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Abstract 

Since the year 2012, 2 million newly diagnosed cases of human immunodeficiency virus 

(HIV) have been found every year. Prevention schemes based on condoms, and other 

pharmacological interventions such as post exposure prophylaxis in a sexual exposure 

scenario (PEPSE) have had positive impact in the pandemic. Under current PEPSE 

guidelines due to risk to benefit ratios, only high-risk unprotected sexual events 

(>1/1000) are prescribed antiviral prophylaxis.  Such a situation leaves a population 

unprotected, whose size is unknown, that is in a low to moderate risk of HIV acquisition.  

To assess the size and views of a population that is currently unprotected by current 

prevention schemes, two online survey studies were set up in Thailand and the UK 

(Chapter 2). Both questionnaires were designed to probe for unplanned low to moderate 

risk of sexual exposure to HIV. Both data sets were analysed through demographic 

statistics and logistic regression to assess for unsafe intercourse. The results suggest that 

the proportion of the population reporting unplanned unsafe sexual intercourse events 

is as high as 29.1% in the UK study and 15.8% in the study in Thailand. Such a high 

proportion of sexually active population presents a target for further alternative 

prevention schemes and a research priority.  

One such alternative prevention scheme would be a localised (anal or vaginal delivery) 

nanoparticle drug delivery system, with high drug content, targeting local lymphatic 

nodes (Chapter 3). Dolutegravir (DTG) was chosen as the model antiretroviral agent 

due to its favourable side effect profile, high genetic barrier and high antiviral potency. 

However, the physiochemical properties of DTG such as its hydrophilicity are a 
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challenge for the entrapment of DTG under traditional nanoformualtions. A DTG 

prodrug, dolutegravir myristate (MDTG) was synthesized based on Sillman et al. to 

generate a high drug content formulation, a two-step solvent displacement experimental 

set up was designed. The first step was designed to formulate a MDTG nanocrystal 

emulsion, and the second step was designed to coat the nanocrystal with a minimal mass 

of a polymeric nanocarrier. The formulation developed through a coating method has a 

fast release of compound, as 100% of the payload gets released before 2 hours.  

This work provides evidence that a substantial percentage of the sexually active 

population, may find themselves in an unplanned low to moderate risk scenario for 

sexual HIV acquisition.  A potential solution for this population may lie in a localised 

nanoparticle delivery system to the vaginal or anal tissue (Chapter 4). In this work, proof 

of concept of coating an MDTG nanocrystal for this purpose was achieved. However, 

the drug release profile is not ideal for PEPSE purposes, thus future research is needed 

to perfect such a delivery system.  

  



3 
 

 Chapter 1: 

Introduction to the HIV pandemic and current gaps in 
prevention schemes 

 

1.1.1 Current HIV/AIDS pandemic. Failure to reach 90-90-90 UNAIDS goals in 

2020. 

As of 2020 there are an estimated 38 million people living with the human 

immunodeficiency virus (HIV). With approximately 2 million newly diagnosed cases 

every year since 2012, a plateau has been reached within the incidence of new infections, 

and further actions must be taken to lower the burden of new cases [1]. The incidence 

of newly diagnosed cases is currently at an all-time low, and shows the positive impact 

that prevention schemes, such as condom campaigns, treatment as prevention (TasP), 

pre-exposure prophylaxis (PrEP), and post exposure prophylaxis (PEP) have had in the 

pandemic, however much is still needed to end the HIV epidemic [1-3].  Acquired 

immunodeficiency syndrome or AIDS occurs at the final stages of HIV disease. Deaths 

attributed to AIDS, have been on a steady decline each year since 1996, with most 

deaths being in the African continent  [1].  

The HIV pandemic affects different world regions differently. Currently most of the 

worldwide burden remains on eastern and southern African countries, where 

approximately >700 000 newly diagnosed cases are found every year [4].  Most of the 

newly diagnosed cases of HIV, an estimated 62%, belong to key populations and their 

sexual partners. Key populations for HIV prevention include gay men and other men 

who have sex with men (MSMs), sex workers and their clients, intravenous drug users, 
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prisoners, and transgendered people. While these populations represent small 

proportions of the sexually active general population, they are at an elevated risk of HIV 

acquisition [5]. Current estimates suggest that only 25.4 million people living with HIV 

(67%) are under treatment, meaning that approximately 12.6 million people can 

potentially transmit the virus to populations at risk [6]. Funding of early diagnosis, 

treatment, and new prevention strategies for high prevalent areas such as sub-Saharan 

Africa remains a high priority to end HIV [1, 5, 6].  

To tackle new infections, the United Nations joint committee on HIV/AIDS (UNAIDS) 

developed ambitious targets in their 2013 meeting, the 90-90-90 goals for 2020. The 

90-90-90 goals represent the following milestones: 90% of people living with HIV 

being aware of their status, 90% of those aware of their status receiving antiretroviral 

therapy, 90% of those receiving antiretroviral therapy achieving viral suppression [7].  

In absolute numbers the 90-90-90 strategy means that 73% of the total number of people 

living with HIV would have achieved suppressed viral loads [7]. Several studies have 

provided data on how a virologically suppressed HIV positive individual will protect 

their partner by being on effective treatment [8-10]. Such evidence supports the 

consensus that the transmission risk under such circumstances is basically negligible 

[10]. Further evidence suggests that starting antiretroviral treatment as early as possible 

will provide better outcomes for the patient living with HIV and have a direct impact in 

lowering the HIV incidence [11, 12]. 

As 2019 ended, the 90-90-90 milestones were far from being reached, especially in high 

burden areas. Missing these targets prompted a new set of goals, proposed in the 

UNAIDS meeting in late 2019, with the goal of ending AIDS related deaths by 2030. 
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These are the more stringent:  95% of people living with HIV knowing of their status, 

95% of people living with HIV under antiretroviral treatment, and 95% of people living 

with HIV achieving undetectable status [6].    

1.1.2 Historical Evolution of the global pandemic.  

The first recorded cases of HIV have been often diagnosed retrospectively. Currently 

there is a certain controversy on the first recorded case, which may have been a sailor 

in Manchester who in 1959 had a pathology resembling AIDS [13, 14]. However this 

case has been put into question, as subsequent PCR testing of this case has not managed 

to amplify HIV sequences [15]. Regardless of who the index patient may have been, 

there is extensive evidence of HIV genetic variants already present in Kinsasha, Congo 

by the 1960s, suggesting that the virus may have been present in isolated African 

communities earlier than what was originally thought [16].  

It was not until the late 1970s and early 1980s when very initial reports of Kaposi’s 

Sarcoma and Pnemocystis Jirovecci pneumonias were found in populations of MSMs 

[17]. In fact, retrospective studies have found antibodies to HIV in MSM sauna club 

users in Copenhagen by 1982, confirming an earlier start of the HIV pandemic [18].At 

the start of the pandemic, linking a causative agent to AIDS proved to be a very difficult 

task. One of the leading academic hypotheses as to the causative agent of AIDS being 

a retrovirus was put forward by Robert Galllo and Luc Montagnier’s groups [19, 20]. 

Luc Montagnier’s group in France managed to isolate HIV from a lymph node sample 

of a Caucasian patient with clinical signs and symptoms concordant with AIDS. This 

discovery along with the successful linking of sexual intercourse, contaminated blood 
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products and vertical transmission allowed for better understanding of the HIV 

pathogenesis, thus improving prevention strategies [21, 22]. 

1.2.1 The human immunodeficiency virus  

HIV is a viral pathogen that under the Baltimore classification belongs to the VI group, 

meaning it is a double stranded positively sensed RNA virus with an intermediate step 

where the virus gets transcribed into DNA. Unlike other human pathogenic retroviruses, 

like the Human T-cell lymphotropic virus, HIV belongs to the lentivirus genus [23, 24].  

Within the lentivirus genus HIV shares a significant genetic background with the simian 

immunodeficiency virus (SIV). SIV is a pathogen of relevance in Old World monkeys 

and in many ways, it can be seen as the evolutionary parent of HIV. As the human 

species began to differentiate from other primates through thousands of years of 

evolution, an innate immunological defence for SIV was developed. Thus, the SIV virus 

remained contained to other Old-World monkeys for centuries, until certain 

evolutionary crossovers allowed for the generation of a novel virus (Figure 1) [24, 25]. 
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Figure 1. Evolutionary pathway of HIV. Viruses belonging to the lentiviral family, such as SIV and HIV, have 

a significant mutation rate per replication cycle. Such mutation rate has allowed SIV to eventually cross the species 

barrier in Old World monkeys and eventually allow for HIV to emerge as a novel virus. Current phylogenetic 

evidence suggests that SIV gave origin to HIV-1 (including the subgroups M, N, O) after cross species events 

from Sooty Mangabeys and Chimpanzees, and Chimpanzees to Gorillas. HIV-2 on the other hand is heavily linked 

to SIVs from Sooty Mangabeys. The two species of HIV have specific virological and clinical differences that 

will not be covered in this manuscript [23, 24, 26]. 

Current data suggests that HIV became a novel virus sometime around the 1900s, with 

two closely related but distinct species, HIV-1 and HIV-2. Both species of HIV had a 

different evolutionary course due to the different hosts they infected.  

Evidence suggests that HIV-1 evolved from a SIV lineages found in chimpanzees and 

western gorillas. HIV-1 evolved after two major cross species events, from sooty 

mangabey to chimpanzee and from chimpanzee to gorilla, eventually finding its way to 
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a human host. HIV-1 and its variants have a worldwide distribution, being regarded as 

the more clinically aggressive of the two HIV species, as well as the culprit for the main 

epidemic [23, 24, 27]. 

HIV-2 had a different evolutionary path, as it is descended from lineages that originally 

affected Sooty Mangabeys.  Due to the virological and evolutionary situations, HIV-2 

is mostly restricted to sub-Saharan Africa. HIV-2 could be responsible of about 5% of 

all HIV infections, with an estimated 1 million people living worldwide with HIV-2. 

After analysing epidemiological, virological, and clinical data, evidence suggests that 

HIV-2 is not as pathogenic as HIV-1 [26, 28]. 

Both species can be acquired in through the same pathways: sexual intercourse, vertical 

transmission (perinatal) and blood-borne exposure. For the rest of this chapter and thesis, 

the abbreviation HIV will refer to HIV-1, as antiviral treatment (HIV-2 being mainly 

sensitive to protease inhibitors), virological features, antigenic and epidemiological 

implications vary significantly between species [23, 24, 26]. 

1.2.2 HIV pathogenesis. 

Unlike other viral pathogens, HIV distinguishes itself by having a proviral DNA step 

and subsequent integration to the host’s genome in its replication cycle (Figure 2). This 

DNA step is key in shielding the virus from the immune response as it culminates in the 

successful integration of the viral DNA to the host’s genome, creating a reservoir  for 

HIV in the infected TCD4+ cells [29]. 
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Figure 2. HIV replication cycle and antiretroviral families. HIV’s Glycoproteins gp120/gp46 will bind to the 

CD4 receptor and use it as a main receptor (1). Fusion occurs and allows for HIV to unload the viral genome into 

the Lymphocyte’s cytoplasm (2). Once in the cytoplasm HIV’s reverse transcriptase will convert the viral RNA 

into a proviral DNA (3). The proviral DNA will get shuttled to the cell’s nucleus. Once in the cell nucleus, the 

proviral DNA will be integrated into the cell’s genome (4). Transcription and translation (5,6) of the proviral DNA 

allows for further assembly and budding with a protease mediated excision of the virion (7,8,9). Several 

antiretroviral families have been developed to combat HIV replication, with their mechanisms of action on the 

figure. 

HIV can be transmitted in a cell-associated (such as a white blood cell in semen) or in 

cell-free form as a viral particle. To complicate matters further, HIV can express a 

particular tropism to a subset of receptors, a trait that can make some viral strains “fitter” 

than others to infect a particular host [23, 29]. These characteristics make HIV a difficult 

disease to model efficiently. Due to experimental difficulties, most of the data has been 

extrapolated from SIV disease models in macaques [30, 31]. Most people living with 
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HIV, have acquired the virus after the breakage of mucosal barriers with direct exposure 

to viral particles. It is important to note that not all infective routes confer the same risk 

(Table 1). 

Table 1. Calculated risks of HIV acquisition depending based on exposure types [32-34]. The calculated risks 

represent how likely an exposure event is to result in HIV acquisition.  

Type of exposure Risk of HIV acquisition per exposure event (Confidence interval 95%) 

Receptive anal intercourse 1.11% (0.042%-3%) 

Insertive anal intercourse 0.06 % (0.006%-0.065%) 

Receptive vaginal intercourse  0.1% (0.004%-0.32%) 

Insertive vaginal intercourse 0.082% (0.011%-0.38%) 

Receptive oral intercourse 0.02% (0%-0.04%) 

Insertive oral intercourse Close to 0% 

Tainted Blood Transfusion 27-100% 

Needlestick injury Depending on type of injury: 

• Surgical needle injury is calculated around 2% 

• Intravenous drug user calculated around 2.4%. 

 

Regardless of whether in cell-free or cell-associated form, HIV must overcome physical 

barriers such as epithelial and mucosal secretions to come in contact with a macrophage 

or a dendritic cell as a first step of infection (Figure 3). Unprotected sexual contact with 

an HIV carrier remains the main route of transmission [1].  
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Figure 3. Schematic representation of HIV infective pathway showing relevant epithelium and transmission 

events. Risks for sexual HIV acquisition vary depending on many factors such as viral load (of the HIV+ partner), 

sexual act and/or use of barrier methods such as condoms. For females, risks can also vary depending on the time 

of exposure regarding the menstrual cycle. At the end of a menstrual cycle, the epithelia is more vulnerable to 

HIV, as often the epithelium layer is thinner and macrophages are found more often. Panel A) Depicts what would 

happen on a receptive scenario at the exocervix or anal tissue as both are comprised of primarily columnar 

epithelium. Panel B) Represents the receptive scenario at the vaginal tissue, which is comprised mainly of 

stratified squamous epithelium. Panel C) Represents an insertive scenario, with the stratified squamous 

epithelium found at the penile tissue. In the receptive scenario, HIV must traverse a mucous barrier found at the 

vaginal or anal tissues followed by the epithelial barrier, only to find a dendritic cell/macrophage and then be 

shuttled to a local lymph node. In the insertive scenario, fewer dendritic cells/macrophages are present, to shuttle 

HIV to local lymph nodes. Such histological differences also account for the difference in the calculated 

acquisition risks [23, 27].  

The virus is then transported to the local lymph nodes, where it would eventually find 

a T CD4+ lymphocyte in the paracortex area of a lymph node. While HIV can, on some 

occasions, replicate in a macrophage or a dendritic cell expressing the chemokine 
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receptor CCR5, this event does not occur often, and thus the viral end point of the 

disease is the infection of a T CD4+ cell at a lymph node [35].  

1.2.3 Establishing infection in the lymph nodes. 

The lymph nodes are complex masses of specialized immune tissue. These bean shaped 

sacs, are found throughout the body, totalling approximately 600 nodules of 1 to 10 mm 

in size [36]. At the histological level, a lymph node is composed of a fibrous outer wall, 

connected to outside tissues by a set of venules, arterioles, and respective afferent and 

efferent lymphatic vessels [37]. By removing the outer fibrous wall, lymph nodes are 

divided into lobules, cortex, follicle, sinuses (that are derived from the afferent 

lymphatic vessel), paracortex and the hilus where the arterioles, venules and efferent 

lymphatic vessels lay (Figure 4) [38].  
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Figure 4. HIV forces histological changes after establishing infection. Once HIV has established infection in 

the lymph node, it will progressively damage the histological structure of tissue. Classical descriptions show that 

there are four histological stages of HIV related damage in lymphatic tissue: 1) Follicular hyperplasia 2) Follicular 

lysis 3) Follicular Atrophy 4) Lymphocytic depletion. After a threshold is reached, usually at the stage of follicular 

atrophy, clinical signs of AIDS are found on a patient [39-42].   

The lymph, flowing into the node from the afferent vessel, travels through the 

subcapsular sinuses into the lobules, cortex, follicles, and paracortex. These regions, 

present distinct cellular populations that have important roles in the immune response. 

In the case of HIV, the paracortex and their important population of T CD4+ cells pose 

an important target for establishing infection [38, 42].  

Early descriptions of AIDS showed that lymphadenopathy was a common sign within 

patients. At the histological level, morphological changes were found as the disease 
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progressed (Figure 4). This very early histological classification was based on the 

progressive destruction of the follicles and normal structure of the lymph node: 1) 

follicular hyperplasia 2) follicular lysis 3) follicular atrophy and 4) lymphocytic 

depletion [39, 41]. At the final stage AIDS defining diseases, such as Pneumocystis 

Jirovecci pneumonia or Kaposi’s Sarcoma, were often identified [43].  

Once reaching a local lymph node, HIV binds to two receptors to unload the viral RNA 

to the target naive T CD4+ lymphocyte. The main receptor being CD4, in most cases 

CCR5 and in rare occasions CXCR4, or a combination of both chemokine receptors 

(Figure 2) [35]. The secondary receptor that HIV uses is referred to as viral tropism, 

thus variants are referred to as CCR5, CXCR4 or CCR5/CXCR4 tropic viruses [44]. 

The viral tropism phenomenon does not have many clinical implications. It does 

however impact the therapeutical options that could be prescribed to a patient (such as 

the use of maraviroc as therapy) or the viral lineage that could infect a patient [44].  

Once HIV binds its viral glycoproteins to CD4+ and to CCR5/CXCR4, it fuses to the 

lymphocyte’s membrane and unloads the viral RNA, which gets reverse transcribed into 

a proviral DNA. The proviral DNA is then transported to the nucleus where it integrates 

the genome with the host’s own DNA (Figure 2) [45]. When a T CD4+ cell has been 

infected with HIV, it is expected that a systemic dissemination would occur between 

the first 6-25 days after exposure [27, 42].  Of note is that a lymph node reservoir of 

HIV infected cells is established early on the infection, regardless of the use of 

antiretroviral therapy (See section 1.3.1 for more details) [37] 
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1.3.1 Antiretroviral therapy and pharmacological prevention schemes 

During early stages of the pandemic, no therapeutic option was available for people 

living with HIV or AIDS. By the late 1980s, initial antiviral treatment emerged in the 

form of zidovudine, however due to side effects, it was reserved for the late stages of 

the disease [46]. Monotherapy proved to be far from the answer, as it did not prevent 

deaths from AIDS. HIV’s replication process is bound to produce many mutations, 

culminating in a “quasispecies” phenomenon [47]. A “quasispecies” is a virological 

lineage that occurs spontaneously, directly related to the mutation rate from the reverse 

transcription [48]. Within one patient several quasispecies can emerge, usually 

dominated by the “fittest” HIV lineage. Monotherapy then allowed for HIV to 

eventually evade the pharmacological intervention, as selective positive evolutionary 

pressure for drug resistant HIV variants [49]. In order to account for this, by 1996, a 

triple antiviral scheme was developed, with different drugs (and different mechanisms 

of action) belonging to different families, with great success [50]. This scheme, 

currently known as highly [51] active antiretroviral therapy (HAART), has changed the 

overall morbidity and mortality of people living with HIV (Table2) [23, 52].  
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Table 2. Antiretroviral agents currently in use. Which are divided into five families NRTI, NNRTI, PI, Fusion 

inhibitors, CCR5 Antagonists and INIs. In parenthesis is the official abbreviation for each agent. Antiretrovirals 

of note are marked in black, red and green. Dolutegravir (DTG), in black, is a compound that due to the favourable 

adverse effects profile as well other antiviral factors has gained recently significant ground in HIV guidelines. 

Abacabir (ABC), in red, denotes an antiretroviral agent that requires testing for HLA-B*5701 as it has the potential 

to provoke fatal adverse effect in carriers. Enfurvitide (T-20, and Cabotegravir (CAB) in green, are the only two 

antiretroviral agents with a subcutaneous formulation [51]. 

NRTI  NNRTI  PI Fusion 
Inhibitors 

CCR5 

Antagonists 

INIs 

Abacavir (ABC) 

Didianosine 

(ddI) 

Emtricitabine 
(FTC) 

Lamivudine 
(3TC) 

Stavudine (d4T) 

Tenofovir (TDF) 

Zidovudina (AZT 
o ZDV) 

Efavirenz 
(EFV) 

Etravirine 
(ETR) 

Nevirapine 

(NVP) 
Rilpirivirne 
(RPV) 

Atazanavir 
(ATV) 

Darunavir 
(DRV) 

Framprenavir 
(FPV) 

Indinavir  

(IDV) 

Lopinavir  

(LPV) 

Nelfinavir 
(NFV) 

Ritonavir 

(RTV/r) 

Saquinavir 
(SQR) 

Tipranavir 
(TPV) 

Enfurvirtide 
(ENF,T-20) 

Maraviroc 
(MVC) 

Raltegravir 
(RAL) 

Dolutegravir 
(DTG) 

Elvitegravir 
(EVG) 

Bictegravir 
(BIC) 

Cabotegravir 
(CAB) 

 

Most of the antiretroviral formulations available (with the exceptions of the novel 

Cabotegravir/Rilpivirine and Enfurvitide) are based on oral formulations [40, 51]. 

While oral HAART has been successful in reducing the overall mortality and life 

expectancy of people living with HIV, patient compliance for the remainder of their 

lives remains an issue, as these oral formulations require at least daily dosing to achieve 
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viral suppression [40, 51, 53, 54]. Oral HAART is a significant measure in achieving 

viral suppression in blood, however, viral replication often bounces back to baseline 

levels if therapy is interrupted [51, 55, 56].  The first potential explanation to this 

phenomenon relates to viral sequences that are integrated to the DNA of a TCD4+ 

lymphocyte are reactivated by an unknown stimuli [51, 57, 58]. The second potential 

explanation refers to drug penetration to the lymphatic tissues is limited, therefore a 

reservoir due to low antiviral exposure is generated in the lymph nodes [40, 51].  

Orally administered antiretrovirals have significant barriers to overcome in order to 

reach systemic circulation, and thus the lymphatic vessels [51]. The first difficulty to 

overcome is the solubility in gastrointestinal fluids and subsequent absorption [59]. 

Such an aggressive environment in the gastrointestinal tract can produce antiviral 

decomposition or incomplete dissolution of the drug prior to penetration of the cellular 

membranes and subsequent absorption [40, 59]. After absorption the potential for first-

pass metabolism in the liver can potentially have an important effect in drug 

bioavailability, as it can lead to the formation of an inactive form of the drug. Once in 

systemic circulation, the antiviral can be in a protein bound or “free” drug presentation 

[51, 60]. “Free” drug is delivered to most tissues, including kidneys, which are organs 

that contribute significantly to the elimination of the antiretroviral agent [51]. Free drug 

has the tendency to have a short time in the lymph node, as it has the tendency to diffuse 

back to systemic circulation [40, 60]. As the ultimate target of HAART is the lymphatic 

tissue, small molecule antiretroviral agents are not of choice, as the majority is 

distributed through the bloodstream from the enterocyte [61]. Some physiochemical 

properties that favour lymphatic uptake are high molecular weights, lipophilicity (logP 
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>5), and a high solubility in long chain triglycerides (>50mg/ml) [40]. Most of the 

antiretrovirals listed in Table 2  do not have those properties, as most NRTIs, NNRTIs 

and INIs have a hydrophilic nature (logP <1.0), with few of them passing 300 Da as 

molecular weight [40, 51]. Of note is that of all the parameters listed, only tipranavir 

presents these preferred properties, however it has since fallen out of use in clinical 

guidelines due to important side effects such as significant hepatic toxicity and 

intracranial haemorrhages. Due to these reasons tipranavir has been, as of 2014, 

relegated to be a third line therapy [62, 63]. Should current research continue the trend 

towards long-acting INIs, tipranavir will probably continue to fall further behind in 

guideline recommendations [62, 64-70].    

Oral antiretrovirals can have the potential for accumulation in off-site tissues such as 

the liver and kidneys, often where major side effects are reported. This scenario has the 

potential of significantly limiting the proportion of drug that can cross the blood-lymph 

barrier and reach the target TCD4+ lymphocytes [51]. Currently only two antiretroviral 

formulations do not use an oral drug delivery. They are enfurvirtide and 

cabotegravir/rilvipirine. Enfuvirtide is a fusion inhibitor that has a subcutaneous 

administration. In enfurvitide’s case, the reason for subcutaneous administration is due 

to a poor bioavailability that rules out oral delivery. Additionally, its short half-life 

(approximately 4 hours), requires twice daily injections to maintain levels required to 

inhibit HIV replication [71]. Enfurvitide has a high adverse reaction rate, particularly 

in the injection site, and thus is currently relegated to salvage therapy in most guidelines 

[40, 51, 71]. 
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The novel formulation of cabotegravir/rilvipirine consists of a intramuscular delivery 

route [40]. Alternative routes, such as the subcutaneous or intramuscular routes can help 

avoid the first-pass metabolism, which often limits the possibility of a drug reaching the 

lymphatic system [40]. In the case of the cabotegravir/rilvipirine formulation, a 

significant advantage for both antiretrovirals was found when administered 

intramuscularly, as pharmacokinetic parameters such as Tmax, Cmax, and area under 

the curve were superior to their oral formulations [68-70].  

 HIV is a chronic condition that demands consistent treatment, usually in the form of 

one or two oral formulations in order to keep the viral load at low levels [40]. 

Paradoxically oral formulations of antiretroviral agents, despite being less intrusive than 

the subcutaneous or intramuscular route, present several issues that are particular to 

HIV therapy such as pill fatigue and discretion issues (due to HIV/AIDS stigma) [70, 

72]. The cabotegravir/rivilpirine has another characteristic that makes it unique, it is a 

combined nanoformulation of 2 antiretroviral agents. Cabotegravir has specific 

characteristics that favour the generation of a long acting nanoformulation, such as a 

relatively hydrophobic logP (2.1) and a relatively high molecular weight (405 Da). 

Cabotegravir’s nanoformulation is designed as a dissolution-controlled depot that uses 

polyethylene glycol 3500 and polysorbate 20 as stabilizing agents [68, 69, 73, 74].In 

the case of rilvipirine a similar case is found, as it has a logP of 4.5, and a molecular 

weight of 366 Da [70]. Rilvipirine is formulated as a nanosuspension stabilized by 

Pluronic 338 [69, 70, 73-75]. The combination of both antiretroviral agents in one single 

administration has allowed to prolong several important pharamacokinetic parameters 

notably the half-life, of both antiretroviral agents, allowing for a single IM dose per 
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month, instead of a daily pill [68-70, 73-75]. An additional advantage of 

nanoformulations, such as the cabotegravir/rilvipirine coformulation, is that the 

formulation can be tailored towards the selective uptake of specific cells, via size or the 

linking of a receptor agonist, thus opening a gateway for a targeted approach towards 

uptake in the lymphatic vessels [40, 68, 69].  

Current HAART is composed of five families of antiretrovirals, with distinct 

mechanisms of action [40]. They can be divided into cell entry inhibitors, reverse 

transcriptase inhibitors, integration inhibitors and protease inhibitors. Cell entry 

inhibitors interfere with either the fusion of HIV to the cell (enfurvitide) or by blocking 

the coreceptor CCR5 (Maraviroc). Reverse transcriptase inhibitors: this broad family of 

antiretrovirals can be further divided into two subclasses, Nucleoside Reverse 

Transcriptase inhibitors (NRTI) and Non-Nucleoside Reverse Transcriptase Inhibitors 

(NNRTI). NNRTI and NRTI make up the largest families of all. Integrase Inhibitors 

(INI): this class of antivirals inhibits viral integration into the T cell’s genome. Protease 

Inhibitors (PI): this class inhibits the viral protease cleavage, preventing budding of 

virions thus containing infection [23, 29]. Examples of antiretroviral agents can be 

found in Figure 5. 
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Figure 5. Chemical structures of representative antiretroviral agents from four different families. Zidovudine 

belongs to the nucleoside reverse transcriptase inhibitors family (NRTI). Efavirenz belongs to the non-nucleoside 

reverse transcriptase inhibitors family (NNRTI). Lopinavir belongs to the protease inhibitors (PI) family. 

Dolutegravir belongs to the integrase inhibitors (INI) family. 

Experimental data on macaque models has found that despite antiretroviral treatment, 

the levels of SIV copies found in blood do not correlate with levels found within lymph 

nodes, as they are often higher than the ones found in blood [76-78]. Current research 

points to two potential reasons (or a combination of both) that allow for a creation of an 

HIV reservoir, despite antiretroviral therapy: a low-level viral replication at the lymph 

nodes or a clonal expansion of infected T-CD4+ cells [76, 79-84]. 
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To have a high chance of success of aborting infection, in the context of a PEP any 

antiretroviral compound administered should target the paracortex area of a lymph node, 

as this is where most TCD4+ lymphocytes lie. Predictive models of the distribution of 

antiretroviral agents inside the lymph node are very revealing and could provide some 

insight into what agent to select for a novel formulation [40]. One such predictive model 

is based on Drugbank 2.0 (Table 3).  Drugbank 2.0 is a project let by Wishart et al. that 

uses in silico algorithms with machine learning processes to predict different 

pharmacokinetic parameters, compound design and receptor docking as well as 

modelling drug metabolism, lymphatic distribution among other parameters [85].  

Table 3. Predicted distribution inside the lymph node of different families of antiretrovirals based on Drugbank 

2.0 [85]. Maraviroc is not mentioned, as by design it would only be a therapy of choice for CCR5 variants. 

Enfurvitide is not mentioned, as it is usually regarded as salvage therapy, and thus not in the first line of any 

guideline [40, 51].  

Family of antiretrovirals Predicted distribution inside the lymph node 

PIs Paracortex, Medulla, potentially the high endothelial venules (in the 

case of Darunavir) 

NNRTI Paracortex, medulla 

NRTI Subcapsular sinuses, cortex, high endothelial venules 

INIs Peripheral sinuses, cortex, high endothelial venules 

  

It is of the utmost importance that any antiretroviral compound has a significant 

distribution across the high endothelial venules, as this can allow it to perfuse 

throughout T Cell rich zones, and thus abort an impending infection or contain an 
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established one [86]. The use of a nanoparticle formulation catered to lymphatic 

transport could allow for antiretroviral retention inside the lymph node, in similar 

fashion to what is done with antineoplastic agents [87].  

Current research is undergoing to improve/simplify therapeutic schemes further, such 

as switching to dual therapy once virological control has been reached to minimize side 

effects [88]. However for prevention schemes, besides the use of condoms as prevention 

of further sexually transmitted cases of HIV, three pharmacological schemes are 

available for prevention: TasP, PrEP and PEP [23].  

1.4.1 Pharmacological prevention schemes 

TasP has evolved from the early days of antiretroviral therapy, as current guidelines 

agree that treating infected patients as soon as possible produces better patient outcomes 

and helps lower the transmission to potential partners. By lowering the viral load to an 

undetectable level, the transmission rates are almost negligible [8, 11, 89, 90]. Thus 

TasP is a crucial strategy for HIV prevention [1].  

PrEP strategy is based on a daily oral regime of two antiretroviral agents, usually 

emtricitabine and tenofovir, which is prescribed to people who are sexually active and 

have certain high-risk characteristics. This strategy is mainly geared towards tackling 

new infections in men who have sex with men without condoms, sexual workers and 

certain behaviours (such as serodiscordant couples when the HIV positive individual 

has a detectable viral load). These populations have a significant higher risk than others 

of acquiring HIV. For this scheme to work as intended, testing for HIV infection prior 

to the administration of any antiviral agent is a key. Individuals under this scheme 
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should be regularly tested for HIV and other STDs. PrEP reduces the absolute risk of 

HIV acquisition, but it needs patient compliance to be effective. There are some 

concerns that PrEP may foster virological resistance, though when guidelines are 

followed, such events are extremely unlikely to happen [91, 92]. As the scale up of PrEP 

services continues, HIV resistance profiling should also be a priority [92].    

PEP is a strategy based on the administration of antiretroviral agents in the immediate 

aftermath (with most guidelines specifying 72 hours) of a high-risk exposure, usually 

after an occupational exposure [93]. As with PrEP it is vital to establish the HIV status 

of the recipient before the administration of antiretroviral agents, as a PEP scheme may 

not be appropriate if the patient is already HIV positive. PEP is usually a 28-day 

prophylactic scheme, with medical and laboratory evaluations to be carried for six 

months, to ensure no HIV acquisition [94]. PEP is therefore intended as a “one time” 

intervention.   In the case of PEP after a potential sexual exposure or PEPSE, several 

variables are to be considered, and thus it is not often prescribed [95-97] . 

PEPSE is a strategy which is based on the prescription of antiretroviral agents for a 

month after a high-risk sexual exposure. Most data suggesting PEPSE as a successful 

intervention comes from occupational exposure reports rather than sexual exposure, as 

such clinical studies would be difficult to perform [93, 98]. Of note is that the overall 

prescription of these effective prevention schemes may have been interrupted by the 

ongoing SARS-CoV2 pandemic.  
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1.5.1 The SARS-COV-2/COVID-19 pandemic and the negative effects on HIV 

treatment and diagnosis programmes 

In December 2019 a novel Coronavirus, SARS-COV2was described in China. Shortly 

after its appearance, SARS-COV-2, and its associated coronavirus disease 2019 

(COVID19) generated an unprecedented demand on healthcare services worldwide [99, 

100]. Just like HIV’s own pandemic, the SARS-COV2generated a crisis that was felt 

unequally in nations. The full shockwaves of the COVID-19 pandemic will be felt for 

years, and in the case of accessing treatment and diagnosis for HIV, the ongoing 

situation can potentially disrupt international efforts to end AIDS and HIV for years to 

come[1, 6].  

Early into the SARS-COV2pandemic, Hogan et al., modelled different scenarios as to 

elucidate how important the disruption to treatment and diagnosis of Tuberculosis, HIV, 

and other sexually transmitted diseases (STDs) could become. Their model used an 

effective replication number, or R0, of three, meaning that with this model one patient 

with COVID19 would transmit SARS-COV2to three more individuals [101]. 

Their model contemplated different scenarios: No action taken, mitigation (ie. reducing 

SARS-CoV-2’s R0 by 45%), suppression-lift (ie. reducing SARS-CoV-2’s R0 by 75% 

and lifting the restrictions by 6 months) and suppression (ie. reducing SARS-CoV-2’s 

R0 by 75% and maintaining restrictions for over 1 year). Their calculations show a 

significant disruption in prevention schemes as PrEP schemes could have no new 

enrolments and no PrEP prescription renewals. Countries where condoms are supplied 

by the state, could potentially see a drop in condom usage by 50%. Of note is that these 

calculations did not consider the SARS-CoV2 variants that have proven to be more 
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transmissible than the original lineage [102]. In the case of HIV morbidity and mortality, 

the situation could be very dire, as countries with high HIV prevalence, could see a rise 

of new cases over the next five years by 10%, due to lack of testing and interruptions to 

antiretroviral therapy. These forecasts are particularly worrying, as addressing 

comorbidities, and securing antiretroviral therapy are priorities for HIV positive 

patients during the SARS-COV2pandemic [99, 101].  

In a more recent study focusing on the MSM population in the United States by Mitchell 

et al., similar projections were obtained  [103]. The SARS-CoV2 pandemic could 

provoke a rise in 5-10% in new HIV cases, as early diagnosis programmes, PrEP 

initiations and adherence would also be affected. This effect is also seen in different 

populations, as Booton et al, performed a study analysing MSMs from Chinese 

background. Booton et al, also found a significant rise in newly diagnosed cases (5%-

10%), in line with published literature,  in the year following the lifting of restrictions 

[104]. With these three models it can be concluded that a significant (10% - 25%) loss 

in the virally supressed HIV+ individuals could be a potential side effects of the 

suspension of normal healthcare services during the SARS-CoV2 pandemic [101, 103, 

105].  

As the current uncertain scenario that many countries are facing due to the SARS-CoV2 

pandemic unfolds, measures should be in place to prevent these catastrophic numbers. 

Thus, studying behaviours of populations that are not traditionally covered by PrEP, 

PEP or TasP, should also be a priority in the years to come, as increases in the HIV 

newly diagnosed cases can be expected in the coming years [99, 101, 103, 105]. In this 
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context, exploring potential new PEPSE formulations can provide a new effective tool 

to prevent new HIV cases.  

1.5.2 A case for an alternative PEPSE for low to moderate sexual risk of HIV 

acquisition 

PEPSE has specific considerations as antiretroviral agents are often expensive and have 

significant adverse effects. Therefore, different guidelines suggest PEPSE to be 

prescribed only on the grounds of a high-risk event, which is many times not clearly 

defined. Such scenarios are often leaving the decision at the clinician’s discretion [95, 

106]. However, the 2016 PEPSE guidelines in the UK present a potential solution to 

this issue.  Overall if the risk of HIV infection is assessed as >1/1000, PEPSE should 

be considered/prescribed. The risk of HIV transmission is quickly addressed by the 

following equation [95]: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑖𝑖𝑖𝑖 𝐻𝐻𝐻𝐻𝐻𝐻 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
(𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)�

× 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
(𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎)� = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝐻𝐻𝐻𝐻𝐻𝐻 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 

 

However, that formula presents a problem, as the local prevalence HIV data refers to 

the prevalence of the community where the potential source comes from. In other words, 

this formula should be adapted as much as it can be, as HIV prevalence can vary 

significantly, even in different cities from the same country. If we take the UK’s 

example, the highest HIV prevalence is found in the Greater London metropolitan area 

[95]. The second part of the formula should be easier to identify, however different 

studies show different risk scenarios for sexual contact (Table 1). Effective 

transmission can vary depending on the type of sexual exposure viral load/strain of the 
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HIV infected partner, the use of condoms, male circumcision, and the potential use of 

antiretroviral agents on the infected party [95, 107, 108]. The two sexual activities 

confer the biggest risk are the unprotected receptive vaginal and receptive anal scenarios, 

with estimated risks of transmission of 0.1% and 1% respectively. As an additional 

barrier to HIV prevention after a sexual exposure, adherence to PEPSE can be poor even 

in high income settings, where access to healthcare is not an issue[109].  

Guidelines for both PrEP and PEPSE inadvertently leave a gap of potentially exposed 

people to HIV that are currently unprotected by a pharmaceutical intervention. Not all 

sexually active individuals are members of key populations or find themselves in a high-

risk scenario for HIV acquisition [95, 106]. The existence of such population has been 

acknowledged in UNAIDS documents, but its size and behaviours remain unknown [2]. 

In such scenarios, only medical follow-up is offered as the risk to benefit ratio is 

considered to be higher with the use of current PEPSE regimes than the potential risk 

of HIV acquisition [95, 106].  

Most new HIV infections are related to unprotected sexual intercourse with a HIV 

positive individual, thus it is imperative to further study this population [1]. Further 

exploration of unprotected risk scenarios, including their frequency, in sexually active 

individuals should play a part in the design of future strategies for the prevention of new 

cases of sexually transmitted diseases and HIV. Scenarios with the risk of HIV 

acquisition that are often not considered in guidelines are condom failure rates (no 

condom, broken condom, inconsistent use of a condom), that are often linked with HIV 

acquisition [110]. This evidence suggests that a new formulation of PEPSE should also 

be part of the priorities to lower new HIV cases. Such a formulation could be 
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administered in a localised manner, to minimize systemic side effects [51]. Thus, the 

first question would be which antiretroviral to select. 

1.6.1 Selection of an antiretroviral agent for a Novel PEPSE  

Selecting an antiretroviral for a novel PEPSE from all the available options must 

consider several parameters, including side effects, “genetic barrier” of HIV to 

resistance, antiviral efficiency to lower viral loads and ideally lymph node 

distribution[40, 51]. Additionally, as reviewed in section 1.2.2, time is running out for 

such an intervention to be effective, as most guidelines suggest the prescription to be as 

soon as possible[106].  

Unfortunately, many antiretroviral agents have very important side effects, such as 

hepatoxicity, central nervous system alterations or nephrotoxicity [23, 51]. In some 

cases, such as abacavir and patients with HLA-B*5701 a fatal hypersensitivity follows 

administration. Prevention of this side effect involves testing for that specific HLA, 

which in the context of PEPSE rules abacavir out [111].  

Genetic barrier is a concept that applies mainly to HIV therapeutics. As touched on 

briefly in section 1.3.1, HIV has a high mutation rate per replication cycle, eventually 

causing an HIV quasispecies. This phenomenon allows for different virological lineages 

to coexist in one infected patient, with some lineage bearing mutations that confer 

certain resistance to antiviral agents. The genetic barrier of any antiretroviral is the 

calculation of how many specific mutations must a virological lineage undergo to be 

resistant to any antiretroviral agent. This is the reasoning behind the current 

antiretroviral schemes, as they are set up with at least two different compounds with at 
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least two different mechanisms of action. Monotherapy eventually leads to a selective 

pressure that favours genetic mutations with resistance to certain antiretrovirals [112].  

Due to structural similarities, if resistance is obtained against certain antiviral agents, it 

may nullify the effect of other members of the same family. Such is the case of 

Efavirenz, which has a genetic barrier of 1, and whose mutation will confer resistance 

to all other NNRTI [113]. In some cases, the mutations will effectively alter the viral 

fitness to replicate, such an example is the mutations that can be induced with 

Emtricitabine use. The mutation M184V is associated with impaired viral fitness, and 

thus is one of the most “benign” lineages, and sometimes selected for in multidrug 

resistant HIV ([112, 114]. Selecting for the M184V mutation allows for the use of 

emtricitabine as salvage therapy in multidrug resistant HIV. 

Ever since its inception the INI family of antiretrovirals has revolutionized HIV therapy. 

By preventing integration into the host’s genome, the family has the potential to quickly 

abort infection. The first generation of INIs was comprised of raltegravir (RAL), which 

had significant adverse events, just like other antiretroviral agents, but had significant 

ability to lower the viral load and had a high genetic barrier threshold. Further targeting 

to HIV’s integrase led to a new generation of INIs. Headlined by dolutegravir (DTG) 

these new INIs had a significantly improved side effects profile when compared to other 

antiretrovirals or RAL for that matter[66, 112, 115].  

Early into DTGs inception, it was clear that it was a compound with high antiviral power, 

with an IC90 of 64 ng/ml in vitro [115]. Such good results were replicated in the 

subsequent Phase 3 trials, as it proved to have good antiviral properties and a favourable 

side effect profile when compared to RAL [116]. DTG presents an important advantage 
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in terms of virological resistance, as it is extremely unlikely that a wildtype virus 

presents resistance to DTG [117]. Evidence also suggests that it is very unlikely that 

DTG will select for resistant lineages, with some authors suggesting it may be 

impossible in clinical practice. By analysing these set of data, it has been proposed that 

DTG, or similar compounds can effectively be a potential “functional cure” for HIV 

[64, 66]. 

When plotting out Dolutegravir against other antiretroviral agents, it excels in lowering 

the viral load as well as having a high genetical barrier. When paired with such 

favourable side effects, it makes DTG an attractive model compound for a novel PEPSE 

(Figure 6). Additionally Dolutegravir’s predicted distribution inside a lymph node 

allows for a potential saturation of the T-CD4+ rich zones, the paracortex area [40].  
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Figure 6: Genetic Barrier plotted against viral potency when used in monotherapy in logistic scale. Monotherapy 

has been slowly substituted by a combination of different antiretroviral agents to maximize lowering the viral load 

and minimizing the potential of variants that contain resistance genes. DTG is a compound that has a high viral 

potentcy and a high genetic barrier, additionally the  predicted lymphatic distribution also make it an ideal 

compound for PEPSE [118, 119]. 

1.7.1 Localised antiretroviral formulations: Microbicides and future perspectives. 

Most antiretroviral agents have an issue of penetration to rectal and vaginal mucosas, 

as tissue levels are lower than plasma levels [51, 78]. Both present challenging scenarios 

for the effective delivery of antiretrovirals as significant lack of predictability of 

penetration to vaginal and rectal mucosa remains a challenge. Most of these variations 

A high genetic barrier proves challenging for the virus to adapt. 

A high 
logistic 
change 
reflects 
higher 

potency. 
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can be accounted for, with physiological variations (particularly in the vaginal tissue) 

and the hepatic first-pass effect; however, they remain a challenge for future 

antiretroviral formulations. 

Considering that the receptive partners often have a higher risk of HIV acquisition, 

recent attempts have been made for the development of localised antiretroviral 

formulations to be available for the public [120, 121]. 

These formulations, mainly researched as a subfamily of PrEP, have been under study 

for approximately 30 years [122]. Such formulations, known as microbicides, 

originated as vaginal gels that contained molecules, such as detergents that altered the 

local pH, but had no direct effect versus HIV or other STDs (Figure 7). As research 

evolved, different formulations containing antiretroviral agents were developed [121].  

 

Figure 7 Female anatomical barriers for a microbicide. The female reproductive tract is a type II mucosae, 

therefore lacks a dedicated localised lymphatic tissue, and thus relies only on local antigen presenting cells for the 

identification of antigens [123]. The vaginal tissue has a symbiotic relationship with the local microbiota, often 

Lactobacilli, that secrete factors such as lactic acid. Such an acidic pH may be an issue for some compounds and 
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drug delivery systems[123, 124]. The cervicovaginal mucous presents an important barrier to overcome, as it traps 

highly hydrophobic systems. The stratified epithelium in vaginal tissue presents a challenging barrier in most of 

the vaginal tissue (except in the exocervix, where it is a columnar epithelium), as it would prevent any localised 

PEPSE formulation to be uptaken by the antigen presenting cells[124].  

Vaginal microbiota play a critical role in female reproductive tract health. As such, 

nanoparticle-based drug delivery systems intended for vaginal applications must be designed 

with the preservation of healthy bacterial colonization in mind. The stratified squamous 

epithelium of the human vagina sheds continuously, thus enhancing the physical barrier to 

infection and providing a source of glycogen to promote growth of Lactobacilli. Lactobacilli 

compete with other microbes for nutrients, and secrete factors, such as lactic acid, that make 

the environment inhospitable to other bacteria and pathogens [42]. 

The rationale backing these formulations stemmed as a modified localised PrEP for 

females in high burden HIV scenarios. Therefore, vaginal formulations for HIV were 

the first to be targeted [125, 126]. These initial vaginal formulations were based on a 

“before and after” administration. Women in these studies were requested to dose the 

gel 12 hours before intercourse and have a second dose within 12 hours after intercourse, 

with no more than 2 doses on 24 hours (due to the lack of safety data) [125].  Such a 

strategy describes a localised PrEP scheme rather than a localised PEPSE formulation. 

In fact, many of the formulations to follow these illustrative studies would be based on 

similar prescriptions. As stated previously, even if these formulations were successful 

in preventing sexual acquisition of HIV, they would leave any individual in an 

unplanned lower to moderate risk of HIV acquisition without any pharmacological 

intervention.  
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1.7.2 Vaginal tissue barriers for a localised delivery system 

As stated before, both rectal and vaginal mucosa pose important targets for the delivery 

of antiretroviral agents as a prevention scheme. However, they do have very distinct 

histological and physiological characteristics, as well as lymphatic node drainage 

(Figure) [121, 124, 127]. In the case of vaginal tissue, the menstrual cycle variations 

can significantly alter drug delivery. Additionally, the native microbiota poses another 

difficult barrier to overcome for adequate compound uptake.  

The first barrier to overcome for any drug delivery system is the cervicovaginal mucus. 

The cervicovaginal mucus outside of the ovulation period is composed of enzymes, 

lipids and proteins, suspended in an aqueous media. With ovulation, the components of 

the cervical mucous become more diluted, however as its production is increased it 

poses a threat to drug absorption. The cervicovaginal mucus also has an immunological 

role, as it often traps pathogens and particulates of >500nm in size [128-132]. 

Due to the lack of mucous associated lymphatic tissue (MALT), the immune cells that 

are on site have the important duty to regulate a careful balance between the vaginal 

microbiota and potential threats. Such a role is difficult to elucidate, however current 

studies are undergoing to further the understanding of this microenvironment [133]. 

Compensating for a lack of lymphatic tissue, the squamous vaginal epithelia work as a 

physical barrier to infection. Thus, if there is any important disruption to the vaginal 

epithelia, infection risks to external pathogens are increased [123, 134-136]. 

The lack of MALT in the vaginal tissue, also implies that the dendritic cells or 

macrophages must travel to the local lymph nodes for the immune synapsis to occur 
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[134]. Another issue regarding the initiation of the immune response are the variations 

in sexual hormones through the menstrual cycle, as these hormones can alter immune 

responses [135, 137].  

1.7.3 Vaginal antiretroviral delivery systems 

Despite these difficulties, there have been several attempts for an antiretroviral 

formulation to be locally administered in vaginal tissue. Of all the microbicides trialled 

for vaginal tissue, two are of note: A gel loaded with 1% tenofovir and a dapivirine 

vaginal ring [121]. Both formulations are localised PrEP based schemes, as the 

tenofovir gel is based on a “before and after” dosing (described above) and the vaginal 

ring is to be inserted prior to sexual intercourse, intending to provide protection for a 

month (to be then replaced by a new vaginal ring) [125, 138]. As of this thesis being 

written, most of the localised antiretroviral formulations, either vaginal or anal, have a 

strong focus on PrEP, with no localised formulations intended for PEPSE.  

The 1% tenofovir gel advanced to a phase II study, it stands alone amongst other 

microbicides as one that demonstrated a protective effect against sexual HIV 

transmission.  This microbicide formulation consisted on a Tenofovir 1% gel comprised 

of 40mg of 9- [(R)-2- phosphonomethoxy)propyl]adenine monohydrate (PMPA) with 

edetate disodium, citric acid, glyceryn, methylparaben, propylparaben, 

hydroxyethycelluloce and purified water as excipients. The population studied, 

heterosexual females, from a high prevalence country, allowed for an early proof of 

concept for a PrEP microbicide [125].Unfortunately, such encouraging results have not 

been reproduced. A possible explanation to the lack of reproducibility of results points 

to low patient adherence to the treatment [139]. As with other antiretroviral preparations, 
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these formulations must have a high patient adherence to be effective, especially with 

the potential of resistant variants of HIV. With administration of the gel requiring 

constant application, such as before and after sexual intercourse, its research was not 

advanced to the next phase [140].  

The second formulation, based on a silicone vaginal ring loaded with dapivirne, 

managed to get even further on clinical trials. A phase III placebo-controlled study, 

produced evidence that the ring allowed a reduction of HIV transmission by 30% [138, 

141]. The protective effect was found to be greater with older age, thus suggesting that 

patient adherence was a significant factor in the effectiveness. In contrast to other PrEP 

formulations, the dapivirne ring proved to have a favourable profile as it had no major 

systemic side effects reported [142]. This vaginal ring presents a lot of opportunity for 

future localised PrEP or PEP formulations; however it is still pending a couple of large-

scale studies, particularly with pregnant and lactating women before it is licensed for 

public use [121, 142].  

Both formulations present a good proof of concept that an antiretroviral formulation 

with localised delivery can effectively be a solution for female populations in higher 

risk, as an alternative to other oral PrEP formulation schemes, although further studies 

are needed before they are licensed for public use [143]. However, as stated previously, 

there is a population who finds themselves in an unplanned lower to moderate risk 

scenario for HIV acquisition, to whom no intervention is currently offered.  
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1.7.4 Anal tissue as a target for antiretroviral delivery 

As with vaginal tissue, the rectal mucosa poses an opportunity for the development of 

localised antiretroviral schemes, however similar to the vaginal case, most of 

formulation research has been focused on a rectal PrEP formulation.  The rectal mucosa 

presents an entire different environment when compared to the vaginal tissue [127].  

The rectum is the anatomical area that starts from the distal end of the sigmoidal colon 

and extends to the anal cavity. In contrast to other sites of the gastrointestinal system, it 

primarily acts as a means for the faeces to leave the body. Therefore, it is involved with 

minimal absorption of water and electrolytes from the cavity’s contents [144, 145]. At 

the microscopic level, the rectum, unlike the colon, only harbours a residual fraction of 

the gastrointestinal microbiota, therefore little presence of bacterial enzymes are 

expected [146]. This poses a significant advantage to rectal delivery systems when 

compared to vaginal ones, as potential losses of drug due to bacterial enzymatic activity, 

are predicted to be low [147-149].  

Histologically, the rectal mucosa is made up of a single layer of columnar cells that lack 

vili on their luminal surface for absorption. Intercalated within the epithelial cells, 

goblet cells are found secreting mucus. Unlike the cervicovaginal mucus, the purpose 

of the rectal mucus is to lubricate the passage of the faecal matter and has little changes 

overall [150-153].  

Additionally rectal tissue does contain MALT, represented by Peyer’s patches, as well 

as a bigger population of dendritic cells when compared to the vaginal tissue [153]. 

Peyer’s patches are distinguished from the rest of the rectal epithelium, as they contain 
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a reduced number of intestinal vili, as well as a specialized type of cell, microfold cells 

or M cells [154]. M cells are vital cells in Peyer’s patches, as their role is to uptake any 

potential pathogen and through transcytosis allow it to be internalized by local 

macrophages or dendritic cells (Figure 8) [155, 156]. These events lead to an adaptative 

immune response as the antigen is then transported to a local lymph node, where it will 

encounter a TCD4+ lymphocyte. 

Both vagina and anus, due to their proximity, have similarities in the lymphatic drainage. 

The external areas of the perineum including female external genitalia and lower 

vaginal cavity, penis and scrotum as well as the lower parts of the anal canal are drained 

by the superficial inguinal lymph nodes [157, 158]. The superficial inguinal lymph 

nodes then drain their lymph to the lumbar aortic lymph nodes. Lymph will then be 

carried from the lumbar aortic lymph nodes through the para-aortic chain to the cisterna 

chyli, where lymph will find its way towards systemic circulation. Lymph from the 

cervix and upper anal cavity/lower rectum will be drained through the lumbar lymph 

nodes, following a similar pathway to find the cisterna chyli and then systemic 

circulation [158, 159].  

While the influence in drug absorption of the lymphatic vessels around the rectum is 

still under investigation, current evidence suggests that it would allow for compounds 

to avoid the first pass effect, when such compound is delivered locally. Additionally, it 

may contribute significantly to the absorption of lipophilic compounds [153, 160].  

Rectal formulations are ideal for compounds which have limited absorption in oral 

dosages, degrade easily in the gastrointestinal tract, or undergo a significant first pass 

effect [161]. Additionally, they pose a potential route of choice for compounds that have 
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a localised action in the rectal or distal colon, such as would be the case in a PEPSE 

scenario [151].  

 

Figure 8. Peyer’s patches at the anal tissue. The mucus found in the gastrointestinal tract has different 

characteristics than the cervicovaginal mucus, and it does not have significant variations. Overall, it is permissive 

to particulates that are negatively charged and less than 500 nm in size[162, 163].The gastrointestinal tract is 

comprised of a type I mucosae, with an associated lymphoid tissue. In the case of the anal tissue, the associated 

MALT is named Peyer’s Patches[164]. Peyer’s patches are characterized by microfold cells (M-Cell) whose 

purpose is to uptake any particulates and make them available to the local dendritic cells, which in turn may 

present any potential antigen to a local lymphocyte. If compared to type II mucosae, the process of lymphatic 

uptake and activation of any potential compound or antigen is extremely efficient [123, 154, 156]. Effective 

delivery of a localised PEPSE should take advantage of the Peyer’s Patches for lymphatic uptake [123].   

 

1.7.5 Anal antiretroviral delivery systems 

Research into rectal antiretroviral delivery systems has had less examples than those 

found in the vaginal case. As of the writing of this manuscript only one rectal 
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microbicide has been advanced to a Phase II clinical trial. This formulation was based 

on a gel loaded with 1% tenofovir, similar in composition to the one used for vaginal 

purposes [165, 166]. The study of the formulation was based on two dosing schemes 

both PrEP oriented, thus not intended for a population that is in lower to moderate risk 

of sexual HIV acquisition. The first dosing scheme was daily application of the 1% 

tenofovir gel in the anal cavity. The second dosing scheme was based on a “before and 

after” receptive anal intercourse. This tenofovir 1% gel formulation targeted MSM and 

transgendered women, from 4 different countries. As with the vaginal formulation, a 

favourable safety profile was found, as there were no significant systemic side effects 

associated with the use of the 1% tenofovir gel. However unfortunately, no protective 

effect against sexual HIV acquisition has been found with this formulation.[121]. Due 

to risks associated with rectal intercourse, a local rectal drug delivery system could have 

a significant impact in lowering the HIV burden.  

Targeting the lymphatic drainage, the evasion of the first pass mechanism as well as the 

saturation of the local lymph nodes by the antiretroviral of choice, poses a potential 

advantage when comparing rectal vs vaginal delivery. After careful consideration of 

this evidence, we have chosen to focus on a rectal delivery system for PEPSE. This 

mainly due to the fact that exposure to HIV in a rectal scenario leads to higher chances 

of infection compared to the vaginal route. It is our main hypothesis that such a delivery 

system would saturate the local lymph nodes and abort infection in the immediate 

aftermath of a risky exposure. 
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1.8.1 Nanoformulations in the HIV field 

Saturation of the paracortex area of a lymph node is paramount for the success of a 

PEPSE formulation. As reviewed in section 1.3.1, current antiretroviral formulations 

often have important limitations in regards to the distribution of compounds to the 

lymph nodes,  as often the concentrations found in plasma are significantly higher than 

the ones found in the lymph nodes [167]. As of the writing of this manuscript most 

research has focused on nanoformulations for treatment and PrEP [51]. Nanoparticle 

delivery platforms that have been tried previously have included polymeric 

nanoaggregates, solid lipid nanoaggregates, and nanoemulsions[51, 168]. Of them all a 

recent paper by Sillman et al, using Dolutegravir as the antiretroviral of choice, has 

showed very promising results via high pressure homogenisation of dolutegravir [169]. 

Sillman et al’s work also involved a myristoylation of DTG, to produce a lypophillic 

compound a Dolutegravir Myristate (MDTG). This MDTG compound allowed for a 

significant increase in drug content or weight percentage (wt%) of the nanoformulation, 

when compared to the parent drug formulation (88% vs 66%). Of note is that after one 

intramuscular dose in Male Balb/cJ mice, DTG concentrations remained above the IC-

90 (64ng/ml) for 8 weeks, and in non-human primates for 35 days [169]. However, this 

formulation requires a state-of-the-art high-pressure homogenizer, thus the scaling up 

of this formulation may prove difficult. Antiretroviral nanoparticle formulations are 

discussed more in depth in Chapter 3. 

1.9.1 Project aim and hypotheses 

The main project aim is to develop a nanoformulation for PEPSE in HIV to be 

administered locally in the rectum after an event of sexual exposure with a low to 
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moderate risk of HIV acquisition (risks of acquisition between 1/1000 and 1/10 000). 

This is in stark comparison to other pharmacologic prevention measures such as TasP, 

PrEP or PEP. Unlike conventional PEPSE, the proposed formulation is aimed at a 

sexual risk  of HIV acquisition where current guidelines indicate that only medical 

follow-up is performed. This novel formulation would also need to be administered 

during the first 72 hours after intercourse, as this is the timeline that would abort 

impending HIV infection [170].  

The secondary project aim is to estimate the size and views of a sexually active 

population, currently not covered by prevention schemes, such as TasP, PrEP or PEPSE, 

that could find themselves in a lower to moderate risk of HIV acquisition.  

The main hypotheses of this project are: 

A) There is a significant population that is currently uncovered by current 

pharmacological interventions such as TasP, PrEP and PEPSE. This population 

finds themselves in unplanned low to moderate risk scenarios for HIV 

acquisition through sexual route (i.e., risks of 1/1000 to 1/10000). The 

population that is currently unprotected and finds themselves in an unplanned 

low to moderate risk scenario is a population that is sexually active and mainly 

uses condoms as a means of prevention for HIV and other sexually transmitted 

diseases (STDs). The scenarios that lead them to an unplanned lower to moderate 

risk scenario are varied, but are likely linked to condom breakage, “wanting to 

use a condom but none available”, and “forgetting to use a condom”.  
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B) A nanoformulation with significant drug content could cover the needs for a 

population in a lower to moderate risk scenario in a sexual exposure for HIV, for 

which no prophylactic measure is currently prescribed. A significant drug 

content as well particle size control would allow for a higher chance of saturating 

the local lymph nodes with the compound. Such a formulation would be able to 

saturate the local lymph nodes, aborting HIV infection, and preventing systemic 

exposure to antiretroviral agents (limiting side effects). 
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Chapter 2 

Unplanned unsafe sexual intercourse events, including 

condom failure, lack of condom availability and forgetting 

to use a condom, expose a high proportion of sexually 

active population to potential risk of HIV acquisition. 

2.1.1 Interventions (pharmacological and non-pharmacological) designed to 

prevent HIV. 

As reviewed on Chapter 1, despite global efforts to reduce the incidence of new cases 

of HIV since 2012 has remained consistent with approximately 2 million people newly 

diagnosed each year [1]. The bulk of new diagnoses are attributed to sexually 

transmitted HIV [1, 4, 26]. As 2020 ended, the UNAIDS 90-90-90 milestones had been 

missed, thus more stringent measures are needed if we are to reach the 2030 milestone 

of no new cases of HIV by 2030 [1, 6, 7].  

Additionally, as reviewed in chapter one, the SARS-CoV2 pandemic has also derailed 

global efforts, interrupting key pharmacological such as TasP and PreP. Mathematical 

models predict upward trends in new HIV cases during the coming years, particularly 

in key populations such as men who have sex with men (MSM) [99, 101, 103-105]. 

Pharmacological interventions for HIV prevention in a sexual exposure are PrEP, TasP 

and post-exposure prophylaxis following sexual exposure (PEPSE). Further exploration 

of novel cost-effective and individually tailored PrEP approaches are emerging. PrEP 
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“on demand” is one such novel approach, which is tailored for individuals who can plan 

their sexual activity, are in substantial risk for acquiring HIV and, and due to diverse 

reasons prefer not to commit to a daily PrEP regime [171].  However, even PrEP “on 

demand” does not cover all individuals potentially exposed, as it is currently considered 

an option mainly for MSMs [172]. 

 PEPSE is a strategy based on the administration of antiretroviral agents in the 

immediate aftermath (with most guidelines specifying 72 hours) of a high-risk sexual 

exposure. Such intervention was originally studied for occupational exposures and then 

expanded to high-risk sexual exposures [93, 94, 173]. PEPSE is therefore intended as a 

“one time” intervention with specific guidelines for its prescription [95-97]. A further 

experimental tool under investigation is post-exposure prophylaxis-in-pocket (PIP). PIP 

is an approach aimed towards individuals whose sexual activities present a high-risk 

scenario, however they have infrequent potential sexual exposures to HIV. [174, 175]. 

PIP users are given a full 28 day oral antiretroviral prescription and are instructed to 

initiate the treatment as soon as possible should a potential exposure happen and then 

required to initiate medical follow up [174]. PIP is undergoing further evaluations, and 

only used in experimental trials at the moment [175]. Both PrEP and PEPSE schemes 

often leave out individuals whose potential risk of acquisition lies between 1/1000 and 

1/10 000, i.e., low to moderate sexual exposure risk scenarios [95, 96, 173].  

Nonpharmacological interventions that have supporting evidence for HIV prevention in 

a sexual scenario are mainly barrier methods (such as condoms) and voluntary male 

circumcision (MC). MC has been evaluated in randomized controlled trials for a 

protective effect in the heterosexual transmission of HIV and other STDs. Evidence 
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suggests that there is a protective effect for insertive heterosexual intercourse [176-179]. 

These encouraging results have not been replicated for the MSM community, as a 

metanalysis provided evidence that there may be no association between MC and HIV 

protection within the MSM community [180]. Evaluating the published evidence both 

in heterosexual and anal intercourse suggests that the protective effect of MC is 

multifactorial [177]. Additionally, because of cultural or patient acceptability rates, it is 

not a procedure that would likely be universally accepted. Therefore, barrier methods 

remain the intervention of choice for HIV prevention [181, 182].  

Barrier methods include spermicides, female condoms, and male condoms. Spermicides, 

usually based on the surfactant agent nonoxynol-9, are localised formulations that are 

designed to kill sperm. Regarding HIV protection, spermicides have had little evidence 

supporting a positive effect against HIV [183]. Additionally, common side effects, such 

as vaginal/rectal irritation have caused recommendations against their use for HIV 

prevention [184-186]. Such evidence suggests the male condom and the female condom 

are the barrier methods of choice for HIV prevention [182, 187]. 

Female condoms are casings that are made to cover the vagina and vulva, with a closed 

end. At the closed end, a ring is placed both to fix the female condom in place and to 

allow for insertion in the vagina [122, 187]. When assessing the protection factor versus 

HIV, it is assumed that the female condom and the male condom have similar protection 

rates, however, this is based on old models of the female condom, and thus further 

research may be needed. Unlike the male condom the female condom has a high cost, 

which eventually makes its availability lower than the male condom. Additionally, 
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cultural perceptions could make the female condom a less universal tool than the male 

condom, as it requires female genital manipulation for its correct insertion [188, 189]. 

Male condoms are sheaths that are meant to cover the penis from glans to the root of 

the penis. The ease of access to male condoms, high acceptability, relative low cost and 

ease of use remain among the top characteristics that make male condoms the 

intervention of choice to prevent HIV acquisition [190, 191]. For the rest of this thesis, 

male condoms will be referred to as condoms.  

2.1.2 Condoms as a means of protection for HIV/Condom failure rate. 

Condoms are also not perfect prevention tools as condom failure events and low usage 

rates alter the potential for HIV protection [192]. Condoms are currently the main focus 

for HIV prevention schemes, however their effectiveness in protecting from HIV is 

linked to multiple variables. Variables such as a high viral load in the HIV+ individual, 

genital ulcers, sexual act performed, and incorrect condom use are significant risk 

factors for HIV transmission [23, 90]. A Cochrane meta-analysis of 14 cohort studies 

found an estimated 80% risk reduction in HIV incidence among heterosexual 

individuals with a serodiscordant partner with penile-vaginal intercourse [182]. 

Evidence suggests that the effective condom protection from HIV in penile-anal 

intercourse is 70%, with no statistically significant difference between penile-anal and 

penile-vaginal protection rates [193]. Of note is that these protection estimates were 

computed assuming consistent condom use, as inconsistent use does not have the same 

protection rates.  
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In a study following serodiscordant MSM couples over long periods of time it was 

concluded that inconsistent condom use offers little to no HIV protection [192, 194]. 

Most of the studies regarding condom use, are based on self-reported information [192]. 

Self-reporting of HIV status can be of special concern, as the latency period in HIV 

infection allows for an unrecognized HIV+ status, and subsequent risk to the sexual 

partner [49].   

In addition to the inconsistent use, condom failure events such as breakage or slippage, 

can result in the acquisition of HIV [192, 195]. As the condom breaks, there is a 

possibility of skin-to-skin contact with fluid exchange and thus facilitating HIV 

exposure, particularly if there was a violent intercourse [196]. Self-reporting of these 

events is, while not ideal (as not all condom break events are noticeable by the 

respondent), is an acceptable way to estimate for condom failure events in the sexually 

active population. Therefore, exploring the views and behaviour of sexually active 

population can allow for further understanding of a sub-population not covered by 

current pharmacological prevention schemes [192].  

2.1.3 Exploring the views of the sexually active public. 

Populational survey studies dedicated to sexual practices of a general population are not 

conducted often. One of the biggest examples of populational surveys is the National 

Surveys of Sexual Attitudes and Lifestyles (NATSAL) conducted in the UK. As of the 

writing of this manuscript, NATSAL has had three iterations: NATSAL-1 (1990), 

NATSAL-2 (2000) an NATSAL-3 (2010) with NATSAL-4 being currently conducted 

[197-199]. These populational studies give us significant insights into sexual 

behaviours of the sexually active population, as all the surveys enrolled over 10 000 
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participants in each edition. However, it is important to note that no NATSAL project 

has ever had a focus on HIV risk scenarios such as condom failure events. Studying 

these scenarios further would be of paramount importance, especially as the size of the 

pharmacologically uncovered population is unknown.  

2.1.4 State of the HIV pandemic in the UK and in Thailand 

The UK and Thailand were selected as target countries for studying the size and 

behaviour of a currently unprotected population by prophylactic schemes. These two 

countries have significant differences, both cultural and in the HIV related burden [1, 

6]. Similar to many other high resource countries, the UK has an excellent track record 

of reducing new HIV cases with prevention and treatment programmes [200]. Like other 

Western countries, the UK has most of the current HIV burden in MSMs, as they 

represent approximately a 53% of the new diagnosed cases. However, the UK faces an 

issue of late HIV diagnosis (less than 350 T CD4+ lymphocytes at diagnosis), as 

infected individuals can effectively transmit the virus to a partner, for a significant 

period of time before diagnosis, varying from 3-5 years [200-202].  

Thailand on the other hand has a substantial HIV burden, as the Thai population living 

with HIV accounts for a 9% of the Asia and the Pacific region’s total prevalence [203]. 

Importantly, since 2010, Thailand has experienced a consistent decline in newly 

diagnosed cases. However there is still work to be done to reach the UNAIDS goals [1, 

6]. Estimates for Thailand are incomplete for the 2020 UNAIDS data. At the moment it 

is difficult to estimate how many HIV positive Thai individuals are aware of their status. 

Thailand’s incidence of HIV is particularly high in key populations, such as MSMs and 

sex workers (along with their clients), who account for approximately 50% of newly 
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diagnosed cases [1, 6]. Over 90% of Thailand’s HIV new cases are related to 

unprotected sexual exposures, with young population (16-25 years old) being 

particularly vulnerable [1, 6].  

In terms of diagnosis, the UK is considered by the WHO as a low prevalence region, 

while Thailand is considered as a high prevalence area [204, 205]. This translates to 

specific diagnostic algorithms employed in both countries. In the UK an HIV diagnosis 

is made after a positive rapid test (based on immunochromatography) and a 

confirmatory test, usually an fourth generation immunoassay that detects the p24 HIV 

antigen as well as IgM and IgG antibodies directed towards the p24 antigen followed 

by an RT-PCR for a viral load count [204]. The patient will then be referred for 

treatment.  

In Thailand however there are two types of testing schemes, an ambulatory rapid testing 

scheme, and the confirmatory testing in a hospital setting, both being based on a three-

test algorithm is in place. The rationale behind the ambulatory rapid testing schemes is 

to make HIV diagnosis without the need of specialised equipment, and therefore have 

an early referral for HAART, and thus prevent new cases. The ambulatory rapid testing 

algorithm includes three different immunochromatographic rapid tests. The first test to 

be used in a mobile  is a highly sensitive rapid test, Alere Determine® HIV 1/2, that has 

a relatively low specificity, followed by DoubleCheck Gold® Ultra HIV 1/2 and SD 

Bioline® HIV 1/2 3.0, with the latter having the highest specificity of all the rapid tests 

used [205]. In a hospital setting, the three tests that are used, are a fourth generation 

immunoassay, followed by Alere Determine® HIV1/2, and then, if reactive to both, a 

particle agglutination test, Serodia® HIV 1/2. If an HIV diagnosis is made, then the 
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patient will be referred for an RT-PCR test for viral load count, and HAART therapy 

[205].  

The main aim of this work is to test a hypothesis that a substantial proportion of the 

population that is exposed to low to moderate sexual risk scenarios for HIV infection in 

the UK and Thailand is not covered by current prevention measures.  

2.2 Methods 

2.2.1 Ethical approval 

Two ethical approvals were obtained. The first ethical approval, has been obtained in 

the UK (109-1709) from Faculty of Medicine & Health Sciences Research Ethics 

Committee, School of Medicine Education Centre, Queens Medical Centre Nottingham 

University Hospitals. The second ethical approval, obtained in Thailand (TRC061) from 

Institutional Review Board, Faculty of Medicine, Chulangkorn University, Bangkok.  

Participation for this project was voluntary with no economic gain for the participants. 

As shown in supplemental information, the questionnaire had a project description 

followed up by consent statements. No participant identifying data was collected or 

stored. Due to the nature of the questions, participants were allowed to not answer any 

question they did not feel comfortable with. Participants were allocated a study number 

to protect their identity further. 

2.2.2 Online Survey Studies 

Two separate survey studies were set within the Online Surveys platform (JISC, UK), 

focusing mainly on sexual behaviours and condom use [206]. The first study was set up 
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as a 14-question survey in the UK, recruiting 3565 participants between October 2017 

and April 2020. Recruitment was performed with call for participants emails, and posts 

in student social media (such as Twitter and Facebook). Inclusion criteria for the study 

included being 18 years or older and agreeing to consent statements. The questionnaire 

was developed aiming to screen for low to moderate risk scenarios in a general 

population that uses condoms as HIV prevention. Events such as condom breakage, 

“wanting to use a condom but none is available” and “forgetting to use a condom”, 

within a population that reports condom use would reflect a population that is currently 

unprotected by pharmacological interventions. This design would allow to determine 

the size and behaviour of a population currently unprotected by pharmacological 

interventions.  Feedback for the initial UK questionnaire was provided by Professor 

Andrew Yip from the School of Sociology and Social Policy, University of Nottingham. 

The initial online set-up and programming of the questionnaire on the Online Surveys 

platform was performed by Sam Rosen from the School of Sociology and Social Policy, 

University of Nottingham. 

The second survey study consisted of 18 questions in Thai language, recruiting between 

June 2020 and February 2021 a total of 508 participants in Thailand. Recruitment was 

performed via posts in social media, call for participants emails and promotional flyers 

in a sexual health clinic (the Tangerine Clinic) based in Bangkok. Inclusion criteria for 

the second study included being 15 years or older and agreeing to consent statements. 

The design of the questionnaire was very similar to the UK study, however as the Thai 

study was focused mainly on key populations for HIV prevention, due to participant 

recruitment, the questionnaire had extra questions. These questions referred to age of 
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the participant PrEP awareness, PrEP use and PEPSE use. Questions for Thailand were 

redesigned considering the UK experience. Feedback for the initial questionnaire was 

provided by Professor Andrew Yip from the School of Sociology and Social Policy, 

University of Nottingham, Dr. Reshmie Ramautarsing, Dr. Tanat Chinbunchorn, Dr. 

Nittaya Pungpapong, Sorawit Amatavete and Maytinee Numkerd, the latter being 

collaborators from the Institute of HIV Research and Innovation (IHRI) in Bangkok, 

Thailand. The full questionnaires for both studies can be found in the supplemental 

information for Chapter 2.  

In both studies the demographic analysis of a population that is potentially unprotected 

by current PEPSE approaches was based on participants reporting sexual activity 

(during the last three years with at least 1 individual), self-reported condom use 

(“always”, “seldom”, “most of the time”), self-reported HIV-negative status, as well as 

a disclosure of condom failure scenarios that would fall within a low to moderate risk 

of HIV infection (such as condom breakage, “forgetting to use a condom” or “wanting 

to use a condom but none available”). In the case of the Thai study, an additional filter 

was set up related to the current use of PrEP. This was done because PrEP is a measure 

that provides HIV protection for high-risk populations. 

2.2.3 Statistical analysis through a logistic regression 

We used a multiple logistic regression model with a logit link function to analyse and 

understand the subpopulation that exhibits certain behaviours concerning condoms 

when carrying out sexual activities.  Both data sets were submitted into the 

programming language R (version 4.0.5) for further analysis [207]. The code for the 

logistic regression analysis for both data sets was written by Dr Rowland Seymour. The 
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full code and data sets analysed can be accessed through this link:   

https://github.com/rowlandseymour/sexual_behaviours. 

 For the UK study analysis 68 participants were excluded due to ambiguous or no 

responses to questions regarding gender and sexual orientation. For the Thai study 

analysis 96 participants were excluded due to ambiguous or no responses to gender or 

sexual orientation questions. The question regarding PrEP awareness in the Thai survey 

was also excluded from the logit model, as 78 participants did not record an answer. 

Various behaviours were analysed to observe the association, if any, with different 

predictors found in Table 4. Scenarios of particular interest in both UK and Thailand 

studies concerning a population potentially uncovered by current PEPSE interventions 

were: reporting a broken condom, “condom not being available”, “forgetting to use a 

condom”, STD/HIV diagnoses after a potential exposure and “taking no action after a 

potential exposure” (defined as neither seeking advice from a healthcare professional 

nor getting tested for HIV/STDs).  

To fit the model, we began with a saturated model which contained all predictors. We 

also included interaction terms between sexuality and performing anal intercourse, and 

sexuality and receiving anal intercourse to avoid confounding factors. We then 

performed backwards elimination to identify the predictors that should be included in 

the model.  Performing and receiving either vaginal or anal intercourse were eventually 

grouped into either participating in anal intercourse or participating in vaginal 

intercourse. In order to assess the fit for the model, we applied the Akaike Information 

Criterion (AIC) [208].  

https://github.com/rowlandseymour/sexual_behaviours
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Table 4. Predictors and their levels used in the logistic regression analysis of the data set. 

Predictors for the UK-based study 
Predictor 

 
Level 

Gender 
 

Male 
Female 
Other 

 
Sexuality 

 
Heterosexual 

Gay 
Lesbian 
Bisexual 

Other 
 

Condom Frequency 
 

Always 
Most of the Time 

Seldom 
Never 

 
Perform Vaginal Penetration Yes 

No 
 

Receive Vaginal Penetration Yes 
No 

 
Perform Anal Penetration 

 
Yes 
No 

 
Receive Anal Penetration 

 
Yes 
No 

Predictors for the Thai-Based study 
  

Predictor 
 

Level 

Gender 
 

Male 
Female 
Other 

 
Sexuality 

 
Heterosexual 

Gay 
Lesbian 
Bisexual 

Other 
 

Condom Frequency 
 

Always 
Most of the Time 

Seldom 
Never 

 
Perform Vaginal Penetration Yes 

No 
 

Receive Vaginal Penetration Yes 
No 

 
Perform Anal Penetration 

 
Yes 
No 

 
Receive Anal Penetration 

 
Yes 
No 

 
Prep User Yes 

 
HIV status + 

- 
Age 15-99 
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In order to assess the accuracy of the model, the Area under the Receiver Operating 

Characteristic curve (AUCROC) was computed. We aim to achieve an AUCROC value 

as close to 1 as possible. Such value represents a model which correctly predicts 

behaviours or characteristics of each respondent. In contrast, an AUCROC value of 0.5 

corresponds to a model which predicts behaviours uniformly at random.  

2.3. Results 

2.3.1 AUCROC Values of the model 

All models analysed had an AUCROC higher than 0.650, however some models 

perform better in predicting participant behaviour than others. In the UK study the best 

performing model is reporting a “condom not being available”, with an AUCROC of 

0.722. In the case of Thailand, all models had an AUCROC higher than 0.720, except 

reporting a broken condom. The AUCROC values for the behaviours and condom 

failure events that were analysed are shown in Table 5. 

Table 5. AUCROC values of the different models evaluated.  

Behaviour predicted. 
 

AUCROC for the UK 
based study 

AUCROC for the Thai 
Based study 

 
Reporting a broken Condom 

 
 

 
0.694 

 

 
0.659 

Forgetting to wear a Condom 
  
 

0.682 
 

0.746 
 

Reporting a Condom not being available 
 
 

0.722 
 

0.725 

Reporting having been tested positive for an 
STD 

 

0.665 
 

0.748 
 

Took “No action” after a potential exposure 
scenario 

0.667 
 

0.739 
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2.3.2 Descriptive statistics  

2.3.3 General UK Study descriptive statistics 

Within the 3565 participants recruited, a vast majority identified as female, 2512, 

(70.5%), followed by 1012 males (28.4%), 19 trans males (0.5%) and 19 other gender 

identity minorities (0.5%). A significant proportion of the population identifies as 

heterosexual, 2554 participants or 71.7%, followed by 540 identifying as bisexual 

(15.2%), 250 gay/homosexual/queer (7%), 54 as lesbian (1.5%), with the rest of the 

population (<5%) being composed of other sexual orientations. When reporting sexual 

activity in the last three years, 93.2% of the total population reported activity with at 

least one individual during the past three years. When asked about sexual activities 

performed, 69.1% reported receiving vaginal intercourse, 26.8% performing penetrative 

vaginal intercourse, 25.4% receiving anal intercourse, and 14.8% performing 

penetrative anal intercourse. Of note is that the question regarding sexual activity 

allowed for respondents to report more than one activity. Multiple answer questions 

such as this one, are reported as percentage of respondents who selected each answer. 

In other words, 100% would indicate that all of the question’s respondents chose that 

option.  

Participants were then asked about their condom use rates, with no clear trend being 

found within the study population. 693 participants (19.6%) reported always using 

condoms, 789 (22.4%) reported never using condoms, 983 (27.9%) reported using 

condoms most of the time and 1058 (30%) reported seldom condom use. Similar to the 

question regarding sexual activity performed, this question is a multiple answer 

question, reported as percentage of respondents. The most reported risky scenarios were 
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not regularly using condoms (27%) and consenting not to wear a condom (65.3%). Of 

note is that three relevant unplanned risky events were reported, “wanting to use a 

condom but none available” (16.4%), condom breakage (14%), and “forgetting to wear 

a condom” (11.9%).  

In cases when such unprotected scenarios were reported, participants were asked to 

disclose whether or not they had “taken action” after a potentially risky situation. 

Participants were also allowed to report more than one answer in this question. Most of 

the participants (55.1%) did not get tested or seek for healthcare professional advice. 

32.5% of the participants reported getting tested for HIV and other STDs but did not 

seek professional advice. Proportion of participants that reported diagnosis of an STD 

and was offered treatment was 5.1%, and 15.8% reported getting professional advice 

but not getting tested for HIV/STDs. When participants were asked if they would use 

an alternative PEPSE based on rectal or vaginal administration of antiretroviral agents 

most of the study population reported being interested in using such option (95.2%). 

When asked about their HIV status, most study participants 65.30% (2316) reported not 

being tested in the past year, 34.20% (1213) reported having been tested with a negative 

HIV result, and 0.30% (9) reported a positive HIV test. 

2.3.4 UK population in unplanned low to moderate risk descriptive statistics 

After applying the filters described in the methods section a significant population was 

revealed, a staggering 29% of the total study population (1035 participants), which find 

themselves in a low to moderate risk of HIV acquisition due to unplanned unprotected 

intercourse. Due to the high female participation rate, this currently unprotected 

population also had a significant female majority with 769 participants (74.3%), 



60 
 

followed by 260 (25.1%) male participants. This population also had a clearly defined 

majority of heterosexuals, with 760 (73.4%), followed by 165 (15.9%) bisexuals, 63 

(6.1%) gay/homosexual/queer, with the rest being composed of other sexual 

orientations.  

Due to the populational filters applied to define the population that is unprotected by 

current pharmacological measures, 100% of this population in risk reported sexual 

activity with at least one individual in the past 3 years. As for the nature of sexual 

activity, 73.5% percent of the participants in unplanned low to moderate risk reported 

receiving vaginal intercourse, 24.4% reported performing vaginal intercourse, 24.6% 

reported receiving anal intercourse and 14.6% reported performing anal intercourse. 

Condom use rates in this population in risk were as follows: 510 (49.3%) of these 

participants reported using condoms most of the time, 137 (13.2%) reported always 

using condoms and 388 (37.5%) reported seldom condom use. When reporting the high-

risk scenarios, 17.5% of this population in risk reported not regularly using condoms 

and 64.3% reported consenting not to wear a condom. When analysing the lower to 

moderate risk scenarios in this unprotected population, 43.4% reported condom 

breakage, 35.10% reported “forgetting to use a condom”, and 51.2% reported “wanting 

to use a condom but none available”. 48.8% of unprotected participants reported “taking 

no action” after a risky scenario, 7.2% reported being diagnosed with an STD and 

offered treatment, 21% reported getting professional advice, and 35.7% got tested for 

HIV/STDs. 96.6% of this population in low to moderate risk showed interest in 

alternative vaginally or rectally administered PEPSE if available to them should they 

find themselves in a situation where it was needed. When reporting HIV testing, 459 
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participants (44.4% of the population in risk following unplanned unsafe sexual 

intercourse) reported being tested in the past year with a negative result, while 570 

participants (55.2% of this population) reported not being tested in the past year.  

2.3.5 UK study logistic regression 

Reporting a broken condom had several predictors that reached statistical significance. 

Data derived from our model, suggest that females are 54% (Odds Ratio or OR 1.54, 

p<0.001) more likely to report a broken condom than their male counterparts. 

Inconsistent or null use of condoms also showed significant results, as participants that 

never use condoms and participants that seldom use condoms were 77% (OR 0.232, 

p<0.001) and 28% (OR 0.718, p<0.01), respectively, less likely to report a broken 

condom than participants that always used condoms. As for sexual activities, 

participants that engage in anal sex (either receiving or performing) were 262% (OR 

3.62, p<0.001) more likely to report a broken condom than participants who do not 

engage in anal sex. Reporting a condom not being available was associated with two 

predictors in the model, as gay/homosexual/queer participants were 116% (OR 2.16, 

p<0.05) more likely to report the situation than their heterosexual counterparts.  

Participants that reported using condoms most of the time, were 563% (OR 6.63, 

p<0.001) more likely to report a condom not being available than participants who 

always use condoms.  Forgetting to wear a condom was a scenario that females were 

54% (1.54%, p<0.005) more likely to report than males. Full results of these three 

scenarios are described in Table 6.  
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Reporting an STD diagnosis had several associations. Females were 76% (OR 1.76, 

p<0.05) more likely to report an STD diagnosis than males. Gay/homosexual/queer 

participants were 158% (OR 2.58, p<0.05) more likely to report an STD diagnosis than 

their heterosexual counterparts. Inconsistent use of condoms, most of the time and 

seldom, were 245% (OR 3.45, p<0.001) and 243% (OR 3.43, p<0.001), respectively, 

more likely to report an STD diagnosis than participants with consistent condom use. 

Participants engaging in anal sex were 54% (OR 1.54, p<0.05) more likely to report an 

STD diagnosis than participants who did not engage in anal sex. Taking “no action” 

after a potential exposure was a scenario that was also explored within the model. 

Females were 40% less likely than males (OR 0.608, p<0.001) to take no action after a 

potential exposure. Seldom use of condoms, use most of the time, and no use were 357% 

(OR 4.57, p<0.001), 253% (O 3.53, p<0.001), and 237% (OR 3.37, p<0.001), 

respectively, more likely than participants that always use condoms to take no action 

after a potential exposure. Vaginal sex was also a significant predictor, as participants 

who engaged in vaginal sex were 245% (OR3.53, p< 0.001) more likely than 

participants who do not participate in vaginal sex to take no action after a potential 

exposure. Full results of these two scenarios are shown in Table 7 
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Table 6. Risky scenarios logistic regression data for the UK study. Statistically significant data (p<0.05) 
highlighted in black. 

Reporting a Broken Condom 
Predictor 

 
Estimate  Std. Error  Odds Ratio  p-value 

Intercept -3.24 0.231 - - 
Female 0.429 0.125        1.54 <0.001 
Other (gender) 0.115 0.559        1.12 0.837 
Never (condom) -1.46 0.559        0.232 < 0.001 
Most (condom) 0.458 0.208        1.58 0.001 
Seldom (condom) -0.331 0.151        0.718 0.028 
Participate in vaginal sex 0.315 0.110        1.370 0.004 
Participate in anal sex 1.29 0.223        3.62 <0.001 
     
     
                                                                 Condom not being available 

Predictor 
 

Estimate  Std. Error  Odds Ratio  p-value 

Intercept -3.576 0.302 - - 
Gay/Homosexual/Queer 0.768 0.333 2.16 0.021 
Lesbian -1.14 0.734 0.321 0.121 
Bisexual -0.088 0.134 0.916 0.514 
Other (sexuality) -0.123 0.252 0.884 0.624 
Never (condom) -0.195 0.239 0.823 0.415 
Most (condom) 1.89 0.184 6.63 < 0.001 

Forgetting to wear a condom 
     

Predictor 
 

Estimate  Std. Error  Odds Ratio  p-value 

Intercept -4.54 0.399 - - 
Female -0.432 0.142 1.54 0.002 
Other (gender) -0.323 0.758 0.724 0.067 
Gay 1.06 0.411 2.87 0.010 
Lesbian -0.406 0.532 0.666 0.448 
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Table 7. Logistic regression data from reporting an STD diagnosis and taking “No action” after a 
potential exposure in the UK study. Statistically significant data (p<0.05) highlighted in black. 

Reporting an STD diagnosis  
Predictor 

 
Estimate  Std. Error  Odds Ratio  p-value 

Intercept -4.77 0.387 - - 
Female 0.564 0.254 1.76 0.026 
Other (gender) 0.948 0.777 2.58 0.222 
Gay/Homosexual/Queer 0.951 0.355 2.588 0.007 
Lesbian -14.2 451 7.15e-17 0.975 
Bisexual -0.136 0.254 0.872 0.591 
Other (sexuality) -0.378 0.520 0.686 0.469 
Never (condom) 0.604 0.392 1.83 0.123 
Most (condom) 1.24 0.352 3.45 < 0.001 
Seldom (condom) 1.21 0.354 3.43 < 0.001 
Participate in anal sex 0.429 0.195 1.54 0.028 
     

Taking “no action” after a potential exposure 
     

Predictor 
 

Estimate  Std. Error  Odds Ratio  p-value 

Intercept -2.05 0.148 - - 
Female -0.500 0.087 0.608 < 0.001 
Other (gender) -0.174 0.368 0.840 0.637 
Never (condom) 1.52 0.125 4.57 < 0.001 
Most (condom) 1.26 0.120 3.53 < 0.001 
Seldom (condom) 1.22 0.080 3.37 < 0.001 
Participate in anal sex -0.120 0.079 0.887 0.129 
Participate in vaginal sex 1.24 0.131 3.45 < 0.001 
     

 

2.3.6 General Thailand Study descriptive statistics 

From the total 508 participants recruited in the survey conducted in Thailand, 286 

identified as male (56.4%), 162 (32%) identified as women, 15 (3%) identified as trans 

male, 17 (3.4%) identified as trans female, with the rest identifying as another gender 

minority. Regarding sexual orientation, approximately half, 254 (50.2%), identified as 

gay/homosexual/queer, followed by 186 (36.8%) heterosexuals, 38 (7.5%) bisexuals 

and the rest being composed of other sexual orientations. Thai participants also reported 

a considerable rate of sexual activity in the past 3 years, as 426 (84%) reported sexual 

activity while 78 (15.4%) did not. Types of sexual activities performed included 38.2% 

reporting performing anal intercourse, 48% reporting receiving anal intercourse, 15.4% 

performing vaginal intercourse and 25.2% receiving vaginal intercourse. 
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Condom use rates were high, as 198 (39.8%) reported always using condoms, 118 

(23.7%) reporting using condoms most of the time, 106 (21.3%) seldom condom use 

and 75 (15.1%) never use condoms during intercourse. High risk scenarios for HIV 

acquisition such as “not regularly using condoms” or “consented not to wear a condom”, 

were reported by 12.9% and 33.7% respectively. Unplanned low to moderate risk 

scenarios, such as condom breakage, “wanting to use a condom but none available”, 

“forgetting to wear a condom” were reported by 15.1%, 8.4% and 6.9% respectively in 

the study in Thailand. 

42.5% of the participants in the Thai study, reported “taking no action”, 20.5% reported 

getting tested for HIV/STDs, 14.7% reported getting diagnosed with an STD and being 

offered treatment, and 30.2% sought advice from a healthcare professional. The Thai 

study population also reported interest in using an alternative vaginally or rectally 

administered PEPSE should they find themselves in a low to moderate risk scenario, as 

87.8% referred acceptance to the idea. Regarding HIV testing in the last year, 266 

(52.9%) reported being tested negative, 49 (9.7%) reported being tested positive, and 

186 (37%) reported not being tested in the last year.  

The Thailand questionnaire had additional questions regarding age, PrEP awareness, 

PrEP and PEPSE use. Regarding PrEP, most participants in Thailand (83.4%) were 

aware of its use as an HIV prevention tool, however only 10.7% of participants in 

Thailand are current PrEP users. Regarding PEPSE, 83 (16.4%) participants indicated 

that they have used it in the past, and 54 (10.7%) reported having never heard of PEPSE 

as a prevention tool. A majority (56%) of the participants were between the ages of 15-

30. 



66 
 

2.3.7 Thailand population in low to moderate risk descriptive statistics 

The filters designed for identifying a population in low to moderate risk and not covered 

by current PEPSE approaches in Thailand yielded 80 participants or 15.7% of the total 

populational sample. This population was comprised by 53 (67.1%) males, 13 (16.5%) 

females, 5 (6.3%) trans male, 3 (3.8%) trans female with the rest being other gender 

minorities. Forty-nine (61.3%) identified as gay/homosexual/queer, 24 (30%) as 

heterosexuals, 5 (6.3%) as bisexuals and the rest as other sexual orientation minorities. 

Due to the filters applied all participants in this population in risk reported sexual 

activity in the past 3 years. Sexual activities performed were tilted towards anal 

intercourse, as 55% reported receiving anal intercourse and 51.2% reported performing 

anal intercourse. Regarding vaginal intercourse, performing vaginal intercourse was 

reported by 17.5% and receiving vaginal intercourse was reported by 16.3%. 

Condom use rates within the population in Thailand in low to moderate risk intercourse 

had 40 (50%) participants reporting always using condoms, 21 (26.3%) reporting using 

condoms most of the time and 19 (23.8%) seldom using condoms during sexual 

activities. High risk scenarios for HIV acquisition such as consenting not to wear a 

condom and not regularly using condoms were reported by 25% and 5% respectively. 

Unplanned low to moderate risk scenarios, including condom breakage, “wanting to use 

a condom but none available”, and “forgetting to wear a condom” were reported by 

56.3%, 32.5% and 27.5% of this population in risk, respectively. Similarly to the total 

study population in Thailand, 43.2% of participants in low to moderate risk of HIV 

acquisition reported “taking no action” after a risky scenario, 20.3% got tested for 

HIV/STDs, 12.2% were diagnosed with an STD and offered treatment, and 33.8% 
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reached out for healthcare professional advice. The population in Thailand in unplanned 

low to moderate risk had a significant acceptance rate of an alternative vaginally or 

rectally administered PEPSE should they find themselves in a “risky” situation (instead 

of current de facto “no intervention” situation), as 97.5% would agree to using such an 

approach. In this low to moderate risk population group, 48 (60%) reported being tested 

negative in the last year, while 30 (37.5%) reported not being tested in the last year. 

Regarding the extra questions found in the questionnaire applied in Thailand, 86.3% of 

participants in unplanned low to moderate risk were aware of PrEP as a prevention tool. 

As PrEP users by definition are not in a low to moderate risk scenario for HIV 

acquisition, thus  they are not included in this population.  Of note is that 18 (22.5%) 

participants in unplanned low to moderate risk had taken PEPSE previously and that 6 

(7.5%) were not aware of PEPSE as a prevention tool. The population in Thailand in 

low to moderate risk due to unplanned unsafe sexual intercourse was overwhelmingly 

within a young adult range, as 70% of them were between the ages of 15-30. 

2.3.8 Logistic regression for Thai study 

Participants in the study in Thailand that engage in anal sex were 320% (OR 4.20, 

p<0.05) more likely to report a condom not being available than participants who do 

not engage in anal sex.  

The data contain no evidence to suggest females were less likely than males to report 

“forgetting to wear a condom”. Other gender minorities were approximately 88% (OR 

0.128, p<0.05) less likely than males to report forgetting to use a condom. As the age 

of a participant increased, they were 7% (OR 0.932, p<0.05) less likely to report 
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“forgetting to use a condom”. Interestingly, self-reported HIV+ participants were 158% 

(OR 2.58, p<0.05) more likely to “report forgetting to use a condom” than HIV- 

participants. 

Females were 87% (OR 0.225, p<0.05) less likely than males to report an STD diagnosis 

after a potential exposure.  Self-reported HIV+ participants were 607% (OR 7.07, 

p<0.001) more likely than HIV- individuals to report an STD diagnosis. Not being a 

PrEP user was 70% (OR 0.316, p<0.05) less likely than PrEP users to report an STD 

diagnosis.  

Similarly, participants who are not PrEP users were 1114% (OR 12.14, p<0.001) more 

likely to take no action after a potential exposure than PrEP users. Never using condoms, 

using condoms most of the time, seldom use of condoms were, respectively, 236% (OR 

3.36, p<0.005), 147% (OR 2.47, p<0.005), 172% (OR 2.72, p<0.005) less likely than 

participants that always use condoms to take “no action” after a potential exposure.  Full 

results are described in Tables 8 and 9. 
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Table 8. Risky scenarios logistic regression data for the Thai study. Statistically significant data (p<0.05) 
highlighted in black. 

Reporting a Broken Condom 
Predictor 

 
Estimate  Std. Error  Odds Ratio  p-value 

Intercept 0.104 0.0459 - - 
Engage in Anal intercourse 0.096 0.050 1.93 0.055 

Female -0.068 0.057 0.935 0.236 
Other (gender) 0.082 0.056 1.09 0.146 

                                                                 Condom not being available 
Predictor 

 
Estimate  Std. Error  Odds Ratio  p-value 

Intercept -2.068 0.982 - - 
Participate in anal sex 1.44 0.547            4.20 0.009 
Age -0.049 0.028            0.952 0.079 

Forgetting to wear a condom 
     

Predictor 
 

Estimate  Std. Error  Odds Ratio  p-value 

Intercept -0.059 0.769 - - 
Female -0.816 0.509          0.442 0.109 
Other (gender) -2.06 1.04          0.128 0.047 
Age -0.070 0.026          0.932 0.008 
HIV+ 0.985 0.461          2.58 0.040 

 

Table 9. Logistic regression data from reporting an STD diagnosis and taking “No action” after a 
potential exposure in the Thai Study. Statistically significant data (p<0.05) highlighted in black. 

Reporting an STD diagnosis  
Predictor 

 
Estimate  Std. Error  Odds Ratio  p-value 

Intercept -1.24 0.335 - - 
Female -1.49 0.759 0.225 0.05 
Other (gender) -0.015 0.0473 0.864 0.757 
HIV+ 1.96 0.386 7.07 <0.001 
Not a PrEP user -1.15 0.412 0.316 0.005 
     

Taking “no action” after a potential exposure 
     

Predictor 
 

Estimate  Std. Error  Odds Ratio  p-value 

Intercept -3.11 0.878 - - 
Never (condom) 1.21 0.416 3.36 0.004 
Most (condom) 0.902 0.295 2.47 0.002 
Seldom (condom) 0.999 0.296 2.72 < 0.001 
Participate in vaginal sex 0.951 0.238 2.59 < 0.001 
Age -0.031 0.015 0.969 0.036 
Not a PrEP user 2.50 0.741 12.14 <0.001 
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2.4.1 Discussion 

Within both surveys conducted in the UK and Thailand, there was an extremely high 

proportion of sexually active individuals whose behaviours would place them in an 

unplanned low to moderate risk exposure to HIV. In the UK study, this population was 

a staggering 29% of participants, while in the Thailand study it was composed of 15.7% 

of the participants. We defined the population in unplanned low to moderate risk, 

usually not covered by current PEPSE approaches as those who meet all the following 

characteristics: participants that had sexual activity in the past three years with at least 

one individual, self-reported condom use (always, most of the time, seldom), reported 

unplanned low to moderate risk scenarios (condom breakage, or “forgetting to use 

condom”, or  “wanting to use a condom but none available”), and were not HIV positive 

nor PrEP users (in the case of Thailand). These scenarios are scenarios that are not 

covered in traditional PEPSE nor TasP or PreP as the risk of HIV acquisition is lower 

than 1/1000. This population is reflective of a group who is currently exposed to sexual 

HIV acquisition, but often receive only medical follow up after a risk scenario [94, 95].  

The results from the surveys in the UK and Thailand show some similarities. Condom 

failure rates were reported more frequently than what the authors expected in both 

studies, as reported condom failure rates are often less than 6% [192, 209, 210]. 

Investigating condom breakages is particularly important, as previous reports have 

shown an association with having an STD diagnosis and reporting multiple condom 

breakages in the past 12 months, particularly in young men [211]. 

Due to the cultural differences and some differences in participants’ recruitment pattern, 

it would be inappropriate to directly compare the results of the logistic regression 
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analysis of the results obtained in two countries to each other. The UK study mainly 

recruited UK based university students, while the survey in Thailand mainly recruited 

participants in a sexual health clinic based in Bangkok (the Tangerine Clinic), with a 

majority of them being key populations in risk of HIV acquisition by the sexual route. 

2.4.2 Unplanned events leading to lower to moderate risk of HIV acquisition 

through sexual intercourse 

Even with correct use, condoms can be permissive to HIV and other viral particles, as 

evidence suggests that 2.6% of condoms can allow for viral particle crossings, without 

any visible breakages [212]. Condom breakage rates seem to fluctuate around 5%, but 

the rate depends on the population studied and the time when the study was conducted 

[209, 213-215]. Recent figures from the United States Centers for Disease Control 

estimate that approximately 6.5% of women aged 15-44 years old have experienced a 

condom breakage or a slippage at withdrawal. In the CDC data set, rates of condom 

failure increased significantly when accounting for condom usage only in a fraction of 

the duration of the sexual intercourse, reaching as high as 26% of women aged 15 to 44 

population [216]. Condom failure rates, such as the ones displayed in our data set, are 

particularly worrisome, and would require further study and intervention. The results of 

the surveys in both countries in this work indicate higher condom breakage rates than 

previous reports, with approximately 15% of the study population reporting this event. 

Previous reports have shown that individuals with a history of condom failure events, 

such as condom breakages, are more likely to experience them in the future [211, 217]. 

Future research on how frequent these condom breakages are within the same individual 
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are of the utmost importance for the design of better condom models and condom 

educational policies.  

Inconsistent condom use in the form of “forgetting to use a condom” or “wanting to use 

a condom but none available” is also a problem to address. Evidence suggests that 

depending on the partnership type (casual, commercial or stable/primary partnership) 

different condom usage rates are present [218, 219]. Stable partnerships have a tendency 

to have lower condom use rates than other types of partnerships. This is a limitation of 

our data, as the participants did not disclose the type of partnership they were involved 

in when unprotected intercourse event occurred.  

The second important limitation of our study is that the use of condom resistance tactics 

were not investigated in our study. Condom resistance tactics such as risk reassurance 

(such as suggesting to the partner being STD “free”), personal factors (such as  “reduced 

sensitivity” or fear of male impotence) can lead to any individual to report “forgetting 

to use a condom” or “wanting to use a condom but none available”[220, 221].  An 

additional factor that was not studied in this work was the use of alcohol, which has 

been linked previously to lack of condom use due to an erroneous risk assessment when 

inebriated [222, 223]. Further examination of the potential association of alcohol and/or 

other drugs with these two scenarios, as well as condom failure events, is needed to 

design integral campaigns catered on safe sex.  
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2.4.3 Size of a population that is unprotected with current pharmacological 

prevention measures for HIV.  

The UK study recruited mainly students, which can reflect on the sexual behaviours of 

a general young population. On the other hand the study in Thailand mostly recruited 

participants within key populations at risk at a specialized clinic. The difference 

between sizes of the unprotected population found in this work can be potentially 

partially accounted for with the availability of PrEP as a prevention tool for key 

populations. The size of the population in low to moderate risk of HIV acquisition in 

both studies suggests that a significant number of people could find themselves without 

any pharmacological tool to prevent HIV acquisition following potential unplanned 

exposure. Thus, targeting this population and investigating the behaviours further would 

allow for the design of better programmes for HIV prevention [98]. Further research 

into additional pharmacological interventions for this population can allow to reduce 

the rate of new HIV cases further, and thus allowing us to get closer to the 2030 

UNAIDS goals [1, 6].  

2.4.4 Logistic regression UK population 

Identifying as female had a significant association with reporting a broken condom, as 

they were 54% more likely to report a condom breakage than male counterparts. The 

study was skewed towards higher female recruitment, however the association of 

females and reporting a broken condom is of importance. One hypothesis would be that 

females in the UK have extensive sexual education and thus are more likely to notice 

when/if a condom breaks during intercourse.  
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Not surprisingly, participants who reported low rates of condom usage (never, seldom) 

were less likely to report a broken condom than consistent users (always/most of the 

time). Anal intercourse was associated with reporting a broken condom, suggesting that 

despite using condoms substantial proportion of MSMs can still be exposed to HIV. 

Considering that receptive anal intercourse is the most efficient way for HIV to be 

acquired within sexual activities, broken condoms in anal sexual intercourse should also 

be explored further [23].  

Reporting a condom not being available was associated with identifying as 

gay/homosexual/queer. A similar association, with condomless sex, was previously 

reported in NATSAL-3 study [224]. Given that NATSAL-3 and our study are 

populations that are UK based, and thus with similar cultural background, it exposes a 

point to address in future STD/HIV prevention campaigns. Females were also 

associated with reporting a condom not being available, as well as reporting “forgetting 

to wear a condom”. Both effects could be linked with self-awareness of potential 

unwanted pregnancies. Within the UK survey study, there was an association between 

using condoms most of the time and reporting a condom not being available. The 

association can be explained by a potential self-awareness of condom use within 

participants.  

Females in this study were 76% more likely to report an STD diagnosis than males. In 

the NATSAL-3 study, females were more likely to attend Sexual Health Clinics than 

males [225]. Considering both pieces of evidence suggests that males should be 

especially targeted for further campaigns focusing on the detection, treatment and 

prevention of HIV and other STDs. Participants identifying as gay/homosexual/queer 



75 
 

and participants engaging in anal intercourse were also more likely, 158% and 54% 

respectively, to report an STD diagnosis than heterosexuals and participants who did 

not engage in anal intercourse, respectively. UK government guidelines suggest that 

MSMs should get tested for HIV every year or every three months if there is a casual 

relationship. Such campaign has contributed to a situation where approximately 42% of 

MSMs are attending specialized sexual health clinics for HIV and other STD diagnosis 

and treatment [226]. Our data provides evidence that despite the efforts and relative 

success in the UK, further HIV/STD prevention schemes focused on MSMs and people 

who engage in anal intercourse are needed. 

Females were less likely than males to “take no action” in our model, suggesting that 

further sexual education campaigns should target males in the UK. Such results are 

reaffirming the high attendance of females to sexual health clinics in the UK, and the 

association with reporting an STD diagnosis [225]. Interestingly, participating in 

vaginal sex was associated with taking no action after a potential exposure. These two 

predictors appear contradictory, however in our model receiving and performing 

vaginal penetration (ie. participating in vaginal intercourse) were grouped together for 

analysis. Therefore, this effect can potentially be explained by males not taking action 

after a potential exposure, which is in line with published literature and our own data 

[225]. Further research is needed to confirm this trend, and design campaigns to increase 

male attendance to sexual health clinics if the trend is confirmed.   

2.4.5 Logistic regression Thailand population 

Engaging in anal intercourse was associated significantly in our model with reporting a 

condom not being available. Survey data from MSMs in Thailand suggest that 
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approximately 80% use condoms during sexual activities, thus this effect can be related 

to condom self-awareness [203]. Unprotected anal intercourse is a high-risk sexual 

scenario, and thus studying the condom use associated with it allows for targeted 

prevention strategies.   

Gender minorities (trans male, trans female, etc) were associated with being less likely 

than males to “forget using a condom”. However, the sample size for this group is small 

and further research is needed to confirm if this trend indeed exists. In our logistic 

regression model, the older a participant is, the less likely they were to report “forgetting 

to use a condom”. Such an effect can be explained by the HIV condom awareness 

programmes that the government of Thailand has implemented since 1991 [227].  Self-

reported HIV+ participants were more likely to report “forgetting to wear a condom”. 

However, our study did not gather information on whether or not they were being 

treated, and potentially being virologically suppressed. 

 Females in Thailand were less likely to report an STD diagnosis than their male 

counterparts. This is an opposite trend when compared to the UK study. A potential 

reason for this difference can be found in previous reports of stigmatization of female 

sexual behaviours, and potentially STD diagnosis found in females in Thailand [228-

230]. Further prevention strategies, based on non-stigmatization of sexual activity in 

females in Thailand are needed, if this trend is proven to be correct.  

Participants who reported being HIV positive were significantly associated with 

reporting an STD diagnosis. Similarly, being a PrEP user was associated with reporting 

an event of STD diagnosis. Both results reflect upon the population bias when recruiting 

the study participants, with many of the participants being recruited at a specialized 
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sexual health clinic. PrEP and HIV treatment programs often involve periodical 

screenings for STDs, thus securing prompt diagnosis and treatment [94].  

Inconsistent condom use (never using condoms, seldom use of condoms, using 

condoms most of the time) was associated with taking no action after potential exposure 

when compared to always using a condom. Similar survey studies set in Thailand have 

found this trend, thus it is imperative to make sure that the Thai public is better informed 

about safe sexual practices [203, 215, 227, 229-231].  

2.4.6 Tackling an unprotected population and future research targets 

In these studies, we present evidence that a population not usually targeted by 

pharmacological prevention approaches has a significant size within the sexually active 

population in two different countries. This population consists of people engaging at 

least once in the last 3 years in unplanned unsafe sexual intercourse (condom failure, 

forgetting to wear condom or condom not being available). Current PrEP and PEPSE 

guidelines do not usually cover this population, but they do acknowledge that this 

unprotected population exists.  However not enough research has been conducted on 

the size of this population, as well as their sexual behaviours and views [1, 2, 6].  With 

the size of such population being so significant (29% of UK survey responders and 15.7% 

of Thailand survey responders), there is an opportunity for the development of a 

targeted intervention for his population to reduce further the rate of new HIV cases. 

Targeting this population with alternative prevention approaches presents a potential 

new research priority in order to reach the new 95-95-95 goals to be met by 2030, set 

by the UNAIDS [101, 103-105].  
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Considering current PEPSE guidelines and risk/benefit considerations worldwide, it is 

clear that in many cases the population in question is offered only follow up, or in the 

worst-case scenario no professional advice is sought. Thus, the risk of HIV or STD 

acquisition remains. In the case of HIV, such unplanned unsafe sexual intercourse 

events are a race against the clock, as evidence suggests that PEPSE can only be 

effective in a 72-hour window [94-96, 98]. Such a restrictive timeline implies several 

barriers for PEPSE to be prescribed and administered quickly. As of today, sexual health 

clinic attendance, PEPSE awareness/availability, and risk to benefit case specific 

considerations are substantial barriers for the effective prescription of PEPSE.  

A potential solution for this unprotected population would be to target local lymphatic 

nodes via the administration of a localised PEPSE formulation. The target cell of HIV 

infection, the TCD4+ lymphocyte, is found in the paracortex area of a lymph node [37]. 

Once HIV has integrated its DNA to a host TCD4+ lymphocyte, the infection has been 

established [37].  As reviewed in Chapter 1, current antiretroviral formulations often 

achieve lower concentrations in lymphatic tissues than in systemic circulation, thus 

potentially having a role in the generation of a viral reservoir in the lymph nodes via 

low level replication of HIV [167]. Two distinct strategies for targeting the lymph nodes 

can lie in the nanoformulation of antiretroviral agents as a means of delivery and the 

use of a lipophilic prodrug [40, 51, 86]. As of the writing of this manuscript, research 

has focused on nanoformulations for treatment and PrEP, and not on the potential 

development of a PEPSE localised agent [51]. A localised PEPSE could cover the 

unmet need for this population, maximizing exposure of antiretroviral agents to the 

lymph nodes, while limiting exposure to systemic side effects. 
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2.5.1 Conclusions 

In this work we have provided evidence of a very high proportion of a sexually active 

population (15-29%) in a risk for HIV infection by unplanned unsafe sexual intercourse, 

including condom failure, forgetting to wear condom and condom not being available. 

This population is largely unprotected by current pharmacological prevention schemes. 

Such a big population presents a target for further alternative prevention schemes and a 

potential research priority. 
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Chapter 3:  

Development of a high drug content nanoformulation for a 

localised delivery of antiretrovirals. 

3.1.1 Role of nanomedicines as tools in the fight against HIV 

Antiretroviral compounds often have important side effects, thus prescribing them to 

healthy individuals that have been potentially exposed to HIV needs to be justified [51, 

94, 173]. Current research is leaning towards high specificity and selectivity towards 

drugs and their biological targets, working almost like a “magic bullet” that specifically 

targets the diseased cell or microbe in question [232]. The concept of a “magic bullet” 

was originally popularized by Nobel prize winner Paul Ehrlich in the XIX century [233].  

The process of developing such a targeted therapy involves several disciplines, such as 

molecular biology, bioinformatics, and medicinal chemistry, all disciplines that were 

outside of Ehrlich’s scope, but that now are available for researchers. Due to significant 

side effects, early HIV therapy, in the form of zidovudine, was initially reserved for 

patients in later stages of the disease (<350 TCD+ Lymphocytes) [27, 234]. As newer 

and more targeted approaches were developed, therapy became more accessible and 

with a more favourable side effects profile. Such advances led to a shift in treatment 

protocols with highly active antiretroviral therapy (HAART) and the advent of 

treatment as prevention (TasP) [3, 8]. While many advances have been made in safety 

profiles of antiretroviral agents, they still have significant side effects. In the case of 

dolutegravir (DTG) the total incidence of adverse events is high, with approximately 
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90% of users experiencing an unwanted effect [235]. DTG’s most common reported 

side effects are headaches, nausea, weight gain and diarrhoea. When comparing DTG 

based treatment schemes versus other antiretroviral regimes in five different studies 

(SAILING, SPRING-1, SPRING-2, SINGLE, FLAMINGO) the proportion of 

individuals who withdrew in the DTG branch due to side effects was low 

(approximately 2% in each study) [116, 236-239]. DTG’s severe side effects are often 

reported early in the initiation of treatment, in other words in the first doses ever taken 

(such as what would happen in a post exposure prophylaxis in a sexual scenario or 

PEPSE). Such side effects include, psychiatric effects (major depression syndrome), 

neurologic symptoms (insomnia), rheumatological complaints and significant 

gastrointestinal complaints [240, 241]. Further research into DTG, or any antiretroviral 

for that matter, being paired with a nanocarrier or formulated as a nanoparticle, can 

allow for a safer side effect profile and improve significantly the patient adherence [51, 

232, 242-244].  

A nanoparticle is generic term that refers to a nanoscopic object with nanoscale 

dimension, being between 1-1000 nanometers in size (Figure 9) [245, 246]. A 

nanoparticle may show therapeutic properties by itself (such as antibacterial activity), 

or act as a nano-carrier for a compound [245]. Current research has allowed to deliver 

active compounds with nano-carriers that are able to navigate through complex 

biological systems [247]. One such example, is Doxil® a doxorubicin formulation 

based on PEGylated nano-liposomes as nano-carriers. Due to the design, Doxil® 

exhibits prolonged systemic circulation as it evades the reticulo-endothelial system, 
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passively targeting tumors in the process. Doxil® was approved by the FDA in 1995 

[248]. 

 

 

Figure 9. Objects in the nanoscale vs objects in the day-to-day life. The HIV virus is measured at 120 nm by 

electron microscopy, and nanoformulations are usually in the 50-1000nm range, this leaves them out of the range 

of what the unaided eye can see. 

Nano-carriers can be divided into two mayor categories, inorganic nanoparticles/nano-

carriers (such as gold or silica nanoparticles) and organic nano-carriers (polymeric 

nanoparticles, liposomes, micelles) [242]. Inorganic nanoparticles are synthesized from 

copper, gold, silver, iron oxide, zinc oxide and other semiconductors such as silicon 

(Figure 10) [245]. While growing evidence suggests that these inorganic nanoparticles 

are not toxic materials for humans, their antiviral effect is not well understood and still 
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is undergoing further research [249, 250]. Within the HIV field, limited evidence exists 

for inorganic nanoparticles as potential therapy [251].  Organic nanocarriers are, at the 

time of this thesis being written, major research areas for drug delivery, with examples 

being found in current antiretroviral research. As of late 2020, a long acting 

nanoformulation containing cabotegravir and rilpivirine has showed exciting results in 

phase III studies, as it is better tolerated as a bimonthly intramuscular injection than 

current oral based regimes[68]. This formulation is under study as a PrEP option in the 

HPTN 083 trial comparing it with the current regime. Preliminary results of this 

formulation, also seem to outperform the existing oral PrEP formulation, based on 

emtricitabine and tenofovir [69]. These encouraging results, highlight the potential for 

organic nano-carriers as drug delivery vessels.  

 

Figure 10. Examples of nano-carriers or nanoformulations and their microscopic structure/morphology, as 

defined by electron microscopy.  
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3.1.2 Organic nano-carriers for drug delivery 

Most organic nanoparticles are based on the successful entrapment of an active 

compound inside a nano-carrier [252]. There are several carriers that have been 

previously used to achieve formulations on the nanoscale (Figure 10). The field of 

organic nanoparticles is wide, with various techniques, each with advantages and 

disadvantages[252, 253]. Some of these formulations have had important examples 

within the HIV field. Carriers that have had more experience with the entrapment of 

antiretroviral agents are liposomes, solid lipid nanoparticles, dendrimers, micelles, and 

polymeric nano-capsules (see below) [51].  

Liposomes are spherical vesicles made up of nontoxic phospholipids. They have shown 

promise for drug delivery in HIV prophylaxis [254]. However, their main disadvantages 

are high production cost and often being physiochemically unstable [254]. The potential 

destabilisation ) of the liposomes in aqueous environments and subsequent early 

leakage of the compound are important drawbacks for this drug delivery technique. In 

the context of PEPSE, those are important drawbacks to liposomes, as early leakage of 

the antiretroviral agent may prevent it from reaching the desired target in the lymph 

nodes [255, 256]. Solid lipid nanoparticles are similar to liposomes, however they have 

a couple of key differences: 1) Their structure is maintained by lipids that are solid at 

room and body temperature. 2) Liposomes tend to have a contiguous bilayer, while solid 

lipid nanoparticles do not [257, 258]. Previous studies have shown high drug loading of 

antiretroviral compounds (efavirenz) in solid lipid nanoparticles, however the particles 

had a low zeta potential and thus have a potential to aggregate [259]. Dendrimers are 

branched polymers that form branches with significant number of functional groups on 
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their surface. Within, the HIV field there has been emerging evidence of their use as a 

potential entry inhibitor (blocking the CXCR4 and CCR5 coreceptors) in in vitro 

cultures [260, 261]. However, their use remains limited in animal models mainly due to 

toxicity and poor control of drug release [262]. Toxicity in dendrimers appears to be 

linked to peripheral moieties such as guanidine, carboxylate, amine or phosphonate. In 

regards to drug release, one example of poor control of drug release would be with 

covalently bound dendrimer-drug complexes, as they experience immediate release 

from the complex after exposure to biological fluids. 

Polymeric nano-capsules that are formulated through a solvent-displacement are 

commonly used in most research settings. Solvent-displacement, also known as 

nanoprecipitation, has been extensively studied with FDA approved polymers for 

human use such as poly(lactide) (PLA), poly(lactide-co-glycolide) (PLGA) among 

others, and thus presents a potential formulation technique for a novel PEPSE [252, 253, 

263].  

3.1.3 Solvent diffusion method for the generation of nanoaggregates 

(nanoprecipitation) 

Nanoprecipitation was originally described in 1989, as a means of encapsulating 

indomethacin in a PLA nano capsule [264]. Nanoprecipitation has several 

characteristics which make it a good target for compound entrapment, as it is a simple 

technique no need of high energy input, has high reproducibility rate and allows for a 

narrow size distribution [265]. It has the drawback that it requires a lipophilic compound 

or a compound poorly soluble in water to work as originally described [266]. An 

additional disadvantage is that the drug content of the formulations made through this 
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technique usually do not cross the 10% wt% barrier due to the polymer to drug ratios 

used [252].  

Nanoprecipitation works by the mixing of two miscible phases, an organic/oil phase 

and an aqueous phase. Under a traditional set up, the organic phase contains a polymer 

and the compound of interest, while the aqueous phase is usually HPLC grade water 

[263]. The aqueous phase is kept under magnetic stirring as the organic phase is added 

dropwise. The mixing of phases, with supersaturation of polymer and compound, is the 

driving force in the formation of nanoaggregates [263, 267]. As the organic phase 

droplet hits the aqueous phase the difference between a high surface tension liquid 

(aqueous phase) and a low surface tension liquid (organic phase) forms thermal 

inequalities that lead to interfacial turbulence. Such turbulences lead to the formation 

of eddies of organic phase at the interface of both liquids (Figure 11). The process 

provokes organic phase diffusion from regions of low surface tension, which causes 

gradual precipitation of the polymeric nanocarrier on the organic surface and forms 

nanoaggreates [252, 253, 263]. A nanoagreggate is a generic term for a kinetically 

trapped polymeric aggregate, usually with hydrophilic segments at the surface and 

lipophilic segments at the interior. In other words, it is a vesicular system, where a 

compound is held in usually an inner lipophilic core surrounded by a polymeric shell 

[252, 268].  

Nanoprecipitation allows the user to control certain aspects of the formulation by the 

adjustments of certain parameters. Overall nanoprecipitation parameters could be 

divided into two major categories, ones that have an impact on size and drug content 

and ones that have impact on size only. While acetone is usually the organic phase, 
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certain organic phases such as Acetonitrile (ACN) have shown increases in particle size 

and drug content, particularly in the case of Methoxy poly(ethylene glycol)-poly(lactide) 

(MPEG-PLA) and paclitaxel [252, 253, 263, 269].   

 

 

Figure 11. Diagram depicting the nanoprecipitation process as described by Fessi et al. [264].  The process is 

based on the correct mixing of two miscible phases. In the traditional set up, the organic phase will be a solution 

of acetone with a known concentration of a polymeric carrier and a compound of interest. As the organic phase is 

added dropwise to an aqueous phase that is kept under magnetic stirring, thermal inequalities will lead to the 

formation of vortices in the interphase. The liquid with a high surface tension, the aqueous phase, will pull strongly 

on a surrounding liquid with a lower surface tension, the organic phase. The organic phase will diffuse from 

regions of lower surface tension, with a gradual precipitation forming nanoaggregates. Under the original set up 

described by Fessi et al. no stabilizing agent such as a surfactant is used[264]. The addition of a surfactant for 

stabilizing purposes of a formulation has been described elsewhere [252, 253, 263, 270].  
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Table 10. Experimental parameters in a nanoprecipitation and their influence on the formulation’s characteristics  

[252, 253, 263, 264]. 

Parameter Effect of decreasing the parameter Effect of increasing the parameter 
Organic Phase to 
Aqueous phase ratio 

Less drug content per weight of 
formulation [252, 253, 264] 
Smaller nanoaggregates [253] 

More drug content per weight of 
formulation [252, 253, 263, 264] 
Bigger nanoaggregates[253] 

Polymer mass Potential increase in encapsulation 
efficiency [253] 
Bigger nanoaggregates[253] 

Smaller nanoaggregates [253] 

Drug mass No clear effect reported [253] No clear effect reported [253] 
Organic addition rate  Smaller nanoaggregates[253] Bigger nanoaggregates[253] 

 

3.1.4 Antiretroviral formulations using nanoprecipitation 

Nanoaggregates by nanoprecipitation have been previously studied as potential 

therapeutic or prophylactic options for HIV [51].One first barrier for the successful 

formulation of any antiretroviral agent is the lipophilicity of the compound. Current 

guidelines indicate treatment (or prophylaxis) with two distinct families, NRTI and INIs. 

However, these two therapeutic families do not have a tendency being lipophilic (i.e. 

having a high logP) [95]. 

Previous nano capsule research has focused on nevirapine, efavirenz, saquinavir, 

tenofovir and emtricitabine, however certain drawbacks of those compounds must be 

stated [168, 249, 271]. Nevirapine and efavirenz are two drugs that have a low genetic 

barrier (less than 2 mutations required for resistance) and share a common resistance 

mutation with other NNRTIs, thus misuse of these formulations in a prophylactic 

scenario would allow for selective pressure towards multidrug resistant HIV [112]. 

Saquinavir is not a compound that has a tendency of lowering the viral load quickly, 

additionally it selects for resistance to other PIs [272]. Nevirapine, efavirenz and 

saquinavir all share a common characteristic, as they are all on the lipophilic side of the 
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partition coefficient scale (logP >2) , thus their encapsulation does appear suitable for 

the technique [37].  

Tenofovir and emtricitabine are two drugs that are currently used in most PrEP 

guidelines and remain a backbone for treatment in most settings [273]. The reason of 

this is both a favourable side effects profile. Additionally, both compounds, particularly 

emtricitabine, apply positive selective pressure for HIV to have the MV184 mutation, 

which is linked to lower viral fitness and thus more benign clinical features should 

resistance to both agents occur [114].  However, both compounds are hydrophilic (logP 

< -1), thus alternative approaches for their formulation under nanoprecipitation had to 

be made. In the case of emtricitabine, the formulation was generated by a water in oil 

in water emulsion, that did not achieve a significant drug content, as the total drug 

content was approximately 5% wt% [168]. Tenofovir’s nanoformulation was generated 

through high energy method of emulsification through sonication, and it required a 

lipophilic prodrug approach [274].  

3.1.5 Prodrug approach as a means of improving a compound’s nanoformulation 

properties 

The main goal of any prodrug strategy would be to target delivery across any 

physiological barrier and to allow for better compound encapsulation [263, 275, 276]. 

Antiretroviral prodrugs by themselves do not usually possess antiretroviral activity, 

however they should be able to release biologically active compounds under a relevant 

biological fluid [277]. Therefore, the success of any antiretroviral prodrug approach 

relies on the successful cleavage of the parent drug and the unactive chemical group to 

produce a desired effect [276, 277]. The chemical moiety chosen to modify a parent 
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drug is of utmost importance, as prodrugs should not be linked to cellular toxicity. 

Chemical linkers for the synthesis of a prodrug can be varied, including ester, carbamate 

and amide bonds that can be hydrolysed by carboxylesterases (Figure 12) [275]. As of 

this thesis being written, only three antiretroviral agents have prodrugs approved by the 

FDA, fosamprenavir, tenofovir alafenamide and tenofovir disoproxil fumarate, with no 

prodrug approved for the INI family [278, 279].  
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Figure 12. Commonly used functional groups to generate a prodrug with lipophilic properties. Functional 

groups are labelled in red. All of these chemical linkers are vulnerable to carboxylesterases in biological fluids 

[275].  

As stated previously on Chapter 1 current therapy and prophylaxis relies heavily on the 

INI and NRTI families, however both families often display a hydrophilic nature [37]. 

Two recent examples, emtricitabine and lamivudine, from the NRTI family suggest that 

a prodrug approach can be a possible solution to improve HIV therapy. Agarwal’s 
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approach for emtricitabine prodrugs involved the addition of fatty acids and evaluating 

with in vitro cell models that mimicked cell free and cell associated HIV. From all their 

model prodrugs, the myristoylated prodrug of emtricitabine displayed a significant 

improvement on intracellular delivery of emtricitabine, as well as better inhibitory 

activity against multidrug resistant HIV lineages [280]. Such encouraging results with 

myristoylated NRTI (abacavir and lamivudine) were also encountered by Gendelman’s 

research group [281, 282]. However, unlike the emtricitabine prodrug work, these two 

prodrug projects involved nanoformulations produced under high pressure 

homogenization that generated a nanocrystal form of the antiretroviral compound that 

was later encapsulated with pluronic F127 (F127). Both formulations were able to 

achieve high intracellular concentrations, particularly in macrophages.  Additionally, in 

rodent models, both formulations achieved relevant concentrations after a single 

intramuscular dosage. Similarly, to abacavir and lamivudine, DTG (as well as many 

other INIs) has a well-defined hydrophilic nature, which poses a barrier for most nano-

formulation approaches [40].  

3.1.6 Targeting Dolutegravir as a model compound for PEPSE 

DTG was first synthesized as a collaboration proyect between Shinogi and 

GlaxoSmithKline [283]. To the naked eye, DTG appears as a white to yellow powder. 

At the physiochemical level, DTG has no formal charge, a molecular weight of 419 da, 

a logP of 2.2 [284]. Like other INIs DTG has documented activity versus HIV’s 

integrase. Within each HIV viral particle, approximately 100 integrase molecules are 

packed. The primary role of this enzyme is to insert the proviral DNA into the genome 

of an infected cell. Integration is a vital step for HIV replication, as the virus requires 
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full integration to a chromosome for transcription of viral proteins. The integrase 

enzyme is responsible for 2 main reactions, “processing the 3’ ends” and a strand 

transfer. Following reverse transcription the proviral DNA is trimmed at the 3’ ends, 

such process allows for a reactive hydroxyl end [285]. The second reaction, the strand 

transfer, inserts the two active 3’-hydroxil proviral DNA ends into an acceptor host 

DNA strand. The process leaves a two base 5’ end that gets released, and a five base 

gap at each junction between acceptor strand and proviral strand. The gaps then get 

repaired by cellular enzymes. DTG inhibits the strand transfer of the 3’ reactive 

hydroxyl ends [115]. Unlike other INIs, DTG presents beneficial properties that favour 

its use as a first line therapy backbone[65]. As a summary, DTG presents a higher 

genetic barrier to HIV resistance, does not share any resistance mutations with other 

INIs and does not need the administration of a booster such as ritonavir or cobicistat 

[115, 286].  

The PK profile of DTG is very similar between healthy and people living with HIV. 

The approved formulation of DTG consists of a film-coated tablet, that allows for rapid 

absorption in the gastric tract, co-administration with high fat foods can slow the rate 

absorption [287]. In people living with HIV, the apparent volume of distribution ranges 

between 17 and 20 L [287].  Bioavailability of DTG has not been fully established 

despite continuing studies. Once absorbed, the majority of DTG (>99%) is bound to 

plasma proteins , based on in-vitro data [115, 287]. DTG is characterized by exercising 

a  rapid decline in HIV-1 RNA, as by day 11 of a continuous oral 50mg DTG regime, 

the reduction can be estimated in 2.5log10 of HIV RNA viral copies/ml. In adults of over 

35 kg, an oral dose of 50mg of DTG has a Cmax of 4.93µg/ml (2.66-9.08), a Area under 
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the curve 0-24hours of 54µg*h/ml (24.4-118) and a C24 of 814ng/ml (142-3310) [287].  

(Excretion of DTG is done mainly by faeces and urine. An oral dose of 50mg of DTG 

has an approximate half-life of 14 hours [287]. A more accessible version of DTG, 

dolutegravir sodium, has been developed as a bioequivalent generic drug, and is 

available in several countries, such as Thailand. No significant pharmacokinetic profile 

differences are observed between a DTG based formulation or a Dolutegravir sodium 

formulation [288]. As of today, only oral formulations have been approved by 

regulatory bodies[40].  

As mentioned previously, Gendelman’s group has also been responsible for a 

formulation based on DTG using very similar principles to their work with abacavir and 

lamivudine [281, 282]. In their work, DTG was modified with a myristic acid thus 

generating an ester prodrug. This ester prodrug, a myristoylated DTG or MDTG had 

significantly different properties to DTG. Using a high-pressure homogenizer technique 

and F127 as a stabilizing agent, they nano-formulated MDTG with a high encapsulation 

efficiency reaching 82.2% (+/- 4.4) wt%. Similarly, to the other two formulations 

developed, a single intramuscular dose of the nanoformulated dolutegravir prodrug to 

murine models, produced concentrations significantly above the IC-90 (64ng/ml) over 

8 weeks [115, 169].  

The MDTG compound is a success story among nanoformulations and antiretroviral 

prodrugs. Preliminary data of this antiretroviral prodrug shows that approximately 80% 

of the parent drug is cleaved from the prodrug in rat plasma by one hour [169].The 

formulation was generated via a “top-down” coated nanocrystal method. This 

methodology requires a  high-pressure homogenization, which allows for MDTG to be 
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coated with a surfactant, in this case F127, via a high energy “milling” of drug particles 

to a specific size [289, 290]. To generate such a formulation, specific ratios of drug and 

surfactant are needed. In this case F127 was first dissolved in 10mM HEPES buffer 

ph7.8, to generate a 0.1%w/v solution. Once this solution was prepared, MDTG was 

added at a 10:1 drug to polymer ratio to create a pre-suspension solution. The pre-

suspension solution was subject to approximately 20 000 psi, until a suspension of 

approximately 250-350nm in size was formed, confirmed by DLS[169].  

However, the formulation has the caveat of having a difficult scale-up process as the 

Avestin Emulsiflex C-3 model can only use up to 3000ml of raw material per batch. 

Additionally, this equipment is cost prohibitive for many research environments. On 

the other hand, the physiochemical properties of MDTG allow for formulation 

techniques such as nanoprecipitation, which are more resource friendly.  

3.1.7 A nanocrystal technique for high drug loading  

Gendelman’s group has focused on nanoformulations based on a coatable nanocrystal 

generated with high pressure homogenization for antiretroviral delivery [169, 281, 282].  

Nanocrystals are solid drug nanoparticles that have become attractive recently due to 

the high drug loading possibility they present [289]. As a drawback, they  need an 

excipient for their successful delivery, as they have a tendency to be unstable. Materials 

used previously as stabilizers have been polymeric agents (such as pluronic agents) or 

even metallic salts such as calcium carbonate [289, 291].  Nanocrystals can be produced 

by mainly by two types of methodologies: A) Top-down methods, that are based on the 

size reduction to a nanoscale of the compound of interest. An example of a top-down 

method is high pressure homogenization, such as the one used by Gendelman’s group 
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[169, 281, 282, 292]. B) The bottom-up method is based on controlled precipitation of 

a compound on an antisolvent and the subsequent evaporation of a solvent [289, 292]. 

Unlike the top-down method, the bottom-up method, does not require high energy 

outputs, and thus probably more accessible to more research scenarios. As with other 

nanoformulation techniques, the bottom-up method ideally requires a lipophilic 

compound to have its full potential [293].  

While the bottom-up technique is similar in many ways to nanoprecipitation (as both 

techniques involve supersaturation of the solution and solvent evaporation), 

nanocrystals are not usually produced through a modified nanoprecipitation. The 

possibility of generating a nanocrystal through a modified nanoprecipitation has been 

explored recently with encouraging results, particularly for brain drug delivery [294, 

295]. Such new approaches are based on the idea of coating a solid drug nanoparticle 

of a compound of interest with a small amount of a polymeric nanocarrier, thus having 

a significant drug content not achievable by other low energy settings. 

Nanoprecipitation and the modified two step coating procedure offer low energy and 

easily scalable options for the development of MDTG based PEPSE nanoformulations.  

3.1.8 A novel formulation for PEPSE aim and hypotheses. 

The overall aim of this work is to develop a nanoparticle formulation for PEPSE for 

HIV, which could be administered locally into the rectum or vagina after an event of 

unprotected intercourse with a moderate to lower risk. For the nanoformulation branch 

of the project several secondary hypotheses are considered. 
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In this work, nanoprecipitation conditions will be tested for the potential of generating 

a nanoformulation with a high drug content, >20 wt%, with different FDA approved 

polymeric carriers, such as mPEG-PLA and PLGA [296, 297]. It will also explore the 

role that triblock Pluronic 85 (P85), PLGA and mPEG5000-PLA100 (for the rest of this 

manuscript, mPEG5000-LA100 will be referred to as mPEG-PLA) have as potential 

coating agents for a DTG prodrug [168, 271, 298, 299].  

The gastrointestinal mucus provides a significant barrier that any rectal drug delivery 

system must cross. The gastrointestinal mucus has a tendency producing aggregates in 

lypophillic polymeric carriers, such as polystyrene [300]. Therefore, polymers with a 

relative hydrophilic balance were preferred, such as mPEG-PLA, PLGA and P85[298, 

301]. The three polymers selected have been considered non-toxic by relevant advisory 

boards such as the FDA [298, 301]. PLGA has been used, either alone or in a mixture, 

with pluronic 68, as a drug delivery system for antiretroviral agents (lamivudine, 

zidovudine, emtricitabine), for PrEP intramuscular formulations with encouraging 

results [168, 271, 302]. mPEG-PLA formulations have been described as having a 

sustained and controlled release of the drug payload. One such example is a 

intramuscular paclitaxel formulation that delivers 95% of the compound over two 

weeks [269]. If this release profile is shared with an antiretroviral formulation, there 

would be clear benefits for HIV prevention. In the case of P85, there has been growing 

evidence that it can stimulate the T-Cell clonal expansion, while being used as a gene 

delivery adjuvant [303]. Such a characteristic can be exploited, as the TCD4+ lymphocy 

are the final target for HIV infection. Recent data regarding P85’s use as a vaccine 
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excipient has found a potential toll-like receptor agonistic action, at least in rodent 

models, such action could potentially favour  T CD4+ cellular uptake. [303-305].  

Therefore, the secondary hypothesis are as follows: 

A) Traditional nanoprecipitation conditions with a DTG prodrug will not allow for 

a formulation with a significant drug content. 

B) Due the molecular characteristics found in DTG’s prodrug, it could be possible 

to form a nanocrystal with a modified solvent displacement method (Figure 13, 

Figure 15, Table 14) [295].MDTG’s structure will have a 14 carbon chain 

attached to the 7’OH end thus it will behave like an amphiphilic polymer. Once 

this nanocrystal emulsion has been produced, it could be coated with a modified 

two step nanoprecipitation [294]. This would allow for a minimal polymeric 

carrier use, thus maximizing the drug content per formulation. 

C)  Nanoformulations developed through this two-step nanoprecipiation method 

will have favourable biocompatibility in target cell lines (Caco-2, Raw 264.7 and 

DC2.4). 

D) Uptake of the coated nanoformulations developed will be higher in antigen 

presenting cell lines, such as Raw 264.7 and DC2.4.  

E) Due to the potential instability of the nanocrystal emulsion, the polymeric 

coating would allow for long term stability in complex ionic environments, such 

as HEPES, PBS or cell culture media (DMEM).  

F) As per the results found with Sillman et al, the cleavage of DTG from the prodrug 

approach would be in a short time frame (<2 hours), as the ester bond is 



98 
 

vulnerable to enzymatic activity of carboxylesterases found in lymph or lymph 

surrogates such as rat plasma [169].  

G) Drug release from the nano-coated formulation needs to be fast (<72 hours after 

sexual exposure) and sustained (antiretroviral levels must be higher than the IC-

90, which is 64ng/ml, for at least a week) for the formulation to be a preventive 

tool [23].  

3.2. Materials and methods 

3.2.1 Reagents  

Dolutegravir sodium was purchased from Chemshuttle (China). Drug and immunization 

free, male Sprague Dawley rat plasma was purchased from Sera Laboratories 

International (West Sussex, UK). PLGA (4000-12000 Kda), Myristoyl Chloride, P85, 

Benzo[a]pyrene, Triton X-100, Ammonium Formate, and anhydrous N,N-

Dimethylformamide (DMF) were purchased from Sigma Aldrich (San Louis, Missouri, 

United States). PrestoBlue™ Cell Viability Reagent was purchased from Thermo Fisher 

scientific (Waltham, Massachusetts, USA). LDH-Glo™ Cytotoxicity Assay was 

purchased from Promega (Southampton, UK). PD-10 Sephadex columns were 

purchased from GE Healthcare (Little Chalfont, United Kingdom). mPEG-PLA and the 

labelled Cy5 blue mPEG-PLA or mPEG-PLA-Cy5 were a generous gift from Dr. 

Vincenzo Taresco, with the full characteristics being published elsewhere (Figure 14) 

[306]. The mPEG-PLA used was synthesized by Dr. Vincenzo Taresco and its full data 

is published elsewhere [306]. Briefly, a PEGylated chain initiator and D,L-lactide were 

weighted out in a glass vial that was dried overnight at 100°C and capped. Dry DCM 

was added to the vial mixture and allowed to evaporate at room temperature. 1,8-
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Diazabicyclo[5.4.0]undec-7-ene (DBU) was then added to the mixture, in order to 

catalyze the ring-opening polymerization. After 15 min, the polymerization reaction 

was stopped by adding the solution dropwise to cold hexane. The resulting polymer was 

purified via precipitation in diethyl-ether and hexane, and then dried under vacuum. 

mPEG-PLA had a composition ratio of PEG:LA molecular percentage by H NMR of 

1:102. mPEG-PLA  had a calculated molecular weight by NMR of 20 000 daltons and 

24 000 daltons by GPC. The mPEG-PLA used had a  hydrophilic wt% of 26%. Unless 

explicitly stated, all solvents used were HPLC grade or higher. 

3.2.2 Synthesis of a lipophilic prodrug of Dolutegravir 

The hydrophobic prodrug of DTG, was synthesized through the myristoylation of the 

parent 7’OH group. The methodology was modified from Sillman et al [169]. In short, 

DTG was suspended in anhydrous DMF and cooled to 0°C under nitrogen. As the DTG 

used was already deprotonated, and in salt form, no deprotonating agent was used. 

Therefore, four equivalents of myristoyl chloride were reacted with DTG for 24 hours 

(Figure 13). The resultant product was purified by a silica gel column chromatography, 

using a gradient mobile phase of dichloromethane and ethyl acetate. Initial mobile phase 

consisted of 100% dichloromethane, and it slowly introduced ethyl acetate in 10% total 

mobile phase increases. The gradient was maintained until both solvents reached 50% 

of the total mobile phase.  Once purified, the fractions containing the prodrug, according 

to thin-layer chromatography spotting techniques, were dried with a rotary evaporator. 

The compound was analysed through LC-MS, proton nuclear magnetic resonance (1 

H+ NMR) and carbon nuclear magnetic resonance (13 C NMR) (Figures 16-17).  
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A Bruker NMR spectrometer operating at 400 MHz (1H) and 101 MHz (13C) was used 

to perform NMR analysis on the purified MDTG in deuterated chloroform. Chemical 

shifts were assigned in parts per million (ppm). Mestrenova 14.2.1 was used for 

analysing the spectra. Chemical shifts are reported as parts per million (ppm) relative 

to tetramethylsilane (internal standard) to the nearest 0.01 ppm and coupling constants 

(J)to the nearest 0.1 Hz.  Mass spectrometry analysis was performed by Dr Christophe 

Fromont.   
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Figure 13. Chemical synthesis of Dolutegravir Myristate (MDTG). Dolutegravir sodium was suspended in 

anhydrous DMF and cooled to 0 °C under nitrogen. The suspension was then immediately reacted with 4 

equivalents myristoyl chloride for 24 h. Modified from Sillman et al. [169]. 

3.2.3 Nanoprecipitation conditions 

MDTG loaded nanocarriers were formulated via a solvent displacement method using 

different polymers [264]. All nanoprecipitation conditions used 4ml of HPLC grade 

water as the aqueous phase under magnetic stirring, 20mg of polymer mass,  and 2.75 

mg of MDTG dissolved in the organic phase. In all cases the organic phase was added 

at 0.667 ml/min. The full disclosure of conditions can be found in Table 12. Nano 

capsule size and polydispersity index (PDI) were measured by DLS intensity via a 

Malvern Nano-ZS (Worcestershire, UK). DLS conditions were as follows: Sample was 

filtered with a 0.45 µm cellulose acetate syringe filter, diluted 1/10 in HPLC grade water, 
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equilibrated at 25°C for 2 minutes, and read at 173°. Each sample had three technical 

repeats.  Structures of polymeric carriers used can be found in Figure 14. 

Table 12. Disclosed conditions tried in nanoprecipitation conditions. All groups had a N of 6 samples. 

Polymer Organic Phase Ratio of Organic  to Aqueous 
phase 

mPEG-PLA Acetone  1:2 
PLGA   Acetone  1:2 
PLGA  Acetone  1:3 
PLGA  Acetone  1:4 
PLGA  Acetone  1:6 
PLGA  Acetonitrile  1:6 
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Figure 14. Chemical structure of the polymers used. A)  PLGA. This commercial PLGA had 75 units of PLA and 

25 units of Glycolic acid.  B) MPEG-PLA. The MPEG-PLA polymer used had 200 units of PLA and 122 units of 

Poly (ethylene glycol) or PEG. C) MPEG-PLA-CY5. D) Pluronic P85. P85 has 70 units of PPO being flanked by 

20 units of PEO on each side. P85 was only used for nanocoating conditions. Different functional groups are 

labelled with different colours. 

3.2.4 Nano coating conditions  
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Based on a modified solvent displacement method and the computational simulations 

from Danai-Styliari et al, a two-step nanoprecipitation was devised [294, 307]. For the 

first solvent displacement precipitation, an acetone solution containing 2.75mg of 

MDTG dissolved in 0.667 ml of acetone was added to 4ml of HPLC grade water under 

magnetic stirring at a rate of 0.12ml/min. After 3.5 hours, and after confirmation by 

DLS via a Malvern Nano-ZS of a formation of a colloidal dispersion of a nanosized 

particle the second solvent displacement, or the coating was performed.  

For the coating step, the colloidal dispersion of MDTG was used as an aqueous phase. 

For the organic phase, 0.667ml of acetone was used to solubilize different masses of 

dry polymer, either mPEG-PLA (0.22mg, 0.44mg, 1mg), PLGA (0.44mg, 0.88mg, 1mg) 

or P85 (0.44mg). This organic solution was then added dropwise at a rate of 0.12ml/min 

to the colloidal dispersion of MDTG, and left overnight for acetone to evaporate.  The 

size, PDI, and zeta potential of coated formulations were also determined by DLS 

intensity via a Malvern Nano-ZS. Coated nanocrystals samples were not diluted nor 

filtered prior to DLS readings, rest of conditions were the same as described above. 

Each sample had three technical repeats. A diagram depicting the potential mechanism 

can be found in Figure 15. 

 



103 
 

 

Figure 15. Diagram depicting a two-step solvent deposition method for coating nanoparticles, modified from 

Fessi et al. and Danai Styliari et al [264, 294, 295]. In similar fashion to the traditional nanoprecipitation, an 

acetone solution containing MDTG is added drop-wise to deionized water. Deionized water pulls strongly on 

acetone due to the difference in surface tension, this process forces MDTG to collapse forming an unstable 

nanocrystal. In this novel method, the aqueous suspension of MDTG nanocrystals will be used as the aqueous 

phase for a nanoprecipitation. As the organic phase is added dropwise to the nanocrystal suspension, the 
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nanocrystal is momentarily resolubilized and coated with the polymeric nanocarrier. This results in a coated solid 

drug nanoparticle, with a hydrophilic core with the aromatic rings of MDTG pointing towards the centre and 

myristate ends interlocking with the polymeric nanocarriers. 

 

Stability of the nanocoating formulations was assessed by DLS (including zeta potential) 

in three different media, HEPES, PBS and Dulbecco’s modified Eagle’s medium 

(DMEM). DLS assessments were made by diluting the formulation in the 

aforementioned media, in order to reach concentrations of 10mM HEPES, 150 mM PBS 

and a 1/10 dilution in DMEM. In the case of 150mM PBS and DMEM no zeta potential 

was recorded, 150mM PBS was only assessed at time 1 hour. Rest of conditions were 

assessed at times 0,1,2,3,4 and 24 hours. 

3.2.5 Electron microscopy (Scanning electron microscopy/Transmission electron 

microscopy) 

To obtain Field Emission Gun-Scanning Electron Microscope (FEG-SEM) images, 

freeze dried formulations were mounted on a semi conductive pin, and then coated with 

a 20nm carbon coating using an Edwards 306A Carbon coating system. Samples were 

analysed using a FEGSEM Jeol 7100F equipped with an Oxford Instruments AZtec 

EDX system. 

Transmission electron microscopy (TEM) imaging of the MDTG nanocrystals/coated 

nanospheres was made with a Tecnai G2 80-200keV TEM with a BioTWIN lens 

configuration. The TEM had a mounted Gatan Digital image capturing system.  

Samples were mounted on a copper support grid, allowed to dry for 5 min and imaged 
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immediately. TEM images were obtained under close collaboration and guidance from 

Denise Mclean.   

3.2.6 In vitro cytocompatibility and preliminary uptake 

Three cell lines were identified as potential targets for assessing biocompatibility of the 

formulations developed: RAW 264.7 (as a macrophage in vitro model), DC2.4 Mouse 

Dendritic cell line (as a dendritic cell line) and Caco-2 (as an intestinal cell line model) 

[164, 308-310]. Due to availability and COVID19 laboratory interruptions only two cell 

lines could be used. Caco-2 and RAW 264.7. Cells were routinely cultured in growth 

medium at 37 °C with 5% CO2 and in 75 cm2 culture flasks to 70% confluence. Caco-2 

and RAW 264.7 cell growth medium consisted of DMEM supplied with 10% (v/v) fetal 

bovine serum (FBS) and 2 mM L-glutamine. 

The PrestoBlue cell metabolism assay, performed to assess biocompatibility of 

formulations, nanocarriers and compounds, was performed according to manufacturer’s 

instructions. Briefly, Caco-2 cells were seeded at 1x105 cells per well in 96 well plates 

and RAW 264.7 cells were seeded at a density of 2x104 cells/well. Cells were cultured 

for 24 hours prior to assaying. Tested compounds/formulations/nano-carriers were 

applied to cells in HBSS buffer. After 24h exposure cells were washed twice with warm 

PBS and 100 µl 10% (v/v) PrestoBlue reagent diluted in phenol red free medium applied 

per well for 60 minutes. The resulting absorbance was measured on a TECAN Spark 

10M plate reader (Männedorf, Switzerland) at 560/600 nm (λex/λem).  The positive 

control in the Presto Blue were cells treated with 1% Triton-X. The negative control in 

the Presto Blue assay are cells treated with the vehicle buffer (HBSS with 2%water for 

normalization with the nanoparticles). Relative metabolic activity is calculated from 
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PrestoBlue data by setting values from the negative control as 100% and positive control 

values as 0% metabolic activity: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = � (𝑥𝑥−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑣𝑣𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

� ×100 

For the LDH assay, Caco-2 and RAW 264.7 cells were seeded at 1x106 cells per well 

in 96 well plates. Cells were cultured for 24 hours prior to assaying. Tested 

compounds/formulations/nano-carriers were applied to cells in HBSS buffer. After 24 

hours, the plates were centrifuged at 250x g for 10 min. One hundred microliters per 

well (supernatant) were removed and transferred to the wells of an optically clear 96-

well flat bottom plate. To these wells 100 µl of the reaction mixture freshly prepared 

were added, and incubated for 30 min at 20 °C, protecting the plate from light exposure. 

The resulting absorbance was measured on a TECAN Spark 10M plate reader 

(Männedorf, Switzerland) at 490/600 nm (λex/λem).   

The negative control in the LDH assay are cells treated with the vehicle buffer (HBSS 

with 2% water for normalization with the nanoparticles). The positive control in the 

LDH assay cells treated with 1% Triton-X. Relative LDH release was calculated with 

the negative control absorbance at 492 nm taken as 0%, and the positive control, 

assumed to cause total cell lysis, as 100% 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐿𝐿𝐿𝐿𝐿𝐿 = � (𝑥𝑥−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
(𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

� ×100 

Formulations tested for uptake were marked with a MPEG-PLA-CY5. In these 

formulations the total 10% of the total polymeric coating planned was substituted with 

MPEG-PLA-CY5. Due to COVID19 restrictions, only one formulation was tested for 
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qualitative and quantitative uptake. This formulation was the MDTG 2.75mg/0.22 mg 

MPEG-PLA coating. In other words, the polymeric coating mass based on dry polymer, 

was 0.20mg MPEG-PLA, 0.02mg MPEG-PLA-Cy5. 

For both quantitative and qualitative uptake the procedure was similar to what Dr. 

Cavanagh and Dr. Taresco had done previously [311]. In short, Caco-2 and RAW 264.7 

cells were seeded at 1x105 cells per well in 96 well plates. Cells were cultured for 24 

hours prior to assaying in DMEM. After this culture period had ended, medium was 

removed and replaced with 1X HBSS and the MPEG-PLA-Cy5 coated formulation was 

dosed at 50 µg/ml in HBSS. Uptake was assessed at 24 hours, at which point the MPEG-

PLA-Cy5 containing solution was removed and cells were washed three times with cold 

PBS. For quantitative studies, cells were then permeabilized through the use of a 1% 

(v/v) Triton X-100 solution in PBS for 10 min at 37°C. Permeabilized cells were 

centrifugated into a pellet. MPEG-PLA-Cy5 was measured by fluorescent 

spectrophotometry at 640/680 nm (λex/λem). In order to quantify MPEG-PLA-Cy5 per 

cell, a calibration curve of known MPEG-PLA-Cy5 concentrations was made diluting 

the labelled polymer in 1% (v/v) Triton X-100/HBSS solution. Values were normalized 

regarding viable cell number per well as determined by trypan blue test and 

hemocytometer cell counting. For the qualitative study the MPEG-PLA-Cy5 

formulation was dosed at 50 µg/ml (MDTG concentration) for 24 hours to cells 

followed by staining with Hoechst 33342 (10 ug/ml) for 30 minutes.  Staining solution 

was washed off with PBS and cells imaged on an inverted Nikon Eclipse TE 300 

microscope on DAPI and Cy5 filters. Images were merged using ImageJ software. 
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Cellular experiments were designed by Dr. Robert Cavanaugh. They were all performed 

in close collaboration with Dr. Robert Cavanaugh, whose role and expertise in this field 

is deeply appreciated. 

3.2.7 HPLC-UV system 

The HPLC-UV system consisted of a Waters Alliance 2695 (Framingham, 

Massachusetts, USA) separations module coupled with a Waters 996 photodiode array 

detector. Samples stored in the autosampler were kept at 4 °C. A column oven was used 

to control column temperature, which was kept between 40°C. Separation column used 

was a Phenomenex Gemini C18 5um, 250 x 4.6 mm, equipped with a SecurityGuard 

Gemini 2 × 4 mm, 3 µm (Phenomenex, Macclesfield, UK).  Solvent lines were as 

follows: A: Ammonium Formate 10 mmol buffer, pH3.5 B: Acetonitrile (ACN) C: 

Methanol D: HPLC grade water. Chromatogram analysis and data processing were 

performed using Empower TM2 software. 

Rat plasma was chosen as a surrogate for lymph due to the relative enzymatic 

(particularly in esterase concentrations) similarities, for HPLC detection of MDTG and 

DTG [312]. Two different experiments were set up using this media: DTG drug 

cleavage from MDTG and drug release from the nanoformulation developed. Full 

disclosure of the DTG cleavage from MDTG and drug release conditions can be found 

in section 3.2.9. 

 Rat plasma samples were analyzed under gradient conditions, with full disclosure of 

the conditions on Table 11. Formulation samples were injected to the HPLC under the 

following conditions B) 90% D) 10%, Flow Rate 0.8ml/min for 20 min. The total drug 
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content of the nanoformulations developed was calculated by weight percentage (wt%). 

Using the following equation: 

𝑤𝑤𝑤𝑤% =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 × 100

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
 

Table 11. Chromatographic gradient conditions for rat plasma data set.  

Time in min Flow rate A) Ammonium Formate 10mmol/ml  
Ph 3 

B) 
ACN 

0 0.8ml/min 60% 40% 

10 0.8ml/min 60% 40% 

15 0.8ml/min 10% 90% 

45 0.8ml/min 10% 90% 

51 0.8 ml/min 60% 40% 

57 0.8ml/min 60% 40 % 

  

 

3.2.8 HPLC formulation sample preparation 

Drug content or wt% of formulations was assessed via HPLC. Unbound drug to the 

polymeric nanocarrier was separated with a PD-10 Sephadex column (as per 

manufacturer’s gravity protocol) and then analysed via Dynamic Light Scattering 

(DLS), see 3.2.5 and 3.2.6 for more details. Formulations were freeze-dried for 24 hours. 

Two milligrams of freeze-dried formulations were resuspended in 1ml of methanol. By 

the addition of methanol, the formulations are then disaggregated, followed by the total 

dissolution of the drug. Samples were then filtered with a Costar 0.22µm cellulose 

acetate centrifuge filter at 17500 rcf for 5min. The polymers used have a low solubility 

in methanol, the filter was chosen as per manufacturer’s specifications it can withstand 
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methanol [266, 313, 314].The combination of both processes, allows for a separation of 

the polymer and the test drug.  Sample was further diluted 1/10 and then 20 ul injected 

into HPLC. 

3.2.9 HPLC rat plasma sample preparation 

Rat Plasma was used as a surrogate media for lymph [312]. The HPLC-UV method for 

rat plasma was based on protein precipitation with acetonitrile and liquid-liquid 

extraction of the compounds of interest, in this case MDTG and DTG. Liquid-liquid 

extraction is a method that allows to separate different compounds of interest, by relying 

on the relative solubility of them in two different immiscible liquids. By separating the 

phases generated in this procedure, it is possible to selectively separate different 

compounds by their solubility and affinity to different solvents. The procedure is similar 

to other methods in our research group [312]. Briefly samples were prepared in the 

following manner:  

100 µl rat plasma was added to a 16x100 mm glass tube at room temperature. Next, 

10µl of 20 µg/ml Benzo(a)pyrene (internal standard) was added to the rat plasma. Then, 

10µl of different concentrations of MDTG or DTG were added (5,6.2,12.5,25,31.25,62 

µg/ml) were added to the mixture. Following the addition of the internal standard and 

the compound of interest, 300 microliters of cold ACN to each sample and vortex for 1 

min, this allowed for protein precipitation in the media. 

Following protein precipitation, three ml of ethyl acetate were added to each sample 

and vortexed for 5 mins. Samples were then centrifuged at 3,000 rpm in 10OC for 10 

mins. The organic upper layer of the sample was transferred to a new tube and then 
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evaporated under a stream of nitrogen gas at 0 °C. Sample was then reconstituted with 

100 µl of 50%ACN/50% HPLC grade water, vortexed for 5 min and then centrifuged 

for 1 min at 3000 rpm. Sample was then transferred to an HPLC vial, where 40 µl were 

injected.    

3.2.11 HPLC MDTG cleavage/drug release from formulation studies 

For drug cleavage/drug release data sets the sample preparation was similar to the 

calibration curve described above, but with specific differences. 

The 16x100 mm glass tubes were preheated for an hour in a water bath at 37 degrees 

Celsius, to mimic normal human body temperature. Then, 100 µl of rat plasma were 

added to the preheated glass tube. Next, 10µl of 20 µg/ml Benzo(a)pyrene (internal 

standard) was added to the rat plasma in the glass tube. For drug cleavage studies, 10 

µl of 5000ng/ml were added to the rat plasma in the glass tube. 

For the p85 coated nanoformulation drug release studies, the nanoformulation was first 

diluted to 5000ng/ml using HPLC grade water (this was adjusted using the wt% that 

was calculated through a previous measurement by HPLC of the same batch). Ten µl of 

this diluted coated p85 nanofomulation solution was added to the rat to the rat plasma.  

In both cases the tubes were capped and returned to the water bath at 37 degrees Celsius. 

At the collection time point, 300 µl of ice cold ACN was added for protein precipitation, 

thus stopping any enzymatic activity. Collection time points were 0,30 min, 1 hour, 2 

hours. For the initial time point in both experimental sets, ie. time 0 hours, ACN was 

added before spiking the solution 10 µl of 20µg/ml Benzo(a)pyrine. This was  followed 
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by the addition of either 10 µl of 5000ng/ml of MDTG or 10 µl of 5000ng/ml of the 

P85 coated MDTG formulation. 

Following protein precipitation, three ml of ethyl acetate were added to each sample, 

for a liquid-liquid extraction as described for the calibration curve. Sample was then 

transferred to an HPLC vial, where 40 µl were injected.    

3.2.10 Statistical analysis and figure design   

Statistical analysis as well as post-hoc analysis were performed with Graphpad Prism 

(California, USA) 9.1.2 for Windows. Figures were designed with Biorender (Toronto, 

Canada). 

3.3 Results 

3.3.1 DTG’s lipophilic prodrug 

By the addition of a 14-carbon chain to the 7-OH end in Dolutegravir, it was possible 

to change several physiochemical properties, among them, LogP changed significantly, 

from -1.37 to 5.51. The molecular weight also changed significantly from 419.23 da in 

DTG to 630 da in MDTG, full data on Table 14 and Figures 14-15. 
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Table 14. Summary data for the MDTG prodrug with comparisons, where relevant, to the parent drug.  

 Dolutegravir  
Sodium 

MDTG 

Molecular weight by LC-
MS 

419.2 630 

LogP (as calculated by 
ACD labs) 

-1.57 5.51 

1H NMR 
(400 MHz, CDCl3) 

NA δ 10.23 (s, 1 H), 8.50 (s, 1 H), 7.37 (dd, J = 15.0, 8.2 Hz, 1 H), 6.81 
(app. dd, J = 19.1, 9.3 Hz, 1 H), 5.26 (br. s, 1 H), 4.85-4.89 (m, 
1 H), 4.62 (br. s, 1 H), 4.36 (app. d, J = 12 Hz, 2 H), 4.17 (dd, J 
= 13.3, 5.9 Hz 1 H), 4.0 (app. d, J = 6.3 Hz, 1 H), 2.73 (t, J = 7.6 Hz, 
2 H), 2.21 (td, J = 14.5, 7.2 Hz, 1 H), 1.86 (app. t, J = 7.5 Hz, 2 H), 
1.51– 1.61 (m, 2 H), 1.40–1.49 (m, 2 H), 1.36 (d, J = 7.0 Hz, 3 H), 
1.26 (br. s, 20 H), 0.90 (t, J = 6.6 Hz, 3 H). 
 

C NMR  
(101MHz, CDCl3) 

NA δ 171.9, 171.1, 163.3, 163.1, 161.6, 161.1, 159.6, 130.6, 130.5, 
129.2, 121.3, 121.2, 119.8, 111.1, 111.1, 103.9, 103.7, 103.5, 76.1, 
52.4, 36.7, 33.8, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 29.0, 24.4, 
22.6, 15.8, 14.0 

Drug Yield NA 75% 
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Figure 16. 1H NMR spectra of the DTG Prodrug. Relevant functional groups to the modification are marked in 

the structure. 1H assignments are displayed on the spectra.  Full spectral assignments can be found in Table 14.  
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Figure 17. C NMR data of the DTG prodrug (MDTG). Full spectral assignments can be found in Table 14.  

3.3.2 Traditional nanoprecipitation formulations 

Two polymeric carriers were tested to produce a nanoaggregate formulation via 

nanoprecipitation, MPEG-PLA and a commercially available PLGA. MPEG-PLA 

produced the smallest nanoaggregates (38nm +/- 5nm) as measured by DLS (Figure18. 

A). Drug content was measured by HPLC (Figure18 B), where MPEG-PLA 

nanoaggregates had a minimal drug content (<1% wt%), thus these formulations were 

not tested further. PLGA formulations were fine-tuned by lowering the ratio of organic 

phase to aqueous phase. A ratio of 1:6 acetone to aqueous phase produced a significant 

weight percentage, 8.4% wt% (+/- 1.7%), and increased the size to 181 nm (+/- 4) 

(Figure 18 A). This formulation was imaged through FEG-SEM, where a correlation 

with the DLS data was found, as individual nanoaggregates also are 180nm in size. A 
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distinct morphology was found with this formulation as the imaged nanoaggregates 

displayed an olive shape (Figure 19).  The change from Acetone to ACN as an organic 

phase produced the biggest nanoaggregates by DLS, at 218nm (+/- 4), however this 

formulation did not improve the wt% in a statistically significant way. All samples had 

a PDI <0.3.  Full results can be seen on Figure 18 and Figure 19.  
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Figure 18. DLS size by intensity and wt% by HPLC UV of nanoprecipitation conditions tested. All samples have 

an N=3. In the case of DLS measurements N=3 and n=3 for each sample. Data presented as mean ± S.D. A) 

Represents the size by DLS of the different formulations. The difference between groups is statistically significant 

by ANOVA p= <0.00001. A post hoc Bonferroni correction revealed that the difference in between groups is also 

significant, as all comparisons had a **** significance. B) Represents the drug content, expressed in wt% of the 

formulations developed. The difference between groups is statistically significant by ANOVA p= <0.00001. 

Bonferroni correction is displayed on the graph.  
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Figure 19. SEM micrographies for nanoaggregate formulations. Panels A) and B) show representative images of a PLGA nanoprecipitation formulation generated through a 

1:6 acetonitrile to water ratio. Panels C) and D) show a representative PLGA nanoprecipitation formulation generated through a 1:6 acetone to water ratio. Nanoaggregates 

formulated this way, display a spherical shape with a kissed punctuated morphology. Scale bars (white bars) are displayed on image. Magnification displayed on image.
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3.3.3 MDTG nanocrystal precipitation 

MDTG was precipitated into an unstable nanoemulsion through a solvent displacement 

method. TEM images show geometrical morphology of the MDTG particles (Figure 

20). These images are suggestive of a three dimensional regular definite pattern of a 

rod-like structure, suggesting the formation of a nanocrystal at this stage [289, 315]. 

The nanocrystal size is measured at approximately 190nm both by DLS and TEM. The 

unstable emulsion breaks after 4 hours without any mechanical stirring, and 72 hours 

with mechanical stirring, as visible insoluble aggregates are seen to the naked eye. The 

nanocrystal suspension had a zeta potential of -37 mv (+/-6) by DLS (Table 15). 
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Figure 20. TEM images taken at 8 hours after precipitation of MDTG. A): Image taken at 105K magnification. B): Image taken at 60K magnification. C) Image taken at 87K 

magnification. A defined geometrical rod-like structure, consistent with “top-down” produced nanocrystal descriptions is found in images obtained. TEM images of sharp edges 

after a “top-down” formulation of a nanocrystal have been published elsewhere [294]. Further confirmation of a nanocrystal structure can be done with  polarized optical 

microscopy [316]. The structure obtained has a hydrodynamic diameter of approximately 200nm. The suspension is broken easily, as without magnetic stirring it forms visible 

aggregates within 4 hours. 
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3.3.4 Polymeric coating of MDTG nanocrystals 

Once the nanocrystal emulsion has been formed, and the organic phase has evaporated 

successfully, the second solvent displacement precipitation was prepared. On average, 

the coating was performed at 3.5 hours after MDTG precipitation.  These “coated 

nanocrystals” formulations measure on average 215 nm by DLS, thus being bigger than 

the original nanocrystal (Figure 21. A). All samples had a PDI <0.3. Of note is that 

despite coating with different materials and different polymeric masses, the size of 

formulations by DLS has no statistically significant difference between coated 

formulations. By DLS all coated formulations have a statistically significant difference 

when compared to the MDTG nanocrystal (Figure 21. A). Further evidence of 

successful coating can be found in the TEM micrographies as a “double halo” 

appearance is seen, without any negative staining. Such an appearance suggests the 

presence of two electron densities, or two different materials. Of note is that the 

morphology of the formulations changes from a rod shape found in MDTG, to a well-

rounded spherical structure (Figure 22). Further evidence of successful coating was 

provided by the change of Z potential measured by DLS, from -37 mv (+/-6) as an 

uncoated MDTG nanocrystal, to -50 mV (+/-2) with PLGA, -62 mV (+/- 2) with P85 

and -45 (+/- 2) mv in MPEG-PLA groups (Table 15). 

All coated nanocrystals formulations developed contained a significant drug content, as 

they all surpassed 20% wt%, as measured by HPLC-UV (Figure 21.B). Within the 

coated formulations MPEG-PLApresented the highest wt% of all the formulations, with 

78% (+/-14%) and P85 the lowest wt% with 29% (+/-6%). The mPEG-PLA formulation 



122 
 

was initially selected for further testing in in vitro systems, such as Caco-2 and RAW 

264.7 cell lines.  
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Figure 21. Size by intensity DLS and wt% as measured by HPLC-UV of of coated nanocrystal formulations 

prepared under different conditions. The coating mass represents the dry polymer added per sample.  All samples 

have an N=6. In the case of DLS measurements N=3 and n=3 for each sample. Data presented as mean ± S.D. A) 

Size by DLS comparison of the MDTG nanocrystals with the coated nanocrystal formulations. The difference 

between groups is statistically significant by ANOVA p= <0.0001. Post Hoc Bonferroni corrections are displayed 

on the graph. B) Represents the drug content, expressed in wt% of the coated formulations developed. The 

difference between groups is statistically significant by ANOVA p= <0.00001. Relevant Bonferroni corrections 

are displayed on the graph. 
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Figure 22 TEM micrographies of representative coated nanocrystals formulations. Coating represents the dry weight of the polymer added per sample. A) and B) were taken 

12 hours post-coating. No negative staining was used. In TEM micrographies a “double halo” morphology is observed. Samples have a hydrodynamic diameter of approximately 

210nm C) and D) were taken 1 week after coating (but under mechanical stirring). A): Sample coated with 0.22 mg of MPEG-PLA imaged at 43K magnification. B): Sample 

coated with 0.44 mg of PLGA (75:25) imaged at 26.5K magnification. C) Sample coated with 0.44mg of MPEG-PLA Imaged at 20.5K magnification. F): Sample coated with 

0.44 mg of PLGA (75:25) Imaged at 60K magnification
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3.3.5 In vitro cytocompatibility/preliminary cellular uptake  

Before testing the coated MPEG-PLA formulation, the nanocarrier was subject to 

testing in relevant concentrations with the Presto Blue assay and the LDH assay in two 

cell lines, RAW 264.7 and Caco-2. Cellular metabolism rates remained high in both cell 

lines, over 90%, while there was no significant LDH release associated with the 

exposure to the polymeric carrier (Figure 23 A)- B). Once this potential confounding 

factor in the formulation was assessed, RAW 264.7 and Caco-2 cells were exposed to 

“free” unformulated MDTG, MDTG nanocrystals, DTG and the MPEG-PLA coated 

formulation in different concentrations (Figure 23 C)- D).  In both cell lines cellular 

metabolism started to be adversely affected from 10 µM exposure to both the “free” 

MDTG and DTG. At 100 µM this effect was more pronounced in both cell lines as DTG 

had lowered the cellular metabolism to 65% and MDTG to 70%.  The coated 

formulation and the MDTG nanocrystal did not present such adverse effects even at 100 

µM. The LDH assay did not reveal any significant signs of cellular necrosis with either 

the free MDTG, the coated formulation or the MDTG nanocrystal (Figure 23 E) -F).  

Of note is that measured LDH release levels were very similar between groups, and in 

no case were suggestive of significant cellular toxicity .   

To assess uptake of the formulation, 10% of the total formulation coating was 

substituted with a MPEG-PLA-Cy5 (Figure 14). This labelled formulation was 

assessed at 50µM with Presto Blue and the LDH assay for adverse effects on cellular 

metabolism, using HBSS buffer and Triton X as controls (Figure 24). At 50µM the 

coated formulation did not present any relevant adverse effects that would be observed 

through a lower metabolism or cytosolic LDH release.  
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Qualitative uptake of the formulation was assessed with fluorescence microscopy 24 

hours after exposing the cells to 50µM (based on MDTG concentration). Qualitative 

internalization of particles showed evidence that the RAW 264.7 cells had a higher 

uptake rate than the Caco-2 cells at 24 hours (Figure 25). Quantitative uptake was 

assessed via spectrophotometry at 24 hours. Quantitative uptake showed similar results 

as the RAW 264.7 cell line had internalized 71 pg/cell of formulation, whereas the 

Caco-2 cell line had internalized 43 pg/cell, with the difference being statistically 

significant (p< 0.05, Figure 26). However, these results need to be taken with caution 

as they may only reflect the fate of the polymeric carrier. These experiments were 

conducted under controlled environments as the cells were dosed with HBSS buffer in 

all cases.  
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Figure 23. Cytocompatibility data on Raw 264.7 and Caco-2 cell lines at 24 hours. Coating represents the dry 

weight of the polymer added per sample. Panel A) Shows the metabolic activity measured through the Presto Blue 

assay of two cell lines to relevant concentrations of MPEG-PLA .B)LDH release of two cell lines to relevant 

concentrations of mPEG5000-La100. C) Metabolic activity of the RAW 264.7 cell line measured through the 

Presto Blue assay of two cell lines to relevant concentrations of parent drug, prodrug and MPEG-
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PLAconcentrations. D) Metabolic activity of the Caco-2 cell line measured through relevant concentrations of 

parent drug, prodrug, MPEG-PLAconcentrations. E) LDH release of RAW 264.7 cell line when exposed to 

relevant concentrations of formulation, prodrug, and MDTG nanocrystal. F) LDH release of Caco-2 cell line when 

exposed to relevant concentrations of formulation, prodrug, and MDTG nanocrystal. Data presented as mean ± 

S.D (N=3, n=3) for each data point. 
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Figure 24. Biocompatibility assessment of 50µM at 24 hours of the MPEG-PLA-Cy5 coated formulation. Ten 

percent of the total polymer used (0.22mg) for coating was substituted with a MPEG-PLA-Cy5 for tracking uptake.  

Data presented as mean ± S.D (N=3, n=3) for each data point. Upper panel: Metabolic activity as assessed by 

Presto Blue assay. More details on the methods in figure 14. Lower Panel: Relative cytosolic LDH release. 
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Figure 25. Micrographs of polymer internalization in Caco-2 intestinal cells and RAW 264.7 macrophage cells.  Formulation was dosed at 50 µg/ml (MDTG concentration) 

for 24 hours to cells followed by staining with Hoechst 33342 (10 ug/ml) for 30 minutes.  Staining solution was washed off with PBS and cells imaged on an inverted Nikon 

Eclipse TE 300 microscope on DAPI and Cy5 filters.  Images were merged using ImageJ software. Scale bar = 50 um
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Figure 26. Quantitative uptake of MPEG-PLA-Cy5 at 24 hours. Raw 264.7 and Caco-2 cell lines were incubated 

with NP suspensions(50 ug/ml) for 24 hours, followed by removal of solutions, three washes with ice cold PBS 

and lysis with 1% Triton X. Fluorescence of wells was then measured on Tecan Spark 10M plate reader. Data 

presented as mean ± S.D (N=3, n=3) for each data point. Nanoformulation concentration per well calculated via 

calibration curve.  Un-lysed wells in the experimental plate were trypsinised and counted to determine cell number 

per well and enable normalisation of uptake to cell number. T student test was statistically significant (p=<0.05).  

3.3.6 Stability of the polymeric coated formulations in strong ionic environments 

Two buffers, HEPES and PBS, along with DMEM were selected as high-pressure ionic  

environments for the formulation to be tested. After the formulation was prepared, it 

was diluted into these three environments. The MPEG-PLA formulation remained 

stable judging by size and zeta potential for up to 72 hours in 10mM HEPES buffer. 

There was no statistically significant difference between the size by DLS, and the zeta 

potential remained negative, despite the positive ionic presence. In 150mM PBS the 

formulation had a change in size, from 205 nm to 271 nm (p <0.05). Such results were 

not found when analysing the stability of the formulation in cell culture media (DMEM), 

as the formulation quickly formed visible aggregates within the test vial (Figure 27).  
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Within the library of formulations, a second formulation was chosen to test under these 

conditions, as both vaginal fluids and/or anal mucus are high pressure environments for 

nanoformulations. The 2.75mg MDTG/P85 0.44mg coating was chosen to test further 

as it presented a favourable zeta potential in control conditions. The P85 formulation 

when exposed to 10mM HEPES buffer did not experience any statistically significant 

size changes after four hours. As with the MPEG-PLA formulation, the zeta potential 

remained negative in 10mM HEPES buffer through four hours. The formulation did not 

experience any statistically significant changes in 150mM PBS (Figure 28).  

Repeated  size by DLS readings were made in DMEM for the tested formulation, with 

no statistically significant difference found despite prolonged exposure (24 hours) to 

DMEM. The formulation was then studied for changes due to day-to-day variability, in 

three separate dates. With a two-way ANOVA, there was no statistically significant 

difference between groups, or between dates studied (Figure 29). A summary of the 

library of formulations with their results, can be found in Table 15. 
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Figure 27. Stability studies of the MPEG-PLA 0.22mg coated formulation in 150mM PBS, and 10mM HEPES 

buffer. A) Size by DLS of formulations in 10mM HEPES buffer. B) Zeta potential changes of the MPEG-

PLAformulation in 10mM HEPES buffer. The difference between groups is statistically significant by ANOVA 

p= <0.0001. Post Hoc Bonferroni corrections are displayed on the graph C) Size by DLS comparison of the 

MPEG-PLAformulation in control environment and in 150mM PBS after 5 min. An unpaired T-Student test 

showed statistically significant differences between the two groups (p<0.05). Data presented as mean ± S.D (N=3, 

n=3) for each data point 



133 
 

0

50

100

150

200

250

Size changes in 10 mM HEPES  P85 formulation

Hy
dr

od
yn

am
ic

 d
ia

m
et

er
 b

y 
DL

S P85 0.44mg coating
(control/No HEPES)
Basline
Time 1 hour
Time 2 hours
time 3 hours
Time 4 hours

ns

-80

-60

-40

-20

0

Ze
ta

 p
ot

en
tia

l

P85 0.44mg coating (control/No HEPES)
Basline
Time 1 hour
Time 2 hours
time 3 hours
Time 4 hours

-62 mv

-39 mv

-31 mv

-30mv

-27mv -27mv

✱✱✱✱

Zeta potential 10 mM HEPES  P 85 (0.44mg coating)

0

50

100

150

200

250

P85 formulation in PBS

Hy
dr

od
yn

am
ic

 d
ia

m
et

er
 a

s 
m

ea
su

re
d 

by
 D

LS

P85 0.44mg coating
Formulation in 150mM PBS

ns

A)

B)

C)
 

Figure 28. Stability studies of the P85 formulation in 150mM PBS, and 10mM HEPES buffer. A) Size by DLS 

of formulations in 10mM HEPES buffer. B) Zeta potential changes of the P85 formulation in 10mM HEPES 

buffer. The difference between groups is statistically significant by ANOVA p= <0.0001. Post Hoc Bonferroni 

corrections are displayed on the graph. C) Size by DLS comparison of the P85 formulation in control environment 

and in 150mM PBS. An unpaired T-Student test showed statistically significant differences between the two 

groups (p<0.05). Data presented as mean ± S.D (N=3, n=3) for each data point 
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Figure 29. Size comparison by DLS of repeated DMEM stability studies of the P85 0.44mg coated formulation. 

The experimental set up was repeated on three different trial days with an N=3 and n=3 for each day, this approach 

allowed for a robust data set. Data presented as mean ± SEM for each data point. Symbols depict individual 

samples. Sample sets tend to normality according to Shapiro-Wilk test, thus a two-way ANOVA is performed, 

with a p=>0.05. Therefore, the means of observations grouped by time points are not statistically significant 

between each other. The means of observations grouped by date are not statistically significant between each other. 

There is no statistically significant interaction between the two factors analysed.  
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Table 15. Summary table of DLS, Zeta potential measurements and biocompatibility tests of the formulations developed. Data presented as mean ± S.D (N=6, n=3) 

Formulation 
Size by DLS 

(nm) 

Zeta 
potential 

(mV) 

N=3 n=3 

(S.D+/-) 

TEM Biocompatibility/Preliminary uptake 

 

Preliminary 
drug 
release 
studies 

MDTG nanocrystals 
191 nm  

(+/-12 nm) 

-37 mV 

(+/- 6) 

Images show a 
hexagonal structure 
with size matching the 
DLS measurements. 
(Figure 20) 

Biocompatibility in Caco-2, Raw 264.7 macrophages at 24 hours. 

Figure 23. 

NA 

MPEG-PLA0.22 mg 
coating 

per vial 

224 nm 

(+/- 4 nm) 

-47 mV 

(+/- 2.5) 

Images show a 
spherical structure, 
displaying a “double 
halo”, suggestive of two 
different materials.  

(Figure 22) 

Biocompatibility in Caco-2, Raw 264.7 macrophages at 24 hours. 

Preliminary uptake at 24 hours, quantified by spectrophotometry 
in Caco-2 and Raw 264.7 macrophages. 

Figures 25-26. 

NA 

MPEG-PLA0.44 mg 
coating 

per vial 

230 nm 

(+/- 18 nm) 
 NA NA 

NA 

MPEG-PLA0.88 mg 
coating 

per vial 

217 nm 

(+/- 8 nm) 
 NA NA 

NA 

PLGA (75;25) 0.44 mg 
coating 

per vial 

218 nm 

(+/- 27 nm) 

-50 mV 

(+/- 2) 

Images show a 
spherical structure, 
displaying a “double 
halo”, suggestive of two 
different materials.  

(Figure 22)  

NA 

NA 
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PLGA (75;25)  

0.88 mg coating 

per vial 

225 nm 

 (+/- 9 nm) 
 NA NA 

NA 

PLGA (75;25)  

1mg coating per vial 

216 nm  

(+/- 5 nm) 
 NA NA 

NA 

P85 0.44mg coating per 
vial 

214  

(+/-9 nm) 

-62 mV 

(+/- 2) 
NA NA 

Figure 30-
31 
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3.3.7 MDTG Cleavage/Drug release from the formulation 

Drug cleavage and subsequent release from the prodrug was assessed in inhibitor free 

rat plasma, a model media for lymph. Similarly, the P85 formulation was spiked in rat 

plasma, both MDTG concentrations were normalized to the same concentration. Under 

these conditions, a significant percentage of DTG is released by 1 hour, as 90% of 

MDTG has been converted to the parent drug. By cross-referencing the expected 

nanomols/ml with the measured value, no alternative pathway for MDTG was found 

(Figure 30). The P85 coated formulation displayed a similar fast conversion rate as 60% 

of the total available DTG has been converted from the MDTG released in the media. 

Using a method of residuals a virtual data set was generated, to represent the unreleased 

MTDG from the formulation into the media. The virtual data set was generated, by 

subtracting MDTG concentrations in the coated formulation at each time point minus 

the MDTG concentration measured in free prodrug. This virtual data set performs in a 

very similar way to the P85 coated formulation. Calibration curve used and HPLC 

chromatograms can be found in Figure 28. Full results can be found in Table 16 and 

Figure 30. 
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Table 16. Generation of the “virtual” data set of MDTG residuals and the calculated half-lives of the three data 

sets. Half-lives of free MDTG and P85 coated MDTG in plasma are calculated by 0.693/𝐾𝐾 =  T1/2. 

Method of Residuals 
Time in minutes MDTG 

“released” 
from P85 
formulation 

Nanomol/ml 

(mean, N=3) 

“Free” 
MDTG 

Nanomol/ml 

(mean, N=3) 

MDTG 
“residual” 

Nanomol/ml 

(mean, N=3) 

K value 

0 893.3 790.6 1.66 0.08141 

  
30 115.3 332.6 217.3 0.05547 

  
60 10 63 54.6 0.04641 

  
Projected Half Lives of data sets 

     
Data set  Half life   
     
Free MDTG   8.5 minutes   
     
P85 coated formulation  12.4 minutes   
     
MDTG residuals in P85 formulation  14.93 min   
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Figure 30.  Drug cleavage from MDTG and drug release from P85 formulation. Data presented as mean ± S.D 

(N=3) A) Drug cleavage and subsequent release of DTG from the prodrug MDTG. The covalent link of the MDTG 

prodrug gets cleaved by esterase enzymes found in rat plasma very quickly, as nearly 86% of the total possible 

DTG is released by 1 hour of exposure to rat plasma. B) Drug release profile from P85 formulation. Despite the 

P85 coating, MDTG gets released very quickly into the media, and thus this prompts the cleavage of the 14-carbon 

chain from the prodrug. The method of residuals (Table 16) shows a very similar DTG release between the P85 

coated MDTG and the “free” MDTG.  
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Figure 31. Chromatograms and calibration curves for both MDTG and DTG.  A) Full chromatogram of rat plasma 

under conditions described in 3.2.3. B) Zoomed section of interest for DTG elution. DTG is expected to elude 

between 12.1 min and 13.5 min with a peak at 12.6 min. C) Zoomed section of interest for MDTG elution and 

Benzo(a)pyrine (BZP) which acts as the internal standard. MDTG is expected to elude between 30.8min and 31.60 

min with a peak at 31.20min. BZP is expected to elute between 26.6 min and 27.2 min with a peak at 26.8 min. 

D) Calibration curve values for DTG quantification. E) Calibration curve values for MDTG quantification.
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3.4 Discussion 

3.4.1 A modified DTG as a means of solving physiochemical shortcomings.  

DTG is a prime antiretroviral agent, currently used as a first line therapy treatment for 

most cases. Among the relevant characteristics are its high genetic barrier to HIV 

resistance, a significant antiviral potency, highlighted by a low IC-90, at 64 ng/ml, and 

favourable adverse effects profile. Such characteristics have made DTG a model 

compound for a “potential functional” cure for HIV [64-66].  However, DTG is a highly 

hydrophilic compound (logP -1.57), which presents a challenge for formulating the drug 

through traditional methods for nanoformulations such as a solvent displacement 

method. A solution to this problem is to modify the drug by attaching a 14-carbon chain 

through an ester bond at the 7’OH of the parent drug.  To have a higher chance to  

effectively saturate the local lymph nodes, any PEPSE formulation should carry a 

significant payload. The reasoning behind this desired characteristic is that the 

hypothesized uptake of the formulation is dependent on Peyer’s patches found in anal 

tissue. Given the minimal proportion of Peyer’s Patches in the intestinal mucosa, a 

significant payload would be more likely to saturate the local lymph nodes and thus 

abort impending infection [40, 317, 318]. Lymphatic transport is benefitted directly 

from the lipophilicity of a compound; thus a hydrophobic prodrug approach is a 

potential solution to both of these issues [40, 51, 86].  

As seen in Table 14, the physiochemical characteristics of MDTG were changed 

significantly when compared to the parent drug.  Due to resource limitations, our 

laboratory was unable to confirm the antiviral properties of MDTG that Sillman et al. 

had reported. Sillman et al.’s experimental set up was heavily based on Gendelman’s 
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monocyte-derived macrophages (MDMs) reverse transcriptase assay [319].  In short, 

the set up involved MDMs being exposed to 100 µM of DTG or MDTG followed by a 

HIV challenge. Following the viral challenge, the cells were washed and incubated with 

relevant concentrations of parent or prodrug. Antiretroviral efficacy was then calculated 

by measurements of the reverse transcriptase activity, through culture fluids collected 

daily for a month. Interestingly MDTG produced significant reverse transcriptase 

inhibition (83% activity inhibition at day 30). These results suggest that MDTG has 

intrinsic activity against HIV, providing evidence that a hydrophobic approach could 

solve delivery issues without compromising the antiviral activity. Further research into 

MDTG’s properties would allow for it to become a significant tool in both prophylaxis 

and therapy of HIV. 

3.4.2 Nanoprecipitation as a means of formulation for a Dolutegravir Prodrug 

Published literature suggests that a hydrophilic compound, such as DTG, will present 

major difficulties when formulating it into a nano capsule [253, 263, 266, 320]. Some 

approaches have tried to combat this issue through a double emulsion system, water in 

oil in water, or through a modified nanoprecipitation system. In the case of the water in 

oil in water double emulsion, there appears to be a low cap for drug content (around 5% 

wt%), additionally scaling the formulation for industry production would prove  

difficult [168]. While a modified nanoprecipitation can be a solution to produce 

nanoaggregates with a hydrophilic compound, this technique also presents important 

limitations in drug content [320]. MDTG on the other hand, having a calculated logP of 

5.51, allows for traditional approach for nanoprecipitation to be performed[252, 263, 

264].   
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Nanoprecipitation relies heavily on a polymeric nanocarrier that is biologically inactive, 

biocompatible (non-toxic) and ideally biodegradable. Adequate biocompatibility is not 

correlated with a good degradation rate [321]. Among FDA approved materials, PLGA, 

MPEG-PLA and some surfactants such as the pluronic family have been deemed 

adequate for human use. Thus, the selection of potential nanocarriers was performed 

based on these factors, narrowing down on a commercial PLGA, a Pluronic 85 and 

MPEG-PLA that has been published elsewhere [306].  

Within the nanoprecipitation conditions, the MPEG-PLA did not achieve high drug 

contents in early screenings, thus the focus was moved to the comercial PLGA. In the 

experimental data set using acetone as an organic phase, decreasing the ratio of organic 

phase to aqueous phase produced encouraging results. The ratio of 1:6, proved to be the 

most successful in producing a relatively high drug content for nanoaggregates by 

nanoprecipitation, at 8.43% wt%. However, such results are still far from the results 

hypothesized for success in a PEPSE scenario, as those formulations do not reach 10% 

wt%.  

A different strategy was using a different organic solvent, substituting acetone with 

acetonitrile as published works have suggested that its use can produce nanoaggregates 

with a higher wt% [253]. In the experimental data set, such measure did not improve 

the formulation when compared to acetone at the same organic to aqueous ratio. 

Therefore, in order to achieve a better drug content as hypothesized (>25% wt%), a 

different approach should be taken. One such approach can be a two-step 

nanoprecipitation for coating a solid drug nanoparticle of MDTG. However, in order to 

do such a formulation, MDTG must be able to be precipitated in an aqueous solution.   
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3.4.3 Solid drug nanocrystals of MDTG 

Our results provide evidence that through a solvent evaporation method a colloidal 

dispersion of a coated solid drug nanocrystal of MDTG can be generated. Such results 

are in line with newly published literature that suggest that some compounds such as 

etoposide and olaparib are potential candidates for such approaches [295]. The exact 

physiochemical characteristics that the compounds need to have to be successfully 

precipitated into a nanocrystal are still unknown. A potential explanation may lie within 

the modification that MDTG has undergone, by having a 14-carbon chain attached, and 

therefore has amphiphllic proprerties. This allowed MDTG to be precipitated into a 

nanostructure, as evidenced by the TEM images, via a solvent displacement method 

thus forcing the compound to collapse around itself and precipitate (Figure 20). The 

resulting nanoemulsion as shown by our TEM images, provided evidence towards one 

of our secondary hypotheses. Further research is required to define the characteristics 

that allow for any compound to be precipitated into a nanoemulsion through a low 

energy solvent displacement method.  

MDTG has poor solubility in water, thus the nanocrystal generated in the first 

nanoprecipitation will tend to form insoluble aggregates that are visible to the naked 

eye. As with other nanocrystal production methods, a solution to this problem is adding 

a polymeric stabilizing agent. To solve this issue, inspiration was drawn from the 

coating of inorganic nanoparticles performed by Abrushida et al [322]. Similarly, 

Danai-Stlyliari et al. performed computational models that allowed for the 

comprehension of a potential coating process in order to stabilize solid drug 

nanoparticles through computational modelling [294]. Within our research group, we 
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discussed the possibility of simplifying the process further, by generating a nanocrystal 

emulsion and coating it through a second solvent displacement precipitation. Such 

initial results have recently been published [295].  

3.4.4 A polymeric nanocarrier as a means of stabilizing a nanocrystal emulsion 

To stabilize the nanocrystal form of MDTG, a second solvent displacement experiment 

was designed, using the nanocrystal emulsion as the aqueous phase, with an acetone 

solution containing a polymer. While the mechanism is poorly understood, a potential 

hypothesis towards this would be that the organic phase droplets momentarily solubilize 

the nanocrystal, which follows with a supersaturation of the droplet and subsequent 

precipitation of the polymer around the MDTG nanocrystal. This two-step solvent 

displacement coats the nanocrystal with a polymeric carrier. TEM micrographies 

suggest coating of the MDTG nanocrystal, as a “double halo” appearance is seen 

(Figure 22). The “double halo” appearance is indicative of two different electron 

densities, i.e., two different regions of scattering ability. Those micrographies in 

conjunction with the size change and zeta potential change measured by DLS, provide 

evidence that the MDTG nanocrystal was coated by the polymeric nanocarrier. This 

provides proof of concept of one of our hypotheses.   

The coated nanocrystals formulations obtained, have a significant drug content (>25% 

wt%) , as the polymeric mass is only intended as a stabilizer. HPLC-UV provides 

evidence of this significant drug content (Figure 21). Such encouraging results allow 

for a coating method that can effectively be performed in most laboratory settings. With 

growing evidence, the coating process via a two step nanoprecipitation allows for a low 

energy, scalable, and resource friendly way to prepare high drug loading formulations. 
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The formulation set up presents drawbacks, as being a newer method, the perfect ratio 

of drug to polymeric coating, as well as polymer used, remain to be studied further.   

3.4.5 In vitro cytocompatibility and uptake in Caco-2 RAW 264.7 cell lines 

The Caco-2 and RAW 264.7 cell lines, displayed a similar behaviour to what was 

previously published by Sillman et al. regarding the biocompatibility of MDTG [169]. 

The formulation coated with 0.22 mg of MPEG-PLA was chosen to test further in vitro 

studies. Previous reports using the similar polymer builds show encouraging results in 

biocompatibility, a higher polymer degradation rate, and a fast release of the compound 

when compared to formulations with homopolymers such as PLA [269, 299, 323, 324].  

Evidence produced within our facilities, as well as published data suggests that DTG, 

and its prodrug, MDTG, when not in a nanoformulation, have an impact on cellular 

metabolism at 100mM [169, 283]. Both MDTG’s nanocrystal and the formulation 

developed maintained high cellular metabolism at 100mM. Preliminary 

biocompatibility assays on two cell lines have demonstrated promising results, even 

when analysing the nanocrystal form of MDTG, however more in-depth experiments 

are needed to confirm this data. In our data set, both the nanocrystal and coated 

formulations of MDTG were significantly less adverse to cellular metabolism than the 

non-formulated parent drug or prodrug. LDH data revealed that the interference in 

cellular metabolism, associated with the prodrug treatment, was not associated with 

cellular necrosis and subsequent release of LDH. The presence of LDH release was also 

low with the nanocrystal and coated MDTG treatments. Taking both data sets into 

account, the MDTG formulation tested did not produce cellular necrosis, nor did it alter 
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significantly cellular metabolism, and thus had evidence of potential biocompatibility 

with in vivo models, however further research is needed to confirm the trend.   

Qualitative uptake produced encouraging but incomplete results as only show the fate 

of the polymeric nanocarrier. As the MPEG-PLA-Cy5 formulation appeared to have a 

better penetration into the RAW 264.7 macrophages than the Caco-2 intestinal cells. 

These results were reproduced quantitatively, as the Raw 264.7 cells contained more 

labelled polymer when compared to the Caco-2 intestinal cell lines (p<0.05). Thus, 

providing evidence that MPEG-PLA may indeed be internalized by the target cells via 

phagocytosis. However, the uptake studies on a dendritic cell line are still pending. 

Given that HIV has the possibility of infecting both a macrophage and a dendritic cell, 

the dendritic cell results are imperative for evaluating the formulation’s uptake [23]. 

The fate of the antiretroviral payload is still to be investigated and thus these results do 

not reflect what behaviour would MDTG have.  

3.4.6 Coated nanocrystals formulations in strong ionic environments 

The MPEG-PLA formulations when being subject to strong ionic environments, such 

as HEPES and PBS buffers, formed visible aggregates after 4 hours. The effect was 

found almost immediately in cell culture media; thus, this developed formulation is 

likely to encounter issues where the media is associated with salts. Such mayor issue 

suggest that the formulation would produce visible aggregates in anal or vaginal 

environments.  

The P85 formulation did not produce such aggregates in the HEPES or PBS buffers. 

While visible aggregates were found after 24 hours of exposure to cell culture media, 
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this effect is not likely to be relevant in animal models, as 24 hours would allow for 

absorption of the compound/formulation delivered. It is likely that that the triblock 

copolymer structure of P85, with two distinct hydrophilic arms, was vital for providing 

further stability to the coated formulation of MDTG in relatively aqueous environments, 

particularly in PBS and HEPES buffers [298]. This is in stark comparison to the diblock 

PLGA and mPEG-PLA used. P85 is also a smaller molecule than the PLGA or mPEG-

PLA used, this fact could potentially lead to a better “coating” process as they could 

self-assemble and coat MDTG with less difficulty than bigger molecules [294, 298]. A 

Pluronic agent albeit more lipophilic, F127, was also used in Sillman et al.’s MDTG 

formulation[169].  

Evidence suggests that the HIV virus would cross and invade the target lymphatic nodes 

within the first 72 hours, with systemic replication during the first week [23, 170]. 

Experiments on healthy human subjects using an ejaculate of HIV surrogate particles, 

show that the virus can potentially remain in the vaginal tissue for 4 hours and 24 hours 

in the anal tissue [325, 326]. Therefore, a minimum of 24 hours of stability in situ would 

be required for any PEPSE formulation.  

A formulation with sustained release could also prove ideal in a PEPSE scenario, as the 

threat of HIV infection remains after a sexual exposure [23]. The saturation of local 

lymph nodes with sustained release at the paracortex areas, where TCD4+ lymphocytes 

are prevalent, is a priority for any localised PEPSE formulation [37]. 
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3.4.7 Parent drug cleavage from MDTG/Release from the formulation.  

Our results present a similar behaviour as what was reported by Sillman et al [169]. In 

our data set, more than 90% of MDTG was cleaved by 1 hour; by time 2 hours, no 

MDTG is present in our set up. Sillman et al.’s results have small variations, as in their 

set up, in whole mouse blood, most (80%) of MDTG was cleaved in one hour, thus 

releasing DTG into the media. When measuring the DTG output in nanomols/ml all of 

the initial MDTG input was accounted for and thus no other potential pathways of 

MDTG conversion were found. This is another finding that is heavily correlated with 

what was reported by Sillman et al. [169]. Due to COVID19 related constraints, and the 

stability observed with the P85 formulations, the P85 coated formulations were tested 

for drug release from the formulation.  

A speedy release of the MDTG payload is also found with the P85 coated formulation, 

as all the MDTG content is released within 2 hours.  Such effect is also reflected in the 

half-lives of MDTG and the calculated half-life of the P85 coated formulation, as the 

difference between them both is approximately 5 minutes. By using the method of 

residuals, a virtual data set was generated, representing the MDTG that is yet to be 

released by the P85 coating. The difference between this virtual data set and the free 

MDTG is minimal, approximately 7 minutes. Thus, this quick release may not allow 

for the coated particles to cross all the epithelial barriers and reach the local lymph 

nodes. The whole timeline of HIV infection is difficult to model effectively. The full 

process between initial epithelial uptake and the impending systemic infection is 

hypothesized to be 72 hours, with 54 hours being used for the initial daughter virions to 

be produced, and 1 week to be detected in blood with modern assays[23, 170].  In fact, 
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it is considered that during the first 24 hours, PEPSE could be most effective in aborting 

impending infections (17). Controlled release of the compound inside of a 

nanoformulation is key to success [253]. In this scenario, the formulations produced did 

not provide evidence that they could be uptaken by the lymphatic cells within the 

suggested timeframe, as they would have likely released the drug content prior to 

encountering target cells.   

The formulations developed proved to be unlike Sillman et al.’s formulation in terms 

of stability and controlled release. However growing evidence suggests that a modified 

two step nanoprecipitation can be used in some instances to generate nanocrystal 

formulations that are coated with a polymeric stabilizer [294]. The formulations 

developed require significant research into potential coating agents, as well as the 

coating mass, to produce a formulation that would be a candidate for PEPSE.  

3.5.1 Conclusions 

Nanoprecipitation as a means of generating high drug content formulations has 

important limitations. While some of those limitations can be successfully overcome by 

nanocrystal formulations or other solid drug nanoparticle techniques, these are often 

cost prohibitive or would present issues for production scaling-up. In our work such 

limitations are significant and rule out nanoprecipitation as a technique for a novel 

localised PEPSE. 

 

This work follows the line of recent published literature, that suggests that by 

precipitating a compound of interest and coating it through a modified solvent 
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displacement method, high drug content is possible [294, 295]. The physicochemical 

properties that allow for this method to work as intended are still under further study, 

however it could be theorized from this work that a lipophilic compound is needed for 

effective coating of a nanocrystal produced via solvent displacement. The formulated 

nanocrystal had no significant adverse effects within the metabolism of two cell lines, 

a contrast from the “free” drug and “free” prodrug (Figure 23).    

The formulations developed had a significant drug content (>20 wt%), however their 

stability on strong ionic environments is a concern, as visible aggregates are seen when 

in contact with DMEM. Within the formulations tested, the P85 coated formulation was 

stable for 24 hours under high anionic environments, such as PBS or DMEM. However, 

when analysing drug release, these results were not as encouraging, as there was a 

limited difference between the non-formulated MDTG and the P85 coated formulation. 

This evidence suggests that the formulations generated are not ideal for a sustained 

release effect for PEPSE.  

This work presents a proof of concept of a formulation that can be produced with a low 

energy setting achieving high drug content, however further study as for the coating 

agent used (as well as the mass used) is needed for the advancement of the technique. 

The perfecting of the technique would allow for a new weapon against the sexual 

transmission of HIV. 
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Chapter 4 

 

“Role of a novel PEPSE formulation in the future of the HIV 
pandemic” 

 

4.1.1 An unprotected target population for PEPSE 

One of this thesis’s objectives is to estimate the size and views of a sexually active 

population that is currently not covered by pharmacological prevention schemes for 

HIV such as TasP, PrEP or PEPSE. TasP is mainly a preventive measure for 

serodiscordant couples, as treatment of the HIV positive individual, will lower the 

transmission risk significantly [3]. PrEP is an intervention mainly geared towards key 

populations that due to specific characteristics, that have a marked higher risk of HIV 

acquisition, and thus not available for the general population, nor  available in every 

country. [91, 92, 273]. PEPSE is a prevention scheme designed for prevention of HIV 

acquisition in high-risk sexual exposures (risks that are higher than 1/1000). PEPSE 

requires the immediate administration of antiretroviral agents in the first 72 hours after 

a high-risk sexual exposure, to abort HIV acquisition [95, 106]. 

The population in a low to moderate risk of sexual HIV acquisition has been 

acknowledged previously in UNAIDS reports, however its size and views have not been 

studied further [2].  

Two separate studies were performed, using an online survey system, in Thailand and 

in the UK (Chapter 2). To assess the size of a population that was in unplanned low to 

moderate sexual risk for HIV acquisition, populational filters were designed. The 
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characteristics that the population must have to be classed as unprotected with current 

pharmacological interventions are: sexual activity within the last three years with at 

least one person, they self-report as a condom user, they are not PrEP users (in the Thai 

study) and did not self-report an HIV positive status. The population in question must 

also have reported events of unplanned sexual exposure to HIV, namely condom failure, 

“forgetting to use a condom” and “wanting to use a condom but none available”. One 

limitation of these studies was that the possibility a non-UK or non-Thai national 

participating in the study can’t be ruled out. Both studies did not provide information 

about the number of sexual partners in the last year, as this data can reveal crucial risk 

scenarios.  

A particular limitation of  the UK study is the lack of age data, as while the assumption 

is that many of the participants are representative of a younger population, it is not 

possible to assess how many participants are mature students (> 25 years old). 

Additionally, as it is a self-reported study, there is a possibility that the data collected 

on certain questions, such as HIV status, is dependent on the participant’s accurate 

depiction of events, which can be unreliable.  

Both Thai and UK questionnaires had an important focus on nonpharmacological 

interventions for HIV prevention, which are mainly male condoms, as they remain the 

most effective way to protect individuals from HIV acquisition in a sexual exposure 

[184, 192].  However, condom failure events, and low or inconsistent condom use rates 

have an important impact on the potential sexual transmission of HIV. As reviewed in 

Chapter 1, since 2012, no major progress has been made to lower the worldwide burden 

of newly diagnosed cases [1]. Scenarios such as inconsistent condom usage, or condom 
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breakages can lead to low to moderate risk scenarios of sexual HIV acquisition. Such 

scenarios are not covered by current PEPSE (or other pharmacological intervention), as 

they often have lower to moderate risks of HIV acquisition, which are between 1/1000 

and 1/10000 [95]. In such scenarios often, only medical follow-up, is suggested as no 

further alternative intervention currently exists. The populations that have a higher risk 

of HIV acquisition are covered with PrEP, traditional PEPSE or TasP. This situation 

effectively leaves a population that has an unplanned unprotected sexual risky scenario 

with no options for prevention, but medical follow up. Under current antiretroviral 

formulations, the risk to benefit ratios do not favour systemic exposure to the antiviral 

agents as often they have significant side effects [95]. 

These unplanned and unprotected scenarios, condom break/failure, “wanting to use a 

condom but none available” and “forgetting to use a condom” were scenarios that were 

commonly reported in both studies. Condom failure events were of particular concern 

within both the UK and the Thai study, as the reported rates of condom breakage are 

significantly over what has been reported previously [216]. The high rates found in both 

studies (15% in the Thai study and 14% in the UK study) , in populations with different 

backgrounds and risk behaviours, are alarming for HIV prevention scenarios. Such a 

high rate of condom failure events should be explored further, as it could lead to the 

design of better condom models and better HIV prevention schemes. 

Other unplanned unprotected scenarios reported in our study, such as “wanting to use a 

condom but none available” and “forgetting to use a condom” were also reported in 

significant numbers. Both scenarios, representative of inconsistent condom use present 

several limitations for further analysis. Future research into these unplanned risky 
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events should follow-up these scenarios with questions regarding relationship type 

(stable, casual, commercial) and whether alcohol and/or drugs were consumed prior to 

intercourse [218, 222]. Additionally, condom resistance tactics such as “reduced 

sensitivity” or risk assessment reassurance by a partner, can lead any individual to report 

inconsistent condom use [220, 221]. Future research into this unplanned inconsistent 

condom use events will allow to further improve HIV and STDs prevention 

programmes. An additional hypothesis to be tested in future research relates to the use 

or abuse of drugs prior to a sexual act. Such hypothesis has been explored in specific 

populations, such as Black African American heterosexual men, with a correlation with 

alcohol abuse and a higher risk of HIV acquisition [327]. Expanding this hypothesis to 

different populations can uncover further gaps in prevention schemes both for substance 

abuse and sexually transmitted diseases prevention. 

In this work unplanned low to moderate risk scenarios for sexual HIV acquisition 

occurred in a significant population, as in both studies, more than 10% of the total 

population reported them (29% of the UK study and 15% of the Thai study). While 

these two studies do not represent every variable found in the world’s population, they 

do reveal a sizable population that can be potentially exposed to HIV, where no 

pharmacological intervention is prescribed.    

Given the size of these unprotected population, they constitute a priority research 

interest for the better design of HIV preventions schemes. Currently the ongoing SARS-

CoV-2 pandemic has negatively impacted public health prevention programmes, with 

the full extent of the disruption likely to be felt for years to come [101, 103]. Tackling 
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this unprotected population in future prevention campaigns is imperative for achieving 

the 2030 UNAIDS goals and eventually end the HIV/AIDS pandemic.  

As the COVID19 pandemic eases the pressure on health services worldwide, 

emphasizing the use correct use of condoms, and the use of PrEP in high-risk 

populations is a priority intervention, particularly for key populations [328, 329]. While 

experimental tools such as PrEP “on demand” and PIP will allow for a more tailored 

approach, these interventions further rule out a population in unplanned lower to 

moderate risk scenario for sexual HIV acquisition.  

Current prevention campaigns often overlook the potential importance of PEPSE in 

ending the HIV pandemic [330]. Literature suggests that PEPSE awareness, while 

improving within the LGBT community, remains a major issue to resolve [331]. PEPSE 

has many barriers associated to the prescription, including side effects, virological 

resistance concerns, cost effectiveness of the intervention and the limited timeframe for 

effectiveness [328, 330]. Current PEPSE agents are significantly more tolerated than 

the antiviral compounds that were used in the early stages of the HIV pandemic, while 

such advances are encouraging, patient adherence to PEPSE remains an issue to resolve 

[328]. Virological resistance concerns in the context of PEPSE are not studied often, as 

PEPSE continues to be an under prescribed option, however with the current treatment 

regimens based on tenofovir, emtricitabine and one INI (usually DTG or Bictegravir) 

such issues should not be encountered often [64-67]. These PEPSE regimes make 

resistance unlikely, and should it occur viral fitness is likely impacted, additionally the 

medical evaluations during PEPSE allow for prompt discovery of a breakthrough 

infection [67, 95, 114, 117]. Cost effectiveness of PEPSE has been positively evaluated 
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previously for high-risk scenarios, however in resource limited scenarios the cost of 

current therapies can be a factor in prescription of preventive antiretrovirals [332]. The 

limited timeframe for PEPSE effectiveness is an immoveable roadblock, as the 

countdown for HIV integrating its proviral DNA to a target TCD4+ lymphocyte in the 

lymph nodes, sometimes does not allow for PEPSE to be prescribed at all. Not accessing 

PEPSE within 72 hours of an exposure to HIV, has been liked to HIV acquisition [328]. 

Prior to the administration of any pharmacological prevention measure, it is imperative 

to assess the baseline HIV status of an individual [94]. This would allow for correct 

follow-up of cases, as cases that are HIV-positive at baseline would not benefit from a 

PEP or a PREP scheme, but rather a therapy scheme [94].  

Two important barriers to HIV prevention in a PEPSE scenario are patient adherence to 

the treatment, and a misjudged risk perception of an unprotected sexual act by the public 

[198, 199, 225, 330, 333]. The latter can be tackled with appropriate prevention 

campaigns focusing on the importance of safe sex and early diagnosis. However patient 

adherence is a more complex issue. Several factors are associated with less adherence 

to the PEPSE course, as young people (<25 years of age) are less likely to complete the 

treatment, probably related to inaccurate risk perception [334]. An opposite trend is 

observed in older individuals who had intercourse with a sex worker or MSM, which 

were more likely to complete the treatment scheme [335]. Currently no PEPSE regime 

is significantly associated with low patient adherence, and low adherence is linked to 

breakthrough infections [328].  

With this context, a targeted localised PEPSE approach for a population whose 

behaviours place them in an unplanned low to moderate risk scenario for HIV 
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acquisition could present a solution for many of the aforementioned issues. A drug 

delivery system that is administered to vaginal or anal tissue can potentially bypass 

systemic side effects, thus improving the risk to benefit ratio of the administration of 

PEPSE. Additionally, such a delivery system is favoured as an option by a majority 

(over 85%) of participants in both studies, should they find themselves in an unplanned 

lower to moderate risk for HIV acquisition.  For such a formulation to succeed, uptake 

to the paracortex area of lymph nodes is key to success [40]. This formulation, if 

available would allow for a pharmacological intervention for a population whose size 

is significant, and whose protection would allow further decrease new cases of HIV 

worldwide.  

4.2.1 Coating an MDTG nanocrystal as a means of generating a PEPSE 

formulation. 

The second aim of this thesis is to develop a nanoformulation that could protect the 

population that was uncovered with the two survey studies in the UK and in Thailand 

but is likely found worldwide. Nanoformulations are gaining evidence in different fields, 

they can possess very favourable side effect profiles, a property that would be key in 

HIV PEPSE formulations [69]. Additionally, in some cases, nanoformulations can 

allow for a controlled release of the compound, such as the novel 

cabotegravir/rilpivirine formulation for treatment and PrEP [68]. This intramuscular 

nanosuspension was FDA approved for treatment in January 2021. Preliminary data 

suggests that the PreP intramuscular nanoformulation containing cabotegravir and 

rilpivirine is superior in preventing HIV acquisition than the traditional oral formulation 

of tenofovir and emtricitabine. Due to the sustained release of both antiretroviral agents, 
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superiority versus the traditional scheme and patient acceptability, it can be expected 

that the role of this formulation in the treatment and PrEP guidelines will become more 

prominent. However, this formulation has not been tested for PEPSE purposes. 

Formulating a nanoparticle based PEPSE, should focus on specific characteristics to 

have a higher chance of success (Table 17).  

For this project DTG was chosen as a model antiviral compound, due to its safety profile, 

antiviral efficacy, and high genetic barrier [64-67]. However, DTG had to be chemically 

modified based on Sillman’s illustrative work, to generate a lipophilic prodrug, as 

lipophilic compounds are more likely to be entrapped nanoaggregates such as the ones 

generated by nanoprecipitation [169, 252, 253]. Dolutegravir sodium is a salt form of 

the parent compound DTG. It is one of the generic compounds that has been recently 

pushed in low to middle income countries in order to cover the treatment needs of 

people living with HIV [336].  In countries such as  Thailand, it has been approved for 

the treatment of people living with HIV given its similar pharmacokinetic profile when 

compared to DTG [288]. The modified reaction to generate MDTG, allows for 

dolutegravir sodium to be used instead of pure DTG, which is expensive and 

challenging to obtain. To exemplify this, 250mg of pure DTG is priced at £1,552.72 by 

MERCK, while dolutegravir sodium is valued at $400 from Chemshuttle. Additionally, 

unlike Sillmnan’s reaction, no deprotonating agent was needed, further simplifying the 

reaction [169]. Therefore, this route of synthesis allows for a resource friendly reaction 

for MDTG. 

MDTG had, in our work, a very similar cytocompatibility profile as to what was 

described by Sillman et al, as it starts to impact cellular metabolism, in Caco-2 and 
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RAW 264.7 macrophages, at approximately 100µM [169]. No significant LDH release 

was recorded in either RAW 264.7 macrophages or Caco-2 cell lines, suggesting that 

the effect is not related to necrotic events (Figure 21). In regard to DTG release from 

MDTG, our results are similar to what Sillman et al. reported. Sillman et al. reported 

that in whole mouse blood 79.9% of MDTG gets hydrolysed by carboxylesterases by 

one hour, thus releasing the parent compound DTG. In our results in rat plasma, a 

similar profile was observed, as 86% (+/- 12%) of the total MDTG had released DTG 

into the media. A lipophilic prodrug approach has several advantages as seen in Chapter 

3. Overall, for any prodrug approach to work as intended, the chemical linker, whether 

it is an ester, carbamate or amide, must be hydrolysed in relevant biological tissues, so 

that the active compound can have the desired effect [275-277]. In MDTG’s case, the 

carboxylesterases found in rat plasma (a lymph surrogate), break the 7 OH’ ester bond 

releasing the parent compound DTG. Due to resource limitations, MDTG’s antiviral 

properties were not tested in our laboratory facilities. Interestingly, in Sillman et al.’s 

work, MDTG’s activity was measured indirectly through an in vitro test focusing on the 

reverse transcriptase activity [169]. In Sillman’s work, there was a sustained inhibition 

of the reverse transcriptase as by day 30, there was an 83% activity inhibition. Due to 

the potential usefulness in treatment and prophylaxis of MDTG, further research is 

needed to confirm these results. With MDTG’s lipophilic physiochemical 

characteristics traditional approaches such as nanoprecipitation could be 

attempted.\ However many parameters had to be covered for a PEPSE formulation to 

be successful (Table 17).  
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Table 17. Ideal characteristics for a novel nanoformulated PEPSE.   

Characteristics Reasoning 
Non-toxic, biodegradable 

and biocompatible 

nanocarrier 

Any ideal excipient should not present any significant adverse effects on the 

individual [337]. This would justify the use of a novel PEPSE under a risk to 

benefit ratio.  

Significant drug content 

(>25% wt%) 

A high drug content allows for a high chance for the developed formulation to 

saturate the paracortex area of local lymph nodes with the antiretroviral 

compound [40].  

Significant uptake by 

cellular macrophages or 

antigen presenting cells.  

Dendritic cells, macrophages and other antigen presenting cells are vital for HIV 

transportation to the lymph nodes[23]. In some cases, HIV can replicate in such 

cell lines. Therefore, the uptake of the formulation should be significant in these 

cell lines.  

Adequate penetration into 

the paracortex of the 

lymph nodes 

The paracortex area harbours a vast majority of the TCD4+ lymphocytes. As the 

TCD4+ lymphocytes are the viral end point of disease, these areas are prime 

targets for distribution of a PEPSE nanoformulation [40]. 

The ideal PEPSE 

formulation should have 4 

to 24 hour stability in local 

tissue 

Evidence suggests that HIV viral particles can remain in vaginal tissue for four 

hours, while in anal tissue they can remain for up to 24 hours [325, 326]. The 

presence of aggregation before these crucial time points will impact the uptake 

into relevant cell lines and thus lymphatic tissue.  

Sustained release for at 

least a week 

The exact timeline of HIV infection is difficult to determine [23]. In some very 

sensitive viral detection assays, HIV status can be confirmed within the first week 

after contact. PEPSE guidelines suggest that the first 72 hours are key to abort an 

impending HIV infection, as late initiations of PEPSE can lead to HIV acquisition 

[95, 328]. Therefore, a novel PEPSE formulation should have a sustained release 

for at least the first week after exposure.  

Formulation to be easily 

scalable and cost effective 

Current PEPSE schemes also have a high economic cost associated with them. 

For any novel PEPSE scheme to have an impact in the HIV pandemic, economic 

cost should be accessible for resource limited locations. 

 

In order to generate a formulation that had such characteristics, the first step was the 

selection of non-toxic polymeric nanocarriers. For this project, three polymeric 

nanocarriers were used, one triblock copolymer in P85 and two diblock copolymers in 
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MPEG-PLA and PLGA. All three of them present a distinct hydrophobic branch in PLA 

component for MPEG-PLA and PLGA, and the polypropylene oxide (PPO) in the case 

of P85. All three of them have a good biocompatibility profile and have been approved 

by advisory organisms such as the FDA [298, 301]. The first polymer to be chosen for 

this project was PLGA, as it has a wide range of versatility regarding drug delivery 

systems, being used as a nanocarrier for both microparticles and nanoparticles 

formulated via nanoprecipitation [252].  PLGA has been recently used as a nanocarrier 

for a PrEP formulation generated via a water in oil in water double emulsion. This 

formulation used emtricitabine a hydrophilic NRTI compound, achieving a relatively 

high (for the technique) wt% at 5%[168]. However, this formulation was intended as 

intramuscular, and not to be delivered via vagina or anus.  

The second polymer that was selected was the MPEG-PLA. Its two components, PEG 

and PLA are both polymers that have been considered biocompatible by several 

regulatory agencies such as the FDA [338, 339]. PLA was the first polymeric 

nanocarrier described for nanoprecipitation formulations [264]. MPEG-PLA 

nanoformulations have been described as having favourable sustained release of the 

compound. One such example of this is Dong and Feng’s MPEG-PLA nanoformulation 

for paclitaxel. In their study there was a relatively slow and sustained release of 

paclitaxel from the MPEG-PLA formulation, as 95.9% of the total drug content was 

released in 14 days [269]. Such a characteristic drug release profile would present an 

opportunity for any nanoformulated PEPSE, as it would cover the necessary period for 

HIV prevention.  
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Pluronics are a family of triblock copolymers that have two arms of a PEO flanking a 

PPO block. In this polymeric family the two branches of PEO act as hydrophilic arms, 

while the PPO acts as a hydrophobic block [298]. This allows for them to be classified 

based on their hydrophilic to lipophilic ratios, which has an impact on their physical 

characteristics as well. In the pluronic family, these triblock copolymers are classified 

also by their physical state, with L standing for liquid, P for paste and F for flake. P85 

was chosen as a potential candidate as it has been linked to TCD4+ cell activation, when 

used as a delivery for gene therapy [303]. Recent data regarding P85’s use as an 

excipient in vaccine formulations has found that it has been linked to TCD4+ 

lymphocyte responses and activation by unknown mechanisms, potentially by acting as 

a toll like receptor agonist, at least in rodent models[303-305]. P85 was not tested as a 

carrier for nanoprecipitation purposes.  

Within all the nanoprecipitation formulations, a maximum drug content was capped at 

8.43% wt%, which is in line with published literature [253, 263].Due to the 

characteristics that MDTG has, it was proposed that a nanocrystal emulsion could be 

formed via nanoprecipitation and then coated with a minimal polymeric mass. In doing 

so, a solid drug nanoparticle formulation would be generated, maximizing drug content, 

as similar strategies have found encouraging results [294, 295]. In our work coated 

nanocrystal formulations had a significant drug content, all of them above what 

traditional nanoprecipitation has been reported to achieve. Such a high drug content in 

a nanoformulation, is rarely reported on traditional methods such as nanoprecipitation 

[252, 253].  
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Due to the COVID19 pandemic related restrictions, only one formulation was tested 

further for cellular biocompatibility and uptake. This formulation, a MDTG nanocrystal 

coated with 0.22 mg (per vial) of MPEG-PLA, did not significantly alter the cellular 

metabolism, as per the Presto Blue assay, and was not associated with significant 

cytosolic LDH release. Encouraging results were also found in the uptake studies, as in 

both quantitative and qualitative studies, RAW 264.7 cells had internalized particles. A 

major limitation of these studies is that particle tracking was made through a Cy5 blue 

labelled polymer, and thus the fate of the antiviral payload may not be the same as the 

polymeric nanocarrier. A potential way to further analyse the location of the antiviral 

payload would be through mass spectrometry imaging [40].  While this method is based 

on ex-vivo drug measurements, it can provide evidence regarding the localization of the 

prodrug and parent drug within the lymph node. This is crucial information as TCD4+ 

cells are the endpoint of both HIV and a novel PEPSE formulation, thus saturating the 

paracortex area of a lymph node is critical for success.  

This MPEG-PLA formulation did not present stability under high pressure 

environments such as cell culture media (DMEM), as visible aggregates were seen 

shortly after spiking the formulation. This result is not encouraging for the development 

of a localised PEPSE, as both vaginal and anal tissues have a mucous layer that could 

destabilize the formulation in a similar fashion to cell culture media [121, 124, 147].  

The P85 formulation on the other hand did have stability over 24 hours in cell culture 

media, as measured by DLS. Stability in situ of the formulation is a desirable result, as 

evidence suggests that HIV-like particles can be localised 4 hours in vaginal tissue and 

for up to 24 hours in anal tissue [325, 326]. Pluronics are not inert polymers, as some, 
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namely those with a  low hydrophilic to lipophilic balance (like L61), can have toxic 

consequences to cells [340]. In terms of P85, Kabanov et.al reported that it can present 

a selective cytotoxic effect in multidrug resistant breast cancer cells via a mitochondrial 

disruption that leads to the generation of reactive species of oxygen [341]. In terms of 

enzymatic degradation, there is little evidence for the generation of toxic by-products 

of Pluronics [298, 341]. To further assess biodistribution of Pluronic co-polymers, 

Arranja et. al radiolabelled two Pluronics (namely F127 and P94) and followed their 

behaviour via SPECT-CT in Wistar rats. The results of such experiment suggest that all 

Pluronics experience high uptake by the liver via the reticuloendothelial system during 

the first 24 hours after IV administration through the tail central vein. This work 

concluded that the elimination rate of Pluronics via renal filtration, is heavily dependent 

on the molecular weight of the hydrophilic block, PEO. Pluronics with a higher 

molecular weight of PEO will experience a delayed renal clearance after a single IV 

administration, when compared to Pluronics with lower PEO chains[342]. 

All carriers show fast uptake in the organs from the reticuloendothelial system followed by a 

steady elimination through the hepatobiliary tract and renal filtration. The PEO block length 

affects the initial renal clearance of the compounds and the overall liver uptake. 

The P85 formulation created  did not have a controlled and sustained release, as all of 

the prodrug payload was converted before 2 hours in a lymph surrogate (rat plasma). 

This suggests that the coating is vulnerable to enzymes found in plasma, and thus the 

formulation does not achieve all the required characteristics for delivery to lymph nodes 

in a PEPSE scenario. 
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PEPSE prescriptions must be initiated during the first 72 hours after a high-risk 

intercourse[95, 328]. These 72 hours are key for PEPSE success, thus securing adequate 

distribution into the paracortex areas of the local lymph nodes is paramount for success 

in that timeframe [40]. Current estimations suggest within the first 54 hours, daughter 

virions of HIV are generated within an infected cell [170]. By the end of first week after 

exposure, the most sensitive diagnostic tests can detect viral RNA of HIV in blood. This 

suggests that there is a difference between HIV’s timeline of infection between the local 

site and the systemic circulation [23]. Therefore, any localised nanoformulation of  

PEPSE should maintain sustained release for at least 72 hours locally, as the intention 

is to provide a one dose formulation for HIV prevention. This formulation did not 

achieve this goal.  

While localised therapy can potentially solve the issue of patient adherence to PEPSE, 

this can also be tackled through long-acting antiretroviral formulations. In Sillman et. 

al.’s illustrative work such a formulation was generated using MDTG. This formulation, 

with a significant drug content, 82.2 ± 4.4% encapsulation efficiency, was administered 

intramuscularly to non-human primates and male Balb/cJ mice. In both species, this 

formulation achieved significant concentrations, over the IC-90 of DTG (64ng/ml), for 

8 weeks in Balb/cJ mice and for 35 days in non-human primates [169]. While intended 

as a formulation for treatment or PrEP, this formulation could prove useful in a PEPSE 

situation such as the drug release profile, however certain questions remain for it to be 

successful in this scenario. Sillman et al. did not measure the localization of their 

formulation within the lymph nodes, this information is paramount for aborting an 

impending HIV infection. For a novel PEPSE to succeed in generating an option for the 
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population in unplanned lower to moderate sexual risk scenarios, besides the 

nanoformulation effectiveness, cost effective measures are needed.   

Several potential hypotheses could explain the coated formulation’s failure. An initial 

hypothesis would lie in an incomplete/inconsistent coating of the MDTG nanocrystal. 

Sillman et. al’s formulation was generated with a high-pressure/high-energy system that 

generated a uniform coating, in contrast with the low energy coating via solvent 

displacement method that was used in this thesis [169]. Sillman et al.’s formulation had 

approximately a 1:10 polymer to drug ratio, while the formulation that is described in 

this thesis has a 1:16 polymer to drug ratio. It is likely that the combination of a higher 

polymer mass and a high energy setting allowed for the generation of a more stable 

coating. A second hypothesis is that Pluronics have a characteristic that can be exploited 

for prolonged release, as when in sufficient concentration they can form a 

thermoreversible gel (meaning it will revert back when temperature is decreased) at 

body 37°C [343]. It is possible that a higher concentration of P85 would allow for both 

a more stable coating, and a long and prolonged release via the formation of a 

thermoreversible gel at body temperature.  

A third  hypothesis would lie in the molecular composition of the Pluronic used. Sillman 

et al.’s formulation used  F127 as the polymer, while the formulation described in this 

thesis used was P85. F127 is a polymer that has a tendency to self-assemble into 

micelles in aqueous environments and thus is often used as a surfactant, this 

characteristic could also have helped in the coating process (Figure 32) [298]. 
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4.3.1 Future work 

There are several aspects to improve the formulation developed. The first characteristic 

would be to improve the drug release profile of the formulation. In order to do so, a 

potential solution would be to experiment with varying masses of P85 coating, as this 

was the coating that could stabilize the formulation further in plasma or lymph [294].  

A different approach to solving this issue can be found in using a different Pluronic. 

Pluronic polymers are classed depending on their PEG and PPO branches, as they give 

them different properties. A potential polymeric nanocarrier to be used is Pluronic F127 

(F127) sometimes known as poloxamer 407. This was the main excipient for Sillman et 

al’s formulation and thus presents a favourable option as it is considered to be an 

inactive ingredient for different types of formulations, including rectal [169]. Pluronics 

have different critical micellar concentrations (CMC), based on the PEO content they 

have. Due to the relatively high PEO content that F127 (Figure 32) has, its CMC value 

is relatively low at 0.26-0.8 weight per volume percentage. Finding out a correct coating 

mass with this Pluronic can present a research opportunity, that would allow for a cost-

efficient formulation.  
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Figure 32. Chemical structure of F127. F127 is a triblock copolymer that has been used to solubilize hydrophobic 

agents in micelles, and it is the main excipient used in Sillman et al’s formulation[169, 298]. Further exploration 

of this triblock copolymer would present a research opportunity for coated nanocrystals MDTG formulations.  



 
 

169 
 

In vitro models of anal tissue for delivery usually do not account for many issues found 

in the local tissue. The intestinal mucus, for example is a significant barrier to any 

nanoformulation delivered to the rectal mucosa. The gastrointestinal mucus is 

comprised of glycoproteins that forms a first barrier for the absorption of compounds. 

This mucus has a known permeability for negatively charged particulates, which have 

a tendency to diffuse up to 20 times quicker than positively charged particulates. Unlike 

the cervicovaginal mucus, the gastrointestinal mucus experiences no cyclical changes 

and thus has a more heterogenous permeability [163].The gastrointestinal mucus, has 

also been reported to be more permeable to specific drug delivery systems, as highly 

hydrophobic polystyrene based nano-particles have a tendency to aggregate in the 

mucus layer, and thus not be uptaken by cells [300]. Other more hydrophilic drug 

delivery systems like ones based on PEG-PLA have significantly better penetration into 

mucus when compared to polystyrene nanoparticles [300]. In terms of size particles 

sized up to 500 nm in size have been known to cross it [162].  

A feature that is difficult to replicate in vitro are Peyer’s patches, which are a form of 

specialized gut associated lymphatic tissue [154]. The epithelium of Peyer’s patches is 

significantly different from the epithelium found in the rest of the intestinal tissue, as it 

is mainly comprised of specialized M Cells. M Cells serve the purpose of uptaking 

antigens in transit and bring them into contact with a relevant antigen presenting cell, 

such as a dendritic cell [156, 318]. M-cells have been shown to be a vital component to 

Peyer’s Patches, as even if they comprise only 5% of the total gut epithelium, they 

significantly contribute to uptake of nanoparticles and antigens[344, 345]. A model in 

vitro culture was developed by Schimpel et al, which includes mucus secreting goblet 
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cells, M cells and Caco-2 cells. Schimpel et al’s co culture mimics two vital 

characteristics for nanoparticle uptake: M Cells and the mucus barrier[344]. While there 

is no antigen presenting cell that would mimic the lymphatic pathway, the model 

developed could effectively represent the initial route that the formulation would 

traverse after a rectal administration.  Uptake experiments on this triple co-culture 

model would provide a lot of insight into the formulation that has been developed, as it 

is assumed that the formulation should follow HIV’s route to the lymph nodes in order 

to be effective. It is very likely that for the full understanding of the uptake mechanisms, 

two different experiments should be performed, one focusing on the fate of the 

polymeric carrier, and the other focusing on the fate of the drug payload. Current data 

on the coated nanocrystals formulation, only has insights on the fate of the polymeric 

nanocarrier. 

Another in vitro model that would allow for important information to be gathered would 

be the dendritic cell line DCC 2.3. While this cell line is a rodent cell line, the 

information gathered would be very revealing in regards to biocompatibility and uptake 

of the formulation. The main caveat that this cell line has, is the short passage stability 

that it displays, as per manufacturer’s instructions it can only be used reliably between 

the 4-10 passages.  

The distribution of the formulation within the lymph node is also of significance, as a 

successful formulation will target the paracortex area of a lymph node [40]. To confirm 

this location, mass spectrometry imaging presents a unique opportunity, as it has been 

reported to quantify drug and metabolites in a system. Ntshangase et al performed an 

illustrative example of this technique localizing elivitegravir in different areas of a rat 
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brain.  Elvitegravir belongs to the same antiretroviral family as DTG, and thus the same 

proof of concept can apply in a lymph node. To further this data, a combination of mass 

spectrometry imaging with immunohistochemistry can allow for confirming the 

internalization of the formulation within the paracortex area. A similar, proof of concept 

work was performed by Thomson et al, as they colocalised the distribution of different 

antiretroviral agents with HIV viral RNA and TCD3+ cell linages in non-human 

primates, HIV+ humanized mice and HIV positive patients 98. The aforementioned 

experimental set-ups can improve the properties of the formulation and give significant 

insight into the biocompatibility and distribution of the formulation inside a lymph node.  

4.4.1 Conclusions 

The size of a population that finds themselves in unplanned lower to moderate risk for 

sexual HIV acquisition is staggering, being between 15-29% in two survey studies with 

different populations. Targeting this population in future pharmacological prevention 

schemes is needed to reach the strict UNAIDS 2030 goals.  

DTG is a model compound for HIV prevention, however its physiochemical properties 

are obstacles for generating a targeted formulation towards the lymph nodes.  To combat 

this issue, a prodrug approach was taken to attach a 14-carbon chain producing MDTG, 

thus changing physiochemical properties. Due to the lipophilic characteristics of 

MDTG a nanocrystal was developed via a solvent displacement method. This process 

generated formulations with significant drug content. The formulations developed were 

resource friendly, however they were either not stable in strong ionic environments, or 

had a quick uncontrolled release, as the entire payload was released in less than 2 hours.  
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For any localised PEPSE formulation to have a high chance of success, it needs a 

controlled release of the antiviral payload, with sustained release for approximately a 

week. This would have a higher chance to saturate local lymph nodes and abort 

impending infection. The formulations developed did not achieve this goal. Further 

research is needed to develop a localised PEPSE that targets the local lymph nodes. 

Such formulation would cover the needs of a sizeable population. 

4.5.1 COVID19 impact statement 

As the UK SARS-CoV2 cases were rising in the UK in mid-March 2020, the University 

of Nottingham was advised to close for research purposes that were not deemed 

essential. This situation did not allow for any laboratory-based data from the period of 

March to August 2020. As the UK lockdown was announced, cellular metabolism and 

uptake studies were being performed. Due to the restrictions they had to be cancelled 

until further notice.  

In August 2020 when the research facilities opened again, they opened with important 

limitations such as a maximum number of researchers per laboratory room. A booking 

system was mandatory for all experimental set ups, which did not account for failed 

experiments or other users needing the laboratory space/equipment. Additionally,not all 

of the research facilities had the same restrictions nor opened at the same time, and due 

to this facts most experimental data plans had to experience heavy corrections and 

adaptations. In the case of this project, experimental plans for cellular uptake and 

biocompatibility data on a dendritic cell line, DC2.4. had to be cancelled completely. 

The main reasons for the cancellation of the dendritic cell line experiments were related 
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to the low passage number where the cell line is representative for experimental data 

and low cell laboratory availability.  

During the early stages of reopening of facilities, different facilities had different 

containment protocols, thus making the work in between buildings difficult. An 

example of such conditions were the Working hours were limited to 8 am to 4:15 pm 

thus limiting certain experimental set ups where certain time points were needed such 

as cellular uptake experiments or drug release studies.    

In the case of the Thai online study, the recruitment was severely impacted by the 

COVID19 pandemic. This situation paralyzed our Thai collaborators, and with none of 

the UK research team being fluent in Thai it was for both situations to resolve before 

we could continue recruiting participants.   

Some of the COVID19 pandemic’s negative impact was mitigated by prioritizing 

experimental data, such as the stability of the formulations in strong ionic environments 

or the drug release of the formulation, however the impact of the pandemic was 

profound on this project.   
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Supplemental information 

Questionnaires and consent statements for the UK and Thailand. 

To note is that if a participant does not accept all the 6 ethics statements, their answers 

will not be recorded, and the survey progression will be closed in either of the survey 

studies. The UK questionnaire was written in English, while the questionnaire in 

Thailand was written in Thai language. 

A) UK research statement, questionnaire, and ethics statements: 

Survey on Sexual Health and HIV prevention  

Conducted by: School of Pharmacy, University of Nottingham, UK 

 

Thank you for your interest in this exciting research project which aims to collect 
information about the sexual practices of individuals in order to develop better 
prevention protocols for HIV. The information we collect will contribute to the 
development of a more detailed research project on sexual health and practices. 

 

The questionnaire should take no more than 5 minutes to complete. Please feel free 
not to answer any questions you are uncomfortable with. All the information collected 
will be kept confidential and anonymous, and you will not be identified in any way.  

 

We are very grateful for your important contribution to this research. Thank you for 
your time. 

Research team: 

Dr. Pavel Gershkovich, School of Pharmacy, pazpg@exmail.nottingham.ac.uk 

Dr. Carlos Sanders-Velez, School of Pharmacy, paxcs6@exmail.nottingham.ac.uk 

Prof. Andrew Kam-Tuck Yip, School of Sociology & Social Policy, 
andrew.yip@nottingham.ac.uk 

 

 

mailto:pazpg@exmail.nottingham.ac.uk
mailto:paxcs6@exmail.nottingham.ac.uk
mailto:andrew.yip@nottingham.ac.uk


 
 

175 
 

 

Please indicate your consent to take part in this survey by ticking all the following 
statements: 

 1) I am over 18 and I voluntarily agree to take part in the study. 
 2) I give the investigators permission to use the results of my 

participation in the study anonymously and confidentially. 
 3) I understand that I can ask for further instructions or explanations at 

any time by contacting the research team. 
 4) I understand that I do not have to answer every question. 
 5) I understand that I am free to withdraw at any time by simply clicking 

X on the browser screen and my data shall not be uploaded. 
 6) Data will only be uploaded after successful completion of the 

questionnaire when I have clicked the 'Finish' button. 
7) You are: 

o Male 
o Female 
o Trans Male 
o Trans Female 
o Other. Please state: ____________________ 

 
8) How do you define your sexuality? 

o Heterosexual 
o Gay /Homosexual/Queer 
o Lesbian 
o Bisexual  
o Asexual  
o I prefer not to define my sexuality 
o Other. Please state: ___________________ 

 
9) Have you had any sexual contact with at least one person in the last three years 

o Yes  Please answer Question 10 
o No  Please do to Question 11 

 
10) When you have engaged in sexual activities with others, which of the following 

are 

relevant to you? Please tick all that apply (if any). 

o Perform penetrative anal intercourse  
o Receive anal intercourse  
o Perform penetrative vaginal intercourse  
o Receive vaginal intercourse  
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o Other activities. Please state: _______________________ 
 

11) Do you use condoms during sexual activities? 
o Always  
o Never 
o Most of the time  
o Sometimes/seldom 

 
12) If you have had unprotected penetrative sex (no condom/damaged condom) at 

least once in the last three years, which of these have applied? Please tick all 
that apply. 

o You forgot to wear a condom  
o The condom broke during a sexual intercourse 
o Your partner and you mutually consented to not wearing a condom 
o You wanted to use a condom but it was not available  
o You do not regularly use condoms 
o Not applicable 

 
If any of the previously described scenarios in question 12 apply to you, please 
answer the following questions:  
12 (a) how many times have these happened to you in the past three years? 
___________________________________________ 
 
12 (b) What did you do in any of these scenarios? Please tick all that apply. 

o You went to the GP and the GP suggested that you get tested for HIV 
and other STDs. 

o You went to the GP and the GP diagnosed an STD and suggested 
treatment. 

o You did not get any professional advice but did go for testing for HIV 
and other STDs. 

o You did not get any professional advice. 
 

13) We are interested in developing a medication that could be inserted into the 
vagina or the anus, after a potential exposure to HIV, in order to prevent 
infection. This new medication could be used up to after 72 hours after 
intercourse. 
Would you be interested in using such a medication if you found yourself in 
such a situation? 

o Yes  
o No 

 
14) Have you been tested for HIV in the past year? If so, what was the result? 
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o Yes I have been tested. It was negative. 
o Yes I have been tested. It was positive. 
o Yes I have been tested. I do not remember the result. 
o No I have not been tested.  

 

Please now ensure that you click the 'Finish' button to submit your answers. 

Thank you for participating in this survey! 
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B) Thai research statement, questionnaire, and ethics statements, translated to 

English language: 

Survey on Sexual Health and HIV prevention  

Conducted by: School of Pharmacy, University of Nottingham, UK 

Thank you for your interest in this exciting research project which aims to collect 
information about the sexual practices of individuals in order to develop better 
prevention protocols for HIV. The information we collect will contribute to the 
development of a more detailed research project on sexual health and practices. 

The questionnaire should take no more than 5 minutes to complete. Please feel free not 
to answer any questions you are uncomfortable with. All the information collected will 
be kept confidential and anonymous, and you will not be identified in any way.  

We are very grateful for your important contribution to this research. Thank you for 
your time. 

Research team: 

Prof. Emeritus Praphan Phanuphak, Thai Red Cross AIDS Research Centre, 
ppraphan@chula.ac.th 

Dr. Nittaya Phanuphak Pungapapong, Thai Red Cross AIDS Research Centre, 
nittaya.p@prevention-trcarc.org 

Dr. Reshmie Ramautarsing, Thai Red Cross AIDS Research Centre, 
reshmie@prevention-trcarc.org 

Dr. Tanat Chinbunchorn, Thai Red Cross AIDS Research Centre, tanat.c@prevention-
trcarc.org  

Dr. Pavel Gershkovich, School of Pharmacy, pazpg@exmail.nottingham.ac.uk 

Dr. Carlos Sanders-Velez, School of Pharmacy, paxcs6@exmail.nottingham.ac.uk 

Prof. Andrew Kam-Tuck Yip, School of Sociology & Social Policy, 
andrew.yip@nottingham.ac.uk 

 

 

 

 

 

 

mailto:tanat.c@prevention-trcarc.org
mailto:tanat.c@prevention-trcarc.org
mailto:pazpg@exmail.nottingham.ac.uk
mailto:paxcs6@exmail.nottingham.ac.uk
mailto:andrew.yip@nottingham.ac.uk
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Please indicate your consent to take part in this survey by ticking all the following 
statements 

Please indicate your consent to take part in this survey by selecting your answer 
to statements 1 - 6. 

 1) I am over 15 and I voluntarily agree to take part in the study. 
 2) I give the investigators permission to use the results of my 

participation in the study anonymously and confidentially. 
 3) I understand that I can ask for further instructions or explanations at 

any time by contacting the research team. 
 4) I understand that I do not have to answer every question. 
 5) I understand that I am free to withdraw at any time by simply clicking 

X on the browser screen and my data shall not be uploaded. 
 6) Data will only be uploaded after successful completion of the 

questionnaire when I have clicked the 'Finish' button. 
7) You are: 

o Male 
o Female 
o Trans Male 
o Trans Female 
o Other. Please state: ____________________ 

8) How old are you?  
        ____ 

9) How do you define your sexuality? 
o Heterosexual 
o Gay /Homosexual/Queer 
o Lesbian 
o Bisexual  
o Asexual  
o I prefer not to define my sexuality 
o Other. Please state: ___________________ 

 
10) Have you had any sexual contact with at least one person in the last three 

years? 
o Yes   Please go to Question 11 
o No   Please go to Question 12 
o I don’t know Please go to Question 12 

 
11) When you have engaged in sexual activities with others, which of the following 

are 

relevant to you? Please select/tick all that apply (if any). 
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o Perform penetrative anal intercourse  
o Receive anal intercourse  
o Perform penetrative vaginal intercourse  
o Receive vaginal intercourse  
o Other activities. Please state: _______________________ 

12) Have you heard about PrEP ( A pill that prevents HIV)? 
       - Yes I have 
       - No I have not  

13) Are you currently on PrEP ? 
       - Yes I am  
       - No I am not 

14) Have you taken PEP before (Pills to prevent getting HIV AFTER having sex)? 
      - Yes I have 
      - No I have not 
      - I have never heard about PEP before  

15) Do you use condoms during sexual activities? 
o Always  
o Never 
o Most of the time  
o Sometimes/seldom 

16) If you have had unprotected penetrative sex (no condom/damaged condom) at 
least once in the last three years, which of these have applied? Please select/tick 
all that apply. 

o You forgot to wear a condom  
o The condom broke during a sexual intercourse 
o Your partner and you mutually consented to not wearing a condom 
o You wanted to use a condom but it was not available  
o You do not regularly use condoms 
o Not applicable 

 
If any of the previously described scenarios in question 16 apply to you, please 
answer the following questions:  
16 (a) how many times have these happened to you in the past three years? 
___________________________________________ 
 
16 (b) What did you do in any of these scenarios? Please select/tick all that 
apply. 

o You went to a healthcare professional and they suggested that you get 
tested for HIV and other STDs. 

o You went to a healthcare professional and they diagnosed an STD and 
suggested treatment. 
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o You did not get any professional advice but did go for testing for HIV 
and other STDs. 

o You did not get any professional advice and did not get tested for HIV 
and other STDs. 
 

17) We are interested in developing a medication that could be inserted into the 
vagina or the anus, after a potential exposure to HIV, in order to prevent 
infection. This new medication could be used up to after 72 hours after 
intercourse. 
Would you be interested in using such a medication if you found yourself in 
such a situation? 

o Yes  
o No 

 
18) Have you been tested for HIV in the past year? If so, what was the result? 

o Yes I have been tested. It was negative. 
o Yes I have been tested. It was positive. 
o Yes I have been tested. I do not remember the result. 
o No I have not been tested.  

Please now ensure that you click the 'Finish' button to submit your answers. 

Thank you for participating in this survey! 
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Logistic regression vs Linear regression 

Different types of mathematical regressions are usually performed for the correct 

interpretation of data. We used a multiple logistic regression model with a logit link 

function to analyse and understand the subpopulation that exhibits certain behaviours 

concerning condoms when carrying out sexual activities.   

The most mathematically used regression, is a linear regression, such as a calibration 

curve. In a linear regression, a line is fitted through the known “X” and “Y” and the 

equation that produces this line is used to predict the unknown variable (Figure A) 

[346].  

 

Figure A): Comparison of a logistic regression and a linear regression. A linear regression is most used when 

trying to predict the values of X or Y from a given data set. A common example of a linear regression is an 

HPLC calibration curve. A logistic regression on the other hand attempts to predict the probability of a given 

outcome or characteristic being present, represented on the Y axis as 0 or 1. Characteristics or predictors are 

plotted on the X axis, and a logistic curve is fitted on the data set. This allows for a mathematical threshold 

to be set and thus predict the possibility of a predictor/characteristic being associated with the outcome of 

interest.  
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A logistic regression is a mathematical model that most commonly tries to predict an 

outcome (in this case a behaviour or characteristic) based on fitting a sigmoidal line 

based on a logistic equation using the problem data set. In this scenario, the “X” axis 

stands for the characteristics/behaviours (also known as predictors) analysed in the 

problem data set and the “Y” axis for the behaviour/characteristic of interest. The line 

is fitted to assign the characteristic of interest after a threshold is met. In summary, 

rather than predicting a specific value of “X” or “Y”, a logistic regression is based on 

the relationship of association that  predictors have on a problem characteristic or 

behaviour [347].   
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Dynamic Light Scattering data (Intensity, Number, Volume and Correlogram) of 
relevant formulations produced.  

 

A) mPEG-PLA /Acetone/ Acetone to water ratio 1:2 
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Correlogram 

 
 

B) PLGA Acetone/Acetone to water ratio 1:2 

Size by intensity 

 
Size by volume 

 
 

 

 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.1 10 1000 100000 10000000 1000000000

C
or

re
la

tio
n 

C
oe

ffi
ci

en
t

Time (µs)

Raw Correlation Data

Record 10: Mpeg pla 3 diluted 1 in 10 filtered 045 1 Record 11: Mpeg pla 3 diluted 1 in 10 filtered 045 2
Record 12: Mpeg pla 3 diluted 1 in 10 filtered 045 3

0

5

10

15

20

0.1 1 10 100 1000 10000

In
te

ns
ity

 (P
er

ce
nt

)

Size (d.nm)

Size Distribution by Intensity

Record 52: plga mdtg sample 1 diluted 1/10 filtered 0.45 um  1
Record 53: plga mdtg sample 1 diluted 1/10 filtered 0.45 um  2
Record 54: plga mdtg sample 1 diluted 1/10 filtered 0.45 um  3

0

5

10

15

0.1 1 10 100 1000 10000

V
ol

um
e 

(P
er

ce
nt

)

Size (d.nm)

Size Distribution by Volume

Record 52: plga mdtg sample 1 diluted 1/10 filtered 0.45 um  1
Record 53: plga mdtg sample 1 diluted 1/10 filtered 0.45 um  2
Record 54: plga mdtg sample 1 diluted 1/10 filtered 0.45 um  3



 
 

186 
 

 

Size by number 

 
Correlogram 

 
C) PLGA /Acetone/Acetone to water ratio 1:3 
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Size by volume 

 
Size by number 

 
Correlogram 
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D) PLGA/Acetone/Acetone to water ratio 1:4 
 

Size by intensity 

 
Size by volume 

 
Size by number 

 
 

 

 

0

5

10

15

20

0.1 1 10 100 1000 10000

In
te

ns
ity

 (P
er

ce
nt

)

Size (d.nm)

Size Distribution by Intensity

Record 248: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  1
Record 249: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  2
Record 250: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  3

0

5

10

15

20

0.1 1 10 100 1000 10000

V
ol

um
e 

(P
er

ce
nt

)

Size (d.nm)

Size Distribution by Volume

Record 248: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  1
Record 249: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  2
Record 250: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  3

0

5

10

15

20

0.1 1 10 100 1000 10000

N
um

be
r (

P
er

ce
nt

)

Size (d.nm)

Size Distribution by Number

Record 248: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  1
Record 249: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  2
Record 250: PLGA 20mg MDTG2.75mg 1:4 Acetone Retry Filtered/diluted Sample I  3



 
 

189 
 

 

Correlogram 

 
E) PLGA/Acetone/Acetone to water ratio 1:6 

Size by intensity 
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Size by number 

 
Correlogram 

 
F) PLGA/ACN/ACN to water ratio 1:6 

Size by intensity 
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Size by volume 

 
Size by number 

 
Correlogram 
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G) MDTG nanocrystal 

Size by intensity 

 
Size by volume 

 
Size by number 
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Correlogram 

 
 

H) mPEG-PLA 0.22mg coating 

Size by intensity 

 
Size by volume 
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Size by numbers 

 
Correlogram 

 
I) mPEG-PLA 0.44mg coating 

Size by intensity 
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Size by volume 

 
 

Size by numbers 
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Correlogram 

 
J) mPEG-PLA 1mg  coating 

Size by intensity 
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Correlogram 

 
K) PLGA 1mg  coating 

Size by intensity 
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Size by volume 

 
Size by numbers 

 
Correlogram 
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K) PLGA 0.88mg  coating 

Size by intensity 

 
Size by volume 

 
Size by number 
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Correlogram 

 
L) PLGA 0.44mg  coating 

Size by intensity 

 
Size by volume 
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Record 533: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 1
Record 534: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 2
Record 535: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 3
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Size by number 

 
Correlogram 

 
M) P85 0.44mg  coating 

Size by intensity 
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Record 533: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 1
Record 534: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 2
Record 535: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 3
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Record 533: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 1
Record 534: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 2
Record 535: MDT 2.75MG/ PLGA .44 MG COATING SAMPLE V PUMP 3
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Record 202: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 1
Record 203: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 2
Record 204: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 3
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Size by numbers 

 

 

Size by numbers 

 
 

Correlogram 
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Record 202: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 1
Record 203: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 2
Record 204: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 3
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Record 202: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 1
Record 203: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 2
Record 204: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 3
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Record 202: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 1
Record 203: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 2
Record 204: MDTG 2.75MG/ PF 85 0.44MG COATING/ SAMPLE IV 3
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N) mPEG-PLA-Cy5 0.22mg coating 

Size by intensity 

 
Size by volume 

 
Size by number 
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Record 504: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg I 1
Record 505: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg I 2
Record 506: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg I 3
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Record 507: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 1
Record 508: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 2
Record 509: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 3
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Record 507: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 1
Record 508: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 2
Record 509: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 3
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Correlogram  

 
O) mPEG-PLA 0.22mg coating in 100mM PBS 

Size by intensity  

 
Size by volume 
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Record 507: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 1
Record 508: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 2
Record 509: mPEG5000-LA100 0.22mg C5.BLue/MDTG 2.75mg II 3
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Record 176: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 1
Record 177: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 2
Record 178: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 3
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Record 176: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 1
Record 177: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 2
Record 178: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 3



 
 

205 
 

Size by numbers 

 
Correlogram 

 
 

P) mPEG-PLA 0.22mg coating after 1 hour in 10mM HEPES buffer 

Size by intensity 
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Record 176: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 1
Record 177: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 2
Record 178: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 3
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Record 176: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 1
Record 177: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 2
Record 178: MDTG 2.75MG/ MPEG 5000--LA100 0.22MG COATING/ PBS 10mM SAMPLE III 3
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Record 26: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 1
Record 27: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 2
Record 28: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 3
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Size by volume 

 
Size by numbers 
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Record 26: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 1
Record 27: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 2
Record 28: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 3
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Record 26: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 1
Record 27: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 2
Record 28: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 3
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Record 26: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 1
Record 27: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 2
Record 28: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 1 hour after 3
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Q) mPEG-PLA 0.22mg coating after 2 hours in 10mM HEPES buffer 

Size by intensity 

 
Size by volume 

 
Size by numbers 
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Record 38: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 1
Record 39: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 2
Record 40: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 3
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Record 38: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 1
Record 39: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 2
Record 40: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 3
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Record 38: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 1
Record 39: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 2
Record 40: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 3
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Correlogram 

 
R) mPEG-PLA 0.22mg coating after 3 hours in 10mM HEPES buffer 

Size by intensity 

 
Size by volume 
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Record 38: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 1
Record 39: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 2
Record 40: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 2 HOUR AFTER 3
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Record 50: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 1
Record 51: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 2
Record 52: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 3
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Record 50: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 1
Record 51: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 2
Record 52: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 3
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Size by numbers 

 
 Correlogram 

 
S) mPEG-PLA 0.22mg coating after 4 hours in 10mM HEPES buffer 

Size by intensity 
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Record 50: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 1
Record 51: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 2
Record 52: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 3
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Record 50: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 1
Record 51: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 2
Record 52: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 3 HOURS AFTER 3
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Record 62: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 1
Record 63: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 2
Record 64: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 3
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Size by volume 

 
Size by numbers 

 
Correlogram 
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Record 62: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 1
Record 63: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 2
Record 64: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 3
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Record 62: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 1
Record 63: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 2
Record 64: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 3
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Record 62: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 1
Record 63: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 2
Record 64: MDTG 2.75mg/ mPEG5000-LA100 0.22 mg coating/ sample I HEPES 10mM 4 HOURS AFTER 3
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T) mPEG-PLA 0.22mg coating after 24 hours in 10mM HEPES buffer 

Size by intensity 

 
Size by volume 

 
Size by number 
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Record 76: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  1
Record 77: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  2
Record 78: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  3
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Record 76: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  1
Record 77: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  2
Record 78: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  3

0

5

10

15

20

25

0.1 1 10 100 1000 10000

N
um

be
r (

P
er

ce
nt

)

Size (d.nm)

Size Distribution by Number

Record 76: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  1
Record 77: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  2
Record 78: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  3
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Correlogram  

 
 

U) P85 0.44mg coating in PBS 100mM 

Size by intensity 

 
Size by volume 
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Record 76: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  1
Record 77: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  2
Record 78: MDTG 2.75MG/ mPEG5000-LA100 0.22mg coating/ Sample I 10mM HEPES 24 hours after.  3
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Record 19: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 1
Record 20: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 2
Record 21: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 3
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Record 19: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 1
Record 20: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 2
Record 21: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 3
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Size by numbers 

 
 
Correlogram 

 
 

 

V) P85 0.44mg coating after 1 hour in 10mM HEPES buffer 

Size by intensity 
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Record 19: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 1
Record 20: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 2
Record 21: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 3
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Record 19: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 1
Record 20: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 2
Record 21: MDTG 2.75MG/PF 85 0.44MG COATING/ 100mM PBS SAMPLE I 3
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Record 41: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 1
Record 42: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 2
Record 43: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 3
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Size by volume 

 
Size by numbers 

 
Correlelogram 
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Record 41: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 1
Record 42: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 2
Record 43: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 3
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Record 41: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 1
Record 42: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 2
Record 43: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 3
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Record 41: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 1
Record 42: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 2
Record 43: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 1 HOUR LATER  SAMPLE I 3
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W) P85 0.44mg coating after 2 hour in 10mM HEPES buffer 

Size by intensity 

 
Size by volume 

 
Size by numbers 
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Record 63: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 1
Record 64: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 2
Record 65: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 3
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Record 63: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 1
Record 64: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 2
Record 65: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 3
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Record 63: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 1
Record 64: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 2
Record 65: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 3
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Correlogram 

 
 

X) P85 0.44mg coating after 3 hour in 10mM HEPES buffer 

Size by intensity 
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Record 63: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 1
Record 64: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 2
Record 65: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 2 HOUR LATER SAMPLE I 3
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Record 99: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 1
Record 100: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 2
Record 101: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 3
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Record 99: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 1
Record 100: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 2
Record 101: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 3
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Size by numbers 

 
Correlogram 

 
 

Y) P85 0.44mg coating after 4 hour in 10mM HEPES buffer 

Size by intensity 
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Record 99: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 1
Record 100: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 2
Record 101: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 3
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Record 99: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 1
Record 100: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 2
Record 101: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 3
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Record 99: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 1
Record 100: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 2
Record 101: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 3
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Size by volume 

 
Size by numbers 

 
Correlogram 
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Record 99: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 1
Record 100: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 2
Record 101: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 3
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Record 99: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 1
Record 100: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 2
Record 101: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 3
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Record 99: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 1
Record 100: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 2
Record 101: MDTG 2.75MG/ PF 85 0.44MG COATING/ 10mM HEPES 4 HOUR LATER SAMPLE I 3
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Z) P85 0.44mg coating after 1 hour in DMEM 

Size by intensity 

 
Size by volume 

 
Size by numbers 
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Record 272: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 1
Record 273: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 2
Record 274: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 3
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Record 272: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 1
Record 273: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 2
Record 274: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 3
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Record 272: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 1
Record 273: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 2
Record 274: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 3
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Correlogram 

 
AA) P85 0.44mg coating after 2 hour in DMEM 

Size by intensity 

 
Size by volume 
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Record 272: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 1
Record 273: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 2
Record 274: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 1 HOUR LATER SAMPLE I 3
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Record 287: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 1
Record 288: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 2
Record 289: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 3
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Record 287: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 1
Record 288: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 2
Record 289: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 3
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Size by numbers 

 
Correlogram 

 
BB) P85 0.44mg coating after 3 hour in DMEM 

Size by intensity 
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Record 287: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 1
Record 288: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 2
Record 289: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 3
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Record 287: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 1
Record 288: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 2
Record 289: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 2HOURS LATER SAMPLE III 3
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Record 290: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 1
Record 291: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 2
Record 292: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 3
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Size by volume 

 
Size by numbers 

 
Correlelogram 
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Record 290: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 1
Record 291: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 2
Record 292: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 3
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Record 290: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 1
Record 291: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 2
Record 292: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 3
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Record 290: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 1
Record 291: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 2
Record 292: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 3HOURS LATER SAMPLE I 3
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CC) P85 0.44mg coating after 4 hour in DMEM 

Size by intensity 

 
Size by volume 

 
Size by numbers 
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Record 300: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE I 2
Record 301: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE I 3
Record 302: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE II 1
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Record 300: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE I 2
Record 301: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE I 3
Record 302: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE II 1
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Record 300: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE I 2
Record 301: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE I 3
Record 302: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE II 1
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Correlelogram 

 
 

DD) P85 0.44mg coating after 4 hour in DMEM 

Size by intensity 

 
Size by volume 
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Record 300: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE I 2
Record 301: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE I 3
Record 302: MDTG2.75MG/MPEG 0.22 + 0.44MG PF85/1:1 dmem/ 4HOURS LATER SAMPLE II 1
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Record 199: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 1
Record 200: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 2
Record 201: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 3
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Record 199: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 1
Record 200: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 2
Record 201: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 3
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Size by numbers 

 
Correlelogram 
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Record 199: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 1
Record 200: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 2
Record 201: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 3
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Record 199: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 1
Record 200: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 2
Record 201: MDTG 2.75MG/ PF 85 0.44MG COATING/ DMEM 1:1 24 HOURS SAMPLE VI 3
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