namely, 

lactose, sucrose, mannitol, trehalose for lyophilization of Efa-Enf co-loaded PLN. The aqueous 

nanodispersion of Efa-Enf co-loaded PLN was frozen for 24 h at -80 C in a deep freezer 

(Thermo Fischer Scientific, USA) after dissolving individual cryoprotectant (3.2% w/v) in a 

glass vial. Frozen samples were kept at room temperature for thawing. Particle size and PDI of 

Efa-Enf co-loaded nano-dispersion were determined as described in section 2.4.1. 

2.6.2 Lyophilization studies 

The aqueous nano-dispersion of Efa-Enf co-loaded PLN (25 ml) was centrifuged at 48000 rpm 

for 20 minutes to separate the PLN. Thereafter, PLN were redispersed in 7.5 ml of MilliQ 

water and frozen at -80oC in a deep freezer (Thermo Fischer Scientific, USA) for 12 h after 

dissolving 20% w/v trehalose. Lyophilization was carried out in Labconco freeze drier 

(FreeZone 2.5, USA) for 48 hours at -54oC and -0.018 mBar. The lyophilized nanoparticles 

were reconstituted (30 mg/ ml) with Milli Q water. Particle size, PDI, and zeta potential were 

determined as mentioned in section 2.4.1. An aliquot of reconstituted nanoparticles was 

extracted with acetonitrile (800 l) and bath sonicated for 5 min. Thereafter, the extract was 

centrifuged at 15000 rpm for 10 min, suitably diluted, and analyzed by HPLC and 

spectrofluorimetry to determine Efa and Enf content respectively. 
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2.7 In vitro drug release studies 

In vitro release of Efa-Enf co-loaded PLN was carried out using the dialysis bag method as 

described previously [29]. Briefly, Efa-Enf co-loaded PLN dispersion equivalent to 2.1 mg and 

34 µg of Efa and Enf respectively, was filled in a dialysis bag (MWCO 12-14 kDa, Himedia 

Lab. Pvt. Ltd., Mumbai, India). The dialysis bag was closed from both sides and suspended in 

30 ml of phosphate buffer (10 mM, pH 7.4) in a shaking water bath (100 rpm, 37oC). 3 ml of 

sample was withdrawn at pre-determined time-points (0.5, 2, 4, 8, 12, 24, and 33 h) and 

replaced with an equivalent amount of fresh dissolution medium. The samples were then 

diluted appropriately and analyzed by HPLC and spectrofluorophotometer to determine the 

release of Efa and Enf; respectively, from the PLN. The study was carried out in triplicate. 

2.8 Blood compatibility studies 

2.8.1 In vitro hemolysis studies 

In vitro hemolysis studies were carried out as reported previously with some modifications 

[43]. Blood was collected from Wistar rats in tubes containing EDTA solution (10% w/v, 

blood: anticoagulant ratio of 50:1) and centrifuged at 1000 rpm for 5 min. After centrifugation, 

the red blood cells (RBCs) were collected and rinsed with normal saline and further centrifuged 

to obtain RBC pellet. The RBC pellet was then diluted with 200 µl of normal saline. Efa-Enf 

PLN were suitably diluted with normal saline to obtain a final concentration of Efa and Enf 

between 20-60 µg/ml and 0.1-0.3 µg/ml respectively. Similar dilutions were made for blank 

PLN to serve as control. To 100 µl of each dilution, 100 µl above RBC suspension was added 

and incubated at 37°C for 30 min. Normal saline and distilled water were used as negative and 

positive control respectively. After 30 min, normal saline was added up to 1 ml. Each sample 

was centrifuged at 1000 rpm for 5 min and 200 µl of supernatant was analyzed using Epoch 



Chapter 4

Elisa plate reader (BioTek U.S., Winooskii) at 540 nm. % hemolysis was calculated using 

equation (4.2).  

 

2.8.2 RBC, WBC and platelet aggregation studies 

Treated RBC pellet were suitably diluted (20 times in normal saline) and 100 µl RBC 

suspension was fixed in 100 µl of glutaraldehyde solution (2.5% in normal saline). 50 l of 

RBC-glutaraldehyde solution was added onto a glass coverslip and allowed to dry overnight at 

4 C. The samples were washed thrice with normal saline, dehydrated with 50%, and 100% 

ethanol sequentially, and coverslip were allowed to dry at 37 C. The samples were placed onto 

the carbon tape attached to metal stub and gold-coated for 45s using Quorum Technologies 

Q150TES sputter coater (East Sussex, England). Gold-coated treated RBC were then analyzed 

 

Further, platelet and white blood cells (WBCs) aggregation studies were carried out to evaluate 

the blood compatibility of PLN. The Platelets and WBCs were separated by layering rat blood 

suitably diluted with normal saline (1:1 ratio) on 3 ml Ficoll-Paque Plus and centrifuging at 

400 g for 30 min. For aggregation studies, 50 µl of WBCs or platelet suspension were treated 

with 50 µl of Efa-Enf co-loaded PLN equivalent to 40 µg Efa and 0.78 µg Enf at 37°C for 1 h. 

PEI and normal saline were used as positive and negative control respectively. The treated cells 

were then prepared for SEM analysis similar to RBCs as stated above [43]. 
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2.9 Cytotoxicity and cellular uptake of Efa-Enf co-loaded PLN 

2.9.1 Cells 

Jurkat E6.1 T and U937 suspended cell lines were cultured in RPMI 1640 media enriched with 

FBS (10% w/v) in a T-75 culture flask at 37 C and 5% v/v CO2 for 6 days until the optimal cell 

density of 11*106 cells/ml were obtained. 

2.9.2 Cytotoxicity studies 

2.9.2.1 Cytotoxicity studies in Jurkat E6.1 T cells 

Jurkat E6.1 T cells (104 cells/well) were suitably seeded in a 96-well plate. The cells were 

incubated with 50 µl of blank PLN, Efa PLN, Enf PLN and Efa-Enf PLN equivalent to Efa 

(7.92, 15.84, 31.68,63.36,126.71 and 253.43 µM) and Enf (0.898, 0.449, 0.225, 0.112, 0.056, 

0.028 µM) for 24 h. Thereafter, 10 µL of cell proliferation WST-1 reagent was added in each 

well and incubated for 4h. The 96-well plate was kept on a plate shaker for 10 min. Thereafter, 

absorbance was recorded at 440 nm using Epoch Elisa plate reader (BioTek U.S., Winooskii). 

2.9.2.2 Cytotoxicity studies in U937 cells  

U937 macrophage cells (105 cells/well) suspended in complete RPMI 1640 media containing 

PMA (0.1 ng/ml) were seeded in 96 well plate and incubated in a CO2 incubator (5% v/v CO2, 

37 C) overnight. The media was removed and treated with 100 l of blank PLN, Efa PLN, Enf 

PLN and Efa-Enf PLN dispersed in RPMI 1640 media equivalent to Efa (6.18, 12.37, 24.74, 

49.49, 98.99 and 197.92 M) and Enf (0.045, 0.089, 0.179, 0.357, 0.714, 1.42, 2.86, 5.72 M) 

for 24h. Thereafter, the supernatant was removed and cells were treated with 100 l MTT 

reagent (500 g/ml) for 4 h, the reagent was removed and 100 l DMSO was added to dissolve 

formed formazan crystals. Thereafter, the absorbance was recorded at 570 nm using the Epoch 

Elisa plate reader (BioTek U.S., Winooskii). 
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2.9.3 Fluorescence microscopy 

Jurkat E6.1 T-cells and U937 macrophage cells (106 cell count) were seeded in 1.5 ml 

microcentrifuge tubes. Thereafter, cells were incubated with 100 µl coumarin-6 PLN suitably 

diluted with RPMI 1640 medium without FBS to obtain 100 ng/ml coumarin-6 concentration at 

37°C for 1 or 4 h in 5% (v/v) CO2. Thereafter, microcentrifuge tubes were centrifuged at 3000 

rpm for 5 min to obtain cell pellet. The pellet was then washed with D

buffer saline (DPBS) twice and counterstained with DAPI (300 ng/ml) by incubating for 15 

min in dark. The cells were again washed and resuspended using DPBS, aliquots of which was 

mounted onto a glass slide and fixed using 4% paraformaldehyde. The cells were then 

observed under Carl ZEISS Axio fluorescent microscope (Jena, Germany) and images were 

processed using AxioVisionRel.4.5 software. 

2.9.4 Flow cytometry  

Coumarin-6 PLN cellular uptake quantification was performed using a flow cytometer. Cells 

(107) were incubated with 100 µL of free coumarin-6 or coumarin-6 PLN in DPBS at 37°C for 

1 and 4 h and analyzed by FACS Aria SORP with Argon laser (Becton Dickinson, San Jose, 

CA, USA). A total of 10000 events were recorded in the flow cytometer and cell sorter 

(FACS). The data was analyzed using DIVA 6.1.3 software (BS, San Jose, CA, USA). 

2.10 In-vivo biodistribution  

All animal procedures were approved by the Institutional Animal Ethics Committee of 

National Centre for Preclinical Reproductive and Genetic Toxicology ICMR, National Institute 

for Research in Reproductive Health, Parel, Mumbai (Protocol no.: IAEC no 14-19). Female 

Balb/c mice 8-12 weeks old were utilized for the study. The animals were divided into 4 

groups. DIR PLN were administered to the group I intravenously via tail vein and 
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subcutaneously via the right flank to group II, III, and IV. Whole-body imaging was carried by 

Perkin Elmer IVIS Lumina S5 (Waltham, United States) at pre-determined time point for group 

I (0, 1, 2, 4, 8, 10 and 24 h), group II (0, 1, 2, 4, 8, 10, 24 and 48 h), group III (0, 1, 2, 4, 8, 10 

and 72 h) and group IV (0, 1, 2, 4, 8, 10, 24, 48, 72, 96 and 120 h). Animals were sacrificed 

after 24h of group I and II, 72 h of group III, and 120 h of group IV. The fluorescence intensity 

of different organs including brain, heart, kidneys, liver, lung, axillary lymph nodes, spleen, 

thymus, female reproductive tract (FRT) was measured using PerkinElmer IVIS Lumina S5 

(Waltham, United States).  

2.11 Prediction of dose and target site drug level by simulation of DIR PLN 

biodistribution profile 

 The in- vivo biodistribution of DIR PLN was used as surrogate wherein, a fraction of DIR 

PLN reaching various tissues was utilized to predict the dose of Efa and Enf PLN required to 

achieve MEC of individual drug using equation (4.3).  

                                                              

2.12 Statistical analysis 

Statistical data analysis was performed using a student t-test with p<0.05 as a minimal level of 

significance. The results were expressed as mean±standard deviation (SD) obtained from three 

separate experiments (n=3). Mathematical fit functions were performed by ANOVA analysis. 
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3. Results and Discussion 

3.1 Optimization of Efa-Enf co-loaded PLN using Box Behnken design 

Box-Behnken design is a 3k-p fractional factorial design that comprises of the higher number of 

runs with a high degree of freedom and precise optimization. Further, the design is spherical 

and rotatable which aid in orthogonal blocking. Therefore, the main effect, interaction effect, 

and quadratic effect of each independent variable viz, Efavirenz amount (A), sonication time 

for w/o primary emulsion (B), and sonication time for aqueous nano-dispersion (C) were 

examined on %EE of Efa (Y1), %EE of Enf (Y2), particle size (Y3) and PDI (Y4) (Table 4.2).  

Table 4.2 Responses obtained from experimental runs of Efavirenz-Enfuvirtide co-loaded PLN 
by Box-Behnken optimization design  

 
Data represents mean± S.D, n=3) 

 

The quadratic model was significant for Y2 (R2 0.9817) and Y3 (R2 0.932) while, a linear 

model with an insignificant lack of fit was established for Y1 (R2-0.6225) and Y4 (R2-0.7596) 

to navigate the design space. Further, every factor was found to have a significant impact 

(p<0.05) on each dependent factor as determined by ANOVA (Table 4.3).  

Run A 

(mg) 
B 

(min) 
C 

(min) 
Efavirenz  

% EE 
Enfuvirtide 

% EE 
Particle size 

(nm) 
PDI 

1 50 1.30 1.30 5.2±3.29 29.1±11.58 372.8±17.11 0.454±0.09 
2 75 1.30 3.00 28.9±6.47 70.4±9.10 346.3±16.61 0.472±0.03 
3 75 3.00 6.00 22.9±10.71 61.2±7.57 395.7±15.20 0.266±0.01 
4 75 3.00 1.30 21.7±3.99 54.0±3.60 494.3±89.02 0.502±0.03 
5 50 3.00 3.00 24.6±7.56 8.7±4.49 308.1±21.66 0.283±0.03 
6 50 0.30 3.00 11.6±6.96 35.2±15.00 369.2±5.95 0.522±0.04 
7 75 0.30 1.30 20.4±10.04 64.3±3.95 512.9±34.76 0.532±0.05 
8 100 0.30 3.00 18.3±2.81 66.8±6.91 483.2±97.27 0.569±0.03 
9 50 1.30 1.30 14.3±3.01 39.1±8.45 410.2±56.38 0.510±0.06 
10 100 1.30 6.00 23.2±8.29 78.6±3.74 363.6±25.73 0.405±0.06 
11 100 3.00 3.00 26.9±6.95 60.9±5.89 356.2±12.58 0.431±0.08 
12 75 1.30 3.00 22.0±3.88 70.2±7.10 369.8±15.53 0.430±0.03 
13 100 1.30 1.30 27.0±7.91 75.2±4.55 597.3±38.39 0.572±0.03 
14 75 0.30 6.00 3.1±4.56 63.0±7.95 360.4±5.42 0.432±0.03 
15 75 1:30 3.00 23.5±1.01 64.1±8.07 377.3±20.64 0.477±0.03 
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The first-order polynomial equations obtained for the response Y1 and Y4 were as follow: 

Y1=20.274+4.9878A+4.069*B-  

Y4= 0.4571+0.026*A-0.072*B-  

The negative effect (negative coefficient in the linear equation) on Y1 and Y4 was observed 

with increasing sonication time of double emulsion due to an increase in the total energy of the 

system leading to increased drug expulsion and decrease in PDI of the PLN which is in 

agreement with previous reports [44,45]. While the second-order polynomial equation (4.6) 

and (4.7) for Y2 and Y3 signify that the single coefficient terms depict the main effect and the 

combination term indicates the interaction effect. The coefficient of C is lowest and hence 

exerted an insignificant effect on response Y2. While the coefficient of combination term A*B 

and A*C is highest and thus have a profound effect on Y2 and Y3 respectively. 

Y2=64.18+21.16*A-5.561*B-0.097*C+5.1483*A*B+3.3375*A*C+2.1443*B*C-15.21A2-

10.1B2+2.5068*C2  

Y3=360.375+42.518*A-21.42*B-65.27*C-

16.47*A*B+49.06*A*C+13.5*B*C+4.9399*A2+9.7984*B2+66.602*C2  
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Table 4.3. Analysis of Box-Behnken experimental design for Efavirenz-Enfuvirtide co-loaded 
PLN by ANOVA 

Response Source 
Sum of 
squares df Mean square F value 

p-value 
(Prob>F) 

Efavirenz  % EE 

Model 376.7429 3 125.581 6.0456 0.0110 
Residual 228.4938 11 20.7722   
Lack of fit 202.4874 9 22.4986 1.7302 0.4194 
Pure error 26.0064 2 13.0032   
Cor total 605.2367 14    

Enfuvirtide % EE 

Model 5218.647 9 579.8496 29.7455 0.0008 
Residual 97.4683 5 19.4937   
Lack of fit 72.4052 3 24.1351 1.9256 0.3597 
Pure error 25.0631 2 12.5315   
Cor total 5316.115 14    

Particle size 

Model 80118 9 8902 7.6177 0.0189 
Residual 5842.9 5 1168.6   
Lack of fit 5319.7 3 1773.2 6.7789 0.1313 
Pure error 523.17 2 261.58   
Cor total 85960 14    

PDI 

Model 0.0855 3 0.0285 11.583 0.0010 
Residual 0.0271 11 0.0025   
Lack of fit 0.0257 9 0.0029 4.2914 0.203 
Pure error 0.0013 2 0.0007   
Cor total 0.1126 14    

 

It was observed that at a fixed level of sonication time for aqueous nano-dispersion, Y1 and Y4 

increased with an increase in both Efa amount and sonication time for w/o primary emulsion. 

Increased sonication of primary emulsion caused optimum emulsification of amorphonized Efa 

with lipid in primary emulsion causing efficient particle interaction and enhanced 

solubilization of Efa in soy-lecithin making drug leakage evitable [46,47]. On the contrary, the 

aftermath of increased energy of the w/o primary emulsion was enhanced instability (increased 

Y4) [48]. An increase in sonication time of w/o primary emulsion at a fixed level of sonication 

time for aqueous nano-dispersion led to a decrease in the encapsulation of Enf while an 

increase in Efa amount led to an increase in encapsulation of Enf due to reduced diffusion of 

drug through the hydrophobic core. 
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Figure 4.1 Perturbation plot for (a) % EE of Efavirenz (b) % EE of Enfuvirtide (c) particle size 
(d) PDI (A-Efavirenz amount, B-sonication time for primary emulsion, C-sonication times for 
aqueous nanodispersion).  
 

The main effect of an independent factor on individual response was analyzed by perturbation 

plots (Figure 4.1) while, 3D model graphs were used to determine the interaction effect of two 

independent variables on dependent factors at a fixed level of the third independent variable 

(Figure 4.2).  
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Figure 4.2 Box Behnken 3D response surface plot (a) % EE Efavirenz (b) particle size (c) % EE 
Enfuvirtide (d) PDI. 
 

On the other hand, the sonication time of aqueous nano-dispersion depicted inverse relation 

with Y2, Y3, and Y4. However, higher collisional frequency of PLN accompanied by an increase 

in total energy w/o/w aqueous nanodispersion; increased particle size, and PDI after a specific 

level [48]. Whereas, Particle size of PLN increased with an increase in Efa due to enhanced 

encapsulation of Efa [49].  
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The optimal solution was obtained by setting the target of Efa amount and sonication time for 

w/o primary emulsion in range, the target for sonication time for aqueous nano-dispersion was 

set at 0 level to achieve stable PLN with the goal of minimum error propagation of Enfuvirtide 

and particle size, minimum standard error, maximum % EE of Efa and Enf and minimum 

particle size and PDI.  

The solution obtained with desirability next to 1 (D=0.883) with optimized level for each factor 

being 0.83, 1, and 0.20 for Efavirenz amount, sonication time for primary emulsion and 

sonication time for aqueous nano-dispersion respectively was adopted and screened to 

calculate % bias between predicted and actual values (Table 4.4). The % drug loading of Efa 

and Enf in the optimized Efa-Enf PLN was found to be 10.4%±0.29% and 0.53%±0.031%, 

respectively. 

Table 4.4 Validation of Box-Behnken design for Efavirenz-Enfuvirtide co-loaded PLN 

Parameter Predicted Actual Mean % bias 
Efavirenz % EE 28.0 27.1±0.78* 3.12 
Enfuvirtide % EE 64.9 69.7±3.79* 7.2 
Particle size (nm) 362.2 346.4±30.41* 4.4 
PDI 0.39 0.440±0.06* 11.9 

(*Each value represent mean±SD, n=3, p<0.001 for one-tailed paired t-test) 

The optimized solution was utilized to prepare surrogate PLN as described in section 2.2 for 

cellular uptake and in-vivo biodistribution studies (Table 4.5). 

Table 4.5 Particle size, PDI and zeta potential of surrogate PLN 

Surrogate PLN type Particle size (nm) PDI Zeta potential (mV) 

Coumarin-6 PLN 161.1 13.34 0.359 0.004 -42.8 2.14 

DIR PLN 212.5 31.79 0.332  -46 0.28 

Each data represented as mean SD, n=3 
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3.2 Characterization of Efa-Enf co-loaded PLN 

DSC thermograms of different components of PLN and Efa-Enf co-loaded PLN are presented 

in Figure 4.3(a). It revealed sharp endothermic peaks of stearic acid, PLGA, Efa, and 

cremophor HS-15 at 59.3 C, 41.4 C, 139.3 C, and 30.5 C respectively corresponding to their 

melting point [50 52]. Enf and soy lecithin exhibited a broad peak at 25.8 C and 158.1 C 

corresponding to Enf denaturation and amorphous nature of soy lecithin respectively. 

Trehalose exhibited three distinct peaks corresponding to the melting peak of dihydrate and 

anhydrous trehalose at 102.4 C and 120.8 C respectively, while the peak at 214.9 C could be 

-form of anhydrous trehalose as reported previously [53]. The absence of characteristic 

peaks of individual components of PLN except trehalose indicated an amorphous state of 

components in PLN [54,55]. 

FTIR spectra of lyophilized Efa-Enf co-loaded PLN (Figure 4.3(b)) and physical mixture of 

Efa-Enf PLN components depicted -OH stretch at 3851 cm-1and 3741 cm-1  similar to PLGA, 

cremophor HS-15, stearic acid, Enf and Efa, peak at 2922 cm-1  and 2852 cm-1 corresponding to 

-CH and -CH2 stretching, 2361 cm-1 corresponding to -C=O stretch as present in stearic acid, 

PLGA and cremophor HS-15, 1744 cm-1 corresponding to the presence of ester as depicted in 

PLGA, peak at 1653 cm-1  and 1461 cm-1  corresponding to the dihydrated form of trehalose 

[56]. Slight shift was observed in IR fingerprint region peaks compared to corresponding 

excipients. However, the absence of any extra peak confirmed no interaction between the 

ingredients utilized for the preparation of PLN [29]. Furthermore, FESEM analysis of prepared 

Efa-Enf co-loaded PLN revealed the spherical shape of nanoparticles (Figure 4.4(a)). 
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Figure 4.3 In vitro characterization of Efavirenz-Enfuvirtide co-loaded PLN (a) DSC 
thermogram. (b) FTIR. 
 

3.3 CD analysis 

CD is most widely used to study the secondary structure of protein and peptide wherein every 

- -sheet, and random coiling leads to unique CD 

spectra. In the far UV region (190-230 nm) the amide secondary conformation of protein and 

-helix leads 

- - -193 nm 

- -Enf co-loaded PLN is presented in Figure 4.4(b). It 

- helix form of Enf after encapsulation into nanoparticles, however, 

redshift was observed in spectra of Efa-Enf co-loaded PLN which could be due to the 

interaction of Enf with PLN[57] -helix of Enf is essential for the insertion of Enf into the 

viral membrane to prevent viral fusion with cell membranes. The results indicated that the 

encapsulation of Enf in PLN did not affect the secondary structure of the peptide, thereby 

confirmed maintenance of the antiviral activity of the peptide. 
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Figure 4.4 In vitro characterization of Efavirenz-Enfuvirtide co-loaded PLN (a) SEM image (b) 
Circular dichroism spectra of free Enfuvirtide and lyophilized Efavirenz-Enfuvirtide co-loaded 
PLN (c) Particle size and (d) zeta potential of optimized Efavirenz-Enfuvirtide co-loaded PLN 
 
3.4. Lyophilization studies  

The impact of lactose, sucrose, mannitol, and trehalose on the physical stability of the PLN 

during lyophilization was evaluated by freeze-thaw studies. The ratio of final particle size after 

thawing to initial particle size before freezing of PLN nano-dispersion (Sf/Si) was calculated 

(Figure 4.5(a)). It has been reported that Sf/Si ratio<1.3 indicates good colloidal stability of 

nanoparticles. The characteristic features of trehalose including selective ability to reduce the 

dynamics of water, higher glass transition temperature, absence of internal hydrogen bond 

enhances its ability to bind a higher number of water molecules thus, making segregation of 

nano-dispersion evitable [58]. Therefore, trehalose was utilized for the lyophilization of Efa-

Enf co-loaded PLN. Lyophilized Efa-Enf co-loaded PLN appeared amorphous and bulky 



Chapter 4

powder (Figure 4.5(b)). It revealed Sf/Si ratio of 1.1±0.09 with Efa and Enf content of 

39.1±5.23 µg/mg and 0.2±0.02 µg/mg respectively. 

Figure 4.5 Lyophilization studies (a)Freeze thaw studies for screening cryoprotectants for 
Efavirenz-Enfuvirtide co-loaded PLN (Data represents mean±SD, n=3, * indicates p<0.05, ** 
indicates p<0.001 at 95% confidence interval for one-
multiple comparison test) (b) Pictorial representation of lyophilized Efavirenz-Enfuvirtide co-
loaded PLN 

 

3.5 In vitro drug release studies 

The rate and extent of drug available at the site of action depends upon the rate of drug release 

from the nanoformulation of cART. Therefore, sustained-release of the drugs from the 

nanoparticles is desirable to maintain the therapeutic drug level for weeks/months at the target 

site. Efa-Enf co-loaded PLN revealed sustained-release of Efa and Enf in phosphate buffer 

solution (pH 7.4) at 37 C. 15.2±3.36% of free Efa and 79.4±2.26% of free Enf were released at 

the end of 30 min. While, 8.1±1.30% and 83.4±3.70% of Efa and Enf were released from PLN 

respectively in 24h, confirming the sustained release potential of PLN (Figure 4.6(a)). Higher 

drug release of Enf could be due to the opening of pores formed by rapid dissolution or 

leaching of trehalose and lipid (porogen) upon addition of water thereby, emanating faster 
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release of hydrophilic drugs [59]. The minimum effective concentration (MEC) required to 

elicit the anti-HIV effect of Enf (3.8 µg/ ml) [60] is 4-fold higher compared to Efa (<1µg/ml) 

in cART[61] which is well reflected in the release profile of Efa and Enf from PLN wherein 

drug release at every time-point of Enf is 5.0-10.2 folds higher compared to Efa. Also, Enf has 

a higher EC50 value (6-91 nM) [62] compared to Efa (EC50-2 nM) and acts by inhibiting the 

first step of viral infection which involves the restraining fusion of HIV and host cell 

membrane [63], therefore, higher drug release of Enf compared to Efa would lead to the 

presentation of the drug combination in a desired fashion to the viral cell.  

 

Figure 4.6 In vitro drug release and haemolysis studies (a) Release profile of Efavirenz-
Enfuvirtide co-loaded PLN (b) Percentage haemolysis of blank and Efavirenz-Enfuvirtide co-
loaded PLN (Data represents mean±SD, n=3, * indicates p<0.05, ** indicates p<0.001, **** 
indicates p<0.0001 at 95% confidence interval by two-way ANOVA) 

 

Thus, differential drug release of Efa and Enf might lead to synergistic killing of HIV [64]. 

Similar reports have been established for hydrophilic Tenofovir with only 10% of the dose 

available for lymphatic uptake and 90% in free form was detectable in plasma up to 336 h with 

initial peak 1h post-administration [11]. Thus, it can be contemplated that Enf released (83%) 

within 24 h would pass into the blood circulation due to permissible smaller fenestration of 

blood capillaries from subcutaneous spaces. While the 17% of Enf present into PLN may enter 
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the lymphatic vessel and trapped into the lymphocytes of the lymph node sinuses thereby 

creating a depot causing the slow release of Enf and maintaining the therapeutic concentration 

for a longer duration. However, an in vivo proof of concept is yet to be established to confirm 

the significance of the above differential drug release. 

3.6 In vitro haemolysis and blood compatibility studies 

Depending on size and composition, nanoparticles could exert hemolysis after reaching into the 

systemic circulation. Therefore, the assessment of the haemolytic potential of formulations is 

desirable. Blank PLN showed non-haemolytic (<2%) to slightly hemolytic (2-5%) potential as 

per ASTM acceptable limits. At lower concentrations, the difference in %haemolysis of blank 

and drug-loaded PLN was not significant. While at higher concentration hemolysis increased to 

7.7±0.11% compared to 4.7±1.00% of blank PLN (Figure 4.6(b)). However, %haemolysis of 

blank and drug-loaded PLN depicted poor hemolytic potential of PLN (<10%) over the entire 

concentration range [65]. Further, SEM images of RBCs after treatment with blank and Efa-

Enf PLN did not cause morphological change in RBCs (Figure 4.7). RBC indices and anaemia 

are precursors for HIV-1 associated neurocognitive disorder (HAND) [66]. Furthermore, RBC 

aging and their disposition in the spleen are portent by spicules formed on the cell surface 

(echinocytes) [67,68]. Thus, the absence of morphological changes in RBCs is a prerequisite in 

HIV. SEM image of RBCs treated with Efa-Enf co-loaded PLN, blank PLN, and normal saline 

(negative control) portrayed healthy biconcave shaped RBC morphology, while positive 

control images revealed irregular morphology with pore formation and echinocytes. 

Further, the surface characteristic of nanoparticles may also lead to the initiation of 

inflammatory response leading to platelet aggregation and thrombosis. Therefore, platelets and 

WBCs of rat blood were treated with Efa-Enf PLN equivalent to 40 µg and 60 µg Efa and 

0.785 and 0.942 µg Enf. Agglutinated and aggregated WBCs and platelets were observed in 
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PEI treated cells (positive control) (Figure 4.7). However, PLN treated cells were equivalent to 

normal saline-treated cells, confirming the compatibility of PLN with platelet and WBC. 

 

Figure 4.7 Scanning electron micrographs depicting morphology of RBC, platelet and WBC 
after treatment with blank PLN and Efavirenz-Enfuvirtide co-loaded PLN 

 

3.7 Cytotoxicity and cell uptake studies 

Recrudescence of HIV-1 infection occurs due to latently infected viral sanctuaries in immune 

cells including macrophage and T-lymphocytes [69]. The development of LA ARV 

nanoformulations led to secondary depot into these sanctuaries [10,11]. Moreover, T cells are 

prone to the cytopathic effect of HIV-1, unlike macrophages [70]. Thus, cytotoxicity of LA 

ARV nanoformulations should be studied to avoid catastrophe in immunocompromised 

individuals. Insignificant difference in % cell viability of Jurkat E6.1 T and U937 cells was 

observed among blank PLN, Efa PLN, Enf PLN, and Efa-Enf PLN (p > 0.05) (Figure 4.8). The 
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cell viability was >50% for PLN equivalent to 7.92-63.36 µM and 6.18-197.92 µM Efa when 

tested in Jurkat E6.1 T and U937 cells respectively (Figure 4.8). The reported EC50 value for 

Efa and Enf were found to be 10 nM and 20 nM respectively against HIV-1 infected 

macrophages as per US federal drug administration [69]. However, the cell viability of Efa-Enf 

PLN was >75% in U937 macrophage cells at significantly higher concentration than their 

established EC50 value. 

 

Figure 4.8 Cytotoxicity studies (a) WST-1 cytotoxicity studies in Jurkat E6.1 T cells and (b) 
MTT cytotoxicity studies in U937 macrophage cells after treatment with blank PLN, Efavirenz 
PLN, Enfuvirtide PLN and Efavirenz-Enfuvirtide co-loaded PLN (Each data represents 
mean±SD, n=3, * represents p<0.05 and ** represents p<0.001, **** represents p<0.0001 for two-

) 
 

Cellular uptake of PLN was studied by flow cytometry (Figure 4.9) and fluorescence 

microscopy (Figure 4.10) in Jurkat E6.1 T and U 937 macrophage-like cells by replacing Efa 

and Enf with coumarin-6. The uptake of coumarin-6 loaded PLN was significantly higher 

(p<0.0001) compared to free coumarin-6 at 1 and 4 h in both Jurkat E6.1 T and U937 cells. 

Coumarin-6 PLN exhibited 7.5- and 3.8-folds enhanced uptake in Jurkat E6.1 T cells at 1 and 

4h respectively as compared to free coumarin-6 (Figure 4.9(a)). While 3.5- and 3.9- folds 

increased Coumarin-6 PLN uptake was observed compared with free Coumarin-6 at 1 and 4 h 

respectively in U937 macrophage-like cells (Figure 4.9(b)). However, the cellular 

internalization at 1 and 4 h was constant (p>0.05) for free coumarin-6 and coumarin-6 PLN in 
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both the cell suspension. Interestingly, the cellular uptake of Coumarin-6 PLN was 

significantly higher in difficult to target Jurkat E6.1 T cells compared with U937 macrophage 

cells at both 1h and 4h respectively (p<0.0001) as against free Coumarin-6 which showed 

significantly higher uptake in Jurkat E6.1 T cells only at 4 h (p=0.0004). 

 

Figure 4.9 Cell uptake studies. (a) Histogram and quantitative time-dependent cellular uptake 
of free Coumarin-6 and Coumarin-6 PLN in Jurkat E6.1 T cells. (b) Histogram and quantitative 
time-dependent cellular uptake of free Coumarin-6 and Coumarin-6 PLN in U937 macrophage-
like cells. Data expressed as mean±SD, **** : indicates p<0.0001 with a 95% confidence 
interval for two-  

Enhanced T cell uptake of Coumarin-6 PLN could be attributed to particle size independent 

lipid trafficking pathway. Moreover, T cells consist of cholesterol-dependent glycolipid 

invaginations responsible for hydrophobic lipid and protein trafficking[71]. Also, many viruses 

consist of plasma membrane-derived lipid coating and enter the uninfected T-lymphocytes by 

membrane fusion [72]. Moreover, particle size (>200 nm) along with hydrophobic surface 

could have contributed to intracellular delivery in macrophage cells. Fluorescent microscopy 
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study revealed uptake of coumarin-6 PLN in Jurkat E6.1 T-cells and U937 macrophage cells 

(Figure 4.10). 

 

Figure 4.10 Cell uptake studies by fluorescent microscopy after treatment with free Coumarin-
6 and Coumarin-6 PLN and counterstaining with DAPI at 1 h in (a) Jurkat E6.1 T cells and (b) 
U937 macrophage cells. 

3.8 In vivo biodistribution 

Immune cell secondary depot has been established for LA ARV upon parenteral 

administration. For instance, intravenous (IV) infusion of Ibalizumab monoclonal antibody 

(2000 mg loading dose followed by 800 mg maintenance dose every 14 days) leads to CD4 T 

cell receptor occupancy at up to 25 weeks [73]. Therefore, DIR PLN (Efa-Enf co-loaded PLN 

surrogate) upon IV administration might have led to omnivorous immune cell depot which was 

carried to various organs preceding distribution to the liver as depicted by higher accumulation 

in the liver compared with other organs (1, 2, 4, 8, 10 and 24 h) and initiation of non-uniform  

biodistribution throughout the body within 2 h post administration and leading to tissue-

specific immune cell depot (Figure 4.11(a)). Infected blood monocytes and Kupffer cells 



Chapter 4

(differentiated macrophage) of the liver consist of HIV-1 proviral DNA[74]. Further, Kupffer 

cells harbor more HIV-1 strain than hepatocytes [75]. Therefore, the delivery of nanoparticles 

to macrophage with subsequent release into the hepatocytes containing T- lymphocytes is 

desirable for HIV treatment [76]. Each animal in group I was sacrificed after 24 h and 

fluorescent intensity in HIV infection associated organs were determined to quantify the uptake 

of DIR PLN (Figure 4.12). Accumulation of surrogate DIR PLN in different organs was 

observed in the order of spleen  liver > lymph node > thymus > lungs >female reproductive 

tract (FRT)> heart > kidneys > brain after intravenous administration (Figure 4.11(c)). 

Availability of PLN to various tissue parenchyma credence upon modulation in nanoparticle 

size wherein; larger particles are phagocytosed by macrophagic cells including Kupffer cells 

(>200 nm) [77] and dendritic cells (>500 nm) in lymph nodes [78]. The average particle size of 

DIR PLN was 212.5±31.79 nm making particles <200 nm available to parenchymal cells of the 

liver, spleen, and lymph nodes. Higher biodistribution of DIR PLN in the spleen (15% T 

lymphocytes) and lymph nodes (75% T lymphocytes) amongst other organs harbouring latently 

infected T-lymphocyte was achieved. However, the fluorescent intensity was 4-fold higher in 

the spleen (HIV reservoir site) compared to the lymph node and thymus.  

Route of administration reverberate LA potential of administered nanoformulation due to 

primary (injection site) and secondary (infiltered immune cells) depot genesis [9]. To this end, 

biodistribution studies of DIR PLN was assessed by subcutaneous (SC) administration. Only, 

13.3±0.76% of the injected dose was biodistributed in RES and non-RES organs after 5 days as 

against 88.7±19.34% injected dose biodistributed to the whole body within 24h when 

administered intravenously. Furthermore, the primary depot was evident even at day 5 upon SC 

administration (Figure 4.11(b)) limning LA potential of developed PLN. Slow effective release 

of DIR PLN was confirmed by uniform biodistribution at day 3 post-administration. The 
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images of organs obtained after sacrificing animals of groups II, III, and IV at 1, 3, and 5-day 

post subcutaneous administration are represented in Figure 4.12. 

 

Figure 4.11 In-vivo biodistribution studies (a) Whole-body image after intravenous 
administration of DIR PLN at 0, 2, 4, and 24 h. (b) Whole-body image after subcutaneous 
administration of DIR PLN at 0, 24, 72, and 120 h (c) Biodistribution of DIR PLN in different 
organs after intravenous administration in 24 h. (d) Biodistribution of DIR PLN in different 
organs after subcutaneous administration in 24,72 and 120 h (Data represented as mean±SD, 
n=3) 

Higher administration of DIR PLN in lymph node (containing 75% T lymphocyte) was 

obtained compared to the spleen in contrast to intravenous administration at day 3 post-

administration. Sequestration of DIR PLN in lymph node was the aftermath of lymphatic 

uptake post-SC administration wherefrom the PLN would slowly be transported to the thoracic  

duct and loaded into the systemic circulation. Similar observations were previously reported 

for combination drug nanoparticles of lopinavir, ritonavir, and tenofovir producing 3 waves in 
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plasma corresponding to fast (<8 h), intermediate (8-24 h), and protracted release (>48h-2 

weeks) drug release through lymphatic-circulatory conjoint [11]. It was observed that DIR 

PLN accumulated and retained in infection spread site (lymph nodes) and reservoir sites (liver 

and spleen) after subcutaneous administration with total % injected dose/g organ weight of 

2.56%, 2.25% and 1.99% after 1,3, and 5-day, respectively (Figure 4.11(d)). Previously LA 

slow-release rilpivirine nanocrystals were also localized in the liver, spleen, popliteal, and 

axillary lymph node after subcutaneous administration [79]. The biodistribution of DIR PLN 

was also observed in difficult-to-access locations including the brain due to carriage by 

secondary depot cells wherein; the % injected dose of DIR PLN/g organ weight was found to 

be 0.22%, 0.19% and 0.18% at 1, 3 and 5-day respectively post SC dosing.  The tissue 

concentration of DIR PLN in the brain depicted no significant change until 5 days emphasizing 

the role of secondary depot forming monocytes which are customary to traverse through a 

privileged organ-like brain [80,81]. Therefore, enhanced lymphatic and brain uptake of DIR 

PLN would lead to the possible elimination of HIV relapse. 

The % injected dose/g organ weight at HIV infection site (FRT) was found to be 0.67%, 

1.37%, and 0.76% at 1st,3rd and 5th day respectively post subcutaneous dosing, suggesting 

wider potential in pre-exposure prophylaxis with an increase in PLN uptake up to 3rd days 

(1.3±0.16%) at HIV infection site. Similar observations were reported previously for long-

acting slow-release nanoformulation loaded with Tenofovir Alfanamide and Elvitegravir with 

great potential as pre-exposure prophylaxis wherein, 1.65-fold higher concentration of drug-

loaded nanoparticles in the female reproductive tract was obtained compared to free drug and 

sustained release up to 336 h [25]. No significant difference (p>0.05) was observed in the 

fluorescence intensity at day 1 (group II), day 3 (group III), and day 5 (group IV), in each 

organ including RES organs, kidneys, heart, FRT, and brain underpinning long-acting slow 
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drug delivery potential of PLN. Nevertheless, the quantification of drugs in every organ is 

required to confirm the minimum effective concentration of drugs has been achieved.  

Figure 4.12.  Images of the organs of the animals sacrificed at 24 h of group I, and 24 h, 72 h 
and 120 h of group II, III and IV respectively after DIR PLN administration via intravenous 
(group I) and subcutaneous route (group II, III and IV).  

3.9 Prediction of dose and target site drug level by simulation of DIR PLN biodistribution 

profile 

It is essential to attain the minimum effective drug concentration at the infection sites (e.g. 

spleen, lymph nodes, brain, and FRT) for complete eradication of the virus from the body. 

Infrared dye (e.g. DIR) loaded nanoparticles are most widely used as a surrogate to establish 

the biodistribution pattern of nanoparticles by bio-imaging of live animals. However, this 

sophisticated high-throughput technique does not provide actual available tissue level of the 

drugs which is necessary to define drug concentration at the injection site.  
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Figure 4.13. Simulated Efavirenz and Enfuvirtide concentration in different organs (a) draining 
organs (heart, lungs and kidneys) (b) liver (c) spleen (d) lymph node (e) brain (f) female 
reproductive tract 

In the present study, we attempted to predict the available drug levels at target sites by 

simulation of the DIR PLN biodistribution profile. The model predicted a significantly higher 

concentration of both Efa and Enf in the lymph node upon SC administration. A higher amount 

of sequestered PLN in macrophages and T-lymphocytes of lymph node might have led to slow 

effective release into the lymphatic vesicles thereby draining into the thoracic duct and 

presentation into the systemic circulation. The secondary immune cell depot once into systemic 

circulation cause protracted drug release after differentiating into various tissues depending 

upon the differential blood flow volume to each organ [10,11]. Furthermore, the order of 

predicted available tissue concentration female reproductive tract>brain>draining 

organ>spleen>liver. Predicted higher amounts of available Efa and Enf in the female 

reproductive tract (major infection site) and brain (most inaccessible organ) could be attributed 

to higher blood volume containing secondary depot to these organs. Furthermore, the predicted 

available tissue concentration of Efa (EC50- 2 nM) and Enf (EC50- 6-91 nM) were found to be 

higher than the effective concentration in all the organs (Figure 4.13) until day 5 for an 

administered dose of PLN equivalent to 1250 µg and 58.17 µg of Efa and Enf respectively. 
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Nevertheless, preclinical studies have yet to be performed to establish accurate tissue 

concentration and efficacy of the formulation.  

4. Conclusion 

The current study is the first proof of concept of long-acting potential for novel cARV namely; 

Efa and Enf when loaded into PLN. Furthermore, Efa-Enf PLN depicted enhanced intracellular 

delivery to established secondary depot and hub for transcriptionally dormant form of HIV-1 

which include macrophage and T-cells. Additionally, it highlights the implication of 

subcutaneous administration for week long protracted drug release through secondary depot in 

systemic circulation preceded via lymphatic route which could be well corroborated with in-

vitro drug release of Efa and Enf from PLN. The distinctive long-acting contrivance of 

surrogate PLN caused sustained delivery to major infection, spread, and reservoir sites. 

Furthermore, blood flow to specific organs inflect the biodistribution of PLN available in 

secondary depot. To this end, correlation studies have been performed as the first illustration to 

estimate the dose of Efa-Enf PLN desirable for establishing the required tissue concentration of 

Efa and Enf in each organ which would be lucrative in preserving time and cost during 

preclinical studies.  
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