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ABSTRACT 

 
Acquired immune deficiency syndrome (AIDS) was first discovered in the 1980s, 

since then, human immunodeficiency virus (HIV) infection and AIDS have become 

global health, social, and economic concerns. HIV was identified as the cause of AIDS in 

1985, and this launched a wide-reaching effort to understand its biology. The knowledge 

acquired from these vast research efforts contributed to the development of modern 

therapeutic and preventative treatment strategies. According to recent data from the 

United Nations Program on HIV/AIDS (UNAIDS), the ratio of infected people to AIDS-

related deaths has decreased because of the expanding access to antiretroviral drugs 

(ARVs). The application of ARVs to HIV+ patients increases patients’ lifespans and 

improves the quality of life. Remaining as an incurable disease, expanding access to 

antiretroviral drugs and using prevention strategies are the best options to control the HIV 

pandemic for now.  

Treatment strategies with ARVs, however, are not sufficient to adequately address 

the HIV pandemic. Traditional combinational antiretroviral therapies (cART) for HIV 

treatment are limited by multiple drawbacks such as possible toxicity, limited drug 

concentrations, drug resistance, and viral rebound. Additionally, inadequate 

physicochemical properties of ARVs, such as poor solubility, permeability, and 

bioavailability, lead to limited absorption and biodistribution, resulting in poor clinical 

outcomes. Patient compliance and suboptimal efficacy lead to the development of 

resistant viruses and viral reservoirs. The presence of HIV reservoirs would cause viral 

rebound two to four weeks after terminating treatments. The complexity of reservoir 

structure, prolonged cell half-life, and the latent HIV viruses complicate HIV treatments 
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targeting viral reservoirs. cART exhibits insufficient efficacy towards reservoir sites 

because of biological barriers and poor physicochemical properties. 

These problems highlight an urgent need for novel treatment strategies that are 

safe and effective to address HIV reservoirs. Innovative and improved delivery systems 

have been proposed over the years, especially lipid-formulations. Lipid formulations have 

emerged as promising vehicles owing to their ability to encapsulate molecules with poor 

solubility and bioavailability, improve active targeting, prolong circulation time, and 

sustain drug release.  

Cell-mediated delivery strategy have posed the obstacles of insufficient drug 

transport and safety. Macrophages, the very same cells that carry the HIV virus, could 

reach tissues that would otherwise have little or no drug penetration. Macrophages can 

protect drugs from metabolic degradation with large quantities of drugs for delivery. 

Activated macrophages express the folate receptor, a potential targeting moiety. 

In this study, I intended to develop a novel folate-decorated nanoemulsion (FA-

NE) for the delivery of ARVs to HIV infected macrophages. To reach the goal, I focused 

on two goals: (1) construction of a nanocarrier capable of encapsulating ARV drugs with 

physiological properties suitable for use in drug delivery and (2) enhancement of delivery 

to HIV infected macrophages. 

In Chapter 2, I discuss the rationale for nanoART for HIV treatments. I introduce 

current HIV treatments and their drawbacks, notably the viral rebound due to limited 

drug concentration in viral reservoirs. Then I explain why nanotechnology would be a 

promising strategy for HIV treatment and provide examples of nanomedicine. In all 
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cases, however, cell uptake and drug release were limited or complicated by toxicity, 

which is a significant issue for a validated delivery system that are safe and effective. 

In chapter 3, I introduce the design and development of the FA-NE. This system 

includes (1) an oil core to encapsulate antiretroviral drugs that are highly hydrophobic, 

(2) a lipid monolayer to protect the oil core and to form nanoemulsion (3) folate for 

target. The system was prepared using the emulsification solvent evaporation method, 

developed and optimized based on physical properties, including size, PDI, zeta potential, 

and other in vitro characterizations, such as encapsulation efficacy, drug loading, 

stability, and drug release. 

Chapter 4 is a continuation of the work done in Chapter 3 and focuses on the 

enhancement of cellular uptake with folate overexpression cell models. A 

lipopolysaccharide (LPS) activated macrophages was built and utilized for intracellular 

drug release and retention evaluations. 

In Chapter 5, cytotoxicity and antiretroviral efficacy studies are described. With 

the conclusion drawn in Chapter 4, I was curious if the enhanced cellular uptake can be 

translated into improved efficacy. As a result, collaborated with Dr. Kamel Khalili, 

School of Medicine, Temple University, we evaluated antiretroviral efficacy with an HIV 

indicator cell and monocyte-derived-macrophages from human donors. Furthermore, I 

performed cytotoxicity assay to evaluate this nanoemulsion system safety profile. 

Chapter 6 summarizes the highlights and conclusions of this project and provides 

suggestions for the future. 
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CHAPTER 1 

DEVELOPMENT OF NANO-SIZED DELIVERY SYSTEM FOR HIV 

CHEMOTHERAPY 

1.1 Introduction  

1.1.1 Epidemiology of HIV 

HIV was first studied and characterized in the early 1980s. As a member of the 

lentivirus family, HIV is capable of horizontal transmission among humans. The fast and 

spreading transmission of this retrovirus contributes to HIV and the AIDS pandemic 

diseases.  HIV attacks humans by exploiting the human immune system, which causes 

the quantity of immune cells to decrease. Early-stage symptoms of HIV infections are 

flu-like symptoms such as fever, sore throat, and fatigue. When the number of the 

primary cell target, CD4+ T cells, decreases below certain threshold, AIDS occurs. AIDS 

is the last stage of HIV infection. Since infected with HIV is usually asymptomatic until 

progression into AIDS, pandemic of HIV infection still is a crucial reason of death 

globally [1].  

The Joint United Nations Program on HIV/AIDS (UNAIDS) reported 36.9 

million people are HIV positive and 1.8 million new cases occurred in 2017. It was the 

sixth leading cause of death worldwide, with about 940,000 deaths [2]. In Africa, AIDS is 

still the leading cause of mortality among adults between 15-59 years old. Figure 1.1 (A) 

shows the epidemiology trends of new infections and HIV+ patients from 1981 to 2015. 

In the first ten years of the HIV crisis, the number of HIV infections exploded, but after 

that, the increase turned into steady growth. Figure 1.1 (B) shows the detailed trend of 

HIV infection, HIV caused deaths and the number of patients receiving treatments from 
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2000 to 2017. Antiretroviral drugs (ARVs) have been approved since 1990 and are 

widely applied to HIV+ patients, which has significantly decreased HIV and AIDS-

related mortality and morbidity. HIV-related deaths have decreased as a result of the 

ARVs efficacy, however, rather than the number of new HIV infections. The total 

number of people living with HIV is still increasing, especially in developing countries. 

These reasons mean that HIV infection continues to be an unprecedented and urgent 

public health problem.    

              

      

Figure 1.1 (A) Number of people living with HIV, receiving treatment, and AID-related 

deaths worldwide, 2000-2017 [2]; (B) Trend of number of people living with HIV and new 

HIV infections of worldwide, 1981-2013 [3].  
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1.1.2 Pathogenesis of HIV  

HIV replicates in the immune system, leading to the decreased quantity of 

immune cells and depletion of the immune system. The principal target immune cells are 

CD4+ T cells. The other immune cells, including monocytes, macrophages, and dendritic 

cells, harbor viruses. AIDS develops when the number of CD4+ T cells reduces to less 

than 200 cells/mm3 [4]. The immune system is depleted and will not defend against 

AIDS-related diseases, which leads to death. 

HIV is a single-stranded RNA virus. The process of HIV infection into host cells 

is fully illustrated in Figure 1.2. The HIV life cycle starts with the fusion of the host cell 

membrane by combining HIV envelope protein with the receptor, CD4 and the 

coreceptors, CCR5 and CXCR4. Once HIV enters into the host cells, the RNA virus will 

be transcribed to DNA by HIV reverse transcriptase. The transcription allows the virus to 

enter into the nucleus and combine with the host DNA [5]. Viral DNA incorporates into 

the human genome by the viral protein integrase. The production of HIV progeny starts 

after DNA integration. HIV proteins and newly synthesized RNA will be assembled into 

immature HIV, which is transported to the cell membrane and the bedding process is 

initiated. HIV protease cleaves key proteins to facilitate the formation of viable and 

infectious virus. The newly formed viable virus can continue subsequent host cell 

infection [6-7]. 
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Figure 1.2 HIV-1 life cycle and antiretroviral drugs targeting specific steps. Steps that 

viruses encounter with CD4+ T cells include (1) binding, (2) fusion, (3) reverse 

transcription, (4) integration, (5) replication, (6) assembly and (7) budding steps [8]. ARVs 

are shown with red line besides each step that they inhibit [9]. 
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Table 1.1 Examples of FDA-Approved antiretroviral drugs used in the treatment of HIV 

infection [8]. 

Drug Class Generic Name half-life (h) 

Nucleoside reverse 
transcriptase inhibitors 
(NRTIS) 
  

abacavir 1.3 

emtricitabine 4.8 

  lamivudine,  5.4 

  tenofovir disoproxil fumarate, 18.3 

  zidovudine 1.2 

Non-nucleoside reverse 
transcriptase inhibitors 
(NNRTIS) 
  

doravirine 15 

efavirenz 37.7 

  etravirine 30-40 

  nevirapine 21.5 

  rilpivirine 48 

Protease inhibitors (PIs) atazanavir 7.5 

  darunavir 14.6 

  fosamprenavir 4.8 

  ritonavir 3.5 

  saquinavir 3.6 

  tipranavir 2.6 

Fusion inhibitors enfuvirtide 2 

CCR5 Antagonists maraviroc 23 

Integrase inhibitors dolutegravir 13.5 

  raltegravir 9.3 

Post-attachment 
inhibitors 

ibalizumab 3.5 (day) 

Pharmacokinetic 
enhancers 

cobicistat 4.3 
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1.1.3 Current Treatment of HIV 

The pathogenesis of HIV has been extensively studied. Significant government 

investment and years of research in basic and translational medicine has produced 

varieties of biomarkers targeting to well-studied and validated disease progression. With 

the knowledge of HIV pathogenesis and the fully verified molecular targets of HIV, 

antiretroviral drugs have been developed, approved, and popularly used. The first HIV 

ARV was approved in 1987 [134,135]. Over forty ARVs are approved by the FDA and 

used in clinical in the US and other countries for the treatment and prevention of HIV, 

and over 100 drugs are approved worldwide [8,11]. Examples of ARVs are shown in 

Table 1.1.  

ARV drugs are developed based on virus proteins that are utilized in the HIV life 

cycle. The classes of anti-HIV drugs include fusion inhibitors, co-receptor inhibitors, 

nucleoside reverse transcriptase (NRTI), non-nucleoside reverse transcriptase inhibitors 

(NNRTI), protease inhibitors (PI), CCR5 antagonists, integrase inhibitors, and post-

attachment inhibitors.  

Each inhibitor blocks one step in HIV life cycle. Figure 1.2 depicts various 

mechanisms of different types of ARV drugs. Entry inhibitors will block HIV from 

entering the CD4+ T cells. Fusion inhibitors and co-receptor inhibitors are composed of 

main entry inhibitors. Fusion inhibitors interfere with the fusion of the virus with the cell 

membrane by interacting with glycoprotein-41 (gp-41) presenting on the viral envelope. 

Co-receptor inhibitors inhibit another viral receptor, CCR5, on the surface of host cells to 

prevent the combination between the receptor with gp-120 of the virus [10]. Another 

entry inhibitor is post-attachment inhibitor, which blocks targeting immune cells surface 
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receptor, CD4 receptors, to prevent HIV entry into host cells. Protease inhibitors are a 

major class of ARVs with high potency. In HIV life cycle, viral assembles with the help 

of protease, and protease inhibitors interfere with this step to inhibit viral budding and 

maturation procedures [11]. Integrase inhibitors interfere the conjugation of the HIV 

RNA with the host cell DNA. Reverse transcriptase inhibitors inhibit the reverse 

transcription of the viral genome RNA into DNA by binding directly to the reverse 

transcriptase enzyme. Reverse transcriptase inhibitors impact HIV infection at an early 

stage and can be applied as preventative agents and in long-acting HIV treatment 

regimens. They can be divided into two types based on the inhibitors’ mechanism of 

action: NNRTIs and NRTIs. NNRTIs are non-competitive inhibitors and bind to an 

allosteric site of reverse transcriptase to inhibit the enzyme activity, while NRTIs 

incorporate into the viral DNA and cause chain-termination.  

Treatment with antiretroviral drugs is referred to as antiretroviral therapy (ART). 

The HIV pathogenesis includes a high frequency of genetic variation in order to escape 

the host’s immune surveillance. As an RNA virus, the reverse transcription process bears 

with a high extent of error. In patients on antiretroviral therapy, drug resistance could 

develop due to the frequency of genetic variations in a great extent [6]. In these 

circumstances, ART is inadequate. The current HIV treatment strategy uses combination 

of antiretroviral therapy (cART), also known as highly active antiretroviral therapy 

(HAART). cART is a combination of two or more ARV drugs with multiple drug targets. 

It can effectively maintain HIV viremia at undetectable levels and has successfully 

transformed HIV/AIDS from a lethal illness into a chronic disease. cART increases HIV+ 

patients' life expectancy, improves life quality, and reduces disease progression rate [12]. 
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UNAIDS data has shown a reduction of AIDS-related death numbers by 45% since 2005 

peak, as well as a decreased number of newly infected people. In addition to viral control, 

it also produces recovery of immune cells, such as CD4+ T cell, numbers and function, 

which restores immune functions [13-14]. cART has been the first-line treatment for HIV 

for years now and has proven to suppress viral replication and reduce drug resistance. 

cART has significantly decreased HIV and AIDS-related mortality and morbidity. The 

development of these HIV medicines represents a breakthrough in finding a cure for 

HIV/AIDS. 

Table 1.2 shows examples of cART combinations with multi-class ARVs. The 

strategies of combination therapies mainly include NRTIs and NNRTI, plus an integrase 

inhibitor or a protease inhibitor. Besides the comnibation of ARVs, regiments can be 

supplemented with complementary drugs including enhancers and CCR5 antagonists 

[15].   

Table 1.2 Examples of multi-class combination products for HIV treatment [8]. 

Brand Generic Name Class combination 

Atripla 
efavirenz, emtricitabine and 
tenofovir disoproxil fumarate NNTIs + 2*NRTIs 

Complera 
emtricitabine, rilpivirine, and 
tenofovir disoproxil fumarate NNTIs + 2*NRTIs 

Evotaz atazanavir sulfate, cobicistat PIs + Enhancers 

Prezcobix cobicistat, darunavir ethanolate PIs + Enhancers 

Stribild 
elvitegravir, cobicistat, emtricitabine, 
tenofovir disoproxil fumarate 

Integrase inhibitor + 
2*NRTIs 
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1.1.4 Drawbacks of Current HIV Treatment 

cART has been provided tremendous progress in HIV treatment. It has turned a 

terminal disease into a chronic disease. Unfortunately, no cured cases have been reported 

based on cART strategies. Furthermore, there are a number of limitations with current 

antiretroviral drug therapies. 

1) Poor bioavailability and solubility: Most of the ARVs listed in Table 1.1 are 

used in oral solid dosage forms. Generally, oral dosage form drugs suffer from the first-

pass effect, which significantly reduces drug concentration during the absorption process 

and limits the active gradient concentration in system circulation [16]. The drug 

molecules can be exported by multidrug-resistant efflux proteins (MRPs) such as p-

glycoprotein (p-gp) on the GI tract. Some of the HIV ARVs have low solubility in water. 

The poor solubility increases the difficulty of being absorbed by systemic circulation.   

2）Adherence difficulties: HIV replication is a rapid process and with a high rate 

of mutation to escape the detection by the immune system. Combination of ARVs has 

proven to reduce viral replication to undetectable level in bloodstream and reduce drug 

resistance caused by ARVs. In cases using ARVs with short half-lives, treatments ask for 

administration with consistency and a certain frequency to maintain antiretroviral 

efficacy. Adherence to the treatment limits drug resistance, viral rebound, and disease 

progression.  

Adherence becomes a difficulty for patients, because treatments usually require 

multiple doses of multiple pills a day [17]. Missing pills or interruption will lead to viral 

rebound due to the presence of HIV reservoirs and drug resistance because of the high 
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mutation rate [18]. When drug resistance appears, a new therapeutic regimen will be 

required, and other related side effects may appear. 

Patient adherence to drug regimens can be a major issue. In one study, only 71% 

of prescribed HIV ART doses were taken due to high costs of the combination ARVs 

[19]. Another reason for adherence failure is the oral dosage form. Oral dosage forms, 

which are preferred dosage formulation, may be hard for adolescent or younger people 

and the elderly to use. Oral dosages include pills, capsules, tablets, or even suspensions. 

Long-term oral dosage generates side effects in the gastrointestinal tract. There are 

currently over 1.7 million children are suffering from HIV infection worldwide in 2018 

[137]. Long-acting intravenous injection may provide a consistent drug concentration for 

those who have difficulties taking an oral dosage form.   

3) Severe side effects: cART can decrease the viremia in the blood to an 

undetectable level and reduce drug resistance. These medications are, however, 

associated with side effects, some of which can be severe. Side effects can be short-term 

such as constipation, fever, and metabolic disorders, or long-term such as liver disorders, 

muscular dystrophy. Some severe side effects include cardiovascular disease and 

neurocognitive disorder [20]. It has been proven that a higher concentration of drugs in 

systemic circulation would lead to better treatment effects. It is essential to control the 

virus with a specific concentration of drugs to reduce side effects.  

4)Viral rebound: The main cause of viral rebound is the presence of HIV 

reservoirs [21,22]. Data has shown that lower drug concentration reach these reservoir 

tissues when compared to systemic concentration [23]. Moreover, the antiretroviral 

efficacy of HIV drugs is proportional to drug concentration [24]. Viral rebound is not 
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caused by drug resistance. It occurs within 2-8 weeks after treatments are ceased even 

with the HIV+ patients who adhered to the treatments. The integrated viral genome can be 

transcriptionally silent, also known as latent. A latent virus lacks the ability to produce 

protein. Viruses within the reservoirs are resistant to some of the ARVs and the immune 

system [25]. They can evade immunosurveillance for a long time [26]. Residual viruses 

extracted from lymphatic tissues still can be detected and fully fictionized. They are still 

responsive to cART, even though the donors are from HIV+ patients with undetectable 

viremia in their blood [27]. The presence of biological barriers such as blood-brain 

barriers and blood-lymphatic barriers can limit the amount of drugs that can enter the 

reservoir tissues. Viruses replicate, integrate, and are stored in the host’s slow-replicating 

immune cells such as memory cells and active replicating cells such as CD4+ T cells, 

monocytes, and macrophages [28-29]. cART exhibits not enough sufficient effectiveness 

in eliminating viral reservoirs since the lymphatic cells are present less than 2% of the 

total lymphatic cell numbers in systemic circulation [7, 30]. Several newly discovered 

receptors on the surface of reservoir cells, for example, CD32 are currently being 

evaluated. Better treatment strategies towards viral reservoirs are urgently required.  

Irrespective of the impediments of the current treatment strategy, HIV remains an 

uncured disease. Novel treatment ideas and strategies are being investigated. Rare 

exceptions to expected reactions to HIV infection have drawn significant research 

interest. Some individuals with rare genetic variations respond differently to HIV 

infection. Some individuals, for example, maintain high CD4+ T cells numbers with HIV 

infection [138]. Furthermore, a small set of people are able to suppress viremia without 

cART, also referred to as long-term non-progressors [139]. To date, two cured cases have 
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been reported, including the “Berlin patient” in 2008 and another patient in 2019. They 

were both treated with stem cell transplants for the treatment of acute myeloid leukemia 

(AML). Their donors had a CCR5 delta 32 mutation, which inhibits HIV cell entry 

[31,140]. Cell transplantation caused a change of the whole immune system. This 

treatment strategy has successfully avoided using cART and has cured HIV. While 

inspiring to cure enthusiasts, this approach is not applicable to a broader population. 

Despite the low success rate, efficient suppression of viral loads is controlled by 

consistent usage of oral cART, however, prescription adherence and patient’s compliance 

are not negligible challenges. Curing HIV/AIDS is still an unmet need. Sustained efforts 

are required to develop safe and efficient approaches. 

1.2 Reservoir as a New Target Option 

1.2.1 Formation and Classification of Reservoirs  

Viral reservoirs have complicated the treatment of HIV infection. It is challenging 

to deliver ARVs to reservoirs due to their poor penetration of reservoirs tissues and 

biological barriers. The presence of reservoirs causes significant drawbacks, such as 

long-term drug therapy, drug resistance, and viral rebound. It is a major obstacle to HIV 

treatment.  

There are two hypotheses about the formation of HIV reservoirs. One is the pre-

activation hypothesis, which indicates that HIV directly infects resting CD4+ T cells. 

Another is post-activation, which states that after the infection, CD4+ T cells become 

resting cells instead of undergoing cell death or interaction with the immune mechanism 

[32-34]. After viral RNA is transcribed into DNA, the viruses can integrate into the host 

DNA and start the replication cycle without releasing the latent virus [35,36]. The half-
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life of infected immune cells significantly increases from between 0.7 to 1.1 days to 

between 4.6 to 44.2 months based on cell types [37-39]. The prolonged half-life furnishes 

a stable and persistent environment for HIV reservoirs.   

Cellular reservoirs and anatomical reservoirs compose HIV reservoirs, as shown 

in Figure 1.3. Viruses replicate in cellular sites such as dendritic cells, macrophages, 

natural killer cells, and memory cells. Viral DNA is stored mainly within central memory 

T cells, effector T cells, and transition memory T cells [40-42]. Then these cells 

transform into mature memory T cells with a long half-life and join the lymphatic 

circulation. Macrophages are the main cellular sites for HIV infection. Macrophages, 

which are immune cells, is transported through biological barriers and exist in almost 

every tissue. HIV activated macrophages maintain a as long as 30-45 days half-life. They 

are more easier turned into latency status compared with CD4+ T cells, which are 

preferred to viral cytopathic effects [43-45]. Data has demonstrated that activated 

macrophages overexpress biomarkers such as the folate receptor [46]. Drugs formulations 

targeting the folate receptor could be promising strategies for HIV treatment. 

Viruses infect anatomical sites, such as lymphatic tissues and the brain. Viral load 

is still above threshold within these tissues even though the viral concentration in the 

blood is below detectable level. The virus enters anatomical reservoirs in a very early 

stage of the infection due to transportation of macrophages of the bone marrow, and it is 

impossible to eradicate the viruses from these reservoirs. ARVs achieve limited 

concentration in the reservoirs due to the tight junction of biological barriers such as the 

blood-brain barrier (BBB) and pump-out protein, multidrug resistant proteins on the cell 

surface like p-gp [47]. 
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Figure 1.3 Schematic illustration on major HIV cellular and anatomical reservoirs. The 

relative size of the reservoir is represented by the size of the compartment as shown. TCM, 

central memory CD4+ T cells; TTM, transitional memory CD4+ T cells; TEM, effector 

memory CD4+ T cells; TN, naïve CD4+ T cells; TSCM, CD4+ T memory stem cells; NK 

cell, natural killer cell; CNS, central neural system; LNs, lymph nodes; GALT, gut-

associated lymphoid tissue [134].  
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The lymphatic system is the primary anatomical reservoir with 98.6% of viral 

RNA detected in this location. In the lymphatic system, lymph nodes and gut-associated 

lymphatic tissues (GALT) are important HIV infection sites with the order of 105 of viral 

DNA detected [48-50]. The inability of oral ARVs to reach the lymphatic system can be 

elucidated from two perspectives: physiologic and anatomic, as shown in Figure 1.4. 

Orally dosage forms drugs are absorbed by stomach and transported by portal vein to the 

systemic circulation in the bloodstream. Lymphatics prefer to absorb lipophilic drugs 

(LogP >5) [51]. Limited small molecule drugs will be transported into lymphatic 

systems; however, they will be reabsorbed into the blood stream.  

The presence of vast numbers of CD4+ T lymphocytes, inadequate immune 

surveillance, limited drug concentration, and rapid replication are the main reasons for 

the inefficient viral suppression. A combination of challenges, such as the complicity of 

integration sites, variabilities of latency maintenance, and stability for cellular sites, 

complicate the elimination of viruses from reservoir cells and tissues.  

 

Figure 1.4 Modified figure of access routes to the lymphatics after oral administration. 

Oral delivery of drugs leads to different pathways based on lipophilicity [51].  
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1.2.2 Current Treatment Strategy Targeting HIV Reservoirs  

It is well known that the persistence of HIV reservoirs is a central treatment 

obstacle that needs to be overcome. Several treatment applications have been researched 

to address HIV reservoirs, including traditional cART using in an early stage, reactivation 

of latently infected HIV reservoirs, cutting-edge strategies gene therapy, and 

immunotherapy.  

1) Early cART: Although the exact time of reservoir formation is unknown, the 

establishment of HIV reservoirs is thought to occur from the first phages of HIV 

infection. Nishimura et. al examined HIV infected non-human primates, and presence of 

reservoirs began on the third day [52]. Treatment with cART in the acute stage of 

infection demonstrated a faster shrink of HIV reservoirs in size and early cART presented 

a better-preserved immune function when compared with delayed cART. The well-

known “Mississippi baby” case, however, demonstrated the opposite conclusion. This 

baby’s mother was HIV+, and cART started 30 hours after birth and lasted for 18 months. 

Unfortunately, viral rebound occurred two years later [53,54]. cART can control viremia 

and reduce viral load to undetectable level but it cannot efficiently prevent virologic 

remission as a result of viral reservoirs due to the limitation of drug penetration and 

insufficient drug exposure in viral reservoirs [55,56]. 

2) Reactivation of latently infected HIV reservoirs: Viral rebound usually occurs 

in about two to three weeks after the cessation of treatment. The presence of viral 

reservoirs is accepted as the main reason for the rebound, so novel strategies are focused 

on these reservoir cells and tissues. The "shock and kill" strategy, which is to reactivate 

virus within latently infected HIV reservoirs, uses a latency-reversing agent to reactivate 



 
 

17 

provirus inside the cells and terminate it with viral cytopathic effects and the host’s 

immune system [57-59]. Reactivation of HIV reservoirs is usually combined with cART 

to avoid spreading the newly activated virus and the formation of new reservoirs. 

Examples of latency reactivation agent includes histone deacetylase inhibitors, histone 

methyltransferase inhibitors, and protein kinases C agonists [141]. These are either FDA 

approved or under clinical investigation. Although the latency-reversing agency in the 

"shock" step provides an increased concentration of viral RNA, no mature and efficient 

“kill” method has been developed at this time This strategy is controversial because of its 

off-target side effects and activation of the global immune response. The efficacy of 

reservoir reduction and eradication remains unproven. 

3) Gene therapy: Gene therapy has been widely explored for various incurable 

diseases recently [142]. In HIV treatment, excising the provirus from the host genome 

with gene editing is a possible strategy. Gene editing uses enzymes such as homing 

endonucleases, evolved recombinases, zinc finger nucleases, and CRISPR/Cas 9. These 

enzymes have been proved efficient in in vitro and in vivo mice models using adeno-

associated virus (AAV) as a delivery carrier [60]. RNA interfering (RNAi) and small 

interfering RNA (siRNA) are also efficient gene-editing agents. siRNA has shown the 

potential ability to overcome the high mutation rate of virus replication. Gene editing has 

also been used to knock out CCR5 to block virus entry in a mouse model [60]. The 

widespread of reservoir sites, limited latently infected cell numbers, insufficient targeting 

efficiency caused off-target side effects, and low frequency of infection remain major 

challenges for gene therapy. Furthermore, AAV as the carrier system may create 

additional safety issues.  
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4) Immunotherapy: Immunotherapy strategies are being studied for application as 

HIV treatments in primarily three methods. With HIV therapeutic vaccines, CD8+ T cells 

are widely studied to activate the immune system and to kill the virus-producing cells. In 

theory, this method would decrease the number of infected cells and control the disease. 

To date, however, this method has failed to show efficient decreases in the size of viral 

reservoirs and new safety problems have arisen [61,62]. Programmed cell death protein 1 

(PD-1) is a well-characterized regulator in immune regulatory pathways and is being 

studied as a possible therapeutic avenue in HIV infection. In this approach, CD8+ T cells 

are designed to overexpress PD-1 to activate the immune system to inhibit or block PD-1 

due to the cells specificity. Data has shown that the minimizing level of reservoirs is 

proportional to the PD-1 expression level [63]. Furthermore, the use of PD-1 on primates 

showed positive results in controlling HIV replication and HIV reservoir formation.  

Another possible immunotherapy for HIV treatment is using chimeric antigen 

receptor (CAR) T cells. This methodology has been successfully applied to multiple 

types of cancer. CD8+ T cells are designed to overexpress CAR by gene-editing. The 

overexpressed CAR binds and lyses HIV infected CD4+ T cells. Unfortunately, this 

strategy failed in the clinical trials. Recently, CAR was induced on hematopoietic stem 

and progenitor cells (HSPCs) to generate numbers of CAR-T cells. This method was 

effective for virus control and reservoir size control in a non-human primate HIV-

infection model [64].   

These strategies are all pioneering examples of HIV treatments targeting viral 

reservoirs. Most of them, however, are still in early-stages and have several issues such 

as limited target engagement and safety issues. Novel strategies with acceptable safety 
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and efficacy profiles are still necessary to increase drug exposure into reservoirs. A drug 

delivery system with a high capacity of ARVs and the ability to cross the biological 

barriers that targets viral reservoirs could address this issue. 

1.3 Emerging Nanocarriers with HIV/AIDS Chemotherapy         

Current HIV treatments suffer from various drawbacks such as a risk of severe 

side effects, viral rebound, patient compliance issues, and they are unable to address viral 

reservoirs. Novel HIV treatment strategies are being developed, however, none of them 

have demonstrated the ability to address viral reservoirs. The “shock and kill” method 

fails to shrink reservoir sizes in vivo with limited specificity. In addition, “shock and kill 

method” requires two compounds and choosing two compounds whose PK properties are 

similar enough to work in tandem is very challenging. Gene therapy suffers from off-

target side effects and a low rate of transfer of the gene therapy from the carrier vector to 

the patient. With regard to immunotherapy, both PD-1 and CAR-T strategies have 

demonstrated an ability to control virus infection and a decrease of reservoirs in the early 

stages using animal models. Clinical data prove their efficacy and safety, however, has 

not been reported to date. The complexity of HIV infection and the persistence of viral 

reservoirs requires a new approach. 

Nanotechnology, by definition, is a manipulation of matter on an atomic, 

molecular, and supramolecular scale with dimensions and tolerances of < 100nm. It is 

widely studied within multiple scientific cross disciplines, such as materials sciences, 

pharmaceutical sciences, chemical and physics. In pharmaceutical sciences, nanocarriers 

are colloidal systems ranging from 1 to 100 nm, containing therapeutic agents. 

Nanocarriers are as promising therapeutic strategies for disease treatment due to several 
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crucial attributes, including the ability to deliver low solubility molecules, delivery of 

multiple drugs in one vehicle, increased circulation and retention time, potential side 

effects reduction, sustained release, and drug efficacy enhancement. Some nanocarriers 

can be modified with ligands or designed into different shapes in order to specific cells or 

tissues. These modifications have been widely studied for possible application in disease 

treatments. Furthermore, nanocarriers can be fabricated with kinds of components, such 

as lipids, mental, ceramics, carbon nanotubes, polymers and inorganic materials. 

Nanocarriers can be designed to be biodegradable, biocompatible, and can be 

functionalized depending on material selection and manufacturing processes [65,66]. 

Nanocarriers can encapsulate a variety of drugs, including prodrugs and analogs. 

When drugs are encapsulated, the overall properties of the system are dictated by 

the materials composing the nanosystem. In addition to the advantages mentioned above, 

nanocarriers can have unique surface and scale effects, differencing from different 

materials, including controllable size, surface charge, and the large surface-to-volume 

ratio [67]. Based on years of investigation, many simple nano-drug formulation products 

without targeting properties have been approved by the FDA. Table 1.3 shows some 

examples of commercially available nanomedicines in the US. 

The opportunity for favorable properties of nanocarriers such as the ability to 

improve solubility and bioavailability, improve active targeting, prolong circulation time, 

and provide sustained release makes nanocarriers a promising approach for targeting viral 

reservoirs in HIV treatment [68,69]. Furthermore, considering the drawbacks of current 

HIV treatment strategies, nanoformulations may be able to address some of the 

limitations of current oral cART. The development of long-lasting nanoformulation, for 
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example, could significantly improve patient compliance. Tailored structure and specific 

targeting ligands may allow delivering ARVs to HIV reservoirs, thereby reduce treatment 

fatigue and viral rebound in HIV+ patients. 

Applying nanoformulated drug delivery system for HIV treatment towards viral 

reservoirs has been studied and data shows promising results [70]. With targeting ligand 

conjugated with nanocarriers, drug loaded delivery system could address drug 

concentration insufficiency problem by increasing the targeting efficacy. Furthermore, 

with the protection of nanocarriers, circulation time of the platform could be prolonged 

by escaping from cellular efflux and metabolism. The increased drug concentration may 

reduce the dosage so that to decrease the occurrence of side-effects caused by cART. 

Since the presence of drug resistance, nanocarriers have the capacity to encapsulate drugs 

even with different physicochemical characteristics to increase efficacy and combat drug 

resistance. To conclude, patient compliance and therapeutic efficacy are possible to 

increase with the application of nanocarriers. Overall, nanomedicines composed of safe 

materials and effective therapeutic agents hold promise towards eradicating HIV/AIDS 

within HIV reservoirs. 
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Table 1.3 Examples of nanomedicines currently approved in the US market 

nanomedicine 
class 

brand name  therapeutic 
indications 

administration Ref 

nanoparticles AbraxaneÒ breast cancer, non-
small-cell lung, 
pancreatic cancer 

IV [119] 

CopaxoneÒ multiple sclerosis SC [120] 

liposomes DoxilÒ AIDS-related 
Kaposi’s Sarcoma, 
multiple myeloma, 
ovarian cancer 

IV [121] 

AmBisomeÒ fungal infection IV [122] 

DaunoXomeÒ advanced-HIV-
related Kaposi's 
Sarcoma 

IV [123] 

DepoCytÒ lymphomatous 
meningitis 

IV [124] 

DepoDurÒ Chronic pain Epidural 
space 

[125] 

VisudyneÒ macular degeneration IV [126] 

nanocomplex FerahemeÒ iron deficiency 
anemia  

IV [127] 

OncasparÒ acute lymphoblastic 
leukemia 

IV [132] 

nanoemulsions Invega 
sustennaÒ 

schizophrenia IV [133] 

nanocrystals EmendÒ Emesis, antiemetic oral [128] 

RapamuneÒ immunosuppressant oral [129] 

Megace ESÒ Anorexia, cachexia oral [130] 

TriglideÒ hypertriglyceridemia oral [131] 
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1.3.1 Nanocarriers Targeting Central Nervous Systems (CNS) 

HIV viruses cross blood-brain barriers quickly and infect the brain cells very early 

after initial infection. It can be detected in the cerebrospinal fluid (CSF) in a non-human 

primate model as early as eight days after infected with HIV viruses [71]. This process is 

mediated by mononuclear phagocytes [72]. Once the virus gains latency inside the brain 

cells, they can escape immune cell surveillance. Upon endogenous or exogenous 

activation, these cells could produce an active virus. The CNS is the main HIV viral 

reservoir in drug persistence. The presence of the virus in the nervous system can cause 

neurological disorders, and the most well-known is the HIV-1 associated neurocognitive 

disorder (HAND), may lead to diseases such as multifocal leukoencephalopathy, and 

provide an opportunity for CNS infections with tuberculous or cryptococcal meningitis. 

In one study of HIV+ patients, Edén, Arvid, et al reported the >50% of patients suffered 

from some level of neurological disorder [73]. The virus concentration inside the brain is 

high enough to be measured using cerebral spinal fluid with 30 HIV+ patients, even with 

an undetectable level of viremia with cART [74]. Generating sufficient ARV 

concentration in the CNS could help lessen the viral concentration to undetectable levels 

in the CNS [75]. The main obstacle for drug delivery to the brain is the BBB, which is 

composed of a layer of brain microvascular endothelial cells. The tight junction between 

the BBB endothelial cells strictly limits entry of compounds into the brain. In addition, 

drug efflux transporter expressed on the endothelial cells on BBB, such as P-gp, can 

pump some ARVs out of the cells, which hampers their intracellular accumulation.  

BBB is the most critical barrier for drugs delivered into the brain. Many efforts 

have been focused on overcoming the BBB, but there have not been any significant 
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breakthroughs for HIV treatment [143]. Thus, an effective treatment of HIV-1 infection 

that can cross BBB and evade drug efflux to delivery and maintain sufficient drug 

concentration in the brain is still urgently needed.   

Permeability of BBB can be predicted by determining the ratio of CSF and 

plasma area under the curve (AUC) of unbound drugs. Most of the ARVs being 

investigated for BBB permeability are protease inhibitors. The cerebrospinal fluid to 

plasma ratio is low in most of the protease inhibitors such as atazanavir (ATV), nelfinavir 

(NFV), and indinavir (IDV), and these drugs may be substrates of p-gp transporters. 

Compared with protease inhibitors, at steady-state conditions, the cerebrospinal fluid to 

plasma ratio is nearly one for Zidovudine (AZT), indicating a better BBB permeability 

[144]. 

Nanotechnology may be a promising strategy for improving drug penetration into 

brain cells. Some examples have shown successful delivery of ARVs into the reservoir 

sites, escaping the physiological barriers of the BBB. Potential advantages of 

nanocarriers over conventional delivery methods include the capability to encapsulate, 

conjugate, and incorporate multiple drugs into nanocarriers and deliver them to targeted 

cells or tissues. The use of nanoparticles may enhance CNS delivery by increasing drug 

concentration by passive targeting, or active targeting, and using receptor-decorated 

nanocarriers to bypass efflux transporters at BBB. Table 1.4 shows some examples of 

using nanocarriers to deliver drugs into the brain through BBB with in vitro assays and 

animal models. Nanocarriers can enhance drug concentrations inside the brain and 

achieve a prolonged circulation time. 
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Table 1.4 Examples of nanocarriers deliver ARVs into the CNS with in vitro screening 
studies and animal models 

Category Delivery system AVR drug Major findings and comments ref 

Active 
targeting 

TAT decorated 
polymeric NP ritonavir 

Enhanced CNS bioavailability 
of ritonavir; maintained drug 
levels in the brain  [86] 

 

transferrin 
coupled 
submicron lipid 
emulsion indinavir 

2-5-fold higher therapeutic 
availability of indinavir in brain 
than drug solution; brain to 
serum ratios above one,  [87] 

Passive 
targeting 

polymeric NP 
with PBCA/ 
MMA-SPM 

zidovudine
lamivudine 

Increased BBB permeability by 
8-20 and 10-18 folds, 
respectively; increased BBB 
permeability by 100%  [77] 

 
PBCA/MMA-
SPM 

Stavudine, 
delavirdine
saquinavir 

Increased BBB permeability by 
3-16 folds [110] 

 

Polymeric NP-
PBCA, MMA-
SPM, SLN saquinavir 

Enhanced penetration through 
BBB; the penetration level was 
SLN>PBCA>MMA-SPM [111] 

 

Intra-nasal 
PEO-PPO 
Polymeric 
micelle efavirenz 

4-fold increase of 
bioavailability, and 5-fold 
increase of the relative exposure 
index compared with IV [112] 

 liposome zalcitabine 
Improved of drug half-life and 
showed no abnormalities  [76] 

 

magnetic 
AZTTP 
liposomal  

AZTTP 
(active 
form of 
AZT) 

3-fold higher AZTTP drug 
concentration through BBB 
than free AZTTP with an 
external magnetic field [113] 

 

 
 
 
 
 
nanoemulsion 

 
 
 
 
 
saquinavir 

polyunsaturated fatty acids 
(PUFA); Lipoid-80. Cmax and 
AUC increased by 3-fold in 
brain 

 
 
 
 
 
 
[80] 

 

peptide 
decorated 
cationic nanogel 

5'-
triphosphat
es of 
NRTIs 

10-fold suppression of retroviral 
activity and reduced virus-
associated inflammation in 
mouse model compared to free 
NRTIs [81] 

 

albumin 
decorated 
nanosuspension nevirapine 

Enhanced accumulation in 
brain, liver and spleen 
compared to pure drug solution [82] 
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As early as the late 1980s, a liposome was developed to encapsulate ARVs. The 

Howell lab encapsulated zalcitabine into a multivesicular liposome. This system showed 

increased half-life by 23-fold compared with free drug, increasing from 1.1h to 23h in the 

Sprague-Dawley rat model and moreover, it showed no abnormalities in the behavior of 

the rats when dosed at 50 µg [76]. This is the first example of several investigators 

studying nanocarriers for CNS delivery. The properties and mechanisms of action of 

nanoparticles have been under investigation since then. The data gathered by Chen et al. 

showed drug loading efficiency increased, and the permeability decreased with an 

increase in the particle size. In some cases, BBB permeability can be enhanced with a 

certain amount of ethanol [77].  

Polymer-based nanoparticles count for a majority application for CNS targeting. 

Polymers, either natural or artificial, are favorable materials in nanocarriers for CNS 

delivery for their safety, stability, and modality. The synthesis of artificial polymers is 

inexpensive and straightforward. Proteins, polysaccharides, and polyesters are all 

common sources of polymers. Polymers include poly (alkyl cyanoacrylates) and 

polyesters. Most widely studied polymers are poly (butyl cyanoacrylate) (PBCA), poly 

(lactic acid) (PLA), poly (glycolic acid) (PGA) or their copolymer poly (lactide-co-

glycolide) (PLGA). PBCA is widely used in nanoformulation targeting to CNS, because 

of its rapid biodegradation and safety profile. Surfactant-coated nanoparticles are the 

most investigated models in CNS delivery. Surfactants on the surface of nanoparticles 

helps them to penetrate the BBB by absorption of low-density lipoproteins (LDL) from 

blood plasma onto the nanoparticle surface and then interacting with the LDL receptors 

on BBB. Surfactant types influence penetration across BBB significantly. Kreuter and 
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Schroeder have studied 12 different kinds of surfactants coating on the surface of PBCA 

NPs. Data indicated that polysorbate 20,40 and 60, especially 80 coated NPs showed 

significantly enhanced penetration across BBB among other tested surfactants, including 

poloxamer 184, 188, 388, 407, 908, Brijâ 35, Cremophor EZ and Cremophor RH 40 

[78]. 

Lipid formulations, such as liposome and solid lipid nanoparticle, are popular in 

brain targeting as a result of their rapid uptake by brain cells, biocompatible and 

biodegradable materials, and their safety profile in animals. The lipophilic materials 

enhance penetration cross BBB. Additionally, the penetration can be improved by BBB 

targeting moiety or cell-penetrating peptides decoration on the surface of the delivery 

system [79]. Nanoemulsion is a promising strategy for brain delivery. One study has 

developed a nanoemulsion as a nanocarrier for ARVs delivery to the brain [80]. They 

picked one of the essential polyunsaturated fatty acids, flax-seed oil, as the oil core and 

coated it with surfactants Lipoid-80 and dexoycholic acid. This nanoemulsion was used 

in both oral dosage and intravenous dosages. Data has shown an increased Cmax and 

AUC by 5- and 3- fold compared to that of aqueous suspension in the brain using a rat 

model when delivered at 0.5ml containing 200µg of free drug. Several other types of 

nanocarriers have been investigated in animals for CNS delivery, such as nanogel [81] 

and nanosuspension [82].  

Active-targeting drug delivery system across the BBB occurs via receptor-

mediated endocytosis or caveolae-mediated endocytosis, followed by transcytosis into the 

brain or by drug release within the endothelial cells. Methods of targeting ligand 

modified on the surface of nanocarriers includes covalent conjugation with targeting 
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ligands or coating with specific protein [83]. For active targeting nanocarriers, 

physicochemical properties, such as bioavailability, biodegradability, and toxicity, are 

key issues. 

Cell-penetrating peptides (CPP), such as SynB vectors and trans-activating (Tat) 

protein, have been investigated as enhancers of cellular permeability in drug carrier 

systems [84]. A study has developed a PLA NP with TAT conjugated and ritonavir 

encapsulated. Protein transduction domains (PTDs) of the Tat-peptide can pass through 

biological membranes. The enzyme b-galactosidase was covalently linked to TAT and 

that allowed the combined system to be transported across the BBB in mice via the TAT 

pathway [85]. A Tat decorated polymeric NP has shown an enhanced brain drug level, 

which is 800-fold higher than that with the free drug solution in mice model with the 

administration of 45mg/kg of free drug. In addition, NP help maintain drugs in brain cells 

for two weeks, with four weeks’ metabolism time [86]. Another study developed 

transferrin coupled with submicron lipid emulsion. It showed a 2-5-fold higher 

therapeutic availability of indinavir in the brain than free drug solution when this drug 

was delivered to male mice at 5 mg/kg body weight via i.v. through tail vein. The brain to 

serum ratios was above one, indicating the brain delivery specificity [87]. 

1.3.2 Intracellular Drug Delivery  

Cell-mediated drug delivery strategy uses functional cells as the drug cargos to 

deliver therapeutic agents into targeted cells or tissues with a more selective, active, and 

safe profile, especially in HIV treatment [88]. Table 1.5 lists some examples of in vitro 

and animal studies using nanoformulation delivery ARVs into cellular viral reservoirs, 

such as infected CD4+ T cells, macrophages, and dendritic cells.  
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Macrophages are distributed into almost every tissue in the human body, 

especially in the lymphatic system. Macrophages can be used to deliver nanocarriers 

encapsulated with ARVs into viral reservoirs using the "Trojan Horse" theory. This 

approach could prevent ARVs from metabolism and excretion so to enhance 

antiretroviral efficacy. In addition, the nanoparticles could facilitate targeting activity and 

controlled drug release by conjugated with different kinds of active proteins or targeting 

moiety to enhance endocytosis, phagocytosis, and cell migration [89]. To increase 

specificity, a targeting ligand is needed. Since folic acid is reported to be overexpressed 

in HIV-infected macrophages, decorating nanoformulation with folate acid has been 

studied and data has shown it is an effective strategy to enhance nanocarriers’ uptake by 

HIV infected macrophages. A nanoformulated crystalline encapsulating three ARVs 

showed enhanced drug penetration into monocyte-derived-macrophages with folate 

conjugation in NOD/scid-g(c)(null) mice reconstituted with human peripheral blood 

lymphocytes by three- to four- fold higher than noncoated particles [90]. A folic acid 

decorated nanocrystal has significantly increased drug bioavailability by five times and 

drug biodistribution by a hundred times, respectively. This nanocrystal also produced 

enhanced drug concentration in spleen and lymph nodes compared with free drug 

solution in the in vivo HIV-infected mouse model by administration of 50mg/kg of native 

drug [91]. Folate decorated polymeric nanoparticles have enhanced retention of 

nanoART within the endosome, up to 5-fold enhanced tissue drug levels compared with 

atazanavir/ritonavir drug solution in mice models with administration of 50 or 100 mg/kg 

of given drug by intramuscularly route of administration [92]. Another polymeric NP 

showed a 10-fold higher macrophage penetration compared with free drug solution with a 
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mice model by administer 100 µl, 250µg of given drugs by injection [93]. Besides 

organic nanoparticles, inorganic nanocarriers composed with iron oxide (IONPs), gold 

(AuNPs), silver (AgNPs), quantum dots, silica, and carbon nanotubes, have been studied 

widely as a drug delivery system. They can be decorated and tracked and are studied in 

diagnoses and treat diseases. The small size of AuNP facilitates entry into cells and 

tissues, with potential modification with targeting ligands and drugs. The controllable 

shape and geometry can predict and modulate their PK behavior in vivo. A gold 

nanoparticle, carrying with stavudine, for example, has demonstrated a significant 

potentiation of antiretroviral drugs uptake by mononuclear phagocyte system (MPS). 

These studies, however, have not been validated in clinical trials.  

The CD4+ T cell is another primary viral target. By coating or conjugating with 

targeting ligands, nanoparticles can achieve enhanced cell-specific delivery and 

accumulation. The application anti-CD4 monoclonal antibodies, or their fragments, can 

be good candidates to deliver nanocarrier to CD4+ T cells due o the high specificity of 

antibodies. Lipid coated PLGA nanoparticles with anti-CD4 mAb or its fragments on the 

surface showed an enhanced binding affinity with CD4+ T cells. They have a 3-to-10- 

fold increase in binding affinity to CD4+ T cells compared to CD 8+ T cells. Data has also 

indicated that negative surface charges produced better targeting behavior than neutral or 

positive [95]. Magnetic IONPs have specific advantages over other materials including 

the ability to design specific targeting with the principle of magnetics, and the possibility 

to convert magnetic fields to heat energy. Besides magnetic IONPs are with controllable 

size, biocompatible and safety profile and controlled drug release [96].  
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Table 1.5 Examples using nanoformulation to deliver ARVs into cellular viral reservoirs 

targeting  delivery system drug major findings and comments ref 
CD4+ T 
cells  

lipid coated 
PLGA NP 

 Surface conjugated with a CD4 antibody 
or its fragments negative lipid NP showed 
high binding in vitro to the human T cell 
line and PBMC, which is 3 to 10-fold 
higher binding specificity for CD4+ than 
CD8+ T cells  

[95] 

 anti-CD4 
conjugated 
immune 
liposome 

nevirapine
saquinavir 

Inhibited viral proliferation at a 
significantly lower concentration as 
compared to free drugs  

[114] 

 lipid NP Indinavir Peptides that selectively binding to CD4 
receptor would enhance drug 
concentration delivered to CD4+ T cells  

[115] 

 peptide-
conjugated 
lipid NP 

Indinavir Enhanced binding and efficient delivery 
of indinavir to CD4+-HIV hose cells, 
minimized immune recognition of 
peptides, and enhanced anti-HIV effects 
with limited time exposure 

[116] 

 iron oxide 
nanoparticle 

thermothe
rapy 

Demonstrated efficient IONPs uptake and 
cell-surface attachment, and modestly 
impacted T-cell function 

[96] 

macroph
age 

folic acid 
decorated 
nanocrystal 

atazanavir Significantly increased drug 
bioavailability and PD by five and 100 
times respectively; enhanced drug 
concentration in spleen and lymph nodes 
in vivo 

[91] 

 folate-modified 
polymeric NP 

atazanavir Enhanced retentions of nanoART within 
endosome, up to a 5-fold enhanced tissues 
drug levels in vivo. 

[92] 

 poloxamer NP abacavir 
prodrug  

Extended drug bioavailability for 2 
weeks, with comparable antiretroviral 
activity 

[117] 

 nanoformulated 
crystalline 

atazanavir 
ritonavir 
indinavir 
efavirenz 

Up to 77% of nanoART was penetrated 
into HBMEC with folate linking; 3-to4-
fold higher brain penetration compared to 
without folate in mice model 

[90] 

 core-shell 
nanoparticles 

nevirapine 10-fold higher of macrophage penetration 
compared with free drug solution; GLU-
CS-PLGA showed liver and kidney 
specificity 

[93] 

 gold 
nanoparticles  

stavudine Enhanced ARVs taken up by 
macrophages, showed antiretroviral 
efficacy  

[94] 
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1.3.3 Lymphatic System Drug Delivery  

Lymphoid organs and lymph nodes are also essential tissues being infected by 

HIV in acute stage and became viral reservoirs during chronic infection. These tissues 

own the ability to be infected by the virus, to store and host the viruses. Data has 

validated that intracellular drug concentrations in lymph nodes are lower than in blood in 

HIV+ patients on oral cART with undetectable viremia [97]. Lack of sufficient drug 

concentration inside the reservoir tissues may cause viral rebound. The intracellular drug 

concentrations are proportional to the viral loads. While the exact contributions and 

mechanisms still needs to be elucidated, it has been demonstrated that increasing drug 

concentration of viral reservoirs helps reduce residual viral loads and this holds promise 

as novel clinical strategies for HIV/AIDS treatment.   

Researchers are undergoing efforts to improve drug concentration in the HIV 

reservoirs. Therapeutics administered subcutaneously can be absorbed by systemic blood 

circulation or lymphatic system based on the physical properties. Molecules with smaller 

than 16 KDa size, such as peptides and proteins, are absorbed by blood capillaries, while 

particles with size from 10 to 100nm will be taken up by the lymphatic system through 

the interstitium [98].  

Lipid nanoparticles make up a lipid-drug complexes and composed of a one-layer 

structure. Compared with a double layer of lipid formulation, lipid nanoparticles have 

improved stability and are capable of loading hydrophilic drugs. Moreover, lipid 

nanocarriers show extending biodistribution and elimination profiles within human body, 

compared with double-layer structure of liposomes [99]. Ho has developed a lipid-drug 

nanoparticle platform encapsulating a combination of antiretroviral drugs. This 
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nanoparticle system, with a size distribution of less than 100nm, a 50-fold enhancement 

in drug concentration in lymph node compared to that of lopinavir, ritonavir and 

tenofovir solutions in non-human primates and sustained drug concentration for seven 

days after a single subcutaneous dosage, which is greater than that achievable by these 

free drug counterparts (two days) [100-102]. This lipid nanoparticle system can be used 

to deliver other antiretroviral drugs or agents targeting lymph nodes as a long-acting 

formulation [100-102]. Meanwhile, a combination of drugs with different PK parameters 

speeds up the eradication of latent virus inside the lymphatic reservoirs. Several studies 

focus on developing nanocarriers aiming to enhance lymphatic transport after 

subcutaneous administration in mice models [103].  

The application of active delivery therapeutic agents to immune cells is also a 

promising strategy for delivering ARVs into lymphatic systems. Indinavir incorporated 

into anti-HLA-DR immunoliposome, for example, has been developed for targeting 

lymphoid tissues. It has shown up to 126 times of the drug accumulation in lymph nodes 

after 15 days post-injection compared with that of free drug solution in rodents through 

injection. Studies have revealed no significant damage to cells and tissues such as liver 

and spleen compared to the control group [104]. Another study demonstrated that with 

mannose decoration, liposomes showed enhanced penetration into lymphatic systems, 

especially in the spleen and lymph nodes with mice models. Dr. Jain lab also prepared 

surface charged liposomes as a comparison. Regarding to the liposome taken up by 

lymphatic systems, mannose coated > negative charged > positive charged > liposome 

conducted on albino rats by subcutaneously administered 1mg/ml and 5mg/ml [105]. 
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Gut-associated lymphoid tissues (GALT) is also an important HIV reservoir. It 

has been proven that the drug concentration is lower in the GALT than in blood after 

administration in many cases. Nanoparticles have been studied to target GALT in other 

diseases, but there has been limited study of these technologies in HIV treatment. This 

suggests that it may be a promising strategy for eradicating the HIV virus in GALT. 

Dembri et al. studied a poly (iso-hexylcyanoacrylate) nanoparticles encapsulated with 

zidovudine in rats via oral administration. With direct gastric administration, drugs were 

accumulated in the intestinal mucosa, and the drug concentration within tissues was much 

higher than IC50 of zidovudine (30-45 µM vs. 0.06-1.36 µM). This work suggests it may 

be possible to produce a significant improvement in the delivery of other ARVs into gut 

tissues [106]. 
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Table 1.6 Examples of drug delivery systems targeting lymphoid tissues 

Category delivery system drug major findings and comments ref 

Lipid 
nanoparticles  lipid nanoparticle 

lopinavir, 
ritonavir, 
tenofovir 

50-fold higher intracellular 
triple drug concentration in 
lymph nodes compared to 
free drugs [118] 

liposome 

mannose-coated 
liposomes/ negative, 
positive charged 
liposomes zidovudine 

Coated with mannose 
liposomes exhibited 
significant reduction in 
serum, but significantly 
increased concentration in the 
spleen and lymph nodes.  [105] 

dendrimer 
PEGylated 
polylysine dendrimer  

Enhanced lymphatic transport 
by increasing the size of 
PEGylated dendrimer 
complex [103] 

polymeric 
NP 

poly(isohexylcyanoa
crylate) nanosphere zidovudine 

Gut tissue concentration is 
much higher than IC50 of 
AZT, and is regularly 
distributed along the 
gastrointestinal tract [106] 

liposome 
anti-HLA-DR 
immunoliposome indinavir 

Enhanced drug accumulation 
by 126 times compared with 
free drugs and showed no 
cytotoxicity or liver and 
spleen damage [104] 
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1.4 Challenges of Nanoformulations of ARV Drugs  

Nanoformulations can provide advantages such as enhancement of uptake of 

ARVs into targeted cells, which are HIV infected cells and viral reservoirs, improvement 

of pharmacokinetics and pharmacodynamics profile, and controlled release profile of 

ARVs. Nevertheless, some improvements are needed in order for nanocarrier in HIV 

treatment to address issues related to safety issues, off-targets effects, metabolic stability, 

and poor translational success rate in vivo [107-109]. Compared to industry standard 

chemical drug formulations, nanotechnology faces problems in scale-up technology. This 

has been significantly impeded the development of nanoformulation applications. The 

manufacturing methods of nanoformulation are not well established at this time. More 

studies are required to develop methods capable of producing material for clinical 

application.  
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CHAPTER 2 

DEVELOP A FOLATE-MODIFIED NANOEMULSION PLATFORM WITH 

REASONABLE SIZE & PDI, HIGH ENCAPSULATION EFFICIENCY AND 

GOOD STABILITY 

 
2.1 Introduction 

The presence of HIV reservoirs accounts for consistent long-term treatment with 

antiretrovirals (ARVs). Viruses in biological sanctuaries result in viral rebound, shortly 

after cART is ceased. To overcome the viral rebound and eliminate virus sanctuaries, 

numerous attempts, such as “shock and kill” strategy, gene therapy, and immunotherapy, 

are made. However, most researches are in the early stages, facing competitive 

disadvantages, including off-target effects, low efficiency, and low transfection rate. 

Nano-antiretroviral therapy (NanoART) shows enormous potential in HIV treatments [1]. 

Nanoscale drug delivery systems benefit in large surface area to volume ratio, significant 

hydrophobicity capacities, escape of immune system surveillance, and capability of 

artificial decoration [2]. Compared to most ARVs’ oral regimens, nanoART allows 

targeting HIV infected cells and tissues reservoirs, and improve patients compliance [3].  

Nanoemulsions are considered promising drug delivery vehicles for its promising 

capability of drug encapsulation and ability to evade reticuloendothelial systems and 

enhance permeability, thereby improving cell specificity. Remarkably, using 

nanoemulsion targeting macrophages for HIV reservoirs eradication has rarely been 

addressed.  

By definition, the nanoemulsion is a combination of two immiscible liquids 

stabilized by surfactants. Based on the continents and relative distribution of the 
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dispersed phase or multiple phases, nanoemulsion can be classified into biphasic such as 

oil in water (O/W) or water in oil (W/O) and multiple layers such as water in oil in water 

(W/O/W). Figure 2.1 despite the figure of emulsion, the small particle size of 

nanoemulsion provides a clear or hazy appearance, compared with coarse emulsion, it 

exhibit a milky white color. The droplet diameter attained in the dispersion solution for 

nanoemulsion is usually between 20-200 nm in diameter, compared to a micro-sized 

dispersion of microemulsion solution. Nanoemulsions are formed in different dosages, 

including liquids, sprays, creams, gels, and used for various applications, such as 

anesthetics, antibiotics, anti-inflammatory drugs, and immunosuppressants. 

Nanoemulsions are able to undergo lymphatic absorption directly and avoid the first-pass 

metabolism to boost bioavailability for oral dosage forms. Table 2.1 shows examples of 

nanoemulsion applications in clinical trials with different indications.  

 

 

 

 

Figure 2.1 Schematic illustration on structure of nanoemulsion with O/W and multi-layer 

emulsion compared to solid lipid nanoparticles [28]. 

 



 
 

51 

Table 2.1 Nanoemulsions undergoing clinical trials. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Drug Condition Vehicle Route 
Clinical trials 
gov identifier Phase 

5-
aminolevulinic 
acid 

lentigo 
maligna 

nanoemulsion 
light sensitizing 
gel topical NCT02685592 II 

testosterone loss of libido 
PLA 
nanoemulsion topical  NCT02445716 II 

diclofenac osteoarthritis 
nanoemulsion 
cream transdermal NCT00484120 II 

brimonidine 
tartrate dry eye  

nanoemulsion 
solution eye drop NCT03785340 III 

methotrexate 
left ventricular 
remodeling 

lipid 
nanoemulsion IV NCT03516903 II&III 

curcumin joint disease nanoemulsion PO NCT03865992 N/A 

voriconazole 
tinea 
versicolor 

self nano 
emulsion 
intermediate gel topical NCT04110860 II 

BF-200 ALA 
actinic 
keratosis 

nanoemulsion 
gel topical NCT02799069 III 

propylene 
glycol dry eye  nanoemulsion eye drop NCT03492541 N/A 

CoQ 10 

ataxia with 
oculomotor 
apraxia type 1 nanoemulsion PO NCT02333305 III 
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Because of the smaller particle size, nanoemulsion is more stable than the 

microemulsion system. The instability caused by increased aggregation and viscosity can 

be compensated for by the Brownian motion of the dispersion droplets of the 

nanoemulsion solution. The nanoemulsion system is driven by kinetically stability, while 

microemulsion is a thermodynamic stable system. Besides stability, the nanoemulsion 

system shows potential in hydrophobicity capacity and cells and tissues specificity with 

the capability to evade RES to enhance permeability and retention effect. Additionally, it 

is a well-designed, controlled-released system.  A nanoemulsion with biphasic structure 

is comprised of an oil core, a surfactant layer, and an aqueous layer. Drug release crosses 

the oil core, surfactant layer, and then into the aqueous phase. Decorations or changes of 

compositions can be addressed with each step in routes of drug release.  

Nanoemulsions are widely employed in cells and tissues targeting, especially 

macrophages. Table 2.2 provides examples utilizing nanoemulsions in macrophages 

targeting for various diseases. Macrophages comprise a high degree of HIV-infected cell 

number percentage, up to 10%, transform with a longer half-life to extend viral reservoir 

period, and drive infection-related neurological disorders [4]. Targeting macrophages and 

utilizing them as cell-mediated transporters are potential approaches to eradicating HIV 

reservoirs. Such a "Trojan horse" idea depends on the ability of macrophages to transport 

through biological barriers, carry concealed payloads while migrating across barriers, and 

the prolonged half-lives. The protection from macrophages would lower the chance of 

immunogenicity and non-specific cytotoxicity caused by the drug cargos. 
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Table 2.2 Examples of nanoemulsions targeting macrophages. 

drug  application comments ref 

celecoxib 
anti-
inflammation  

showed greater accumulation in the inflame 
vs. control paw [22] 

saquinavir 
mesylatae anti-HIV 

increased drug penetration through nasal 
mucosa ex vivo, enhanced drug distrubition 
in brain [23] 

bovine serum 
albumin 

folic-acid 
taggaed  

developed a controllable size, 
functionalized protein-based nanoemulstion 
for folate active targeting  [24] 

nobiletin 
anti-
inflammation  

enhanced anti-inflammatory activity in 
LPS-induced macrophages, with a decrease 
in pro-inflammatory mediators and 
cytokines [25] 

Amphotericin 
B 

leishmaniasis 
treatment 

showed rapid blood clearance, greater 
localization, and higher accumalation in 
macrophages rich liver and spleen [26] 

6 neoepitope 
tumor 
antigens 

significantly suppressed HPV-associated 
tumor growth [27] 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

54 

An extra force is required to merge the immiscible components for nanoemulsion 

assembly, such as microfluidizer, piston gap homogenizer, and ultrasonication. Despite 

the high instrument maintenance cost and high operational temperatures, all the methods 

are manufactured both in bench-top size and scaled-up size with straightforward 

operation procedures and fast process speed, which are significant advantages over other 

nano-formulations preparation methods. In the lab, we use the emulsification solvent 

evaporation (ESE) method to prepare nanoemulsions. It is among the most popular 

techniques for micro- and nano-sized formulations [5]. ESE involves two steps; first is to 

formulate a stable emulsion solution, followed by consequently removing the solvent to 

form a well-dispersed, nano-sized particle suspension. The drug, oil, lipids, and other 

components are firstly dissolved in a suitable solvent like chloroform, dichloromethane, 

or ethyl acetate to form an organic phase. Obliterate the organic phase by nitrogen gas to 

form a thin film, then emulsify with the aqueous solution containing a suitable surfactant. 

During emulsifying, energy is induced into the system with sonication (bath- or probe-) 

or homogenization. The added energy breaks down the lipids aggregation and elevates 

the self-assembly process. Solvent removal, providing the final dispersion of 

nanoparticles, is achieved either by stirring with magnetic stirrers for a long enough time 

or increasing temperatures [6]. 

Oils and lipids comprise nanoemulsion systems. Oils, taking up from 5% to 70% 

of the system weight, dissolve and encapsulate hydrophobic drugs. Commonly used oils 

for the nanoemulsion system include medium-chain triglycerides (MCT) and long-chain 

triglycerides (LCT). LCT, such as soybean oil, has been used for injectable lipid 

emulsion for over 40 years; however, severe side effects generated by LCT include 
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compromised immune function, sepsis, trauma, and immunosuppressive actions [7]. A 

combination of MCT and LCT or MCT alone can help address these problems, with 

enhanced solubilization effect, reduced liver accumulation, faster clearance, and 

resistance to peroxidation [8-9]. Here, several kinds of oils and surfactants were 

evaluated for solubility and compatibility of the encapsulated ARV, rilpivirine, including 

docosahexaenoic acid (DHA), mineral oil, castor oil, soybean oil, PEG 400, caproyl 90, 

capmul pg-8, and captex.  

Lipids, consist of the monolayer outside the oil core, are used for protection and 

as emulsifiers to enhance stability. Natural lecithin extracted from egg yolk is the primary 

source of lipids for injectable nanoemulsion. However, the hydrolysis of natural lecithin 

causes the formation of lysophospholipids and hemolysis. Purified phospholipids 

extracted from natural lecithin were studied and modified to pose the potential side 

effects. As the main components of cellular bilayer structure, phospholipids exhibit 

decent compatibility, permeability, and biodegradability with natural metabolism routes 

like natural fat. The amphiphilic structure of phospholipid allows them to self-assemble 

into monolayer or multi-layer structures, and to release the interfacial tension between the 

oil and aqueous phase as emulsifiers. Charged phospholipids, such as phosphorylglycerol 

(PG), provide enough surface charge for droplet repulsion to prevent aggregation [10-12]. 

Phospholipid structure composes of a hydrophilic head and hydrophobic acyl 

chains linked with alcohol. Variations of the head, chain, type of alcohol, and source of 

phospholipids comprise the diversity of phospholipids. For example, the most commonly 

used phospholipids, glycerophospholipids, use glycerol as the alcohol backbone. The 

further classification of glycerophospholipids regards the type of hydrophilic head 
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groups, hydrophobic chain saturation and length, and the bonding between the chain and 

glycerol backbone. Here, among all the glycerophospholipids, 1,2-distearoyl-sn-glycero-

3-phosphocholine (DSPC) was selected as the primary lipid for monolayer structure. 

DSPC consists of two palmitic acids attached to a phosphatidylcholine head-group. In 

addition to the principal component of epithelial cell membranes, DSPC is an FDA-

approved material and used in on-market products, such as Doxilâ [18]. DSPC 

demonstrates faster clearance compared to other lipids, such as 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), which can hardly be hydrolyzed by lipoprotein lipase 

(LPL) [13].  

A secondary lipid is required to prevent the formation of a double layer structure 

and improve stability. One strategy is to add an unsaturated acyl chain, which contains a 

more significant angel and helps to forward lipids to form a monolayer instead of a 

double layer. Another strategy is to enhance stability by introducing the surface charge. 

The charged surface will expand the pulsation of droplets. Here, 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC) and 1,2-Dipalmitoyl-sn-glycero-3-phosphorylglycerol 

(DPPG) were selected and analyzed based on the strategies.  

Moreover, cholesterol is another strategy to increase the stability of the lipid 

formulation; however, due to the rigid structure of cholesterol, it may influence the 

capacity of drug loading [14]. The ratio of cholesterol needs further investigation. 

The biological fate of injectable nanoemulsion mainly involves two pathways; 

one is cleared by the mononuclear phagocyte system (MPS), the other is metabolized as 

endogenous chylomicrons [15]. Nanoemulsion and chylomicrons would go through 

similar clearance pathways, given the similar structure of chylomicrons and 
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nanoemulsion, which are both rich in triglycerides, protected by phospholipids, and 

similar in size. After acquired apoproteins, the droplets will undergo hydrolysis by 

lipoprotein lipase and then restore as fat or energy. The remaining phospholipids and 

triglycerides will go along with bloodstream and cleared by low-density lipoprotein 

receptors in the liver. To avoid or escape the fate of biological clearance, a long-

circulation drug delivery system has been developed [16].  

The most well-studied lipids used for increasing circulation time and evading 

immune system capsulation are poly (ethylene glycol) (PEG) grafted onto 

phosphoethanolamine (PE) [17]. PEGylated phospholipid can form a hydrophobic layer 

outside of the nanocarrier. The increased hydrophilicity prevents the system from taken-

up by the MPS and aggregation. Besides, the concentration and the length of PEG 

derivatives may alter the shape and properties of the nanoformulation structure. 

Molecular weight and the size of PEG attachment would influence structure of 

phospholipid-PEG conjugates. The larger of PEG attachment, the shape is more prone to 

wedge-shape. When the concentration of PEG is high enough, the cone-shaped PEG-

2000 derivatives could convert DSPC bilayer to single layer structure [19]. Based on this 

study, adjusting the concentration of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N- [methoxy (polyethylene glycol)-2000] (DSPE-mPEG-2000) and the ratio of the lipids 

can promote the formation of the nanoemulsion system and enhance the stability. 

However, repeated injections of PEGylated emulsions can also induce accelerated blood 

clearance (ABC) phenomenon. The percentage of PEGylated lipids needs to be further 

investigated.  
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In this chapter, I intended to develop a novel nanoemulsion system aiming to 

enhance antiretroviral drug delivery to HIV-infected macrophages, which will further 

transport into lymphatic tissues.  The antiretroviral drug to be encapsulated is rilpivirine 

(RPV), the second generation of NNRTI class of ARV drugs. Table 2.3 and Figure 2.3 

show the specific physicochemical properties of rilpivirine. This system is designed to 

improve hydrophobicity capacity to reduce dosing frequency and improve adherence. 

Macrophages serve as cell targeting as well as transporters to come across biological 

barriers. As HIV-infected macrophages overexpress with folate receptors, folate is 

decorated on the surface and could facilitate cell uptake and retention. DSPE-mPEG-

2000-Folate, a commercialized lipid, provides the source of folic acid.  

Figure 2.2 shows the scheme of nanoemulsion, folic acid nanoemulsion (FA-NE). 

The system composes of phosphocholine (PC), phosphorylglcerol (PG), DSPE-mPEG-

2000, cholesterol, and the oil core, with folate as targeted ligands that facilitate its entry 

into viral target cells and tissues. Physicochemical properties, including size, 

polydispersity index (PDI), zeta-potential, drug encapsulation efficiency (EE), drug 

release, and stability, were determined. This work is the first step towards developing 

drug-loaded, macrophage-targeting nanoemulsion. 
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Figure 2.2 Scheme of FA-NE. 

Table 2.3 Physical and chemical characterization of rilpivirine [29]. 

Formula C22H18N6 

Molar mass 366.42 g/mol  

Water solubility 0.0116 mg/ml 

Log P 4.86 

Terminal half-life 38 - 45 h 
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Folate 

 
Drug 
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Figure 2.3 Structure of Rilpivirine (Edurant Ò). 

 

2.2 Materials  

Rilpivirine was purchased from Cayman Chemical (Ann Arbor, Michigan), 

DSPE-mPEG (1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy 

(polyethylene glycol)-2000]), DPPG (1,2-Dipalmitoyl-phosphatidyl-glycerole), and 

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) from Avanti Polar Lipids (Alabaster, 

AL), cholesterol from Sigma-Aldrich (St. Louis, MO), DHA (Docosahexaenoic acid) 

from Cayman Chemical (Ann Arbor, Michigan). Mineral oil, castor oil and soybean oil 

are from Acros Organics, Polyethylene glycol (PEG) 400 from Alfa Aesar (Ward Hill, 

MA), Caproyl 90, Capmul pg-8, Captex 200 are from Abitec Corporation (Janesville, 

WI). Other chemicals such as acetonitrile, chloroform and methanol were bought from 

Fisher Chemical (Pittsburg, PA, USA).  
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2.3 Methods  

2.3.1 Rilpivirine Solubility in Oils  

To select the oil of the nanoemulsion, the apparent solubility of the encapsulated 

drug, rilpivirine, was tested in different vehicles including oils with various lengths of 

chains, and surfactants. Varieties of vehicles include DHA, mineral oil, castor oil, 

soybean oil, PEG 400, caproyl 90, capmul pg-8, captex. 200ul of each vehicle was taken 

into a 1ml Eppendorf tube. Add an excess of rilpivirine powder into each tube. Mix well 

with a vortex mixer. The mixtures were put on a hotplate with 60 °C for overnight and 

mixed well again to reach the equilibrium. Then sonicate in bath sonication for 20min. 

Centrifuge at 15,000 rpm for 20min. Take 20ul the upper aqueous solution and dilute 

with 80ul methanol. Detect and analysis with HPLC-UV (Methods are showing below) 

and calculate the solubility. Experiments were tested in triplicate, and results are 

presented as Avg. ± S.D.  

2.3.2 Preparation of FA-NE System  

The nanoemulsion system was prepared based on the emulsification solvent 

evaporation and film rehydration method and tailored explicitly for FA-NE, encapsulated 

RPV. 

Solvent evaporation Briefly, lipid components, including DSPC, DSPE-mPEG 

(2000), DOPC (or DPPG), DSPE-mPEG-2000-Folate, DHA (based on solubility results) 

and cholesterol were accurately weighed out and dissolved in chloroform. Mix the 

components. The solvent of the mixture was evaporated by nitrogen gas and then under 

high-speed vacuum overnight to obtain a solid thin film.  
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Rehydration The resultant solid thin film was rehydrated with biotech water and 

110 ul dichloromethane (DCM) to make the final concentration 2mg/ml. DCM was added 

to reverse the nanoemulsion. The lipid mixture was vortexed for 1 min to be thoroughly 

mixed. The solution was sonicated for 1 min with the cap on and then without the cap for 

an appropriate amount of time (usually about 7 min) until the system became fully 

transparent by evaporating of dichloromethane. The resultant oil-in-water nanoemulsion 

was formed by stirring for over 4 hours using a magnetic stirrer to evaporate organic 

solvent fully. Since RPV is photosensitive, samples were covered with foil paper during 

the whole preparation procedure.  

Rilpivirine was dissolved in chloroform-methanol mix solution (v/v: 3:1) to make 

a stock solution (5mg/ml). Different volumes of rilpivirine solution were added into the 

lipid mixture at the beginning. Unentrapped drug and any remaining organic solvent were 

washed and filtered three times by centrifugal filter tube using Spin Desalting Columns 

(14k MWCO, Thermo Scientific, IL) at 2000g for 2min. Filtrates were collected for 

further tests and analysis. 

2.3.3 Physicochemical Characterization of Size, PDI, Zeta Potential and Morphology  

Hydrodynamic diameter, polydispersity index (PDI), and zeta potential values of 

nanoemulsion suspension were determined in aqueous solution by dynamic light 

scattering (DLS) (also known as photon correlation spectroscopy (PCS)) using Malvern 

Zeta Sizer NanoZS90 (Worcestershire, UK) at room temperature. For the size, PDI, and 

zeta potential measurement, 25 µl of nanoemulsion solution were diluted with 1 ml of 

double deionized water in a glass cuvette, and relatively measurements were performed at 

a scattering angle of 173° at room temperature. Three replicate measurements of each 
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sample were conducted and calculated the average values, and three samples for each 

group were prepared. Presented data were based on the distribution by intensity. 

Shape and average particle size were further validated using cryogenic scanning 

electron microscopy (cryo-SEM). Samples were adjusted to dispersion solutions by 

adding a surfactant solution to prevent clusters during the measurement, including 0.2% 

tween 80, 0.1% SDS, or 0.2% Span 65, respectively. Typically, samples were prepared 

onto filter papers and plunged into liquid nitrogen slush. A vacuum was pulled, allowing 

sample transfer to the Quorum PP3010T cryogenic preparation chamber at a temperature 

of -140°C.  Samples sublimated for 10 minutes at -90°C, followed by cooling to -

140°C. A thin layer of platinum was sputtered onto the samples prior to imaging. The 

samples were then transferred into a ThermoFisher Scientific Apreo Scanning Electron 

Microscope and imaged at a voltage of 2.00 kV. 

2.3.4 High-Pressure Liquid Chromatography (HPLC) 

A reverse phase-HPLC (RP-HPLC) method was studied and validated for the 

determination of RPV drug concentration from the nanoemulsion system and intracellular 

cell uptake in later experiments. The HPLC apparatus (Agilent 1100) consisted of a 

pump, system controller, degasser unit, refrigerated auto-sampler, a UV-Vis detector, and 

a column heater. Acetonitrile (ACN) and 25mM KH2PO4 solution (50:50 v/v) were used 

as the mobile phase. When running the analysis, the flow rate of the mobile phase was 

0.6ml/min, and the sample was running through a reverse phase C18 column from 

Gemini, 150mm X 4.5mm with 5um particle size packing. The injection volume was 

10μl. The temperature of column oven was set at room temperature. The retention time 

for the RPV was 17 min. The detection wavelength was 290nm, preset based on 
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rilpivirine structure. The total running time was 30 min. For the standard curve, first, 

RPV stock solution (5mg/ml) was prepared in methanol: chloroform (1:5 v/v). Then, the 

stock solution was diluted with methanol to obtain solutions of various concentrations. A 

standard curve was obtained by injecting 6.25–200 μg/ml of the RPV solution.  

2.3.5 Determination of Encapsulation Efficiency and in vitro Release of FA-NE-RPV 

Encapsulation efficiency In order to measure the drug loading and encapsulation 

efficiency, blank nanoemulsion and FA-NE formulations with different initial drug 

loading were collected and centrifuged in Spin Desalting Columns (14k MWCO, Thermo 

Scientific, IL) at 2000g for 2min. The filtrate containing encapsulated rilpivirine was 

carefully collected from each centrifuge tube. 20ul of the filtrate was taken out and 

diluted with 80ul methanol to dissolve drugs fully. Filter the sample and quantify by 

determining the absorbance at l290nm with the HPLC method and comparing it to the 

standard calibration curve for rilpivirine prepared in the range of 6.25µg/ml to 200 µg/ml. 

The drug encapsulation efficiency (EE%) was determined as:   

Encapsulation Efficiency (EE%) =  

            [(Amount of encapsulated drug) x 100%]/Initial drug feed 

payload% =  

            (Amount of encapsulated drug)/ [(amount of encapsulated drug) + (amount of 

lipid used)] *100% 

In vitro release Dissolution studies were performed to determine the extent of 

drug release from the formulations. Different initial drug loadings of rilpivirine loaded 

FA-NE (0%, 10%, 15%, 20%, w/w), free drug, nanoemulsions prepared with PEG 400 as 

oil core containing 2%, 4%, 6% (w/w) of initial drug loading were prepared as described 
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before. 1 ml of 2mg/ml FA-NE of each group, a corresponding amount of native drug, 

and PEG 400 groups were transferred into dialysis bags (MWCO 8kDa). Dialysis bag 

was subsequently immersed in 100ml PBS buffer with 0.002 wt.% Tween 80 (pH 7.4) at 

37 °C in a shaking water bath under magnetic stirring at 120 rpm to maintain sink 

condition. At each selected time point, 200ul of dialysate fluid was withdrawn for RPV 

quantification, and 200ul of PBS buffer was added back into the dialysate to preserve the 

volume. The amount of drug release was determined by HPLC, as described above. 

Experiments were repeated in triplicate. 

2.3.6 Dispersion and Accelerated Stability Studies 

To ensure the FA-NE remaining well dispersed in the body, the dispersion 

stability of FA-NE was evaluated at 37 °C incubator in complete RPMI media with fetal 

bovine serum (FBS). The nanoemulsion suspensions were diluted with medium and 

maintained at a concentration of 1mg/ml with mild agitation in a bath shaker.  

4°C, room temperature (25 °C), and 40°C/75% relative humidity (RH) conditions 

were set up to determine storage and accelerated stability. At predetermined time 

intervals, for each measurement, 25 µl of sample solution was withdrawn, and the size 

distribution (average size and polydispersity index) and zeta potential value were 

measured by dynamic light scattering technique in triplicate for up to 20 days. Size data 

based on the distribution by intensity were presented. 

2.3.7 Statistics  

All data are expressed as mean ± SD. One-way ANOVA and student t-test were 

employed to determine statistically significant among groups. A significance level of p < 

0.05 was considered to be statistically significant. 
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2.4 Results and Discussions 

2.4.1 Rilpivirine Solubility in Different Oils  

The solubility of Rilpivirine in various oils was studied for the selection of oils, 

including PEG 400, docosahexaenoic acid (DHA), capmul pg-8, caproyl 90, captex, 

castor oil, soybean oil, and mineral oil. PEG400 was picked as a reference with known 

RPV solubility, 30mg/ml. Among all of the vehicles, PEG 400 showed the maximum 

solubility for Rilpivirine as expected, which was 30±1.24 mg/ml and DHA as the second 

highest at 17.26 ± 3.33 mg/ml, as showed in Table 2.4. Rilpivirine is the second 

generation of NNRIT, with a longer half-life and broad antivirus range. However, the low 

water solubility (0.0116mg/ml) results in limited oral bioavailability, which is less than 

5%, and poor distribution. The solubilities of RPV in surfactants were lower than in oil. 

The possible reason might be that the structure of surfactants is amphiphilic. The 

hydrophilic component of surfactants diminishes the dissolution of RPV. DHA is a 

natural product of the human body. It is more compatible and safer. Among the oils, 

DHA shows the highest solubility. Given the biocompatibility and anti-inflammatory 

efficacy, DHA was pick up as the oil core of this system.  
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Table 2.4 Solubility of rilpivirine in different vehicles. 

Excipients solubility(mg/ml) 

DHA 17.26 ± 3.33 

Mineral oil 12.38 ± 0.53 

Castor oil 11.58 ± 1.35 

Soybean oil 8.53 ± 0.89 

PEG 400 (positive control) 30 ± 1.24 

Caproyl 90 2.36 ± 0.89 

Capmul pg-8 1.84 ± 0.56 

Captex 0.81 ± 0.33 

 
 
2.4.2 Particle Size, PDI, Zeta Potential of FA-NE and morphology  

Physicochemical characterizations inflect the behavior of drug delivery systems 

(DDS) in biological structures. Sufficient data would provide enough evidence to predict 

physical and chemical properties. These properties are responsible for further 

translational medicine interpretation and safety profiles. Size and zeta potential are the 

main characterizations of DDS, contributing to the capability of drug payloads, safety 

issues, circulation time, release kinetics, and tissue localization. These two properties 

help to dictate the pharmacokinetics of the drug and DDS. 

For nanomedicine, emerging data have demonstrated that small size, below 

100nm in diameter, shows better cellular uptake and immune surveillance. For lymphatic 

systems, the usual size of uptake for the lipids and fat is below 200nm. Hence, we set the 

designed system within range 100-150nm for better lymphatic system uptake. 
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Zeta potential provides information about the surface charge, which implies the 

stability and interaction with the target matrix. The charged surface prevents the system 

from colloid with each other and interacts with cells to increase circulation time. Zeta 

potential values bigger than +30mV or smaller than -30mV predict preferred dispersion 

stability. Negatively charged carrier systems show better uptake by macrophages. The 

negatively charged interstitial cells attract the neutral or positively charged particles; in 

contrast, the anionic particles move faster due to the electrostatic repulsion. Furthermore, 

a positively charged particle increases protein adsorption, which leads to aggregation 

resulting in reduced circulation half-life in the blood.  

The technique used for size and zeta potential measurement is dynamic light 

scattering (DLS), also called photon correlation spectroscopy (PCS). It measures the size 

by detecting the fluctuations of the scattering intensity due to the Brownian motion of 

molecules in solution. For zeta potential, the change of angle of fluctuation indicts the 

surface charge information by applying a charged field. It is an easy-handle procedure, 

with no sample preparation needed. Factors would influence the value of size and zeta 

potential during measurement, such as sample concentration. If the concentration is too 

high, the interactions between particles will cancel out the fluctuations, which will 

diminish the size value. If the concentration if too low, there will be not enough 

fluctuation to be measured. Here, all the particle samples were diluted by deionized water 

40 times. 

Size and zeta potential are decisive parameters in choosing suitable lipids. The 

following are the results of different lipids components and ratios. 
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Results of Selection of DOPC and DPPG 

With preferred biocompatibility and biodegradability, DSPC was selected as the 

primary lipid, forming the monolayer outside the oil core. To improve the stability and 

assemble the self-emulsifying structure, a secondary lipid was needed in the system. 

DOPC and DPPG were chosen as potential lipids as the secondary lipid. DOPC is an 

unsaturated lipid with a more significant angel. DPPG provides a negative charge to the 

surface of the particle, while PC and PE hold a neutral charge.  

We have prepared nanoemulsion with DOPC and DPPG relatively and validated 

size, PDI, and zeta potential as indicators. As shown in Figure 3.4, with different mol 

ratios of DSPC: DOPC, which are 2:0, 1.5:0.5, 1:1, 0.5:1.5, 0:2, the average size values 

of each group were within the acceptable range. However, with 5% (w/w) initial drug 

loading, the size values were exceeding acceptable range, varying from 144.7 nm to 

368.8nm. The pH change, caused by adding the rilpivirine solution, may induce the 

instability. DOPC is an unsaturated lipid, with pH changed, the structure may be 

influenced. With the alkaline atmosphere, the double bond of DOPC lipids will become 

unstable. 

Figure 2.4 presented the size and PDI values of DPPG groups. All different 

DSPC: DPPG ratio groups showed the acceptable size and PDI values. When the mol 

ratio of DSPC to DPPG was 1:0.6, encapsulated with 5% w/w RPV, the average size was 

123 ± 1.87 nm, and PDI was 0.204 ± 0.01. The zeta potential for the carrier with DPPG 

was negative and in the range of -30 mv to -40mv, as shown in Figure 2.4. With 1:0.6 

DSPC to DPPG mol ratio, the average zeta potential was -36.9 ± 2.14 mV. The value of 

zeta potential agreed with design. Lipids end groups generally decide the surface charge. 



 
 

70 

The zeta potentials of this nanoemulsion system were negative due to the presence of 

hydroxide groups in DPPG.  

Results of size, PDI, and zeta potential revealed that DPPG showed more stable 

characterizations with RPV encapsulated, and the group of DSPC: DPPG mol ratio of 

1:0.6 indicated the best value. Further studies would continue with this mol ratio. 
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Figure 2.4 Size and PDI results with DOPC and DPPG. 
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Results of Determination of DHA Content 

The oil is considered a significant component in the nanoemulsion system for its 

hydrophobicity capacity and compatibility with biological systems. Water-insoluble drug 

encapsulation depends on the percentage of oil core to the whole system, while a high 

ratio of oils results in instability. Based on solubility results and anti-inflammatory 

efficacy, DHA was used as the oil core here. Different weight ratios of DHA, ranging 

from 0% to 60%, have been prepared and determined. As expected, size values rose as 

DHA percentages increased. As showed in Figure 2.5, when DHA percentage reached 

50%, the size (123.5 ± 0.89 nm) and PDI (0.254 ± 0.03) were within an acceptable range. 

When DHA was 60% of the weight ratio, the size and PDI were exceeding the acceptable 

range. Combined drug payload and stability, 50% of the percentage of DHA was used for 

further investigation. 

Results of Determination of the ratio of DSPE-mPEG-2000 and Folate 

Activated macrophages were reported to express the folate receptor. For cellular 

targeting, folate is decorated as targeting moiety of this system, provided by DSPE-

mPEG-2000-Folate as the source. It is an available commercialized product with 

reasonable price and folate linkage guaranteed. The large molecular size of folate limits 

the addition of the lipid. Ratios to DSPE-mPEG-2000-Folate and DSPE-mPEG-2000 

were investigated, and size, PDI, and zeta potentials were measured. Molar ratios of 1:20, 

1:10, 1:5, and 1:0 of DSPE-mPEG-2000-folate to DSPE-mPEG-2000 were prepared and 

tested, making sure the folate would not exceed 5% of the total system weight unless the 

system would be unstable. As shown in Figure 2.6, size values of different ratios showed 

no significant difference. With the mol ratio of 1:10, the system showed smaller PDI 
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compared to other ratios. Hence, the DSPE-mPEG-2000-folate to DSPE-mPEG-2000 

molar ratio of 1:10 was used for further investigations. 

 

 

 

 

Figure 2.5 Size and PDI results of DHA percentage determinations.  
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Figure 2.6 Size and PDI results of different DSPE-mPEG-2000 to DSPE-mPEG-2000-

folate ratios. 
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Characterization of Final formulation and Morphology  

Based on pre-formulation and lipids investigation results, the final system lipids 

ratios were settled as DSPC: DPPG: DSPE-mPEG-2000: folate: cholesterol is 

1:0.6:0.4:0.04:0.3, with 50% of DHA. Size, PDI, and zeta potential results with different 

intend drug loading percentages are shown in Figure 2.8 and Table 2.5. With 15% of 

initial drug loading particular, the system was with average size 116.70 ± 0.92 nm in 

diameter, PDI 0.26 ± 0.04, and zeta potential -37.37 ± 1.22 mV. The system, with initial 

drug loading from 0%-20%, was within size 100 to 150nm, PDI 0.2 to 0.3, indicating a 

nanosized, well-dispersed drug delivery system. The zeta potential was between -30 to -

40mV, indicating excellent long-term stability.  

The results were further validated using cryo-SEM. Morphology is the most direct 

image strategy to visualize the actual shape and dispersion condition of the nanosystem in 

solution. Cryogenic electron microscopy (Cryo-EM) is widely used in capturing nano-

sized material, especially with a water solution. A scanning electron microscope (SEM) 

produces images of a sample by applying a beam of electrons to interact with atoms of 

the sample surface. However, traditional SEM requires a dry sample, which is more 

difficult for most lipid formulations. With cryo-EM, hydrated samples are ready to be 

detected, and gentle electron beams are used to prevent fracture of sample structure. It 

also provides a visualization detection method to reveal diversity in particle size, shape, 

and lamellarity. Compared with traditional SEM and environmental SEM (ESEM), cryo-

EM provides higher magnification. Cryo-EM could even detect smaller particles that 

cannot be detected by the traditional DLS method. Here, for better dispersion in solution, 

various kinds of surfactants such as SDS and tween 80 were added in prepared 
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nanoemulsion solutions. As Figure 2.7 showed, solutions with 0.2% Span 80 showed 

better cryo-EM pictures. The results showed that the nanoemulsion system was spherical-

shaped, well-dispersed in aqueous solution, with an average size range of 100-150 nm, 

close to the results of the DLS measurements. Furthermore, surface morphology revealed 

smooth architecture without any nanoemulsion aggregation.   

 

 

 

Figure 2.7 cryo-EM figure of FA-NE with 15% initial drug loading. 
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Figure 2.8 Size, PDI, and zeta potential results of FA-NE with 0-20 % of initial drug 

loading.  
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2.4.3 Drug Encapsulation, Payload, and Release 

Results of Drug Encapsulation and Payload 

The drug encapsulation efficiency (EE) is another critical parameter in the drug 

delivery system. It indicates the capacity of drug loading. With high EE, the system 

would reduce the dosage frequency and peripheral side effects. Size generally increases 

with the increase in EE. Hence, the size is determined firstly depending on target cells, 

and then other parameters are fine-tuned to get the required EE. 

As shown in Figure 2.9 (A), the encapsulation efficiency of RPV in FA-NE was 

correlated to the initial drug loading, from 0% to 20% (w/w, over the whole weight of 

FA-NE). When the initial drug feed was 15% (w/w) or lower, good encapsulation 

efficiency was achieved, indicating that the majority of the drug was able to incorporate 

into the nanoemulsion system during the preparation efficiently. Further increase in the 

initial drug feed to 20% resulted in a substantial decline in the encapsulation efficiency. 

Figure 2.9 (B) summarized the actual payload of rilpivirine by weight of the FA-NE. Up 

to 14.69 ± 1.70% (mean ± SD, N=3) was achieved at 15% (w/w) initial drug feed. Higher 

drug feed level (20% w/w) was counter-productive, leading to a reduction in the drug 

payload. The excessive amount of drug used during FA-NE preparation may likely have 

destabilized the nanosystem or drugs precipitated out of the solution.  

In brief, our finding has demonstrated that FA-NE is an efficient nanocarrier of 

rilpivirine (15% w/w payload with around 95% w/w encapsulation efficiency) as long as 

the drug feed level used in the preparation is 15% w/w or below.  

 

 



 
 

79 

Table 2.5 Size, PDI, and zeta potential results of FA-NE with 0-20 % of initial drug loading. 

Initial drug loading  Size PDI Zeta potential 
0% 120.17± 9.64 0.26±0.034 -30.87±7.39 
5% 131.30±4.67 0.27±0.042 -40.77±6.67 

10% 130.33±7.48 0.27±0.026 -36.97±2.14 
15% 116.70±0.92 0.26±0.036 -37.37±1.22 
20% 126.83±15.32 0.32±0.074 -38.37±1.15 

 

 

 

Figure 2.9 (A) Drug encapsulation efficiency with different initial drug loading; (B) Actual 

payload of FA-NE with different initial drug loading. 

 

(A) 

(B) 



 
 

80 

Results of Drug Release of FA-NE  

Drug release refers to the process of drug solutes migrate from the initial position 

to out layer of the delivery system, and then release into the medium [20]. It reflects the 

kinetics of interactions between drug solutes, delivery system, and release solution, and is 

an indicator to predict release kinetics in vivo. Material matrix, release medium, and drug 

compounds' physicochemical properties and the interactions between these three will 

influence the drug release profile. A well-designed controlled release drug delivery 

system helps to maximize efficacy, facilitate clinical applicability and improve the 

quality of life. Especially for diseases like HIV/AIDS, a controlled release and long-

acting formulations relieve the enormous burden of patients and improve regimen 

adherence.   

As our system was designed to be a sustained-release system, in vitro drug release 

was determined using the dialysis method. Suspension of nanoemulsion was placed into a 

dialysis bag with 8kDa cutoff, and the bag was immersed into a 100ml PBS solution to 

make a sink condition. Sink condition excludes drug solubility difficulties and the 

difference in release performance in vivo.  Since rilpivirine is a water-insoluble drug, 

0.002% v/v tween 80 was added into the medium as a surfactant to increase the solubility 

of the drug. Figure 2.10 (A) shows the rilpivirine release from FA-NE to buffer (PBS, 

with 0.002% (v/v) tween 80, pH 7.4) at 37 °C with initial drug payload of 10%, 15%, and 

20%. Nanoemulsions prepared with PEG400 were determined drug release as a 

reference.  

In general, all FA-NE formulations released the drug in a biphasic manner 

resembling diffusion-limited drug release kinetics. The drug was initially released 
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relatively fast in the first few hours and followed by a gradual release of the remaining 

payload until 60 h. The free drug solution was also evaluated to test if the controlled 

release was due to the dialysis membrane limited diffusion. Over 90% of the drug quickly 

diffused across the dialysis membrane and released 98% into the buffer within eight 

hours, suggesting that the controlled drug release feature was mainly due to the inherent 

properties of FA-NE instead of the experimental setup. In contrast, release results with 

nanoemulsion consist of PEG 400 exhibited burst release, as shown in Figure 2.10 (B). 

Most of the drugs were released within the first four hours. The presence of hydrogen 

bonds of PEG 400 may result in the burst release and the limited total release percentage. 

It also proved that besides solubility, drug release depends on the interactions between oil 

and encapsulated drugs as well. 

To simplify the release profile and predict the release in vivo, several kinetics 

models were invested, and results are shown in Table 2.6. The release profile with DHA 

fit the first-order kinetics with R square 0.99, and Higuchi model with 0.88. Overall, FA-

NE was able to release the loaded rilpivirine in a controlled manner for 60 h under sink 

conditions.  



 
 

82 

 

 

 

        

Figure 2.10 (A) in vitro drug release profile of FA-NE with various of RPV loading (B) 

drug release profile with nanoemulsion with PEG 400.  

 

(A) 

(B) 
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Table 2.6 kinetics model of drug release. 

  Free drug 10% drug loading 15% drug loading 

Model formula 
Adjusted 
R2 AICc 

Adjusted 
R2 AICc 

Adjusted 
R2 AICc 

Zero-order y=k*t 0.57 21.1002 0.70 6.38553 0.73 7.90808 

First-order 
y = 1 - 
a*E^(-k*t) 0.99 -49.6712 0.99 -34.5677 0.99 -44.8887 

Higuchi 
model 

y = 
k*t^0.5 0.88 6.09338 0.93 -8.98261 0.97 -26.0433 

Model formula 20% drug loading  
 
Zero-order y=k*t 

Adjusted 
R2 AICc 

First-order 
y = 1 - 
a*E^(-k*t) 0.85 4.63816 

Higuchi 
model 

y = 
k*t^0.5 0.99 -4.86748 

  0.97 -4.75352 
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2.4.4 Stability 

Serum stability is a critical evaluation criterion to determine candidates for further 

in vivo studies. In these studies, human plasma and fetal bovine serum (FBS) are 

commonly used as protein surrogate. The result of the in vitro serum stability study is 

presented in Figure 2.11.  

Figure 2.11 shows the trend in particle size, PDI, and zeta potential values of FA-

NE after extended incubation at 37 °C in the culture medium. In general, we did not 

notice a significant increase in size and PDI within 96 hours. Particle diameters did not 

exceed 180 nm, and PDI values remained below 0.3 during the study. The modest initial 

increases in size and PDI of the group without DPPG are probably due to extra lipids in 

solution forming small micelles. The zeta potential values of all three FA-NEs remained 

more negative than -20 mV, so the electrostatic repulsive forces that contributed to the 

dispersion of the nanoparticles should continue to be effective. In short, all FA-NEs 

studied remained fairly well dispersed in a serum-enriched aqueous environment at body 

temperature.  

Stability in storage conditions and accelerated conditions were conducted. With 

storage conditions, at 4 degrees, and room temperature, the solutions keep stable for 

about 20 days. With the accelerated condition, 40 degrees with 60% relative humidity, 

the system could keep stable for 14 days, as shown in Figure 2.12. 

All data had proved that this nanoemulsion system was with excellent dispersion 

stability in various conditions, indicating that FA-NE is the potential candidate for further 

in vivo studies.  
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Figure 2.11 Size, PDI, and zeta potential for formulations with various DSPC to DPPG 

ratios in the cell culture medium stored at 37 °C for up to five days. 
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Figure 2.12 Size, PDI, and zeta potential of FA-NE stored under (A) 4 °C, (B) 25 °C, and 

(C) 40 °C with 60% of relative humidity for up to twenty days.  

(B) 4 °C  

(A) 25 °C  

(C) 40 °C/60% RH  
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2.5 Conclusion 

We have developed a stable, approximately 120-150 nm in size, rilpivirine loaded 

nanoemulsion drug delivery platform with folate as a macrophage targeting moiety. By 

testing physicochemical parameters, we proved that this nanoemulsion system is 

reasonable in size and has the potential of being stable in serum for a sufficient duration. 

We demonstrated that using PC, PG, cholesterol, and DSPE-PEG-2000 can have the 

potential of encapsulating hydrophobic molecules in the DHA oil core. These data 

confirmed the potential of FA-NE to deliver RPV to targeted cells effectively. 
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CHAPTER 3 

 EVALUATE AND OPTIMIZE THE IN VITRO FOLATE-RECEPTOR 

TARGETING CAPABILITIES ACTIVITIES IN A FOLATE RECEPTOR 

OVEREXPRESS CELL MODELS AND MACROPHAGES 

 
3.1 Introduction  

Current treatment strategies with cART for HIV/AIDS transform a lethal disease 

to chronic disease. When taken consistently, antiretroviral drugs control viremia to 

undetectable levels. However, once the treatment is ceased, a viral rebound occurs within 

two to four weeks, which highlights the urgent need for novel cures for HIV with higher 

drug delivery efficiency and efficacy. Viral sanctuaries account for the majority for the 

viral rebound. ARVs activities are dependent on their intracellular accumulation, which is 

hindered by the physiological barriers and efflux pumps expressed on the surface of 

targeted cells. Once the levels of drugs are unable to inhibit virus replication efficiently, 

the viral spread can occur. 

Cell-mediated drug delivery, which utilizes human cells as a transporter to carry 

drugs to target sites, is rapidly emerging as part of the general therapeutic strategy for 

HIV/AIDS. A variety of cell carriers such as bacteria, leukocytes, and immune cells are 

under tremendous researches, serving as biological drug carriers [1]. This "Trojan horse 

carriage" strategy offers several advantages over native drugs targeted drug delivery. 

Cell-mediated transport passes physiological barriers and reaches the site with limited 

drug concentrations effectively with prolonged drug half-lives and circulation time and 

prevention of the drug from metabolism and excretion.  

Macrophages are immune cells, aiming to protect against pathogens induced 
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infections. Once infected by virus or other infection sources inappropriately, 

macrophages could participate in the formation of autoimmune or inflammatory diseases 

[4]. HIV-infected macrophages are of critical importance since macrophages are critical 

contributors to the early-stage of virus transmission and long-term virus persistence. 

Macrophages present in almost every organ tissue and will disseminate virus 

systemically, leading to the formation of viral sanctuaries. Compared with other major 

reservoir sites such as CD4+ T cells, macrophages are more resistant to the virus-induced 

pathogenesis, and better evade the ability of the host's immune systems [5,6]. 

Macrophages are unique cellular reservoir sites for HIV because of the ability of virus 

progeny and persistent, and the absence of apoptosis. 

HIV infected macrophages are reported to express the folate receptor (FR), which 

is fully functional and can be applied as targeting moiety [7-11].  Folate is required by 

eukaryotic cells as the source of one-carbon metabolism, DNA biosynthesis, and repair, 

but not necessary nutrition for cell survival [12]. Hence, folate receptor expressions are 

limited to a few cell types, including epithelial cells of specific tissues such as kidney and 

lung and mononuclear phagocytes, which barely have access to folate in the bloodstream 

[13]. Folate deficiency during pregnancy would cause developmental abnormalities. 

Besides these cell types, expressions of FR are undetectable. Moreover, folate receptor is 

highly expressed in epithelial-derived cancers and activated macrophages [14-17]. 

Cellular uptake of folic acid involves two significant pathways. One is facilitated by a 

membrane-spanning protein regarding reduced folate over folic acid. The other is through 

endocytosis receptor-mediated cell uptake with two main sub-classes of FR, FR1 and 

FR2. Binding affinities are 0.1nM and 1nM respectively [18,19]. Folate binds to the 
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receptor through a glycosylphosphatidyl-inositol anchor [21,22]. 

Covalently linked-folate molecules can be uptake by folate receptors by the same 

route as of folate. It allows synthesized folate conjugation serving as a potential targeting 

moiety [22]. Activated macrophages and tumor-associated macrophages are 

overexpressed with FR2, and FR1 binding to the folate-linked molecules is possible but 

negligible [23]. Folate has emerged as a promising targeting moiety for activated 

macrophages in HIV treatment. 

Nanomedicine strengthens in amelioration of drug toxicity, reduction of dose 

frequency, enhancement of specificity, and protection against metabolism. Given the 

hydrophobicity and poor bioavailability of ARVs, nanocarrier targeting to a cell-

mediated system could provide a novel strategy for HIV treatment [2]. NanoART 

storages in macrophage recycling endosomes, and uptake by receptor-mediated 

endocytosis [3]. Besides, macrophages are highly mobile cells with large cell capacity. 

Together, a novel drug delivery system, with folate facilitating its entry into activated 

macrophages, is a potential strategy to eradicate HIV reservoirs.  

We have designed a folate-decorated nanoemulsion system (FA-NE) targeting 

HIV-infected macrophages. In chapter 3, we have proved the physicochemical properties 

of the prepared nanoemulsion system. FA-NE was manufactured by the emulsification 

solvent evaporation method and was evaluated with multiple analyses. The system was 

uniformly distributed with an average size ranging from 120-150 nm in diameter, PDI 

0.2-0.3, and zeta potential -20-40mV. The negatively charged delivery system was 

supposed to enhance cell uptake by macrophages. With as high as 15% drug payload, 

FA-NE showed the potential to provide a high intracellular drug concentration and reduce 
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the dosage frequency. The release results demonstrated a controlled release profile. 

Moreover, it exhibited good dispersion and accelerated stability. These data confirmed 

the potential of FA-NE to deliver RPV into targeted cells effectively. This chapter is a 

continuation of the work done in Chapter 3, focusing on complementary studies that can 

potentially prove that the FA-NE’s high affinity to the activated macrophages and high 

specificity. Additionally, intracellular cell uptake, release, and retention were evaluated. 

3.2 Materials  

3.2.1 Cells 

SKOV3, OVCAR3, ES-2, RAW 264.7 cell lines are purchased from American 

Type Culture Collection (ATCC). SKOV3 cells and ES-2 were grown in McCoy's 5a 

medium supplemented with 10% fetal bovine serum (FBS). OVCAR-3 cell line is 

cultured in RPMI-1640 medium with 0.01 mg/ml bovine insulin and 20% of fetal bovine 

serum. RAW 264.7 cell line is cultured in DMEM supplemented with 10% (v/v) FBS. All 

cell lines are cultured at 37 °C in a humidified atmosphere containing 5% CO2. 

3.2.2 Chemicals  

DPPE-lissamine rhodamine B, IR-780, 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (Sigma-Aldrich, St. Louis, MO), DMSO (Fisher Chemical, 

Pittsburg, PA), DAPI (4’,6-diamidino-2-phenylindole) Nucleic Acid Stain (Thermo 

Fisher Scientific Inc., Waltham, MA), formaldehyde 10% (v/v) (Ricca Chemical 

Company, Arlington, TX), Folic acid (Alfa Aesar, Haverhill, MA), Rilpivirine was 

purchased from Cayman Chemical (Ann Arbor, Michigan), FR antibody (sc-28997, Santa 

Cruz Biotechnology, Dallas, TX)   
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3.3 Methods 

3.3.1 Activation of macrophages  

Murine macrophage cell line RAW 264.7 originates from Abelson murine 

leukemia virus-induced tumor. Seed cells in PerkinElmer Cell Carrier-96 Ultra 

Microplates, reaching to 70% fluency. The activation of macrophages was tested and 

optimized using different doses of LPS solutions (200 ng/ml to 2000 ng/ml), different 

incubation times (4 h, 12 h, and 24 h), and cultivation of cells in either complete DMEM 

growth medium or folate free RPMI medium. Visualize folate receptor expression with 

confocal microscopy. Based on results, for further in vitro experiments, macrophages 

were activated with 1000 ng/ml LPS solution, cultured for 12h with folate free RPMI 

medium. 

3.3.2 Folate Receptor Expression 

Expression of folate receptor by SKOV-3, ES-2, and activated and non-activated 

macrophages was determined by confocal microscopy. For confocal microscopy, cells 

were cultured on 96 well plates at a density of 5 × 105 cells/well for three days at 37 °C, 

5% CO2 for attachment. Treat RAW 264.7 with 1000 ng/ml LPS for 12h before the 

assay. Remove the cell culture medium and rinse the cells three times using 1X PBS. 

Cells were fixed with 400 ul 4% paraformaldehyde (PFA) for 10 min at 37 °C, 

permeabilized and blocked with 0.1% Triton/2% bovine serum albumin (BSA) in 

phosphate-buffered saline (PBS) and incubate the cells at room temperature for 60min. 

The cells were then washed with 0.1% Triton and incubated with FOLR2 antibody 

(1:100) for three h at 37 °C or overnight at 4 °C, followed by the addition of secondary 

antibody conjugated with AlexaFluor 488 (1:1000, Life Technologies) diluted in 500ul of 
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0.1% BSA for 45 min at 37 °C. DAPI was added and incubated for 30min. 96 well plate 

was tested with confocal microscopy (PerkinElmer Operetta CLS High Content Analysis 

System) and visualized and analyzed with Harmony 4.8 software. 

3.3.3 Cell Uptake Assay with Cells of different FR Expression Levels  

Cell uptake assay in SKOV-3, OVCAR-3, and ES-2 cell lines 

First, cell uptake was performed with SKOV-3, OVCAR-3, and ES-2 cell lines as 

preliminary assays to finalize treatment concentration ranges and incubation time. 

SKOV-3, OVCAR-3, and ES-2 were cultured to attach on a 35mm coverslip, precoated 

with poly-lysine, under normal cell culture conditions to reach 80%-90% confluence. 

Cells were incubated for four hours with 0.5mg/ml and 1mg/ml of the nanoemulsion 

formulations, with and without folate decoration, labeled with 0.25% w/w DPPE-

lissamine rhodamine B at 37°C (particle preparation with rhodamine B are shown above 

in section 3.2.3). Then cells were treated with nucleus stain 4’,6-diamidino-2-

phenylindole (DAPI) (30nmol) for counterstaining half an hour before collection. The 

cells were fixed with 2% formaldehyde for 2 mins and washed three times with PBS. 

Then coverslips were transferred to glass slides, viewed under Axiostar Plus 

epifluorescence microscope (Carl Zeiss, Oberkochen, Germany). Images were captured 

with Insight camera model 8.0 with different wavelengths of lens and image analysis 

conducted using image J 1.50i. 

Cell Uptake assays in activated RAW264.7, SKOV-3 and ES-2 Cell lines 

Cell uptake assays were continued with activated RAW264.7, SKOV-3, and ES-2 

cell line. Cells were incubated in a 96-well glass chamber at a density of 1X 106/well for 

three days. Culture RAW 264.7 cells with 1ug/ml LPS 12 hrs before the treatment. Wash 
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the cells with DPBS for three times. Cells were incubated for four hours with 

nanoemulsion formulations, with concentration ranging from 0.08mg/ml to 1.5mg/ml, 

labeled with 0.25% w/w DPPE-lissamine rhodamine B at 37°C. Then cells were treated 

with nucleus stain 4’,6-diamidino-2-phenylindole (DAPI) (30nmol) for counterstaining 

half an hour before collection. Wash wells with 1X PBS three times. Cell uptake was 

visualized with confocal miscopy and quantified with Harmony 4.8 software.  

3.3.4 Cell Uptake Inhibition by Free Folic Acid Solution  

To validate that cell uptake was mediated by the folate receptor, treatment with 

free folic acid was conducted. LPS-activated RAW264.7 cells were treated 100 μM FA-

NE-RPV for six hours with or without 1mM FA preincubation for 6h. Cells were 

visualized of the fluorescence with confocal microscopy and semi-quantified the 

fluorescence levels.  

3.3.5 Cell Uptake Mediated by Various Concentration of Folate Conjugation 

To test if folate conjugation concentrations regulate the receptor-mediated 

endocytosis, cells were treated with FA-NE with different percentages of folate, from 0% 

to 20%. Cells were incubated in a 96-well glass chamber at a density of 1X 106/well for 

three days. Activate RAW 264.7 cell line with 1ug/ml LPS 12 hrs before the treatment. 

Wash the cells with DPBS for three times. Cells were incubated with FA-NE with 0-20% 

folate conjugation (w/w), labeled with 0.25% w/w DPPE-lissamine rhodamine B at 37°C. 

Then cells were treated with nucleus stain 4',6-diamidino-2-phenylindole (DAPI) 

(30nmol) for counterstaining half an hour before collection. Cells were visualized by 

confocal microscopy. Images were captured and analyzed with Harmony software, and 

image analysis conducted using image J 1.50i. 
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3.3.6 Intracellular Cell Uptake and Release  

For intracellular cell uptake assay, activated RAW264.7 were seeded in 6-well 

plates and treated with native RPV solution 100ng/ml or FA-NE-RPV containing the 

same amount of RPV for up to 30h. Adherent cells were washed three times with DPBS 

to remove the various treatment groups that were not ingested by the cells at different 

time points (0,1,2,4,8,20,24,30h). Collect cells by scraping into 1ml DPBS and centrifuge 

at 250 × g for 4 min to obtain a solid pellet. The solid pellet was washed twice with 

DPBS. After removal of the supernatant, the cells were resuspended in deionized water. 

Drug concentrations were analyzed with UPLC/MS, as described further. 

For retention and release studies, RAW264.7 cell lines were treated with 100 

ng/ml FA-NE-RPV or native RPV solution for 12 h. Then cells were washed with PBS 

three times, and fresh complete DMEM medium was added. Replace medium every day. 

Cells were collected and counted from day 1 to day 5. 

3.3.7 Ultra-performance Liquid Chromatography/Mass Spectrometry (UPLC/MS) 

Sample Preparation 

Protein was precipitated from samples by adding 30µl of water containing 0.1 µM 

propafenone as the internal standard and 60µl of acetonitrile, followed by centrifugation 

for 20 minutes at 15,000 x g.  Supernatants were transferred to glass vials for UPLC/MS 

analysis. The standard curve was prepared with the same protocol, ranging from 3.125 to 

100 ng/ml. Experiments were conducted in triplicate. 
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UPLC/MS Methods 

Rilpivirine concentrations were determined using a Waters Aquity UPLC/Xevo 

TQ MS tandem quad mass spectrometer system. 5µl samples were fractionated on a 

Waters Aquity UPLC BEH C18 1.7 µm column (2.1 x 50 mm) equipped with a Vanguard 

Aquity UPLC BEH C18 1.7 µM precolumn (2.1 x 5 mm). The column was run at 40°C 

using a 3 min 5-95 % water/acetonitrile gradient containing 0.1 % formic acid (% ACN: 

0-0.3 min 5%; 0.3-1.3 min,5-20%; 1.3-1.9 min,20-60%; 1.9-2.3 min,60-95% 2.3-2.4 

min,95-95%; 2.4-3.0 min,5%) at 0.65 ml/min. The mass spectrometer was operated in 

electrospray positive mode with tune conditions of capillary voltage 3.20 kV, source 

temperature 150°C, desolvation temperature 300°C, desolvation gas flow 800 L/hr, cone 

gas flow 0 L/hr and collision gas (argon)flow 0.15ml/min.  Multiple reaction monitoring 

(MRM) methods [compound, precursor ion > product ion; cone voltage (V); collision 

voltage (V), retention time (min)]:  rilpivirine (quantitation ion), 367.26>127.96, 

56,52,1.56; rilpivirine (confirmation ion), 367.26>224.14,56,32,1.56; propafenone, 

342.30>116.01,28,22,1.60. Analytes were quantified using Waters MassLynx v4.1 

software using 6-point standard curves with propafenone as the internal standard.   

3.3.8 Statistics  

All data are expressed as mean ± SD. Differences between groups were assessed 

using one-way ANOVA and student t-test. A significance level of p < 0.05 was used for 

all comparisons.  
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3.4 Results and Discussion  

3.4.1 Macrophages Cell Models and Folate Receptor Expression  

Activated macrophages serve as cell reservoir targets and transporters into the 

lymphatic system. First, a replicable macrophage cell model with folate receptor 

overexpression was needed for in vitro assays. Murine macrophages-like RAW 264.7 

cells were used for model development. To fully mimic activated macrophages status, 

lipopolysaccharide (LPS) was used to activate RAW 264.7.  LPS was reported to 

exacerbate HIV infection and activated immune cells inappropriately. LPS activated 

lymphocytes by the induction of tumor necrosis factor (TNF) and interleukin-1 (IL-1), 

while macrophages through Toll-like receptor 4 (TLR 4) signaling. P38 mitogen-

activated protein kinase (MAPK) and nuclear factor kappa B (NF-KB) activation are 

involved in the activation [24]. 

Folate receptor expression was measured by confocal microscopy. For 

preliminary in vitro assays, an LPS induced RAW 264.7 cell model was more accessible, 

sustainable, and efficient compared to monocyte-derived-macrophages cells extracted 

from human donors. A series of LPS concentrations, cultivation time slots, and medium 

were invalidated for folate receptor expression with confocal microscopy. The folate 

expression level was increasing as the concentration of LPS increased; however, the 

1000ng/ml of LPS shared the same level with 2000ng/ml. Cultivation time did not infect 

the folate receptor expression. Compared with standard DMEM medium, folic acid-free 

RPMI medium exhibited enhanced folate receptor expression. Although without LPS 

treatment, cells showed slight fluorescent signals, compared with LPS activation, the 

fluorescent signals were significantly stronger. For folate receptor expression assays, 
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different ratios of FR antibody and secondary antibody ratios were evaluated as well. Test 

conditions of primary antibody was 1:500 (v/v) and secondary antibody, 1:1000 (v/v) 

ratio. To conclude, activation was with 1000ng/ml LPS and 12h cultivation, cultured with 

folic acid-free RPMI medium.  

As illustrated in Figure 3.1, ES-2, and non-activated RAW 264.7 cells did not 

show FR fluorescent signal, while SKOV-3 and LPS-activated RAW264.7 exhibited 

enhanced fluorescence on the surface of cells. ES-2 and SKOV-3 are reported with none 

and sufficient folate receptor expression, respectively. A semi-quantified data drew the 

same conclusion by confocal microscopy Harmony software, as shown in Figure 3.1(B). 

The confocal microscopy results demonstrated that LPS activated RAW 264.7 cells were 

overexpressed with FR, indicating the cell model was successfully built up and could be 

repeated and used for further in vitro assays.  
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Figure 3.1 (A) Folate receptor expression level by confocal microscopy (Blue: DAPI; 

Green: FR antibody); (B) Fluorescence level of green color-semi-quantified analysis of FR 

expression  

(A) ES-2                                                         SKOV-3 

     Non-activated RAW 264.7.                  Activated RAW 264.7 

(B) 



 
 

103 

3.4.2 Cell Uptake Assays  

Cell uptake assays by different cell models  

A preliminary cell uptake assays were conducted with reported FR overexpression 

or non-expression cell models, SKOV-3, OVCAR-3, and ES-2. SKOV-3, OVCAR-3 are 

FR overexpression cells, while ES-2 cells are negative control, without FR expression. 

Cells were treated with two concentrations of FA-NE with or without folate decoration. 

As shown in Figure 3.2 (A, B), nanoemulsion (NE) coated with FA were taken up 

greater by cells with folate receptors than non-targeted NE. The fluorescence was 

significantly stronger with FA-NE. To determine whether the folate mediated the 

enhanced uptake, cells with non-folate receptor expression (ES-2) were treated with NE 

and FA-NE. Figure 3.2 (C) showed there was no difference in cell uptake of FA-NE and 

NE. The images confirmed that the folate receptor mediated the entry of FA-NE, and it 

showed functional specificity and selectivity.  

Further investigation was conducted with activated macrophages, SKOV-3, and 

ES-2 cells. Compared with cell models overexpressed with FR, cellular uptake in ES-2 

cells did not show any distinct differences with varying concentrations of FA-NE 

treatment. As shown in Figure 3.3, with SKOV-3 and activated macrophages, cellular 

uptake was significantly enhanced compared to ES-2. Moreover, the uptake was 

dependent on FA-NE concentrations. The higher concentration of treatment enhanced 

cellular uptake more. Besides, enhanced intracellular fluorescence in cells treated with 

FA-NE for over 6 hours demonstrated high stability and preferred permeability.  
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Figure 3.2 Cell uptake results of nanoemulsion (NE) and FA-NE with (A) SKOV-3 cell 

line; (B) OVCAR-3 cell line; (C) ES-2 cell line; with 0.5mg/ml and 1mg/ml NE and FA-

NE; (blue: DAPI, red: DPPE-lissamine rhodamine B, representing delivery system). 
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Figure 3.3 Cell uptake with activated RAW 264.7, SKOV-3, and ES-2, treated with 

various concentrations of FA-NE for 4 hours, tested by confocal microscopy 

(Blue: DAPI; Red: DPPE-lissamine rhodamine B, representing delivery system). 
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Cell Uptake Assays with Different Folate levels  

To determine the optimal amount of FA conjugated on the surface of 

nanoemulsion and further investigate receptor-mediated endocytosis, different 

percentages of DSPE-mPEG-2000-FA consisted of nanoemulsion were prepared and 

treated cells with similar cell uptake protocol. The results show in Figure 3.5. The 

cellular uptake of FA modified NE increased as the percentage of folic acid increased 

from 0% to 10%, while 20% FA decreased level of fluorescent. It may be due to the 

unstable structure of nanoemulsion with a high percentage of folate. FA-NE containing 

10% DSPE-mPEG-2000-FA in the outer layer showed the highest cell uptake by 

activated macrophages, implying the optimized ratio range of FA decoration. These 

results validated that the cell model could successfully be served as an activated 

macrophage cell model with a fully functioned folate receptor. The results also further 

demonstrated that folate conjugates to FR beta expressing macrophages and were 

transported into the cell through receptor-mediated endocytosis.  

To further investigate the folate receptor function, pretreatment with saturating 

free folic acid solution was conducted with activated macrophages and SKOV-3. Cells 

were treated with 1mM free folic acid solution before treatment with FA-NE. With the 

semi-quantified assays by confocal microscopy Harmony software, Figure 3.4 showed 

free folic acid did inhibit cell uptake of FA-NE. However, the inhibition was not a 

significant difference.   

Folate receptor is a cell surface glycoprotein, and folate uptake is receptor-

mediated endocytosis. The rate of internalization and trafficking for most of this kind of 

cell surface receptors depends on the structure of the ligands, the occupancy of the 
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receptor, and the binding ligand-induced receptor clustering. However, for FR, neither of 

these parameters would influence FR expression. A study was performed to test the 

impactor for FR endocytosis. With saturating folic acid treatment, FR expression level 

will not change, indicating that FR occupancy has no impact on the rate of FR 

internalization. Moreover, ligand conjugates do not influence FR clustering levels [25]. 

This conclusion explains the insignificant inhibition of folic acid pretreatment.  

 

 

 

Figure 3.4 Florescence intensity with or without pre-treatment of 1mM free folic acid 

solution with SKOV-3 and activated RAW 264.7 cells, followed by treatment of 100µM 

FA-NE, tested and analyzed by confocal microcopy. 
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Figure 3.5 Cell uptake results with FA-NE with different folate percentage (w/w) 

(Blue: DAPI; Red: DPPE-lissamine rhodamine B). 
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3.4.3 Intracellular Uptake and Retention 

To further investigated in vitro pharmacokinetics parameters, intracellular drug 

release, uptake, and retention were conducted. Intracellular cellular uptake of RPV by 

activated macrophages cultured in the presence of a 40ug/ml RPV solution or with the 

same amount of RPV in FA-NE was compared. Uptake of nanoemulsion and the native 

drug was assessed without medium change for 30 h with cell collection occurring hourly. 

Maximum uptake was observed at 4h for both FA-NE-RPV and native RPV group, which 

is consistent with real-time uptake by live confocal imaging. From the fifth hour, a 

release of RPV was noticed with the native RPV treatment group, while RPV-FA-NE 

group showed sustained drug concentration for about 30 hours. The highest amount of 

intracellular RPV was 1.55-fold greater for nanoemulsion (0.048mg/ml) than for RPV 

(0.031mg/ml). RPV-FA-NE groups exhibited higher intracellular drug concentration 

indicating the enhanced cellular uptake by nanoemulsion system. Moreover, no burst 

release was observed, which is consistent with the in vitro drug release results.  

Intracellular release and retention assays were conducted with activated 

macrophages. Cells were treated with 100ng/ml RPV or FA-NE containing 100ng/ml 

RPV for 12h. The media was changed and washed with DPBS three times every day. 

Intracellular drug concentrations were tested and analyzed with UPLC/MS. As shown in 

Figure 3.6, intracellular concentrations of RPV with groups treated with FA-NE were 

much higher than that of native drug solution with every time points. AUC was 

calculated employing the Trapezoid Rule. AUC of the two treatments was statistically 

significant, with FA-NE 50.18ng/ml/h vs. RPV 6.73ng/ml/h (p<0.05). Cells treated with 

FA-NE showed smaller Tmax compared with groups of RPV.   
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Intracellular drug release and retention results indicated that FA-NE system 

maintained a controlled drug release, enhanced drug uptake, and extended drug retention.   

 

 

Figure 3.6 (A) intracellular drug release by treating with activated macrophages with 

40mg/ml RPV solution and FA-NE containing the same drug concentration for 30hrs, drug 

concentration in the cells and medium were analyzed with LC/MS; (B) intracellular drug 

retention and release profile by treating the activated RAW 264.7 with 100ng/ml RPV and 

FA-NE for 12 hrs, changed medium every day and tested intracellular drug concentration 

by LC/MS. 

(A) 

(B) 
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3.5 Conclusion 

We have successfully developed an LPS activated macrophage cell model with an 

expression of the folate receptor, as confirmed by confocal microscopy. Cell uptake was 

performed with activated macrophages, SKOV-3, ES-2, and OVCAR-3. Data has 

revealed that cellular uptake was depended on FA-NE treatment concentrations and 

facilitated by receptor-mediated endocytosis. The enhanced intracellular fluorescent was 

due to satisfyingly dispersion stability and permeability of the nanoemulsion system. 

Further intracellular drug release and retention assays validated that FA-NE enhanced 

intracellular uptake and maintained drug concentrations, which was consistent with 

previous drug release results.   
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CHAPTER 4 

THE STUDY OF THE THERAPEUTIC PROPERTIES OF FA-NE CARRYING 

ANTIRETROVIRAL DRUGS IN HIV-INFECTED CELL MODELS AND CELL 

VIABILITY OF FA-NE 

4.1 Introduction  

HIV/AIDS has been an unsolved disease since the first case identified in 1981[1-

2]. With the decades of researches, most of the biomarkers in the HIV life cycle are 

studied and well-characterized, contributing to the design of antiretroviral drugs [3]. For 

now, over one hundred highly potent orally administered ARVs are approved and on the 

market. With combination antiretroviral therapy (cART), the AIDS-related death number 

has significantly decreased by 45%. cART has magnificently improved the HIV+ 

patients' life quality and life span by controlling the virus in the blood to an undetectable 

level with adherence to the prescriptions. 

Due to the pandemic application of cART, the new HIV infections along the years 

trend to decline, however, the total number of HIV infected patients still are not 

negligible, with 36.7 million infections worldwide, making the global HIV pandemic an 

unprecedented public health problem. Taking cART persistently maintains viremia to an 

undetectable level. The cure for HIV/AIDS remains elusive, with several main drawbacks 

of current treatment strategy, including drug resistance, peripheral toxicity, long-term 

therapy adherence difficulty, and less access to HIV reservoirs [4-6]. The presence of 

viral sanctuaries accounts for the significant obstacle in finding a cure for HIV. The latent 

virus of viral reservoirs cannot trigger a drug mechanism for some class of ARVs [7-8]. 

Besides, the biological activity of ARVs is dependent on its intracellular accumulation, 
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which is hindered by physiological barriers and efflux proteins, for most protease 

inhibitors are p-gp substrate [9-10]. Cell-mediated drug delivery may help deal with these 

problems. Data validated that HIV reservoirs, including lymphocytes and macrophages, 

responded to the cART treatments [11]. Having a drug delivery system with high drug 

capacity to the cellular reservoirs could provide a possibility to enhance drug 

concentration to improve the drug efficacy within viral reservoirs. [12]. 

Nanoemulsion delivery system has emerged as a promising strategy for 

hydrophobic molecules and macrophages targeting [13]. Drug delivery systems designed 

with nanosize can impact drug pharmacological properties and biodistribution behavior to 

improve permeability, enhance the therapeutic efficacy, and reduce dosage and toxicity. 

Nanotechnology has been widely studied for HIV treatments targeting the viral 

reservoirs. 

Here, the active ARV intended to be capsulated is rilpivirine, a diarylpyrimidine 

derivative. It is the second generation of non-nucleoside reverse transcriptase inhibitors 

(NNRTIs). Besides rilpivirine, approved NNRITS include doravirine, efavirenz, 

etravirine, and nevirapine. NNRTIs interact with the hydrophobic pocket of reverse 

transcriptase and inhibit the polymerization reaction to prevent viral RNA transcription. 

Unlike NRTIs, it does not require activation or phosphorylation of reverse transcriptase, 

so it works for latently infected macrophages. In contrast to NRTIs, the effect of NNRTIs 

is similar to macrophages and T lymphocytes. Compared with other ARVs, NNRTIs have 

fewer side effects since they are not competition inhibitors. With T cells, NNRTIs 

showed cell apoptosis, but not with macrophages [14]. As the second generation of 

NNRTI, rilpivirine works on wild-type of the virus as well as NNRTI-resistant HIV-1 
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strain with a longer half-life. The long-acting rilpivirine formulation was in research for 

HIV prevention [15]. Poor solubility and low bioavailability are still severe issues for 

formulations with rilpivirine.   

Based on the results in Chapter 3 and 4, we have successfully designed, 

developed, and optimized a nanoemulsion system with folate decoration targeting 

macrophages. This nanoART showed a reasonable size range (120-150nm), with PDI 

below 0.3 and good dispersion stability, implying excellent stability in vivo.  The release 

profile showed controlled release properties and high encapsulation efficiency due to the 

high amount of oil core. Furthermore, cellular uptake results indicated folate conjugation 

enhanced nanoemulsion taken up in folate receptor overexpressed models, and we have 

further confirmed cellular uptake was through folate receptor-mediated endocytosis 

pathway. Previous data has demonstrated the potential of FA-NE as a promising delivery 

vehicle for macrophages targeting. 

In this chapter, we continued with the cytotoxicity analysis of the system with 

SKOV-3, and MCF-7 cells. To evaluate if the in vitro characterizations can be translated 

into effectiveness, antiretroviral efficacy assays were conducted with an HIV indicator 

cell, TZM-bl cell, and monocyte-derived-macrophages from human donors. 

4.2 Material  

SKOV-3 and MCF-7 cell lines are purchased from American Type Culture 

Collection (ATCC), TZM-bl reporter cells (from Dr. John C. Kappes, Dr. Xiaoyun Wu 

and Tranzyme Inc.) were cultured in DMEM high glucose complemented with 10% FBS 

and gentamicin (10ug/ml). 



 
 

117 

DMSO (Fisher Chemical, Pittsburg, PA), 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (Sigma-Aldrich, St. Louis, MO), Other reagents and 

materials are mentioned in Chapter 3. 

4.3 Methods 

4.3.1 Monocyte-Derived-Macrophages (MDM) 

A peripheral blood mononuclear cells (PBMCs) were prepared from the buffy 

coats of healthy donors (obtained from CNAC Basic Science Core I, Temple University) 

by density gradient centrifugation using Ficoll-hyPaque reagent. Next, monocytes were 

isolated by negative selection using EasySep human monocyte enrichment kit without 

CD16 depletion (STEMCELL Tech). To induce monocyte maturation into macrophages, 

cells were plated in 12well plates (106 cells/well/1ml) and were cultured for six days in 

the growth medium (RPMI, 10% FBS, gentamycin 50ug/ml) containing M-CSF 

(50ng/ml, STEMCELL Tech). Fresh medium was added after three days.  

4.3.2 Cell viability assays of FA-NE 

Cytotoxicity of FA-NE was evaluated via the 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium (MTT) bromide assay. Briefly, SKOV-3 and MCF-7 cells were 

seeded with a density of 5´103 per well in a 96-well culture plate, respectively. Treat with 

relative medium and incubate at 37 °C in a 5% CO2 atmosphere overnight. After 

discarding the medium in the 96-well plate, the cells were incubated with different 

concentrations of blank FA-NE (150, 290, 580, 1160 μg/mL) for 24 h. After that, 20 μL 

of MTT solution in PBS (5 mg/mL) was added to each well and incubated for another 

four hours. The culture medium was removed carefully, and the cells were lysed by the 

addition of 150 μL of DMSO to dissolve the purple MTT formazan dye crystals produced 
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by the metabolically active cells. The 96-well culture plate was shaken for 3 min on a 

microplate reader (BioTek, USA) before reading the absorbance at 560 nm. Each 

experiment was performed in triplicate. 

Cell viability % = (Abssample / Abscontrol) X 100 

Where Abssample and Abscontrol represent the absorbance determined for cells 

treated with nanoparticles and control cells (nontreated), respectively. 

4.3.3 In vitro HIV-1 Inhibition by FA-NE-RPV and RPV solution 

TZM-bl reporter cells (from Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme 

Inc.) were cultured in DMEM high glucose complemented with 10% FBS and gentamicin 

(10ug/ml). Cells were plated in 24well plates (105 cells/well/0.5ml). After 24h, cells were 

treated with RPV solution and FA-NE-RPVs at a concentration range of 3.3 to 33ng/ml 

(in serum-free Opti-MEM) for 24h. Following day medium containing drugs were 

removed and washed, and cells were infected with HIV-1NL4-3-BAL-GFP at MOI of 0.0125, 

0.05, and 0.2 for 4h and incubated for an additional 24h. Cells were washed with PBS, 

and fresh growth medium was added. 48h post-infection cells were harvested, fixed with 

1% paraformaldehyde, and analyzed for GFP expression using Guava MiniCyte.  

For MDM cells, seed cells in 12well plates. RPV nanoformulations and RPV free 

drug solutions at a concentration of 3. 3ug/ml were added (in serum-free Opti-MEM) and 

left for 12h. The next day, medium containing drugs were removed, and cells were 

infected with HIV-1NL4-3-BAL-GFP at MOI 0.25 (incubation overnight). Next day cells were 

washed with PBS. Fresh medium was added after three days. After six days supernatants 

were collected (for HIV-1 Gag p24 ELISA), cells were harvested for GFP-flow 

cytometry (fixed in 1% paraformaldehyde) and lysed for RNA extraction. 
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4.3.4 Statistics  

All data are expressed as mean ± SD. Differences between groups were assessed 

using one-way ANOVA and t-test. A significance level of p < 0.05 was used for all 

comparisons.  

4.4 Results  

4.4.1 Cytotoxicity assays 

Cytotoxicity assays were performed on SKOV-3 and MCF-7. The result of MTT 

assay demonstrated negligible cytotoxicity of FA-NE with folate receptor overexpressing 

cells, as shown in Figure 4.1. With SKOV-3 and MCF-7, 0.15 to 1.15mg/ml 

nanoemulsion system were tested. All the concentrations showed no cytotoxicity of the 

tested cell lines. With lower nanocarrier concentrations (0.15mg/ml and 0.30mg/ml), cell 

viability increased to over 100%, indicating the lipid component of FA-NE help to 

proliferate the growth of tumor cells and healthy cells.  It may be due to the nanocarrier's 

effect on the molecular behavior of the tumor cells when they entered into the cytoplasm. 

Nanocarrier will decrease the endogenous reactive oxygen species in cells. Studies 

showed nanocarrier might upregulate of anti-apoptotic molecules expression and inhibit 

NF-kB activation so that it promotes cell proliferation in a redox-sensitive signal 

pathway. Besides, DHA was reported with anticancer efficacy, but with the current 

percentage of DHA, it did not diminish cell viability. 
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Figure 4.1 Cytotoxicity assays of FA-NE with SKOV-3 and MCF-7 cells, treated cells 

with FA-NE up to 1.16 mg/ml and evaluated cell viability with MTT assays. 
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4.4.2 Antiretroviral Efficacy of FA-NE  

To determine if the physicochemical properties and enhanced cellular uptake 

could be translated into improved antiretroviral efficacy, effectiveness analysis with HIV 

indicator cell line-TZM-bl cells, and monocyte-derived-macrophages (MDM) cells were 

conducted.  

Flow cytometry was used for GFP detection on TZM-bl cells. A laser beam is 

applied in the equipment and ideally through one single cell. The scattered light absorbed 

and emitted by the fluorescent protein attached to the cells is characterized. Flow 

cytometry technique requires cell suspension for testing without complicated preparation, 

which provides an easy and fast detection method. It also provides cell counts, indicating 

cell viability at the same time. The enzyme-linked immunosorbent assay (ELISA) is a 

commonly used surface antigen detection assay. Use the specific antibody to bind the 

antigen first and bind the antibody with a colored antibody as a second step. By 

measuring the intensity of the color, the expression level of the antigen is elucidated. It 

provides a quantitative technique of antibody expression, unlike western blot. It also 

increases specificity compared with flow cytometry. Reverse transcription-quantitative 

polymerase chain reaction (RT-qPCR) is used to detect, characterize, and quantify 

nucleic acids. RT-qPCR requires mRNA extraction from cell samples, reserve transcribed 

into cDNA, and amplified by three repeating steps. It is the most accurate and sensitive 

detection method for nucleic acids. 

TZM-bl cell line The TZM-bl cell is an artificial HIV indicator cell line. As a Hela 

cell line derivation, it is designed and managed to be stably expressed with high levels of 

HIV enter receptors, CCR5, CD4, and CXCR4. This cell line is a popular used, easily 
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replicated cell model for HIV infection research with quantitative and straightforward 

analysis of HIV using luciferase or β-galactosidase as reporters that activate through HIV 

expression. The addition of DEAE-dextran in the infection medium would enhance the 

sensitivity to HIV infection. Green fluorescent protein (GFP) linked HIV provides 

possibilities to visualize virus infection and methods to study the interaction of virus and 

targeted cells. GFP contributes quantitative methods of determination of virus viability by 

detecting fluorescent levels. A low level of GFP shows less presence of the virus. 

Feasible HIV concentrations were investigated by analysis GFP expression level 

with flow cytometry. Determined using of 0.25 mol HIV solution, native RPV drug 

concentrations and FA-NE concentrations were studied, using cytotoxicity and GFP 

expression as the indicators to evaluate the safety profile and antiretroviral efficacy. Cells 

were treated with RPV solution and FA-NE with the same amount of RPV for 12 hours 

and then challenged with HIV for 12h. On Day 3, cells were washed and analyzed. 

Figure 4.2 (A) showed flow cytometry results of cell viability and GFP expression levels 

of cells treated with various RPV drug solution and FA-NE solution from 3.3 ng/ml to 

33ng/ml. As shown in Figure 4.2 (B), groups with no treatment and nanoemulsion only 

(FA-NE with no drug) showed low cell viability as a result of virus cytotoxicity. Other 

treatment groups showed no cell toxicity compared with the control group, indicating 

within the concentration range, free RPV solutions, and FA-NE encapsulated with RPV 

would not cause cytotoxicity. GFP is an indicator of virus infection. The higher of the 

GFP expression value indicates the stronger HIV infection as well as, the weaker 

antiretroviral efficacy the treatment has. The group of the cell treated with HIV-1 

infection alone showed high GFP expression of 25.7%, demonstrating a successful 
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infection. Compared with the control group, nanoemulsion groups with no RPV 

encapsulation showed almost no antiretroviral efficacy, while groups with RPV showed 

different levels of inhibition of GFP expression. Within groups, the higher the treatment 

showed a stronger inhibition effect. Compared with non-folate decoration nanoemulsion 

system, folate-conjugated nanocarriers showed better results with lower concentrations 

(3.3 ng/ml and 16.5 ng/ml). With the low concentrations, nanoemulsion with folate 

presented stronger antiretroviral results as well.  

TZM-bl is a mature and widely used cell model for HIV infection study. Tested 

on TZM-bl cells provided a preliminary conclusion that folate decorated nanoemulsion 

showed better or at least similar antiretroviral efficacy, compared with free RPV drug 

solution, especially with lower treatment concentrations.  
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Figure 4.2 (A) GFP expression levels with TZM-bl cells, treated with various RPV 

concentrations, followed by infecting with HIV-1 NL4-BAL-GFP with 0.25 MOL by flow 

cytometry; (B) Cell counts of TZM-bl after treatment with different concentrations of RPV 

and FA-NE and HIV infection by flow cytometry. 
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Monocyte-derivative-macrophages Studies continued with monocyte-derivative-

macrophages (MDM), which are the targeting macrophages. Monocytes were extracted 

from blood cells and induced differentiation into macrophages by the addition of M-CSF. 

It is a useful biological matrix for HIV infection study and reported to overexpress with 

FR. P24 protein, coded with gag gene, is the capsid protein of the HIV virus. Arisen in 

the early infection stage, is widely used as an HIV indicator and detection. P24 protein 

was detected using the p24 antigen test by ELISA and HIV-1 gag RNA by RT-PCR. Two 

ways of treatments, including treatment with RPV/FA-NE first, then challenged with 

HIV infection and with HIV infection first, then with treatment were conducted.  

With six donors in total, RT-qPCR results are shown in Figure 4.3. HIV gag gene 

was tested and normalized with b-actin. The figure showed similar results, and the same 

conclusion can be drawn with tests on TZM-bl, indicating the consistency of these two 

cell models. For both of the treatment methods, all treatment with RPV showed 

significant antiretroviral efficacy compared with the untreated group and only the 

nanoemulsion group. Higher folate decoration (15%) nanoemulsion system exhibited 

better results than with 10%. In contrast to the RPV group, treatments with nanoemulsion 

encapsulated RPV presented better or at least similar efficacy, implying that 

nanoemulsion delivery carriers did not lessen antiretroviral drugs' effectiveness. 

Although statistically FA-NE and RPV groups showed similar antiretroviral efficacy, the 

distribution of single data of FA-NE was more concentrated on the lower p24 expression 

level. It is worth noticing that nanoemulsion without encapsulation of RPV showed 

particular antiretroviral efficacy in three donors for both experiment strategies. It is 
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possible due to the diversity of donors' genome. Further studies are needed to explore the 

explanation behind these results. 
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Figure 4.3 GAG gene expression level detected with RT-PCR with (A) treatment with 

MDM cell with 3.3ng/ml RPV or FA-NE with the same RPV contained for 12 hrs, and 

challenge with 0.25 MOL HIV for 3 days; (B) challenge with 0.25 MOL HIV for 3 days 

on MDM cell, then treatment with 3.3ng/ml RPV or FA-NE with the same RPV contained 

for 12 hrs. 
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4.5 Summary and Conclusion  

Cytotoxicity assays were conducted with several cell lines, including SKOV-3, 

MCF-7, and TZM-bl. Treatment up to 1.16 mg/ml of FA-NE showed negligible cell 

toxicity as determined by MTT assay, indicating the safety profile of FA-NE. In 

antiretroviral efficacy assays, comparable or better efficacy results demonstrated that FA-

NE delivery system maintained and enhanced drug potency for most of the donors. FA-

NE exhibited certain level of antiretroviral efficacy with three donors, which needed to be 

further studied.  
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CHAPTER 5 

 
5.1 Discussion and Conclusion  

The annual number of new HIV infections continues to decline due to the widely 

applied antiretroviral drugs; however, HIV/ADIS remains a pandemic public health 

problem, with 36.9 million infected peoples worldwide in 2017 [1]. Current oral 

regimens of ARVs face problems, including the requirement of noninterrupted daily 

dosing, suboptimal patients' adherence, and inadequate tissue penetration. The formation 

and presence of viral sanctuaries caused by limited drug concentrations into cells and 

tissues account for the majority of treatment fatigue.  Here, our research effort in ARVs 

delivery has focused on the development of a nanoemulsion system for hydrophobic 

drugs, facilitated by cell-mediated delivery strategy. 

Encapsulated with a second-generation NNRTI drug, rilpivirine, the 

nanoemulsion was manufactured with emulsification solvent evaporation and thin-film 

hydration method. Physical properties, including size, PDI, and zeta potential, were 

analyzed for development and optimization. Here, a novel nanoemulsion delivery system 

with large hydrophobicity capacity and preferred dispersed stability was developed. 

Furthermore, we have demonstrated its enhancement of intracellular drug uptake and 

retention and validated the folate receptor-mediated endocytosis pathways. Most 

importantly, the promising in vitro characterization results have been successfully 

translated into effectiveness with monocyte-derived-macrophage cells. The nanoemulsion 

system showed similar or greater antiretroviral efficacy compared to native drugs for up 

to three days after the treatments. 

Macrophages-mediated drug delivery is emerging as a promising strategy for viral 
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sanctuaries. cART oral regimen suffers from inadequate drug concentrations due to the 

presence of physical barriers such as BBB and blood-lymphatic barrier. Macrophages, the 

very same cells as viral carriers, could reach tissue sites that otherwise would have little 

or no drug penetration. Furthermore, macrophages can hold the drugs stable and active 

with enormous capacity and enhanced half-lives. ARVs' effectiveness is concentration-

dependent; hence, the increase of drug concentration would help to eradicate the viral 

sanctuaries. Besides, activated macrophages are reported to express fully functionalized 

folate receptors, which can perform as a promising target moiety.  

Apart from serving as an inert nanocarrier for the therapeutic agent, 

nanoemulsions are known to bypass MPS and efflux transporters, thereby improving drug 

bioavailability. The ability to precisely control each component contributes additional 

advantages. Here, the nanoemulsion system we designed composed of a DHA oil core, 

DSPC, DPPG as lipid monolayer, DSPE-mPEG-2000 as a protector, and folate as the 

targeting moiety. Our results demonstrated that this novel folate-decorated nanoemulsion 

system was acceptable in size (120-150nm in diameter) and PDI (0.2-0.3), with a 

negative charge on the surface (-20 - -40mV). Furthermore, it showed excellent 

dispersion stability for up to four days and storage stability for twenty days. This system 

bear with a controlled release profile and up to 15% of drug payload.  

We have performed in vitro cell uptake assays with the activated-macrophages 

cell model, FR positive cell SKOV-3, and FR negative cell ES-2 as control. The confocal 

results exhibited a significantly stronger fluorescent signal, indicating an enhanced and 

sustained uptake mediated by the folate receptor. The enhanced intracellular fluorescent 

was due to good dispersion stability and permeability of the nanoemulsion system. 
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Further intracellular drug release and retention assays validated that FA-NE enhanced 

intracellular uptake and maintained drug concentrations, which was consistent with 

previous drug release results.   

MTT assays validated that nanoemulsion resulted in negligible cytotoxicity. Most 

notable was the demonstration of antiretroviral potent of FA-NE-RPV. In antiretroviral 

efficacy tests, comparable or improved efficacy results demonstrated FA-NE delivery 

system maintained and enhanced drug efficacy. Efficacy tests results showed that 

nanoemulsion without drug loading exhibited some antiretroviral efficacy with three 

donors. This result needed to be further studied, and longer virus challenge time needed 

to be conducted. 

In summary, we have successfully developed a novel folate-decorated 

nanoemulsion system targeting macrophages for HIV treatment, with increased 

specificity and enhanced intracellular drug concentration without causing cytotoxicity. 

With the results demonstrated above, it is a promising system for lymphatic system 

targeting and HIV treatment.  
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