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Abstract 

A new modality for preventing HIV transmission is emerging in the form of 

topical microbicides. Some clinical trials have shown some promising results of these 

methods of protection while other trials have failed to show efficacy. Due to the 

relatively novel nature of microbicide drug transport, a rigorous, deterministic analysis 

of that transport can help improve the design of microbicide vehicles and understand 

results from clinical trials. This type of analysis can aid microbicide product design by 

helping understand and organize the determinants of drug transport and the potential 

efficacies of candidate microbicide products. 

Microbicide drug transport is modeled as a diffusion process with convection 

and reaction effects in appropriate compartments. This is applied here to vaginal gels 

and rings and a rectal enema, all delivering the microbicide drug Tenofovir. Although 

the focus here is on Tenofovir, the methods established in this dissertation can readily be 

adapted to other drugs, given knowledge of their physical and chemical properties, such 

as the diffusion coefficient, partition coefficient, and reaction kinetics. Other dosage 

forms such as tablets and fiber meshes can also be modeled using the perspective and 

methods developed here. 

The analyses here include convective details of intravaginal flows by both 

ambient fluid and spreading gels with different rheological properties and applied 
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volumes. These are input to the overall conservation equations for drug mass transport 

in different compartments. The results are Tenofovir concentration distributions in time 

and space for a variety of microbicide products and conditions. The Tenofovir 

concentrations in the vaginal and rectal mucosal stroma are converted, via a coupled 

reaction equation, to concentrations of Tenofovir diphosphate, which is the active form 

of the drug that functions as a reverse transcriptase inhibitor against HIV.  Key model 

outputs are related to concentrations measured in experimental pharmacokinetic (PK) 

studies, e.g. concentrations in biopsies and blood. A new measure of microbicide 

prophylactic functionality, the Percent Protected, is calculated. This is the time 

dependent volume of the entire stroma (and thus fraction of host cells therein) in which 

Tenofovir diphosphate concentrations equal or exceed a target prophylactic value, e.g. 

an EC50. 

Results show the prophylactic potentials of the studied microbicide vehicles 

against HIV infections. Key design parameters for each are addressed in application of 

the models. For a vaginal gel, fast spreading at small volume is more effective than 

slower spreading at high volume. Vaginal rings are shown to be most effective if 

inserted and retained as close to the fornix as possible. Because of the long half-life of 

Tenofovir diphosphate, temporary removal of the vaginal ring (after achieving steady 

state) for up to 24h does not appreciably diminish Percent Protected. However, full 

steady state (for the entire stromal volume) is not achieved until several days after ring 
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insertion. Delivery of Tenofovir to the rectal mucosa by an enema is dominated by 

surface area of coated mucosa and whether the interiors of rectal crypts are filled with 

the enema fluid. For the enema 100% Percent Protected is achieved much more rapidly 

than for vaginal products, primarily because of the much thinner epithelial layer of the 

mucosa. For example, 100% Percent Protected can be achieved with a one minute enema 

application, and 15 minute wait time. 

Results of these models have good agreement with experimental 

pharmacokinetic data, in animals and clinical trials. They also improve upon traditional, 

empirical PK modeling, and this is illustrated here. Our deterministic approach can 

inform design of sampling in clinical trials by indicating time periods during which 

significant changes in drug concentrations occur in different compartments. More 

fundamentally, the work here helps delineate the determinants of microbicide drug 

delivery. This information can be the key to improved, rational design of microbicide 

products and their dosage regimens.
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1. Introduction 

Topical microbicides for women are important tools in the fight against the HIV 

epidemic. Products based on different drugs and delivery systems (e.g. gels, intravaginal 

rings, films and suppositories) are in various stages of development. Most Phase 3 trials 

of microbicide products have failed to date, and poor user adherence, indicating product 

use, has been a major factor attributed to such failures[44, 61]. There is evidence that a 

vaginal gel containing the antiretroviral drug Tenofovir can significantly reduce the 

sexual transmission rate of HIV provided it is applied as indicated and that greater 

adherence to the dosage regimen results in greater anti-HIV efficacy[45].  

Microbicide product success is dependent on such adherence, together with 

satisfactory drug delivery by a product. It is striking that microbicide product design to 

date has been based almost entirely on empirical approaches to evaluate drug delivery. 

Overall, the prevailing philosophy has been to create products in which “more drug is 

better,” provided the products are safe and stable. For vaginal microbicide gels (to date 

the most evaluated delivery system), gel volumes have been chosen to be as high as 

believed will be tolerated by users, and therefore, the failures of adherence for the recent 

microbicide gel trials were attributed in part to the messiness of these high volume gels. 

As the microbicide field moves forward, it seeks to fill in gaps in the methods 

used in product conception, design and development. Deterministic mathematical 
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modeling of the microbicide drug delivery process can help fill one of these gaps. 

Modeling can relate properties of a microbicide product, together with those of its host 

environment and dosage regimen, to details of drug delivery, i.e. pharmacokinetics (PK) 

and pharmacodynamics (PD). Unfortunately there has been very little such modeling in 

the microbicide field, with the exception of the work undertaken in the Katz research 

group. The goal of this Ph.D. thesis is to extend and broaden this work, and to make it as 

relevant and usable as possible to the microbicide community overall. Previous studies 

in the Katz lab emphasized vaginal microbicide gels, and their spreading and coating of 

the vaginal mucosa in particular[52]. Only in the two instances was the mass transport 

of drugs analyzed: interacting co-diffusion of HIV virions and Cyanovirin molecules[29] 

(a lectin that binds key proteins on the viral envelope) and transport of Dapivirine (an 

antiretroviral reverse transcriptase inhibitor) from an intravaginal ring to the surface of 

the vaginal mucosa[28]. This work focuses on the mass transport of leading microbicide 

drug Tenofovir to the vaginal mucosa. 

The first problem is a mathematical model of diffusion of Tenofovir from a gel 

coating layer down into the mucosal epithelium and the stroma (where Tenofovir 

primarily acts) and then into the bloodstream[25]. Results of this work provide an initial 

biophysical understanding of the roles played by drug transport properties and the 

histology of the host environment in drug delivery. Importantly, the model simulated 
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the measurement of drug concentrations obtained in a mucosal biopsy, which is a staple 

of PK studies. There are many limitations to the interpretation of the mass averaged 

concentration measured in a biopsy, and the model helps describe and interpret them. It 

was also applied to study effects of variation in the thickness of the epithelial layer, 

which occurs throughout the menstrual cycle. 

The next problem is the role of gel spreading in Tenofovir delivery to the vaginal 

mucosal tissue. First, a model of the fluid mechanics of gel spreading process is created 

and accounts for the finite dimensions of the vaginal canal, the fact that one end is closed 

and the other is open (out from which gel leakage can be computed), and effects of 

different sites of gel insertion within the canal. Then gel spreading is incorporated into 

the Tenofovir mass transport model[26]. Further, the mechanism of Tenofovir (TFV) 

phosphorylation to Tenofovir diphosphate (TFV-DP) in mucosal cells is introduced, 

with a focus on the CD4+ host cells in the stroma that HIV can infect. TFV-DP is the 

bioactive form of TFV and has a much longer half-life than TFV. This conversion is a key 

characteristic of TFV and the model delineates its effect in lengthening the interval after 

gel insertion when HIV protection may occur. This analysis uses rheological data for 

three prototype microbicide gels[35] with differing compositions and rheological 

properties. Gel volume, the size of the vaginal canal, and the site of gel insertion are all 

varied in realistic ways that span the likely range of conditions in people. The results for 
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Tenofovir concentrations in the stromal mucosal layer were then referenced to target 

concentrations believed to be prophylactic against HIV (EC50 values that were measured 

in vitro). This analysis marks the first time that results for a PK model for a microbicide 

were translated to inferences about the resulting PD. Importantly, results of this model 

demonstrated that reducing vaginal microbicide gel volume does not necessarily 

compromise the predicted effectiveness of the gel. 

Then, the next problem is analysis of Tenofovir delivery by an intravaginal ring 

(IVR), a type of drug delivery vehicle that is currently of great interest. While gel 

application would need to be episodic, or “on demand” in relation to sexual activity, 

delivery by an IVR (that remains within the vaginal canal for many weeks) would be 

continuous and, therefore, not coitally dependent. Notably, a contraceptive IVR 

(NuvaRing) is currently available commercially. This analysis addresses how 

characteristics of the IVR (most importantly its drug release rate) together with 

characteristics of the vaginal environment (dimensions of the canal, thickness of the 

epithelial layer, presence and flow of vaginal fluid) govern Tenofovir delivery and also 

effectiveness against HIV. 

In addition to the vagina, sexual transmission of HIV can occur in the rectum. 

There is increasing interest in rectal application of microbicides because many people, 

men who have sex with men (MSMs) and also heterosexual populations practice 



 

 

5 

receptive anal intercourse (RAI). Rectal gels and enemas are currently being developed 

to deliver microbicide drugs, and Tenofovir is the leading such drug. Thus, a model of 

microbicide distribution is created for drug delivery model in the rectum. The rectal 

anatomy and histology are quite different from those of the vagina. The rectal canal has 

an approximately circular cross sectional area while the vaginal lumen is flat, almost 

rectangular. More importantly, the rectal mucosal architecture is quite different. The 

vaginal epithelium is stratified squamous with multiple layers of cells, while the rectal 

epithelium is columnar and contains a single layer of cells. The rectal mucosa contains a 

mosaic of approximately cylindrical crypts and the epithelial layer warps around the 

surface with a thinner stroma below the epithelium compared with that of the vaginal 

mucosa. The model incorporates these rectal features and creates the first deterministic 

look at microbicide drug delivery in the rectum and how it compares with that in the 

vagina. The first analysis is for a rectal enema that creates a perfect coating of the rectal 

mucosa (similar to the first vaginal gel transport model developed here). Results so far 

demonstrate a much more rapid transport of Tenofovir in the rectal stroma. Enemas are 

attractive as a drug delivery modality because of their low viscosity, which would 

promote rapid spreading along the canal. However, a major factor in the success of an 

enema drug delivery system will be its retention time before expulsion. The initial 

results of the model show how important this retention time is to Tenofovir delivery. 
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1.1 Topical Microbicides and Modeling 

Approximately 35 million people worldwide are infected with HIV[41], of whom 

68% reside in Sub-Saharan Africa. Despite international programs in education and 

prevention, new infections continue to occur at an alarming rate. The epidemic 

disproportionally affects women, with 13 women infected for every 10 men[32]; this 

disparity is in part due to a higher risk of contracting HIV from receptive vaginal 

intercourse than from insertive vaginal intercourse(8 per 10,000 vs. 4 per 10,000). New 

methods of prevention are needed to curb the epidemic. Traditional education and 

prevention methods focus on safe sex practices such as abstinence, faithfulness and 

condom use[9]. Condom use has been a proven method for prevention of HIV; however, 

the choice of use is primarily contingent on the man, leaving the woman with little 

choice in protection[30]. Clearly, new methods of protection that can be used by women 

will lead to reduction in new HIV infections and will empower women to make their 

own choices about their sexual health. 

Topical microbicides have emerged as a potential new tool in preventing new 

HIV infections[6, 42, 84]. Microbicides are delivered locally to tissue that will most likely 

be infected, and act by either neutralizing the virus before it enters host cells or by 

preventing the onset of infection in those cells[80, 95]. Candidate microbicides have had 

a disappointing record in clinical trials to date[44]. Success of a product in trials depends 
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upon good user adherence as well as good drug delivery. Poor user adherence has been 

attributed to failure in two recent trials[59, 73]. Further, there is a limited understanding 

of how properties of a product and its drug, the dosage regimen, and the host 

environment govern drug delivery. This is in part due to very limited modeling of the 

drug delivery process. In traditional compartmental PK modeling, the body is divided 

into simple homogeneous compartments, with transfer coefficients deduced by fitting 

the model to clinical data[91]. This approach is not compatible with the full biophysics 

and chemistry of microbicide mass transport and is inherently inaccurate for vaginal 

and rectal microbicide delivery. It does not give information on the efficacy of the 

microbicide, nor can it predict the effects of different delivery vehicles, dosage regimens 

or of physiological variability in the host environment. 

Modeling of the microbicide mass transport process through a more mechanistic 

approach will help drug designers and manufacturers make more accurate and 

informed decisions in product design and evaluation. A mechanistic approach should 

use the underlying transport mechanisms such as fluid mechanics, diffusion, and 

chemical kinetics to build an accurate model of the drug delivery process. 

1.2 Clinical Trials and Microbicide Delivery Vehicles 

Currently there are several types of microbicide delivery vehicles proposed for 

delivery of drugs into the vagina. These include gels, rings, films, meshes, and 
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tablets[19]. In addition to delivering a pharmacokinetically active concentration to the 

local vaginal environment, the dosage forms need to be acceptable to women so that 

they will adhere to the prescribed dosage regimens[63]. The different dosage forms offer 

a range of drug loading and release rates, which will lead to a variety of design choices 

depending on the active pharmaceutical ingredient, desired dosage interval, and user 

preference. 

Vaginal gels are the furthest along in terms of development, with multiple phase 

III trials already completed. The gels are usually composed of a hydrophilic polymer 

that is mostly water with the active pharmaceutical ingredient dissolved within the 

polymer network. The gel is then applied through an applicator once or twice per day to 

the vaginal canal. The first completed phase III trial[46], CAPRISA 004, instructed the 

women to use the gel before and after sex. The trial demonstrated that a 4 mL 1% 

Tenofovir gel is effective at preventing new HIV infections compared to the placebo. 

However a second trial[59], VOICE, which instructed the women to apply the same gel 

once a day, did not show protection compared with the placebo. A third trial involving 

Tenofovir, called FACTS, used the same dosage regimen as CAPRISA 004 but failed to 

show adequate protection[44]. As noted above, it is believed that failures in VOICE and 

FACTS were due, to a significant extent, to poor user adherence in those trials. Recent 

analyses of data from VOICE showed that for the subset of participants documented to 
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have applied the gel as instructed there was a significant reduction in sexually 

transmitted HIV[59]. This finding together with that from CAPRSIA 004 showed that 

greater efficacy in reduction of HIV transmission was associated with greater adherence 

to designated gel application[31]. 

Vaginal rings are another candidate dosage form for microbicide delivery. A 

number of rings are already approved for use as contraceptives[23]. The rings are made 

of a rubbery polymer with matrix of drug that can be delivered to the vaginal canal over 

an extended period of time, on the order of weeks to months[57]. Rings have the 

potential to be easy to use and long lasting, which will greatly increase user adherence. 

A recently completed study called ASPIRE showed promising results for a ring 

delivering the microbicide Dapivirine in reducing the incidence of new HIV 

infections[4]. Current studies are focusing on the design of rings to deliver multiple 

drugs over an extended period of time. These include rings that can deliver both a 

contraceptive as well as microbicide drug[16]. 

Films, suppositories, and fiber meshes are the other potential choices for 

microbicide delivery vehicles. Dissolving films containing microbicides have been 

shown to quickly release drugs that can reduce the rate of infection in vitro[1, 36]. Films 

may be preferable to gels because they will not leak, and their ease of use may lead to 

greater adherence[22]. Vaginal suppositories and tablets are another class of delivery 
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vehicles that are being evaluated in in vivo as well as in in vitro studies[17]. Fiber mesh 

microbicide delivery systems are also being developed[5, 11]. An attractive feature of 

them is that different drugs could be loaded into each fiber. By controlling fiber 

composition and drug loading, controlled asynchronous release of drugs could be 

achieved[12]. 

1.3 Active Pharmaceutical Ingredient in Microbicides 

Active Pharmaceutical Ingredients (API) in microbicides can be divided into two 

sub groups based on their site of action. The first are API’s that can disable the HIV virus 

on contact (i.e. within luminal fluids), and the second are API’s that can inhibit viral 

attack by altering viral interactions with host cells in the body[84]. The first group 

includes surfactants, antibiotics, acidifying agents and lectins, all of which can disable 

the viral envelope on contact. The second group includes entry inhibitors, reverse-

transcriptase inhibitors, protease inhibitors and integrase inhibitors. These act by either 

preventing viral entry, conversion of viral RNA to DNA, or subsequent intracellular 

viral replication. 

The first large scale clinical trial of microbicides used nonoxynol-9, a surfactant 

that has been shown in vitro to disable HIV by disaggregating the lipid membrane. 

However, the trial was unsuccessful because it did not show increased protection 

against the virus. There is also evidence that a high incidence of vaginal ulcers from 
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using the surfactant caused an increase in infection[51]. Despite this early setback, other 

API’s have emerged as good microbicide candidates through subsequent trials. 

Reverse Transcriptase Inhibitors are once class of API’s that have received the 

most attention for their microbicide properties. This class includes both nucleoside and 

non-nucleoside analogues that prevent viral RNA from being copied into DNA; this 

action stops the viral integration process and prevents infection in host cells. Studies 

have been conducted which showed a Tenofovir Gel[40], Dapivirine Ring[66], UC781 

Gel[33], and MIV-150 Ring[82] as promising microbicide products. Clearly, the 

pharmacological success of these products depends on delivering their API’s in 

sufficient concentrations to host cells in order to prevent infection. 

1.3.1 Tenofovir as Microbicide 

Tenofovir (TFV), a nucleoside analogue reverse transcriptase inhibitor, is one of 

the leading microbicide candidates. The most common form of Tenofovir is a pro-drug 

Tenofovir disoproxil fumarate (Viread) that is taken orally for treatment of HIV and 

hepatitis B. In its pure form, Tenofovir (Figure 1) is a relatively hydrophilic drug with 

LogP of 1.5. This allows the drug to dissolve easily in hydrogels and allows good drug 

delivery through the tissue[13]. The molecular weight of Tenofovir is 287 g/mol, a small 

molecule which could diffuse across cell membranes and also have a high diffusion 

coefficient driven by thermal energy from Stokes-Einstein theory. 
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Figure 1: Molecular structure of Tenofovir. 

In order to be pharmacokinetically active, a Tenofovir molecule will need to be 

phosphorylated twice within host cells to Tenofovir diphosphate (TFV-DP). Tenofovir 

diphosphate (Figure 2), and by extension Tenofovir, have many unique features that are 

attractive in microbicide applications. First, while TFV is free to move and is transported 

in and out of cells, TFV-DP cannot leave cells as readily. Second, TFV-DP has an 

extremely long intra-cellular half-life[38] on the order of days compared with TFV, 

which is on the order of hours. And third, despite the slow rate of decay, TFV-DP 

formation rate is surprisingly fast. The steady state level that is proportional to applied 

TFV concentration can be achieved a few hours after initial TFV dose[78]. The long half-

life combined with the ability to stay within host cells, allow TFV-DP to stay active 

potentially many days after the initial dose. This retention will allow an easier dosing 
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schedule that people are more likely to follow compared to a more frequent dosage 

regimen. 

 

Figure 2: Molecular structure of Tenofovir diphosphate. 

1.4 Vaginal Geometry 

The human vaginal canal extends from the introitus to the fornix and ranges in 

length from 10 to 15 cm[7, 72]. In a resting state, the walls of the vaginal canal are 

collapsed, the width is around 2.5 cm, meaning that the cross section is approximately 

rectangular with height that is a few hundred microns in order to accommodate ambient 

vaginal fluid[69]. The walls of the canal exhibit an elastic squeezing force that is 

dependent on the local wall displacement from its resting state[49, 85, 88, 89]. This 

relationship is taken as linear. Consequently, gel insertion creates an elastic restoring 

force the total value of which is proportional to the applied gel volume. The modulus of 
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elasticity in the vaginal canal can be measured directly[62]. For example, a gel volume of 

3.5 mL creates a squeezing force of about 1 lbf, or 4 Newtons. 

The vaginal mucosa contains two layers, the epithelium and the stroma (Figure 

3). The upper layer, epithelium contains stratified squamous epithelial cells with varying 

thickness depending on the phase of the menstrual cycle, which is typically around 200 

microns[71]. The lower stroma layer contains connective tissue, vasculature, and host 

cells susceptible to HIV infection. It is typically about 2 to 3 mm thick[79]. The 

vasculature in the stroma is believed to be about 10% of the total volume. Drug 

delivered to the tissue will typically be cleared by this vasculature. 

 

Figure 3: Vaginal geometry with introitus to the left and cervix to the right. 

The blue bolus is a gel with squeezing force indicated by arrows. 

1.5 Pharmacokinetic Models 

Traditional pharmacokinetic (PK) models use a black box compartment approach 

to predict drug concentration and distribution in the body[74, 91]. Drug concentration in 

each compartment is assumed to be homogeneous, with transfer coefficients and/or 

elimination coefficients. These coefficients are found by fitting experimental PK data to 
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the model, typically data from measurements for concentration vs. time in different 

compartments. For example, a number of experimental pharmacokinetic studies have 

been conducted for the Tenofovir gel[40, 78]. Data were processed to compute key, 

traditional PK parameters such as Cmax (maximum concentration), tmax (time to maximum 

concentration), and AUC (area under the curve of concentration vs. time plot). 

Unfortunately, these compartmental models make many key assumptions that are not 

accurate in a complex vaginal delivery system[34]. The first is an assumption of first or 

zeroth order absorption of drug. This assumption is good for intravenous or some oral 

dosage forms, but might be too simple in other physiological models. The second is an 

assumption of instantaneously uniform distribution in each compartment. This 

assumption is good for small compartments or ones with active transport like the blood, 

but it fails for a large tissue compartment that does not equilibrate in a short period of 

time. The third assumption is first order transport kinetics between compartments. This 

behavior is often observed in homogeneous compartments that have well defined 

boundaries, but in the vaginal environment, our mechanistic modeling shows that both 

the second and third assumptions break down. In addition to the inaccuracies of the 

assumptions in the PK models, they are also limited by the fact that they contain many 

parameters that are difficult to measure directly even under controlled conditions, e.g. 

drug transport rates between interior compartments. These must be obtained, often as 
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part of multi-parametric data fitting from results of in vivo studies in animals and 

humans which can be full of uncontrolled variability (this has been a major limitation of 

microbicide PK studies).  

 

Figure 4: Diagram of classic PK model (left) and mechanistic PK model (right). 

The model is a simple two compartment one. It could characterize drug transport 

from a gel layer into a homogeneous tissue specimen. 

Deterministic (or mechanistic) transport models that directly embody physical 

and chemical processes are inherently more accurate than the empirical compartmental 

models (Figure 4). They are not constrained by the assumptions used in classic PK 

models. Most of the parameters in the mechanistic models can be computed or 

measured directly. These models can give comparative and predictive power when 

dosage forms or anatomical dimensions change. Models of vaginal microbicide 
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transport will need to incorporate drug transport within multiple compartments, 

including the lumen, layers of the mucosa, and the circulatory system to capture a 

complete rendition of the drug delivery process. Mechanistic models can accomplish 

this. 

1.5.1 Comparison between Classic and Mechanistic PK Model 

A simple comparison can be made between the two models to show whether the 

approaches can yield similar results when modeling the same system. The mechanistic 

model with physically based parameters can be taken as the input to the empirical 

model. The output of the mechanistic model is a time and space dependent 

concentration profile. The result can then be averaged to yield the concentration in each 

compartment over time which can be fitted into the empirical model. In the simple two 

compartment model (Figure 4) the unknowns of the empirical model are the two 

internal kinetic transfer rates 1k and 2k ; the other parameters like volume and rates of 

elimination are the same as the mechanistic model. The unknowns are then fitted to the 

average concentrations here for the tissue compartment. The gel compartment is less 

interesting due to fast diffusion in the mechanistic model yielding an approximately 

homogeneous concentration distribution similar to the classic PK model. A fit to the two 

curves is achieved by the classic least squares method, which minimizes the sum of the 

squares of residual at each time point.  
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Figure 5: Classic PK (empirical) model fitted to mechanistic PK (deterministic) 

model in the tissue for a two compartment problem 

The result of the comparison between the models is shown in (Figure 5). The two 

curves are fairly different due to the inability of the classic PK approach to model the 

deterministic problem. The two models fit well after approximately 7 hours, but the PK 

model fails to capture the behavior at short times, notably the peak concentration 

predicted by the classic PK model is 40% lower than the value predicted by the 

deterministic model. 
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1.5.2 Multivariate Optimization in Parameter Space (MOPS) Approach 

One problem with using the classic least square approach is that what humans 

may perceive as being a good fit might be different than the normal approach in sum of 

the squares of residuals. As an alternative, the data can be fitted in the parameter space 

(for parameters 1k and 2k ) instead of the output data. This new method termed 

Multivariate Optimization in Parameter Space, or MOPS will attempt to minimize the 

distance between an ideal set of parameters 1k and 2k  in the space for which the 

parameters exists. 

For each time point there are two differential equations in the classic PK model 

and two unknowns 1k and 2k . However, due to the mass transfer from gel to tissue 

being simply the negation of the transfer in the opposite direction, there is one degree of 

freedom, so if taking the equation for the tissue, the solution to the unknowns 1k and 2k  

form a linear subspace (Equation 1). 
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Equation 1 

Note the equation above is valid for each time point. It involves taking the time 

derivative of concentration, which might not be feasible for real data that is sparse. In an 

ideal situation where the classic PK model fit perfectly with the mechanistic PK model, 
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the lines for the solution of 1k and 2k  would be expected to cross at a single point. 

However, since the two models cannot agree exactly, there is no straight forward 

method of finding the best solution. Similar to the method of least square fit, the best 

solution can be defined as the one which minimizes the distance between the optimal 

solution and that of the lines in parameter space. The distance D  between a point ),( yx  

and a line 0 cbyax  is given by (Equation 2). 
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Equation 2 

This method can be graphically represented below in (Figure 6). Each blue line is 

the line of possible solutions in parameter space 1k and 2k  at each time point. The red 

dot is the optimized solution for which the sum of the distance to each line is minimized. 
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Figure 6: Graphical representation of MOPS approach, each line is possible 

solution at different time point, the red dot is the optimal solution. 

The MOPS method can be scaled to other dimensions for problems with more 

than two compartments. In general, each additional compartment introduces two 

variables and one additional equation. Each set of equation can be separated where they 

define a line of the two particular transport parameter. 
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Figure 7: Comparison between a residual and MOPS fit to the empirical model 

with the deterministic model 

The result of the MOPS approach can be compared with the least squares 

residual fit (Figure 7). This new approach more closely matches the classic PK measure 

Cmax, tmax and AUC as well as a visually closer fit. This is partly due to human perception 

of distance between two lines as the orthogonal distance compared to the least square 

approach, which is a measure of the vertical distance. For lines that have a high slope 

like the initial rise in concentration of the PK curve, a perceptively close distance will 

have a large residual in the least squares approach. 
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1.6 Diffusion and Transport Theory 

Diffusion is one of the most fundamental modes of drug transport. The transport 

of molecules can be thought of as being driven by a concentration gradient or as being 

based on the random motion caused by thermal energy. In both cases, a diffusion 

equation (Equation 3) can be derived for the concentration of particles or species over 

time and space[91]. Indeed the diffusion equation can be seen in various disciplines 

across science. In general, it describes any random non-specific movement of a species 

(usually chemical molecules or heat) over time. The diffusion equation is even found in 

the solution to the Schrödinger equation[65].  
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Equation 3 

In the diffusion equation (Equation 3), the change of local concentration C  over 

time t  is proportional to the product of the diffusion coefficient D  and the Laplacian of 

the concentration over space, e.g. x  in one dimension. The concentration defined here 

and throughout the dissertation is a point variable, but it is also a local volume average 

over intracellular and extracellular drug.  For example, tenofovir is found within and 

outside of cells, but its phosphorylation product Tenofovir diphosphate is only found 

inside cells.  Our definition of concentration can be related to what is measured in a 

homogenized tissue biopsy, and this enables us to compare predictions of our modeling 
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with experimental PK data (see below).  Because Tenofovir diphosphate is not found 

outside of cells, the value computed here is proportional to the local number density of 

cells.  Values of Tenofovir diphosphate concentration that are prophylactic against HIV 

are obtained in various ways, and may reflect either intracellular or total tissue 

concentrations.  By applying the simple proportionality between our predicted values of 

Tenofovir diphosphate concentrations within cells and in whole tissue, our results can 

be related to both types of measurements. 

The diffusion coefficient can in principle vary in both time and space, but is 

generally assumed to be a constant in each medium over time. Once again, the diffusion 

coefficient here is defined as a point average value within each compartment.  Transport 

through cells and around cells might occur at different rates, and the value here is an 

effective average of transport on a mini-macro scale. Computational estimates of the 

diffusion coefficient for a free molecule in a liquid medium can be made using Stokes 

Einstein theory (Equation 4). 
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Equation 4 

In Equation 4, the diffusion coefficient D  is given by the Boltzmann’s constant 

k , the absolute temperature T , the viscosity of the liquid  , and the radius of the 

diffusing molecule r . Most of the variables in the equation can be easily determined. For 
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example, the viscosity of a liquid can be directly measured by a viscometer or 

rheometer, and for common liquids, it can also be found in a table (as a function of 

temperature). The radius of the molecule can be experimentally measured, e.g. via 

dynamic light scattering, but only for molecules that are larger than 10 nanometers. For 

smaller molecules, the radius can be estimated using computational chemistry models. 

The diffusion coefficient in media such as tissue can be estimated from permeability 

assays. 
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Equation 5 

The permeability P  of a membrane or any homogeneous material is related to 

the diffusion coefficient D  by the partition coefficient   and the thickness of the 

membrane x  (Equation 5). The partition coefficient here and throughout this thesis is 

defined between two compartments as the equilibrium ratio of the two concentration 

values at steady state. The diffusion coefficient can be derived by experimentally 

measuring the permeability and the partition coefficient. Permeability experiments 

contain two compartments, a donor and a receiver that sandwiched a membrane. If the 

donor and receiver compartments are sufficiently large, then at early times in the 

experiment, the transport across the membrane can be assumed to be at quasi steady 

state. The permeability of the membrane is then directly proportional to the diffusion 
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coefficient and inversely proportional to the thickness of the membrane. The partition 

coefficient is the ratio of solubility between the fluid compartment and the membrane. 

High solubility in the membrane equates to higher effective permeability. This approach 

to measuring the diffusion coefficient of molecules in tissue breaks down if the tissue is 

not homogeneous in the direction of drug transport. For example, if drug is diffusing 

through the layers of the epithelium and stroma (which have different structures), its 

rate of diffusion will be different in those two layers. This is not captured in a traditional 

permeability experiment. For our problem of microbicide drug transport into tissue, the 

Katz group is addressing this by developing and applying confocal Raman spectroscopy 

to measure drug concentration profiles in the epithelial and stromal layers of tissues[15]. 

Those data are processed to deduce diffusion and partition coefficients relevant to each 

layer[14]. 

Convection can also be an important factor in drug transport. In the vagina, 

vaginal fluid flow can give rise to a convective flow of drug. In the blood stream, 

convective transport is also significant. The Péctlet number given in Equation 6 is the 

ratio of transport by convection to the transport by diffusion. The Péctlet number Pe  is 

defined by the quotient of the length scale l  times the velocity v  to the diffusion 

coefficient D . If the number is sufficiently larger than one, convection dominates; if it is 

less than one, then diffusion dominates. 
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D
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Pe   

Equation 6 

Drug transport between and within compartments can sometimes be modeled as 

kinetic rate processes. The most commonly used is the elimination of drug via the 

kidney or liver. The rates are usually first order, not only because they are the most often 

observed, but also because the kinetics are linear and captures the most salient features 

of the elimination process. Because first order kinetics is linear in concentration, as are 

both convective and diffusive transport, it can be useful in dimensional analysis of the 

problem and also can be used for more advanced methods such as linear time invariant 

systems theory. 

1.7 Numerical Methods 

Partial differential equations (PDE) that comprise the system of transport 

equations are difficult to solve directly. The two most common numerical methods are 

finite difference and finite element analysis. Finite element methods are typically used 

when tackling more complex geometry and need dedicated software packages to solve, 

while finite difference methods are for simpler problems and can be transformed to 

computationally simple forms. 

Finite difference methods can be classified as either explicit or implicit. The 

explicit method computes the forward difference with respect to time using the solution 
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at the current time point. The implicit solution uses backward difference to solve the 

system of equations given by the unknown future time point. Explicit methods have the 

advantage of being faster, but might be numerically unstable, while implicit methods are 

computationally slower but always stable. Given that the diffusion equation is a 

parabolic PDE, and does not contain and singularities, the convergence criteria are well 

defined for the explicit method. 
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Equation 7 

The explicit finite difference method for the diffusion equation (Equation 3) is 

shown above (Equation 7). The concentration C  has superscript indicating the time step, 

and subscript indicating the discretized position. The time derivative with time step t  

is equal to the diffusion coefficient D  times the central difference of the second 

derivative with respect to spacing x . Using von Neumann stability analysis, this 

equation can be shown to be stable if the diffusion coefficient times the time step divided 

by the square of the spacing is less than or equal to one half (Equation 8). 
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Numerically, the spacing of the points is typically fixed, while the time step 

varies to achieve the desired stability and convergence. Convergence can be tested by 

using incrementally smaller time steps. In order to find a convergent solution, typical 

time steps are orders of magnitude smaller. The finite difference method converts the 

PDE to a series of Ordinary Differential Equations (ODE), which can be solved 

numerically using MATLAB’s built in ODE solver such as the Runge-Kutta 4,5 method. 

The Runge-Kutta method is an adaptive algorithm. The adaptive step size is attractive 

because it limits both the error by using smaller step sizes and can also speed up the 

algorithm when smaller step sizes are not needed. 

The boundary conditions of the diffusion equation can be of three types. The first 

is a concentration boundary condition, the second a no flux boundary condition, and the 

third a continuous boundary condition. Concentration boundary conditions are used 

whenever the boundary is assumed to have a constant concentration. In the finite 

difference method, this condition can be implemented simply by setting once of the 

neighboring concentration values in Equation 7 to the boundary concentration. The no 

flux boundary is used when the drug is physically unable to pass through a barrier. The 

flux at the boundary is zero, so if this boundary condition is substituted in Equation 7 it 

is equivalent to setting both the right and left concentrations to the same value (Equation 

9). 
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Equation 9 

The continuous boundary condition for an internal boundary between two 

compartments is more complex. The boundary has to satisfy two conditions: first there is 

equal flux in and out of both compartments. And second the concentrations at the 

boundary are related by the partition coefficient between them. The solution is similar to 

the concentration boundary condition, except the concentration at the boundary is 

recomputed at each time step. 
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Equation 10 

The concentration values used for calculating the differential equation at points 

iC  of the first compartment and jC  of the second compartment are in Equation 10. The 

diffusion coefficient and the spacing for each compartments are 1D , 2D , and 1x , 2x . 

The partition coefficient between 1iC  and 1jC  is  .
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2. Mass Transport of Drug in the Vaginal Mucosa 

2.1 Introduction 

Vaginal gels are currently the leading dosage form for the delivery of 

microbicides for women. The success of these products will depend on both good user 

adherence and the ability of the product to deliver a prophylactic amount of drug to the 

intended target in the appropriate time frame. The first phase III trial (CAPRISA 004) of 

a microbicide gel loaded with 1% Tenofovir showed a reduction in new HIV 

infections[46]. However two follow-up trials (VOICE and FACTS)[44, 59] both showed 

negative result in the ability to reduce infection. One major difference between the trials 

is the recommended dosing protocol, while CAPRISA 004 and FACTS used a before and 

after sex dosing, the VOICE trial suggested a daily dosage regimen. Of course the 

difference in dosing protocol cannot completely explain the results of these trials, as 

CAPRISA 004 was successful while FACTS failed both with the same before and after 

sex dosage regimen. The failure of the two studies has been partially attributed to poor 

user adherence. When correcting for adherence, the data showed that greater adherence 

in the CAPRISA 004 study resulted in a higher level of protection against HIV. 

Adherence alone is not the complete story on drug efficacy, presently knowledge of the 

pharmacokinetics and distribution of drug is very limited, thus understanding of how 
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different dosage forms and dosage regimens effect the time and space distribution of the 

drug will be a key in the design of microbicide products. 

This chapter will present the first work in mechanistic modeling of drug 

distribution in the vaginal environment by a microbicide gel. The gel delivery system is 

chosen primarily due to the large number of data from studies that are available, but this 

method can be extended to other dosage forms as well. This extension is possible 

because the same fundamental principles of mass transport are the same with varying 

parameters depending on the particular drug, environment, and dosage form. In the 

subsequent chapters this analysis will be extended to model the delivery of microbicide 

drugs by a vaginal ring and the delivery of microbicides to a rectal environment. 

Tenofovir, one of the leading microbicide candidates, acts by inhibiting reverse 

transcriptase, which is a necessary enzyme in HIV replication. Other candidate drugs 

like dapivirine, MIV 150, and IQP-0528 also are reverse transcriptase inhibitors. 

However, Tenofovir is unique in that it has to be converted to Tenofovir diphosphate in 

order to be biologically active. This extra intracellular step has benefits including a long 

half-life of the diphosphate form, but it also presents a challenge in modeling and 

measurement of Tenofovir PK. It is believed that while Tenofovir can be transported in 

and out of cells quickly, once converted to the diphosphate form, it does not readily 

leave the host cells. Studies have shown there to be a linear correlation between the 
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Tenofovir that is present in tissue and the Tenofovir diphosphate measured in cells[78]. 

The overall effect of Tenofovir diphosphate on Tenofovir transport is assumed to be 

small. This assumption is due to both the small proportion of Tenofovir being converted 

to the diphosphate form (approximately 5% of total Tenofovir is converted to the 

diphosphate form), small host cell density in the stroma (approximately 10% of total 

stromal volume), and the relative speed of conversion of Tenofovir to the diphosphate 

form compared to the time scale of interest (less than an hour compared with over a 

day). In fact after Tenofovir diphosphate has already been saturated within each cell, no 

more Tenofovir is expected to be consumed in the formation of new Tenofovir 

diphosphate, which means there will be no bearing on transport of Tenofovir. In PK 

studies, tissue concentrations of Tenofovir and sometimes Tenofovir diphosphate are 

measured via biopsies. These biopsies homogenize the entire tissue collected, and thus 

cannot distinguish between intracellular and extracellular Tenofovir. More over biopsies 

cannot provide a spatial distribution of the Tenofovir being measured. But due to the 

ubiquitous nature of biopsy measurements, they are still valuable in determining the 

presence of drugs in tissue and can be checked with predictions from PK models. 

The first model of vaginal drug distribution will be incorporating the mechanistic 

processes of drug delivery in the gel, epithelium, stroma, and blood compartments. 

There have been relatively few studies of human PK data for a 1% Tenofovir gel. The 
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two studies that contain pharmacokinetic data of Tenofovir and Tenofovir diphosphate 

are the CONRAD study[78] and MTN-001[40]. In the CONRAD study, data were 

obtained at 0.5, 1, 2, 4, 6, 8, or 24 hours post either a single dose or a twice daily dose. 

The MTN-001 study used a daily dosing protocol and samples were collected 3 and 6 

weeks after the first dose. These two human PK studies will be used as references to 

some of the parameters in the model. The key modeling parameters will be 

concentration distribution in the gel, tissue, and blood compartments after the initial gel 

dose. The single dose protocol will gave an accurate measure of the initial uptake of 

drug as well as the rate of elimination in each compartment. Results in the daily dosing 

protocol are steady state values of saturation concentration, but it does not provide 

information on initial Tenofovir uptake. 

In this model, the thickness of the epithelial layer and the rate of gel dilution due 

to vaginal fluid production will be varied to simulate natural changes due to the phase 

of the menstrual cycle and the onset of menopause. In addition the thickness of biopsies 

will be varied to mirror real world uncertainties in taking a biopsy sample. The 

relationship between the measured concentration and depth of biopsy collected will be 

explored and related to the actual concentration in the stromal layer. 
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2.2 Materials and Methods 

2.2.1 Geometry of the Model 

The vaginal canal has an approximately rectangular cross-section in the 

collapsed state, with a thin height and a width of 2 to 3 cm. The dimensions are variable 

with a number of factors, including height and weight. Here the total surface area[7, 72] 

is around 100 cm2. This is a key parameter in the drug delivery model, since the total 

volume of gel is divided by the surface to give the value of applied gel thickness. 

Assuming uniformly distribution of the gel coated over the entire surface area and 

minimal leakage, then with a 4 mL gel such as those from the CAPRISA 004 and VOICE 

trials, the total gel thickness would be 800 μm. Since the problem is bilaterally 

symmetric about the center line of the gel, it is more efficient to compute the half 

problem.  Thus the half-thickness of the gel used in the model is only 400 μm. This 

length scale is the characteristic dimension in the model because it is much smaller than 

both the width and the length of the canal. Variations in the other two dimensions have 

a negligible effect on the overall transport, since vaginal features such as the rugae and 

other folds are on a bigger length scale than the depth of the epithelial and stromal 

layers. The problem can now be reduced to a one-dimensional transport model. The 

analysis here does not address consequences of coitus including semen deposition. In 
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accord with most gel dosing protocols, the current computational frame work assumes 

gel application and drug delivery prior to coitus. 

 

Figure 8: Drawing of the vaginal mucosa with gel layer, epithelium, and 

stroma. Line of symmetry is indicated on top 

A drawing of the model is in Figure 8, the three spatially varying compartments 

are the gel (400 μm), the epithelium (200 μm), and the stroma (2800 μm). Due to 

symmetry the model is half of the total gel/tissue problem, only the bottom portion of 

the gel and tissue is shown, with gel thickness in the model being half of the total. Not in 

the figure is the blood compartment, which connects in the stroma via the vasculature. 

The blood compartment is assumed to be a homogeneous due to fast convective flow, 

with a volume equal to the total volume of distribution for the drug. 
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2.2.2 Governing Equations for Gel, Epithelium, and Stroma 

A system of coupled unsteady diffusion equations can be used to model this one 

dimensional problem (Equation 11). The three space dependent compartments are the 

gel, epithelium, and stroma. The symbols C and D denote the local drug concentration 

and diffusion coefficient, respectively.  The subscripts G , E , S , and B  denote values 

in the gel, epithelium, stroma, and blood, respectively. The symbols Dk , Bk , and Lk  are 

first order loss rate constants, characterizing effects of dilution of the gel layer, loss of 

drug to the vasculature in the stroma, and drug clearance from the blood.   
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Equation 11 

Differential equation for the gel layer is in Equation 11a. The presence of ambient 

vaginal fluid is not included, but instead is assumed to have mixed with the applied gel 

forming a single homogenous compartment. Mixing effect of a gel with a fluid under 

shear is expected to be fast, in addition time scale of diffusion for fluid and gel is on the 

order of seconds. Dilution by ambient fluid over time is accounted by a first order rate 
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constant[89] Dk . This can be derived by assuming the rate of vaginal fluid production is 

constant, and the newly created fluid is well mixed into each section of the gel. Then the 

extra fluid leaving the gel will have the same concentration as the compartment, 

resulting in a first order reaction rate. The loss of drug is then the fluid production rate 

times the concentration in the gel. In addition the rate constant Dk  also account for loss 

of drug due to leakage. 

Equation 11b is the equation for the epithelium layer. Here the net transport is 

characterized by a single diffusion coefficient. Although real tissue might not have a 

perfectly uniform diffusion coefficient, an effective average should be sufficient to 

describe the transport process across the epithelium. As discussed above, loss of 

Tenofovir due to conversion into Tenofovir diphosphate is assumed to have a negligible 

effect. This is due to both the small percentage of total Tenofovir being converted as well 

as a fast saturation. 

Mass conservation equation for the stroma is in Equation 11c. Like the 

epithelium, transport here is also modeled by a diffusion process. The loss of drug to the 

vasculature and lymphatic system is modeled as a first order kinetic process with rate 

constant Bk . This is assuming the distribution of capillaries and lymphatics is uniform 

throughout the stroma, and in addition the volume fraction of the capillaries is relatively 

small[79] (about 10%). Due to the large size of the blood compartment, the concentration 
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in blood is much lower than that of the tissue. In essence the transport of Tenofovir from 

tissue to blood is just proportional to the tissue concentration instead of a difference in 

concentration between tissue and blood. Furthermore, the transport of drug from 

capillaries by to the tissue is negligible. 

2.2.3 Boundary and Initial Conditions 

The boundary and initial conditions are given in Equation 12. 
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Equation 12 

The boundary conditions at both ends of the model are no flux (Equation 12a and 

Equation 12d). The no flux condition at the edge of the gel layer is due to symmetry. The 

boundary between the gel and epithelium is continuous with partition coefficient G  
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(Equation 12b), likewise the boundary between epithelium and stroma is also 

continuous flux with partition E  (Equation 12c). The drug is initially in the gel layer 

with concentration 0C  (Equation 12e) and zero everywhere else (Equation 12f and 

Equation 12g). 

2.2.4 Conservation of Mass Equation for Tenofovir in Blood 

Unlike the three other compartments, the blood is assumed to be a well mixed 

homogeneous compartment. Tenofovir is transported from the stroma to the blood 

stream through the vasculature. Elimination of the drug from blood is through 

metabolism in the kidneys, and this is modeled as a first order kinetics with elimination 

rate Lk . The ordinary differential equation for the blood compartment is in Equation 13, 

with volume of distribution BV , and concentration BC . The mass of drug entering the 

blood is SBM , it is derived by the integral of the local stromal concentration over total 

volume times the kinetic rate Bk . 
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Equation 13 

The differential equation in the gel, epithelium, and stroma compartment does 

not depend on the blood, thus mass transfer coefficient from stroma to blood is 

decoupled from the blood concentration. The equation for the blood can be solved 
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independently after obtaining the function SBM  from the stroma concentration. 

Equation for the blood from Equation 13 can be integrated using integration by parts to 

yield an explicit solution in Equation 14. 
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Equation 14 

Here the assumption is zero concentration in the blood compartment before 

initial gel insertion. The expression for concentration in the blood compartment has 

three terms. The first term is an input term from mass flux, the second term is the effect 

of initial mass transfer with an exponential decay, and the last term is a weighted time 

dependent term of the mass transfer rate. 

2.2.5 Parameters in the Model 

The parameters used in the model are listed in Table 1. The standard values of 

the epithelial and stroma layer is 200 μm and 2.8 mm respectively[71]. Thickness of the 

gel layer is 400 μm, which is half of the total from a 4 mL gel due to bilateral symmetry 

about the centerline for a typical human vaginal canal with surface area of 100 cm2. 

Values of the diffusion coefficient in gel can be estimated based on molecular size and 

Stokes-Einstein theory. Based on the molecular weight of Tenofovir[75] (287 g/mol), the 
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effective hydrodynamic radius is estimated to be 0.3815 nm (www.molinspiration.com). 

The resulting diffusion coefficient[91] in water based on the Stokes-Einstein theory is 8.5 

x 10-6 cm2/s. Measurement of the diffusion coefficient for molecules in vaginal 

microbicide gels have been few to date. Diffusion coefficients for fluorescein (molecular 

weight 322 g/mol) and a 10 kDa dextran were measured in three test gels, one of which 

is very similar in composition to the clinical Tenofovir gel focused here[27]. The 

measurements confirmed the accuracy of computed diffusion coefficient in Stokes-

Einstein theory. Values of diffusion coefficient in undiluted gel, normalized by the 

diffusion coefficient in water were 0.68 for fluorescein and 0.57 for dextran. The 

normalized diffusion coefficient for fluorescein increased to 0.8 after a 1:1 gel dilution 

with water. On the basis of these data, the value of diffusion coefficient for Tenofovir in 

gel is 6 x 10-6 cm2/s. Tenofovir permeability has been measured in human cervicovaginal 

tissue explants with the application of a 1% clinical gel[21, 76]. For a typical tissue 

thickness of 0.5 mm, the median value for these data gives an estimate of the product of 

the diffusion coefficient and the partition coefficient to be 5 x 10-8 cm2/sec. Tenofovir is 

not a hydrophobic drug[81], with relatively high solubility in the tissue, thus the 

partition coefficient can be taken as unity. Assuming the epithelium and stroma have 

similar permeability to Tenofovir, the diffusion coefficient for both compartments is then 

5 x 10-8 cm2/sec. The volume of distribution for the blood compartment is 75 L[47], 
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representing the effective volume for the total mass of drug divided by observed blood 

concentration. 

Table 1: Standard values of parameters used in gel model 

Parameter Symbol Value Reference 

Gel Diffusion Coefficient (cm2/s) 
GD  6 x 10-6 [27, 91] 

Epithelium Diffusion Coefficient (cm2/s) 
ED  5 x 10-8 [21, 76] 

Stroma Diffusion Coefficient (cm2/s) 
SD  5 x 10-8 [21, 76] 

Gel/Epithelium Partition Coefficient 
GE  1 [81] 

Gel Thickness (cm) 
Gh  0.04 [78] 

Epithelial Thickness (cm) 
Eh  0.02 [71] 

Stromal Thickness (cm) 
Sh  0.28 [71] 

Gel Dilution Rate Constant (hr-1) 
Dk  0.551 [25] 

Stroma Blood Transfer Rate Constant (hr-1) 
Bk  0.122 [25] 

Blood Clearance Rate Constant (hr-1) 
Lk  1.19 [25] 

Initial Concentration (ng/mL) 
0C  107 [78] 

Volume of distribution (L) 
BV  75 [47] 
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The three additional parameters in the model are the kinetic rate constants for gel 

dilution/leakage, drug transport to the vasculature and lymphatics in the stroma, and 

drug clearance from the bloodstream: Dk , Bk , and Lk . There are no direct 

measurements for Dk  and Bk . With oral and intravenous dosing of Tenofovir, or the 

prodrug Tenofovir disoproxil fumurate, there have been a number of PK studies from 

which the value of the blood clearance is calculated using standard models[78, 94]. 

However the value of Lk  in the model does not correspond directly to those results 

because the input parameter from the stroma is different in this model. Consequently, 

the values of the three rate constants for Tenofovir in our compartmental model were 

chosen based on first of our results to the PK data for a single dose of 4 mL 1% Tenofovir 

gel in humans[78]. The study computes standard PK summary parameters and gives 

plots of Tenofovir concentrations in aspirated vaginal fluid, vaginal biopsies, and blood 

plasma vs. time after application of single or twice daily dosing. The values of Cmax, C24h, 

and AUC are given in the table. The three rate parameters are determined by the best fit 

of the model to the experimental values. Out of the three compartments and three 

measures given in the study, vaginal fluid aspiration has the most measurement 

variability. This is due to the fact aspirations might draw differing amounts of fluid in 

addition to gel that might be present, and does not directly correspond to the gel 

compartment in this model. Out of the three measures, AUC, the area under the curve 
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gave the least amount of additional information. This is due to the fact pharmacokinetic 

curves all have similar shape, the information given by both Cmax and C24h is sufficient to 

guess the value of the AUC. The fit is achieved by first computing a cost function, 

defined as the sum of the square of the normalized difference in the four measures of 

Cmax and C24h for biopsy and blood. This cost function is then minimized with varying 

kinetic parameters using the Nelder-Mead Simplex Method in MATLAB[60]. The initial 

guesses are based on simple models for each parameter: the value of Dk  is based on 

dilution by vaginal fluid production rate with complete mixing, for Bk  the value is 

based on the terminal slope of the data in the tissue compartment since the loss in that 

compartment is driven by transport to the blood at long times, and the value of Lk  is 

based on the terminal slope of the blood concentration using the same argument. The 

Tenofovir concentration in biopsy is a volume average for a tissue that is about 2 to 3 

mm thick, therefore the simulation of a biopsy in our computations was the spatial 

average of concentration in the two compartments. The effect of different depth for a 

biopsy will be explored in the results section. 

2.2.6 Numerical Solution of the Equations 

The equations were solved using Mathwork’s MATLAB software. They are first 

converted into ordinary differential equations using forward finite difference method. 

The spatial dimension is discretized into approximately 500 points. The boundary 
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conditions were rewritten as part of the difference equation. The system of differential 

equations is then solved using the built-in “ode15s” ordinary differential equation solver 

for stiff problems. This is due to a large drop in initial concentration at the boundary 

presents a large derivative when computing the flux. A stiff solver can decrease the 

computational time by using a smaller order and adaptive step size. Drug concentration 

in the blood is computed after the main computations, due to the fact the blood is in 

decoupled from the equation for the stroma. This is achieved by a simple integration of 

the input term from stromal concentration. Spatial averaged concentration values are 

computed by integration using the trapezoidal rule on concentration profiles at each 

time step.  

2.3 Results 

The fundamental outputs of this model are Tenofovir concentrations as a 

function of both position (depth) and time in the gel, epithelium, and stroma 

compartments as well as concentration versus time in the blood. Three dimensional 

information of time, position, and concentration can be reduced to two dimension by 

either fixing the time which creates a concentration profile over position, or fixing the 

position (by averaging) each compartment and plotting the concentration over time. The 

model can also be used to predict changes due to epithelial thickness over the different 

phases of the menstrual cycle and the effects of biopsy depth on the measured 
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concentration. Lastly sensitivity analysis of the model can inform how different 

contributions of key parameters influence the resulting output of the model. 

2.3.1 Drug Concentration Profile at Different Times 

The concentration profile of Tenofovir as a function of depth is plotted in Figure 

9 at 2, 4, 8, 24, and 48 hours post initial gel insertion. The concentration across the gel 

layer is nearly constant due to the fact gel diffusion coefficient is about two logs higher 

than that of the tissue. In fact the concentration profile is a half-parabola due to a quasi-

steady condition also due to fast diffusion. The concentration in the tissue layer drops 

off as a function of depth on the log scale plot. By around 24 hours the concentration is 

about 2 logs lower than the initial maximum. Over time, gel leakage and dilution 

becoming increasingly faster than the rate of transport in tissue, as a result tissue 

concentration is actually lower on the surface compared with a few microns below the 

epithelium. In this case instead of mass transport into the tissue, the gel and vaginal 

fluid layer actually facilitates a back flow phenomenon. The drop of concentration in the 

stroma is very steep. Initially it is about 4 logs every millimeter at 2 hours however by 24 

hours the profile is almost flat. 
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Figure 9: Concentration profiles of Tenofovir in gel and tissue at 2, 4, 8, and 24 

hours 

2.3.2 Average Concentrations in Compartments vs. Time 

Depth averaged concentration of Tenofovir in each compartment on a log scale is 

plotted in Figure 10. In addition, the simulated biopsy curve is also plotted on the same 

scale, which is defined as the concentration in a combined epithelial and stromal 

compartment. The maximum concentration is achieved at around 4 hours for both the 

tissue and blood plasma with a nearly linear decay after the peak (in log scale, which 

corresponds to an exponential decay). The concentration if the gel is fairly close to the 

concentration in the epithelium, due to the small thickness of the epithelial layer and the 
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relatively flat gradient in both compartments (Figure 9). Going from the gel 

compartment, the drop off to stroma is about 2 logs, 1.5 logs to simulated biopsy, and 

about a 5 log drop to the blood. In the stroma the maximum concentration is 1.01 x 105 

ng/mL, and the concentration at 24 hours is 6.93 x 103 ng/mL. 

 

Figure 10: Average concentration over time for each compartment 

2.3.3 Pharmacokinetic Summary Measures 

A summary of the key pharmacokinetic parameters for the biopsy and blood 

compartments are presented in Table 2. Corresponding values for human PK data from 

Schwartz et al[78] study are given in the parenthesis next to the value from the model. 

The Area Under the Curve or AUC values are computed over a 24 hour period, the same 
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as Schwartz et al. Computational results for the gel compartment is not given here 

because it does not correspond directly to the experimental values for aspirated vaginal 

fluid, thus a comparison cannot be made. The computed values for Cmax and C24h are very 

close to the experimental data, this is perhaps unsurprising given the model is based on 

fitting the three kinetic parameters to the Cmax and C24h for biopsy and blood. However, 

with four values and only three parameters, there is one less degree of freedom in the 

fitted parameters, which means the model agreement is not due entirely to the fit. All 

four parameters showed remarkable agreement in addition to the value of tmax, which 

was not used in the fit shows the validity of the model in predicting human PK results. 

The result for AUC appears to be higher than those of the PK data. This is most likely 

due to the differences in integration used to compute AUC. In the model the time 

spacing used can be as finely as possible, while in a clinical trial the time points are very 

sparse and unevenly distributed. 

Table 2: Summary pharmacokinetic parameters from the model with 

comparison to Schwartz et al data in parentheses 

 tmax (hr) Cmax (ng/mL) C24h (ng/mL) AUC (hr*ng/mL) 

Biopsy 1.3 (2) 2.32 (2.2) x 105 6.90 (7) x 103 1.74 (0.64) x 106 

Blood 4.4 (4) 4.01 (4.0) 0.301 (0.3) 41.8 (36.4) 
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2.3.4 Results for Daily Dosing and BAT24 Dosing 

The model can be adapted to multiple dosing strategies by application of a new 

gel at specified times. The two common dosage regimens are daily dosing and BAT24 

dosing. In daily dosing, users apply the gel once every 24 hours regardless of sex. And 

in BAT24 dosing users are instructed to apply the gel before and after sex, but no more 

than two in a 24 hour period, practically most users applied the gel up to 3 hours before 

and 3 hours after sex. 

 

Figure 11: Concentration in stroma with daily dosing, coitus is at time zero 

The concentration in stroma under a daily dosing protocol is plotted in Figure 11. 

This result can be compared with human PK data from the MTN-001 study[40]. The 
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result show periodic daily dosing does not significantly change the observed average 

concentration compared with a single dose. There is a considerably large variation in the 

clinical trials, with concentration differences of up to two logs being very common. The 

MTN-001 study gave median concentration of 1.13 x 105 ng/mL for a biopsy taken at 2, 4, 

or 6 hours following the most recent dose. In the model the predicted average of 

simulated biopsy after 0, 2, 4, and 6 hours is 1.28 x 105 ng/mL, which is only 13% higher 

than the median from MTN-001. 

 

Figure 12: Concentration in stroma with BAT24 dosing, coitus is at time zero 

Before and after sex dosing (BAT24) is used in the CAPRISA 004 study, Figure 12 

plots the stromal concentration post coitus for a variety of the most common dosing 
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times. The differences between them are very small, especially when presented on a log 

scale. The maximum concentration in BAT24 is about 30% higher than daily dosing, and 

the concentration in the stroma is near the maximum at about 5 hours post coitus. Two 

successive doses within a few hours of each other cause the decay in concentration to be 

much slower than daily dosing and a single dose, since the second dose is able to 

replenish lost drug. 

2.3.5 Effects of Variations in Epithelial Thickness 

The thickness of human vaginal epithelium varies in response to cyclic variations 

in levels of women’s reproductive hormones[71]. In particular it varies directly with 

estrogen levels, and is thickest at midcycle. It is also believed the volume of ambient 

vaginal fluid production varies cyclically and is also highest at midcycle[27]. Since 

microbicide gels are intended for application throughout the menstrual cycle, it is 

biologically important to understand possible consequences of cyclic variability in 

epithelial thickness and vaginal fluid volume on microbicide drug delivery and PK. In 

principle, a thicker epithelium would delay the arrival of drug molecules to the stroma, 

and increased volume of ambient vaginal fluid would increase the extent of gel dilution 

and loss of drug. The model is used to simulate these effects, by changing the rate 

constant Dk  for gel dilution was doubled for a thinner epithelial thickness of 100 μm, 

and halved for the epithelial thickness of 400 μm. 
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Figure 13: Concentration in compartments with varying epithelial thickness 

Concentration in all compartments versus time for three epithelial thicknesses of 

normal, halved, and doubled are plotted in Figure 13. A table summarizing the key PK 

parameters is in Table 3. As the epithelial thickness increases the mass transport into the 

tissue is slower causing a longer tmax and a lower Cmax. Increasing epithelial thickness also 

causes a decrease in vaginal fluid production. This effect is more pronounced at long 

times due to the low time constant of dilution, resulting in both the C24h and AUC being 

higher with increased epithelial thickness.  
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Table 3: Summary PK parameters in epithelium and stroma with varying 

epithelial thickness 

 tmax (hr) Cmax (ng/mL) C24h (ng/mL) AUC (hr*ng/mL) 

Epithelium he = 100 μm 0.24 3.55 x 106 8.55 x 102 6.03 x 106 

Epithelium he = 200 μm 0.72 2.81 x 106 6.48 x 103 1.07 x 107 

Epithelium he = 400 μm 1.77 2.09 x 106 8.52 x 104 1.79 x 107 

Stroma he = 100 μm 1.53 1.06 x 105 2.58 x 103 7.04 x 105 

Stroma he = 200 μm 3.37 1.10 x 105 6.93 x 103 1.10 x 106 

Stroma he = 400 μm 7.30 9.52 x 104 2.50 x 104 1.41 x 106 

 

2.3.6 Interpreting Biopsy Concentration 

Drug concentration measured by a biopsy is the spatial average across the 

epithelium and the stroma excised by a biopsy punch. The thickness of a biopsy varies 

in practice, in microbicide trials the thickness is around 3 mm, however values as low as 

2 mm are possible. The variation in both the epithelial thickness and biopsy punch 

thickness can influence the interpretation of the measured drug concentration. A biopsy 

measurement is intended to relate the activity of the drug at the site of action. Tenofovir 

is believed to exhibit anti-HIV activity primarily in the stromal layer. Figure 14 shows 

the ratio of stroma concentration to the measured biopsy concentration under the three 

different epithelial thicknesses and two different biopsy punch depth. The result show 
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with a thicker epithelium and at short times the biopsy average over estimate the actual 

Tenofovir concentration. This is due to most of the drug in a biopsy is concentrated in 

the epithelium under those conditions. When the epithelium is thin or when the time 

point approach 24 hours the biopsy average approximates stromal concentration well. 

With a 400 μm epithelium the measured biopsy average is only about 30% at 4 hours 

and 80% at 24 hours. With a thinner 2 mm biopsy the ratios are 50% and 95%. For thin 

epithelium of 200 μm and 100 μm, the ratio is actually greater than 1 due to the backflow 

concentration gradient from tissue to the fluid observed at long times. 

 

Figure 14: Ratio of stromal concentration to biopsy with varying epithelial and 

biopsy thickness 
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2.3.7 Perturbation of Model Parameters 

The model of drug transport in vaginal mucosa contains a variety of parameters. 

They are based on variations in the properties of the drug, the vehicle, dosage regimen, 

host environment, and in cases of experiments, the variation in data collection. The 

uncertainty in these parameters contributes to the overall uncertainty of the model 

predictions. Determining how the magnitude of the parameter uncertainty contributes 

to the observed variability will allow better understanding of the output. In a typical 

experiment on vaginal microbicide PK, the results have a large range for each measure, 

usually on the order of multiple logs for tissue biopsy. 

2.3.7.1 Variation in Tissue Diffusion Coefficient 

Diffusion coefficient in the tissue is one of the primary factors in drug transport. 

Differences in diffusion coefficient are expected between individuals as well as in 

different areas of the tissue in the same individual. The effect of different diffusion 

coefficient ranging from 0.25, 0.5, 1, 2, 4 times the original value is plotted in Figure 15. 

For epithelium, stroma, and the blood compartment increasing the diffusion coefficient 

increases the maximum concentration Cmax as well as shorten the time to maximum tmax, 

however the concentration at 24 hours C24h is lowered. The effect on maximum 

concentration for the epithelium is not as pronounced as the other compartments. Effects 

on the stroma and blood are significant on the log scale. For example with a diffusion 
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coefficient a quarter of the original both stroma and blood concentrations appears 

almost flat after reaching the maximum. Concentration at 24 hours drops off in the 

epithelium more than the stroma or the blood. 

 

Figure 15: Concentration in compartments with varying tissue diffusion 

2.3.7.2 Variation in Partition Coefficient 

Partition coefficient between the gel and tissue is dependent on the chemistry of 

the drug molecule as well as the composition of the gel. It is a measure of the solubility 

in the gel compared to the solubility in tissue. For a drug with low tissue solubility, the 

partition coefficient is less than one. Figure 16 plots the concentration versus time with 

varying partition coefficient from 0.25, 0.5, 1, 2, to 4. For all compartments Cmax is 
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increased with increasing partition, however tmax stays the same and C24h is at a similar 

level. Differences in concentration with varying partition coefficient are less than the 

effect from changing the diffusion coefficient. 

 

Figure 16: Concentration in compartments with varying partition coefficient 

2.3.7.3 Variation in Dilution Constant 

The dilution constant in the model is a measure of gel dilution by ambient 

vaginal fluid and leakage of the gel. Vaginal fluid production varies across women as 

well as over the course of a single day. Gel leakage is a function of gel composition, 

volume of ambient fluid, and the size of vaginal canal. Concentration in epithelium, 

stroma, and blood compartments with varying dilution constant is in Figure 17. The 
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maximum concentration Cmax and time to maximum tmax is unchanged for all 

compartments. The concentration at 24 hours C24h is lowered with a higher dilution 

constant. 

 

Figure 17: Concentration in compartments with varying dilution constant 

2.3.7.4 Variation in Stroma Blood Transfer Constant 

Stroma blood transfer constant measures the rate of Tenofovir transport from the 

stroma to the circulatory system. There are currently no direct ways of measuring this 

parameter. Like other biological parameters the variability is expected to be high. 

Concentration variability with different values of the constant is plotted in Figure 18. 

The changes in concentration for the gel compartment are small, while the biggest 
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difference is in the stroma. With a higher transport rate the concentration value in the 

stroma is lowered. The concentration at 24 hours C24h is the most different, variation in 

the transport constant is clearly visible on the log scale. Surprisingly the changes in the 

blood compartment is small, most visible change is the time to maximum concentration 

tmax, with a higher transport parameter the time to maximum is shortened. 

Concentrations at 24 hours in the blood are similar across variations in the blood transfer 

constant.  

 

Figure 18: Concentration in compartments with varying stroma blood transfer 

constant 
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2.4 Discussion 

This is the first mechanistic computational model of drug transport from a 

vaginal gel to the epithelial and stromal tissue layers of the human vaginal mucosa. The 

model also include subsequent Tenofovir uptake by the blood stream and lymphatics 

with the result being a time dependent concentration in the blood compartment. Results 

of concentration in the tissue are dependent on both space and time. The predictions 

made by the model were referenced to human PK data in two studies that used a 1% 

Tenofovir gel at 4 mL. The model and study results agreed well suggesting that this 

method of modeling can be used to predict results that are not yet measured. This model 

can be further expanded by including additional factors such as gel spreading and 

conversion to Tenofovir diphosphate. 

Most parameters in the model are based on physical measurements including 

permeability data. Other parameters such as the three rate constants were found by 

fitting key PK outputs from a clinical trial with the model. These fits are made using 

standard algorithms for finding the local minimum of a multivariate function. After 

experimenting with different initial guesses, the fits all still arrive at the same result. 

This indicates the parameters found should be a stable local minimum of the cost 

function, or possibly a global minimum. Predictions based on the fits are very close to 

the PK measured in clinical trials, with results also comparable to a second trial with the 
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same gel but using a different dosage regimen. The agreement by itself should not be 

viewed as full validation of the model, but it is a good starting point in future analysis 

that test other predictions of the model. Indeed, the model should be helpful in 

understanding how vaginal delivery of Tenofovir is governed by the various properties 

of the gel itself, drug loading into the gel, gel volume and coating of the vaginal mucosa, 

properties of the epithelial and stromal layers, and drug clearance from the blood stream. 

A logical follow up of the model is to include the effects on drug transport of gel 

spreading, which will be explored further in Chapter 4. Gel spreading will introduce a 

second dimension to the computations, in the direction of gel spreading and depth into 

the tissue. The analysis will reveal in more detail how gel volume and vaginal properties 

govern drug delivery. Gel spreading of the Tenofovir gel is fast compared to the 24 hour 

time scale of drug delivery. It is expected to coat the entire vaginal canal in less than one 

hour, depending on gel properties as well as insertion position. The perfect coating 

model here can provide insights of gel composition as it relates to drug delivery 

independent of spreading. For example, due to the linearity of the model with respect to 

concentration, all concentration results are proportional to the initial gel concentration 

level. On the other hand, time dependent factors such as tmax do not change with 

concentration. One way of comparing gel formulations is to conserve the total drug 

loading, with a different volume of gel. For example, if the volume of the original 4 mL 
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1% gel is halved, the concentration is increased to 2%. In the stroma the concentration 

Cmax increased by 16% with this reduced volume formulation, tmax decreased by 26%, C24h 

decreased by 15% and the AUC increased by 1%. This result makes physical sense, as 

higher initial concentration give a higher maximum concentration, however smaller 

volume is also depleted faster, decreasing the tmax and C24h. Since an equal amount of 

drug is used, the AUC stayed about the same. 

Comparison between the two most common dosage regimens also yielded 

interesting results. The maximum concentration in the stroma for a BAT24 protocol is 

only slightly higher than daily dosing. However, the drop off in concentration over time 

is much steeper in the daily dosing case compared to BAT24. Having two doses close to 

the time of sex offsets the effect of gel dilution during coitus. Clinical trial data showed 

similar result of marginally higher concentration in multiple dosage regimens compared 

to a single dose. Although the first two clinical trials with a Tenofovir gel achieved 

different results with different dosage regimens, a correlation cannot be immediately 

drawn, since user adherence has proven to be a much bigger factor to success in both 

trials. Whether differing dosage regimens can lead to greater adherence is yet to be 

determined. 

The transport rate in tissue changes with variation in the epithelial thickness, 

which is associated with the phases of menstrual cycle. For example, a thicker 
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epithelium is associated with increased estrogen levels during the mid cycle, which can 

slow down the rate of Tenofovir transport to the stroma. When the epithelial thickness is 

doubled from 200 μm to 400 μm, the value of stromal tmax more than doubled from 3.4 to 

7.3 hours. With a decrease in transport rate, the concentration at 24 hours actually 

quadrupled from 6.72 x 103 ng/mL to 25.0 x 103 ng/mL. The clinical significance of this is 

unclear. However, an increased epithelial thickness at mid cycle will take longer to reach 

the maximum concentration but is able to sustain concentration levels for a longer time. 

The model also gives information about the drug levels measured in a biopsy. 

Variations in epithelial thickness will change the proportion of drug that is expected to 

be from the stroma. Since most of the mass of the drug is concentrated near the surface 

of the tissue, a thicker epithelium will under estimate the amount of drug in the stroma. 

Another key factor in biopsy is the thickness of excised tissue. This factor is not 

standardized across microbicide studies, and is rarely mentioned in the results. Once 

again, due to the fact that drug is concentrated near the surface, a thicker biopsy will 

only dilute the higher concentration, and thus a thicker biopsy will lead to a lower 

biopsy concentration even though the tissue sample stayed the same. This difference in 

sampling creates an additional variable that makes comparison between biopsies of 

different studies, or even samples from the same study difficult. One way of reducing 
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this variability is to report the total mass of drug per area of excised tissue. This way a 

slightly thicker or thinner tissue will have minimal effect on the total mass. 

Sensitivity of model parameters will give a better understanding of the intrinsic 

variability and will predict results from known physiological changes. Here the 

concentration profile  in three different compartments are plotted with varying diffusion 

coefficient, partition coefficient, dilution constant, or stroma blood transfer constant. 

Results show that all parameters change concentration profiles uniquely. This 

observation can be useful in the inverse problem where changes in a particular 

parameter can be found given variations in the resulting PK data. In particular for short 

times, only the partition coefficient has a noticeable effect on the epithelial concentration. 

Both gel dilution and diffusion coefficient affect all compartments but in different ways. 

Gel dilution is slow acting and the changes are pronounced at long times, while the 

diffusion coefficient alters the curve at all time points, first by increasing concentration 

at short times due to fast transport and then by lowering concentration at 24 hours due 

to faster depletion of drugs. The stroma blood transfer coefficient is unique in that it 

only significantly affects the stroma compartment, not the blood compartment. This 

difference is due to the fact that eventually most of the drugs in the stroma will end up 

in the blood stream, so the rate of this transfer is dictated by the epithelial and gel 
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compartments. This means by altering the rate constant the only effect would be 

changing the concentration in the donor to maintain the same mass flux. 

2.5 Conclusion 

This is the first model of microbicide gel distribution in the vaginal mucosa. The 

model can help improve understanding of how multiple factors can influence the 

delivery and efficacy of microbicide gels. The principles used here can be further 

improved upon and expanded to other drugs and dosage forms. Comparison with 

existing clinical data showed good agreement with the model predictions. Effects of 

biological variations in epithelial thickness and vaginal fluid production are explored, 

which is then related to observed concentration in biopsies. In addition the effects of the 

two most common dosage regimens are compared in terms of their concentration profile 

in the stroma. Variability and sensitivity analysis of four other key parameters are also 

explored with concentrations in three key compartments of epithelium, stroma, and 

blood. The results here can inform not only the fundamental understanding of drug 

delivery in the vaginal environment, but also extend the knowledge to gel design and 

proper dosage regimens that can achieve prophylactic drug concentration in the target 

mucosa.
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3. Gel Spreading in the Vagina 

3.1 Introduction 

Rheology of microbicide gels can be modeled from the simple to the more 

complex, e.g. using Newtonian fluid, Power Law, Power Law with yield stress 

(Herschel-Bulkley), and Carreau with yield stress as constitutive models. Previous work 

has modeled the spreading of a Herschel-Bulkley fluid being squeezed by a plate[49]. A 

more advanced model of a Carreau-fluid with yield stress in a channel has been 

developed[87-89]. This new model can incorporate more realistic dimensions of the 

vagina. A model of gel spreading in the rectum is also possible using this modeling 

conceptualization with different geometric details. 

Drug is delivered by a vaginal gel primarily through diffusions into the tissue. 

However, the gel also spreads due to squeezing forces from the vaginal walls. In 

Chapter 2, the assumption was that the gel coated the entire canal. This assumption may 

be good for a typical spreading gel over 24 hours, but for transport on a short time scale 

and for non-spreading, bolus gels, this assumption no longer holds. A model of gel 

spreading is needed in order to assess the extent of spreading at short times for a typical 

flowing gel. The spreading model can be useful to help choose the best gel and volume 

to use in the design of such gel, by metrics related to drug delivered and user 

acceptability (leakage). 
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The rate of gel spreading depends on the rheology of the gel. The simplest 

measure of rheology is viscosity. For simple fluids like water, viscosity is fairly constant 

with changing temperature. However, the complex polymer networks in a gel exhibit 

varying viscosities and other rheological behaviors under different flow conditions. 

Shear thinning is a behavior typical of these polymers, in which the viscosity of the fluid 

decreases with increasing shear rate. Fluids with this behavior are most simply 

characterized using the Power Law constitutive model. In addition, a fluid could exhibit 

a yield stress, where it will resist flow if insufficient external stress is applied. Fluids that 

are shear thinning and have yield stress can be modeled using the Herschel-Bulkley 

constitutive model. Furthermore, a third behavior known as zero shear viscosity may 

occur, in which the viscosity is nearly constant when the shear stress is close to zero. A 

fluid that has this behavior and is shear thinning can be modeled as a Carreau fluid. 

 

Figure 19: Illustration of squeezing by two plates of a gel in channel geometry 

with applied force F 
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Previous analysis of gel flow using the Power Law and Herschel-Bukley models 

in a cylindrical or “hockey puck” geometry was conducted by Sarah Kieweg[48, 49]. The 

hockey puck model was chosen in part because it is used in the literature for squeezing 

flow. It represents squeezing as two infinite plates with a cylindrically symmetrical 

initial condition. This radial model of gel flow was reasonable mathematically due to 

symmetry, but it is far from captured the geometry of the vaginal canal. A more accurate 

model would be flow in a channel of approximately fixed width of 2.5 cm (Figure 19). 

The length of the canal[7, 72] is approximately 10 to 15 cm, the innermost region is the 

fornix and the outermost opening is the introitus. Based on these dimensions and a gel 

volume of around 3 mL, the height of the gel is much smaller than either the length or 

the width. For this derivation, the flow is assumed to be bilaterally symmetric, where the 

gel can flow out on either end. In the more geometrically realistic model, the fornix is a 

wall that blocks gel flow, which can be modeled as a half problem of the previous 

bilateral case. 

3.2 Materials and Methods 

Three different constitutive models will be used in this analysis. All of them 

share the same geometry, equations of motion and boundary conditions. However, the 

results of the flow problem will be different depending on the model. Methods of 

solving different models will also differ. The simplest model can be solved explicitly, 
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while the more complex models involve solving a system of equations. The steps for 

each solution will be outlined in the results section. 

3.2.1 Constitutive Equations 

The coordinate system for this problem is laid out in Figure 19. Flow in the width 

direction is assumed to be zero due to symmetry of the initial condition. Flow field is 

determined by the Navier-Stokes equation. Lubrication theory can be applied due to the 

height of the gel being much less than the total length during spreading. This leads to a 

zero pressure gradient in the height dimension (Equation 15). 
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Equation 15 

Flow in the x  dimension can be simplified by assuming incompressible flow for 

a liquid and negligible acceleration terms due to small inertial term compared with the 

viscous term of the equation. This will lead to an equation for the pressure gradient as a 

function of the change in shear stress over the y  dimension (Equation 16). 
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Equation 16 

The continuity equation for this problem is given in Equation 17. Once again 

assuming the fluid is incompressible, the term for changes in density disappears and the 

result of the equation is zero divergence for velocity. 
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Equation 17 

The constitutive equation is dependent on the model being used. In a general 

form the relation can be expressed in terms of the shear rate as a function of shear stress. 

Most equations for fluid are written in terms of the viscosity or shear stress as a function 

of shear rate. This relation makes sense in terms of measuring viscosity at a defined 

shear rate, however in physics terms the shear rate is a response to the applied stress, so 

the inverse relation is preferred. This generalized relation is in Equation 18. 
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Equation 18

 
Finally the fluid flows with an applied external force. This force is a constant 

that’s applied at the walls. Since with lubrication theory the pressure gradient is a 

function of x  position only (Equation 15), integral of pressure at the wall of the fluid 

yield the total force applied (Equation 19). The coordinate system is setup so that origin 

bisects both the height and the length in the model (Figure 19), which means the total 

force is twice the integral of over the half length. 
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Equation 19 
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3.2.2 Boundary Conditions 

Boundary conditions are given in Equation 20. The first Equation 20a comes from 

symmetry condition at the center point, where the flow in the x  direction is stagnant. 

The same is true for Equation 20c in the y  direction, where the velocity at the centerline 

is 0. The no slip boundary condition is in Equation 20b as well as in Equation 20d, the 

condition is derived from no slip boundary at the wall and the continuity equation. 

Equation 20e is the boundary condition for velocity at the wall, which is assumed to be 

uniform with value h . The pressure boundary condition is in Equation 20f, where the 

relative pressure at the end of the fluid is 0 (atmospheric). The initial condition to this 

problem is usually an initial height for the gel 0h . 
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Equation 20 
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3.3 Results 

3.3.1 Power Law Fluid 

The flow of a Power Law fluid in channel geometry can be adapted from the 

radial flow model. Both the continuity equation in Equation 17 and the Navier-Stokes 

equation have been adapted to a rectangular coordinate system. The flow remains two-

dimensional with the flow in third depth dimension neglected. Constitutive equation 

(Equation 18) for a Power Law fluid is shown in Equation 21. Here m  and n  are the 

parameters in the Power Law model. The parameter n  is the flow behavior index and is 

related to the shear thinning behavior of the fluid, for a Newtonian fluid the flow 

behavior index is 1. The parameter m  is closely related to viscosity, however its unit is 

dependent on the value of n . These two parameters are obtained from rheological 

experiments with varying shear rate by fitting linear regression of log-log plot of 

viscosity vs. shear rate. 
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Equation 21 

Equation 21 can be plugged into Equation 16 to give the relation between 

pressure gradient and shear stress. Using the continuity equation from Equation 17, the 

shear stress can be converted to velocity in the vertical instead of the horizontal direction 

yielding Equation 22. 
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Equation 22 

Since the pressure gradient is a function of x  only (Equation 15), the expression 

in Equation 22 can be integrated in the horizontal direction to yield an expression for the 

vertical velocity. The derivative of vertical velocity can be integrated again to yield the 

wall velocity boundary condition of Equation 20e. Together with boundary condition of 

zero pressure at the edge of the flow (Equation 20f) the pressure as a function of position 

is Equation 23. 
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Integrating the pressure over the area of the canal would yield the total pressure 

applied of Equation 19. In this equation, the only unknown is h  the wall velocity. The 

terms can be rearranged to Equation 24. 
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76 

This equation can be integrated over time to give an explicit expression for the 

height of the gel as a function of time. This is in Equation 25, and two new constants 

appear in this expression, p  which is the power that the time t  is raised to, and G  a 

constant that scales the applied force. 
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Equation 25 

The result is similar to that of the radial flow model, with the key difference 

being the value of the two constants. The result for the radial flow model of the two 

constants p  and G  is in Equation 26. 
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Equation 26 
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Comparisons can be made for the spreading behavior between the channel and 

the cylindrical geometry. If the initial height is large or the time of interest is long, then 

the first term 0h  drops out of the equation, and the spreading as a function of time 

depends only on the parameter p  and a force that is scaled by constant G . The two 

parameters of p  in the channel and radial model can be compared directly. The result is 

that the power for a radial flow is strictly greater than the channel flow regardless of the 

value of n  and is independent of the channel geometry (for example the width) and 

other parameters such as the volume and force applied. A greater power parameter p  

means faster spreading. This makes sense as the radial flow is unconstrained in two 

dimensions while the channel flow is constrained to flow in a single dimension. 

3.3.2 Herschel-Bulkley Fluid 

The logical extension to the Power Law model is the Herschel-Bulkley (H-B) 

model. In the H-B model an additional parameter for yield stress is added to the base 

Power Law model. Yield stress is a theoretical limit below which the fluid is in static 

equilibrium. Yield stress behavior is common in many cross-linked polymer systems. 

For example in hydrogels, the addition of carbopol increases the observed yield stress. 

This is seen in many candidate microbicide gels, which contain both carbopol and 

cellulose. The constitutive model is in Equation 27. Shear stress in the problem is no 

longer continuous, with the stress strain behavior dependent on whether the stress is 

greater or less than the yield stress. 
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Equation 27 

Starting with Equation 16, if lubrication theory is assumed, the expression can be 

integrated, and together with the boundary condition in Equation 20d would yield 

equation Equation 28. 
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Equation 28 

Equation 29 is formed by setting Equation 28 equal to the constitutive Equation 

27 over the region of fluid that has yielded. 
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Equation 29 

From Equation 28, a critical height cy  (Equation 30) can be defined as where the 

fluid has just begun to yield. Anything above this height is free flowing, while anything 

below this critical level is static fluid in plug flow. For a flow field where it is flowing 

everywhere in the fluid, as it is with the case with no yield stress, the critical height is 

simply the total height. 
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Equation 30 

Equation 29 can be integrated to find the velocity in the x  direction both above 

(Equation 31a) and below (Equation 31b) the critical height. 
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Equation 31 

The mass balance equation at each position along the width is given by the 

vertical squeezing of the gel and the horizontal spreading of the gel in Equation 32. 
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Equation 32 

Applying velocities in Equation 31 to the mass balance Equation 32 yields an 

equation relating the pressure gradient to the vertical wall velocity h  in Equation 33.  
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Equation 33 

The above equation can be simplified and non-dimensionalized into Equation 

34a, where X  (Equation 34b) is the non-dimensional pressure gradient, and nS  

(Equation 34c) is the non-dimensional wall velocity. 
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Equation 34 

No simple explicit solution exists for the non-dimensionalized pressure gradient 

in Equation 34a. However asymptotically with large and small X , the last term is small 

compared to the first two. By neglecting the last term in the equation, the pressure 

gradient can be solved explicitly, this reduces to Equation 35. 
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Equation 35 

The pressure gradient in Equation 35 can be integrated once to yield the 

pressure, and plugged into the force equation in Equation 19. The result is the unknown 

wall velocity h  as a function of the known parameters in the problem. Unlike the Power 

Law fluid, a Herschel-Bulkley fluid here does not contain an explicit solution of height 

as a function of time, but rather an ordinary differential equation for height that can be 

solved numerically as an initial value problem in Equation 36. 
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Equation 36 

3.3.3 Carreau-like Fluid 

A Carreau fluid is an improvement to the Power Law model[88]. It contains three 

parameters, in addition to the two from the Power Law model it has one additional 

parameter that capture the shoulder at low shear rates of the log-log viscosity vs. shear 

rate data observed for certain materials. This parameter is called the zero shear viscosity 

( 0m ), it is a correction to the Power Law model where instead of an infinite viscosity at 

zero shear stress, the viscosity is now at a defined value. Similar to the Herschel-Bulkley 

model, a yield stress can also be introduced here. The constitutive equation is given in 
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Equation 37, where depending on whether the applied stress is greater than the yield 

stress the fluid is either in the yielding or unyielding region. Unlike the previous models 

where the shear stress is defined as a function of shear rate, here a “Carreau-like” fluid 

has similar characteristics to a Carreau fluid but with shear rate as a function of shear 

stress. This leads to an explicit relationship where the stress causes the strain. 

0

0

1

0

0

0

0 






















 







 n

x

mmy

v
 

Equation 37 

Integrating Equation 16 with respect to y  gives a simple expression for pressure. 

From Equation 15, it is clear that the pressure gradient is a function of x  only. The shear 

stress is simply the pressure gradient times y . Using Equation 18 which relates a 

generic stress strain relation and then plugging it into the continuity equation in 

Equation 17 yields Equation 38. 
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Equation 38 

This expression can be integrated twice with respect to y  with the top boundary 

having vertical velocity of h , which becomes Equation 39. 
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Equation 39 

In the above expression, the double integral can be reduced to a single integral 

graphically. The region of integration is a triangle over the region bounded by y  and y~ , 

because the integrand is a function of y~  only, this triangle region can be reduced to y  

times the integrand. Once again, define a critical y  value at which the fluid has just 

yielded (Equation 40). Then the single integral is given in Equation 41. 
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Equation 41 

The above expression can be integrated again to yield a relation between the 

pressure gradient as a function of position and the vertical wall velocity h  in Equation 

42. 
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Equation 42 

This is the effective Reynolds equation for the problem. The force equation is 

given by Equation 19 as an integral of pressure. Here, an explicit relation between the 

pressure or pressure gradient and position is not known. Instead, Equation 42 gives a 

simple inverse relation where the position x  is a function of the pressure gradient. The 

integral of the pressure gradient can be shown to be equivalent to an integral of the 

inverse function over the same volume in Equation 43. Here the function g  is the 

inverse function on the right hand side of Equation 42. 
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Equation 43 

Numerically the solution to height as a function of time can be found by 

integrating h  over time. The value of h  at each time point is governed by integrating 

the pressure gradient of Equation 42 constrained to the force condition of Equation 43. 

The first step is to guess a value of h  at each time point, Equation 42 would give the 
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pressure gradient from 0 to L , and then this pressure gradient is plugged into Equation 

43 to see whether it satisfies the applied force. This process is repeated until a desired 

tolerance on h  for that time point is achieved. 

3.3.4 Fitting Rheological Parameters 

Rheological properties of hydrogels are complex. They cannot be determined by 

simple viscometer, which only measures the viscosity when the fluid is assumed 

Newtonian with a low viscosity. A rheometer on the other hand is able to measure a 

wide range of viscosities, and more importantly is able to do so under a variety of 

applied stress or shear. The results can be fit to a constitutive model of the fluid for 

parameters in the model. 

Measurements are typically made under body temperature of 37°C in order to 

simulate the environmental condition a gel is under for most of the flow. Temperature 

dependence in the properties of a gel has been proposed to control gel spreading. For 

example, the gel can have a faster rate of spreading at a low temperature when the gel is 

initially inserted, and a slow rate of spreading at body temperature in order to avoid 

leakage. Spreading of the pluronic gel is plotted here as area coated as a function of time 

in Figure 20. A hydrogel is more than 90% water, so the thermal diffusivity is expected 

to be similar at 0.143 x 10-2 cm2/s. The characteristic time for a gel measuring 0.1 cm thick 

is determined by squaring the length and dividing by the diffusivity, which gives a time 

of around 7 seconds. In the plot, the gel has already reached 35°C at 9 seconds. This 
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result implies the change from room to body temperature can be considered almost 

instantaneous. 

 

Figure 20: Coated area of a pluronic gel 

Two ways of measuring shear stress and shear rate in a rheometer are by either a 

stress controlled or a strain controlled protocol. The strain controlled protocol are 

typically used in regions of high shear, while the stress controlled protocol are used in 

the low shear regions. This is because in the high shear region, if a set stress is applied 

for a low viscosity gel the gel might shear at a rate higher than the designed limit of the 

machine, limiting the number of useful data in the experiment. On the other hand, if the 

gel is highly viscous, in low shear regions a strain controlled protocol is hard to achieve 

especially when yield stress is present. The yield stress of a fluid usually confounds 
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experimental stress strain relation. Without accounting for the yield stress, viscosity 

values at low shear rates will approach infinity since as the shear rate approaches zero 

the apparent stress stays constant. One way of measuring yield stress is using a stress 

relaxation experiment[55]. The experiment works by first shearing the gel under 

constant stress and then stopping the applied stress to measure the residual stress over 

time, the final time point when the stress settled down to a minimum is used for the 

yield stress. This is not the only way to measure yield stress, but the method can gave 

more consistent results compared to the oscillatory method. 

 

Figure 21: Viscosity vs. shear rate for a typical gel on log-log scale 

A typical result for a hydrogel’s viscosity vs. shear rate is plotted on the log-log 

scale in Figure 21. The yields stress is determined from stress relaxation and is 



 

88 

subtracted from the raw stress, negative stress and other anomalous data are removed 

from the low shear region. This stress is then divided by the shear rate to yield viscosity. 

The data indicates a Carreau or Carreau-like fluid is the most suitable model because 

zero stress viscosity is clearly visible at low shear regions. In the linear region, the fluid 

acts according to the Power Law model, since a straight line in log-log plot indicates a 

power relation. 

There are three ways of fitting a Carreau model to the data. By a Carreau-fit, a 

Carreau-like fit, or a Carreau-like model from Carreau-fit. Carreau and Carreau-like are 

different models that incorporate the same rheological properties. The important 

distinction is while in the Carreau model stress and viscosity is a function of shear rate, 

in a Carreau-like model the relation is reversed. Carreau-like parameters can be 

converted from Carreau parameters[85], the difference between the two methods are not 

only in the final model used but also in the way model is fitted. Linear fits that minimize 

the sum of residuals are in different units for the two models, one is minimizing the 

stress while the other is minimizing the shear rate. In the example above, all three 

models gave approximately the same result, however this is not always the case. The 

data fitted with the Power Law model is also plotted with a dashed line. The model has 

the worst fit because it cannot factor in the zero shear viscosity behavior. 
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3.3.5 Rheology of Gel Aging 

Gels are expected to have a long shelf life, even under high temperature storage 

conditions in areas without refrigeration. A gel past expiration have chemical and 

mechanical changes that make the product unsuitable for application. Accelerated aging 

is one way of determining the expiration of a product with a shortened time frame for 

testing. This can be achieved by subjecting the gel to a high temperature of around 40 

°C, with samples tested monthly. Typically, the physical property is measured by 

viscosity at a predefined shear rate of 1 sec-1, this value can be observed to decrease over 

time as the long polymer structure of the gel breaks down. It is of interest to test how 

aging of a gel influences its properties in drug delivery, more specifically the spreading 

of such gel after application. Since the gel is not a simple Newtonian fluid, a single 

viscosity measurement is insufficient to characterize the fluid. A more comprehensive 

rheological experiment can be conducted on the gel for a range of shear rates. This is 

shown in Figure 22 for a fresh gel and a gel that has been aged for 12 months. 
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Figure 22: Rheology of a fresh and 12 months aged 3002 gel 

The plot shows at 12 months the viscosity for an aged gel is lower than that of a 

fresh gel, which is more prominent in the low shear rate regions. If only the viscosity at 1 

inverse second is measured, which means the behavior at low shear rates cannot be 

observed. Two Carreau-like fits are overlaid, with only very small differences in 

viscosity at higher shear rates. Spreading comparison of the two gels with volume of 2 

mL and 4 mL is in Figure 23. The aged gel spread faster than the fresh gel, this effect is 

more pronounced for a high volume gel. Due to faster spreading, the aged gel is 

observed to have leaked at around 100 minutes, while the fresh gel leaks at around 3 

hours. This difference will affect drug delivery as well as user preference. 
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Figure 23: Gel spreading for fresh and aged gel at 2 mL and 4 mL 

3.3.6 Comparison with Compliant Wall Model 

This chapter focused on flow in a channel squeezed by a rigid wall. Another 

formulation of squeezing flow for a Carreau-like fluid was developed by Szeri et al [85, 

87, 88] for a compliant wall. In the compliant wall model the force applied by the wall is 

proportional to the local gel height, so the height of the gel is now a function of position 

and time instead of uniform. In addition, instead of a finite boundary for the leading 

edge of a gel, this formalism has gel height defined as non-zero in the entire one 

dimensional infinite domain. As an initial condition, the gel is assumed to follow a 

functional shape, in this case a Gaussian distribution. The spreading of the gel can be 

visualized by the function of height at each time point (Figure 24). The gel spreads the 
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fastest initially, like the rigid wall model. The first time point is in blue, the height is 

flattened immediately to the next time point in turquoise. Due to the fact the leading 

edge of the gel for a compliant wall model is hard to define, there is not a single way to 

compare with the rigid wall model. One way to define the leading edge is to treat the 

height distribution as a statistical probability distribution function and then use four 

times the standard deviation[85] as the extent of spreading. 

 

Figure 24: Height profiles at different times for the compliant wall model 

Comparison between the extent of spreading for the compliant and rigid wall 

models is plotted in Figure 25. Three test gels with different rheological properties are 

used at 3 mL. The compliant wall model is expected to spread less, because a compliant 

wall can better distribute the stress throughout the gel, decreasing the maximum shear 
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stress on the gel. For gels DG 1 and DG 3, the ratio of area coated is around 0.7, meaning 

a compliant wall coated less than rigid wall, and for the gel DG 2 the ratio is slightly 

more than 1. The gel DG 2 is a bolus gel with height yield stress and viscosity at all shear 

rates, the difference in coated area can be attributed to the way yield stress is handled 

between the two models. Overall the ratio between two models is close to unity after the 

first few minutes of spreading. 

 

Figure 25: Area coated ratio between compliant and rigid wall model 

3.4 Discussion 

Gel spreading in the vaginal canal is modeled here in a rectangular geometry. 

This model is a more realistic adaptation of an earlier model of spreading under infinite 

plate geometry. The spreading model takes gel rheology and volume as an input and 
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can output the time dependence of spreading area and spreading length. This 

information can help design gels that can deliver more drugs by fast coating initially, 

and also slow spreading after completely coating the entire vaginal canal in order to 

minimize leakage. Gel leakage can affect user preference and adherence to the product, 

which studies have shown to be a major factor in gel effectiveness. 

Three models of gel rheology are explored, from the simplest to the most 

complex they are a Power Law fluid, a Herschel-Bulkley fluid, and a Carreau-like fluid 

with yield stress. Each new model builds on the previous one by each adding an 

additional parameter. A Power Law fluid has two parameters, the flow consistency 

index and flow behavior index. The Herschel-Bulkley model adds a yield stress to the 

two parameters from Power Law model. And the Carreau-like fluid adds a zero shear 

viscosity. The solution to each model is progressively harder to solve computationally. 

The first model is of a Power Law fluid, which can be thought of as a more 

advanced version of a Newtonian fluid that has an additional parameter that changes 

viscosity as a function of shear rate. The solution for a Power Law fluid is an explicit 

relation for the height of the gel as a function of time and can also be easily converted to 

coated area or spreading length by knowing the volume of the gel and channel width. 

There are a lot of similarities between this channel flow problem and radial flow of a 

Power Law fluid being squeezed by two infinite plates. The basic form of the two 

equations is the same, with the difference being the two constants in the equation. 
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Comparing flow for the two models, the channel flow is able to spread faster and create 

a larger coated area. This difference arises because stress is more evenly distributed in 

the cylindrical model while in a canal the constraints forces higher stress at the leading 

edge of the channel. 

The second model, for a Herschel-Bulkley fluid is essentially a Power Law model 

with yields stress. A yield stress is the theoretical limit for which fluid would not flow if 

applied stress is less than the yield stress. Solution to the flow problem is an ordinary 

differential equation for height based on the current height and the rheological 

parameters. Notably time is not a dependent variable. This independence means the 

problem is time invariant and does not have any memory effects, which is consistent 

with physical theory. The solution to this problem can be checked by setting the yield 

stress to zero, which would reduce to the Power Law model, and indeed the solution 

agrees with this prediction. 

The last and most advanced model is the Carreau-like model, which adds a zero 

shear viscosity to the Herschel-Bulkley model. Zero shear viscosity is sometimes 

observed in complex fluids such as hydrogels. It characterizes a limiting viscosity as 

shear rate approaches zero, contrary to the Power Law and H-B models where the 

theoretical viscosity as shear rate decreases is infinite. The solution to this problem is an 

integral equation at each time point, where given the current height, the wall velocity 

has to satisfy the integral of pressure gradient yielding the total applied force. 
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Numerically this solution is similar to an ordinary differential equation except at each 

time step the solution to the integral equation has to be solved by another numerical 

method. The Carreau-like method asymptotically approaches the Herschel-Bulkley 

model when the zero shear viscosity approaches infinity. This observation can be tested 

by setting the zero shear viscosity to an unrealistically high value, which yields the same 

result as a Herschel-Bulkley fluid. 

Use of rheological models depends on rheological parameters measured 

experimentally. Obtaining these measurements is not trivial. It involves finding the 

yields stress by stress relaxation experiment, and then using this value as a baseline in 

measuring the stress strain behavior of the gel over a range of shear rates. Transient 

thermal effects can be ignored, since the gel will heat up to body temperature within a 

few seconds after application due to high thermal diffusivity. The final step is fitting the 

model to rheological data. Three different methods of fitting a Carreau model are 

explored, and the results show all of them gave good fits to the rheological data. 

Rheology is important in determining the shelf life of a gel. And in the reverse 

case, gel rheology can be used to find the age of an unknown gel. An accelerated aging 

experiment was performed with a sample gel and the result showed that an aged gel 

will experience lower viscosity and faster spreading compared to a fresh gel. Faster 

spreading in general improves drug delivery. However, faster spreading could be worse 
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for adherence due to potential gel leakage. Spreading computations show that the aged 

gel spreads only slightly faster, and leaks earlier than a fresh gel. 

Comparison can be made between the rigid wall spreading model and another 

model developed in UC Berkeley for a compliant wall. The result is very similar when 

both models use the same rheological parameters, gel volume, and channel width. The 

ratio of spreading as a function of time for the two models varies from 0.7 to 1.1; this 

difference is most likely due to infinite vs. finite domain spreading and the difference 

between how stress is distributed. Similarity between the two models is encouraging. 

3.5 Conclusion 

A rheological model of the spreading of a gel is adapted to a rectangular 

geometry for the vaginal environment. The result is a more accurate representation of 

gel spreading compared to the previous models. Three different constitutive models of 

rheology are created and provide solutions of varying complexity from an explicit 

solution to an ordinary differential equation to an integral equation. Methods for fitting 

rheological measurements to experimental data are also explored with applications in 

gel aging. The model of a rigid wall is compared to a compliant wall model which 

yielded comparable results.
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4. Combining Gel Spreading and Drug Transport 

4.1 Introduction 

Chapter 2 and Chapter 3 are both useful in understanding drug transport from a 

vaginal gel to mucosal tissue. However, neither model is complete. In the first model of 

Chapter 2, gel is assumed to have perfectly coated the entire vaginal canal. This is only 

true for a low viscosity gel after initial gel insertion. In the second model of Chapter 3, a 

detailed model of gel flow has been developed, but the model does not include drug 

delivery. A logical follow up then is to combine the models of drug delivery and gel 

flow to form a combined model of both behaviors[26]. In this model, spreading for the 

gel is first computed from methods in Chapter 3. Since drug spreading occurs 

independently of drug transport, this step can be decoupled from the drug transport 

process. A second step is to use gel spreading as an input and then calculate drug 

transport into the vaginal tissue. The method from Chapter 2 can be used and adapted 

to this new model. The key difference being while the previous case is a perfect coating 

model in one dimension, spreading coupled with drug transport is fundamentally a 

two-dimensional problem in the direction of gel spreading and tissue depth. This model 

assumes the concentration in the third width dimension is symmetrical and 

homogeneous. 
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Figure 26: Geometry of gel spreading and drug transport. Top is an 

exaggerated picture of the model and the bottom is a rectilinear approximation 

The spreading problem and the rectilinear approximation are shown in Figure 

26. A gel is inserted in an initial position along the canal, the left opening is the introitus, 

and the right end is towards the fornix (not shown). Due to the small height of the gel 

compared with the width, spreading can be approximated as rectilinear in the bottom of 

Figure 26. Pressure of the flow is vented under atmospheric boundary conditions at the 

introitus to the left. The presence of the introitus and fornix in this model allow the gel 

to leak if it spreads past the introitus, and the gel will stop flowing at the fornix. The 

epithelial and stromal layers are also indicated on the figure. Force applied by the 

compliant vaginal wall exerts pressure proportional to the applied gel volume, but in 

this model a simplification is made where the applied force is assumed to be the total 

force of the rigid wall. 
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4.2 Materials and Methods 

4.2.1 Geometry of the Model 

Drug delivery in the vaginal mucosa by a gel derives from two interacting mass 

transport processes, gel flow due to the squeezing by the walls of the canal and drug 

diffusion from the gel into the tissue. Gel flow is independent of drug transport, thus it 

can be computed first and the results used as input to the solution of diffusive drug 

transport into the tissue. 

This model introduces more physically significant characteristics of the human 

vaginal canal, which is an improvement over gel spreading introduced in Chapter 3. The 

base model of spreading is still a rectangular coordinate system with squeezing by two 

rigid walls. But instead of spreading under an infinite canal, here the canal is finite with 

opening on one end (introitus) and another closed end (fornix). Gel is typically inserted 

as a bolus by a piston-type applicator. The bolus is assumed to be approximately 

rectangular due to a narrow height of the gel, which is also the initial condition of the 

canal. Initial gel placement influences its flow over time due to: gel may spread to an 

extent that is outside of the introitus and begins to leak and/or the innermost edge of the 

gel may flow up to the wall of the fornix and cease to move. In this analysis, like in 

Chapter 2 the Cartesian coordinate system is used with the y  axis at the centerline of 

the gel and the canal, which is symmetrical between the top and the bottom. The volume 

of microbicide gels ranges from 2 to 5 mL, with a 5 mL gel showing significant leakage. 
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In this analysis gel of 2 and 4 mL are picked as representative of both high and low 

volume. 

 

Figure 27: Four different cases of gel flow dependent on the initial position of 

inserted gel, where it can either leak and/or flow in one direction only 

Depending on the initial gel placement and flow there are four different 

configurations that can be applied to the symmetrical gel flow model in Chapter 3 

(Figure 27). These differ in relation to whether or not the distal edge of the gel and the 

proximal edge reach either boundary during the course of flow. If the distal edge 

reaches the introitus the gel will leak, this is modeled as a reduction in gel volume. If the 

proximal edge reaches the inner boundary at the fornix, gel flow will be unidirectional 

towards the introitus, in terms of the model a unidirectional flow is just half of the 

bidirectional flow from Chapter 3. Depending on the parameters of the problem, the 

overall flow during the time course of interest might be a sequence and combination of 

one or more cases. 

4.2.2 Rheology of Test Gels 

In this analysis, the rheological behavior of the gels is characterized as Carreau-

like fluid with yield stress. This is the most advanced and accurate model of rheological 
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behavior, in fact other rheological models can be considered a subset of Carreau-life 

fluid. The primary benefit of this model over simpler models such as Power Law is that 

it can accurately account for low shear strain behavior, which plays a major role in 

governing the flow rate. 

Three test gels are used in this model. They were created with properties that 

bracket a range of potential candidate gels, with a range of rheological properties. The 

gels are made from hydroxyethylcellulose with glycerol, methyl paraben, propyl 

paraben, and phosphate buffer to maintain pH. Gel rheological properties (Table 4) were 

measured at body temperature (37°C) using a constant stress protocol on a TA 

Instruments model AR 1500ex rheometer (using a 4° cone and 20 cm plate 

configuration). Yield stress is measured using residual stress as a surrogate by stress 

relaxation experiments in a Brookfield 5HB DV-III Ultra rheometer with a CPE-40 

cone[70]. The gel was initially stressed at 10 sec-1 for 5 min, and then relaxed for 14 min, 

during which time stress was measured to determine the limiting value. 

Table 4: Rheological parameters of three test gels 

Gel Yield Stress 

0 (dynes/cm2) 

Zero Shear 

Viscosity 0m (Poise) 

Flow Consistency 

m (dyne/cm2 x sn) 

Shear Thinning 

Index n  

DG-01 20 3820 1300 0.261 

DG-02 380 2070 1960 0.219 

DG-03 0 175 153 0.344 
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4.2.3 Governing Equations for Drug Transport 

Drug transport from gel into the vaginal mucosa is characterized in this model 

by a two-dimensional unsteady convection-diffusion mass transport process. The 

vaginal mucosa consists of two histologically different layers, the epithelium and the 

stroma (Figure 26). This model is similar to the model in Chapter 2 with four different 

compartments for gel, epithelium, stroma and the blood. Unlike the earlier model, the 

epithelium and the stroma compartments for the tissue are now two dimensional, while 

the gel and the blood compartments are assumed to be homogenous. This is due to the 

fact diffusion coefficient of the drug in gel is several orders of magnitude higher than the 

diffusion coefficient in the tissue compartments. The transport from gel spreading is also 

much higher than diffusion, in essence a fast spreading gel is well mixed by convective 

transport. The Péclet number (Figure 28) of gel spreading compared with diffusion for 

Tenofovir is at least one order of magnitude higher than unity over a period of 24 hours. 

In Chapter 2 gel concentration was found to be nearly uniform with depth, and a similar 

assumption can be made here.  
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Figure 28: Péclet number of gel spreading and diffusion 

Tenofovir diphosphate production is included in the epithelial and stromal 

compartments, which contain cells that Tenofovir enter and become phosphorylated. 

The stroma contains HIV infectible host cells that are believed to be a primary source of 

HIV transmission. Thus TFV-DP concentration in the stroma is the key output of this 

model. 
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Equation 44 

The conservation of mass equations for Tenofovir and Tenofovir diphosphate are 

in Equation 44. The concentrations are defined in terms of per unit volume of material. 

For example Tenofovir diphosphate concentrations are per volume of tissue even 

though these metabolites are only found in host cells. In the first Equation 44a gives 

concentration GC  in the gel compartment as a function of time. The variable ED  is the 

diffusion coefficient in the epithelium and EC  is the concentration in the epithelium. 

The variable w  is the width of the canal, L  is the distance from the center to the edge of 

the gel, and GV  is the gel volume. Together the integral gives the mass transport in 

epithelium from the gel. The epithelial transport terms are used because it is much 

slower than the transport in the gel and thus is the rate limiting step. Drug concentration 

in gel is also reduced due to imbibing of ambient vaginal fluid, this is modeled as a first 

order process with rate constant Dk  [25]. Drug transport in epithelium (Equation 44b) is 

a 2-dimensional unsteady diffusion process. The concentration is EC  with diffusion 

coefficient ED . The last two terms of the equation are the creation and elimination rate 
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for Tenofovir diphosphate, where onk  is the formation rate of TFV-DP, offk  is the 

elimination rate of TFV-DP, E  is the volume fraction of cells in the epithelium, and r  is 

the fraction of TFV converted to TFV-DP within the cells. Drug transport in stroma 

(Equation 44c) is also a 2-dimensional unsteady diffusion process with a first order loss 

term for the uptake of drug into vasculature with rate constant Bk , assuming blood 

vessels are assumed to be distributed relatively uniformly throughout the stromal layer. 

Where the concentration is SC , diffusion coefficient is SD , and the TFV-DP production 

mechanism is similar to the one in the epithelium except with a different host cell 

volume fraction S . In the blood compartment (Equation 44d), the mass balance of 

concentration BC  is governed by the input from the stroma divided by BV  (the volume 

of the blood compartment) and loss due to metabolism by the body with first order rate 

constant Lk . The time rate of change for TFV-DP (Equation 44e) has two components on 

the right hand side of the equation. The first is the rate of formation onk  multiplied by 

the difference between the current level of TFV-DP and the saturation level based on the 

local Tenofovir concentration TFVC  either in the epithelium or the stroma, the proportion 

of host cells  , and the fraction r  of TFV that can be converted to TFV-DP. This term is 

inside Macaulay brackets {} (defined such that the expression inside the brackets is zero 

when it has a negative value, because the TFV-DP formation rate must be nonnegative). 
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The second component is the rate of elimination, or conversion from TFV-DP to TFV 

governed by the rate constant offk . 

4.2.4 Boundary and Initial Conditions 

Boundary and initial conditions for the system of equations are in Equation 45. 
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The coordinate system here is different from gel spreading computations, since 

the gel spreading has a movable origin depending on whether the gel has leaked or has 

reached in the fornix. Area of the epithelium under the gel is a concentration boundary 

with a partition coefficient G  (Equation 45a), and the area not under the gel is a no flux 

boundary (Equation 45b). The boundary between the epithelium and stroma is a 

continuous boundary with a partition coefficient E  (Equation 45c). The boundary at 

the left, right, and bottom of the tissue is assumed to be no flux (Equation 45d, Equation 

45e, Equation 45f). Initially when the gel is inserted at time 0t  it has concentration 0C  

(Equation 45g), while all other compartments have zero concentrations initially 

(Equation 45h - Equation 45k). 

4.2.5 Parameters in the Model 

The parameters in the model are in Table 5. Many are the same as the previous 

analysis of a perfect coating in Chapter 2. The epithelial and stromal layers have 

thicknesses of 200 μm and 2.8 mm respectively[71]. The model contains values for the 

length d  and the width w  of the vaginal canal, which vary among women[72]. The 

model is based on ranges of human vaginal morphometric data, with three different 

representative sizes as “average”, “small”, and “large”. The small and large sizes is used 

to contrast spreading and leakage by the three test gels, while the average sized vagina 

is used for mass transport and concentration distribution. The three rate constants for 

gel dilution, drug transport from stroma to the blood, and drug loss from the blood 
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stream are discussed earlier in Chapter 2. These parameters are obtained by fitting the 

model to human Tenofovir PK data. Diffusion coefficients in tissue are determined via 

confocal Raman spectroscopy, the value for epithelium and stroma are 7 x 10-8 and 4 x 

10-7 cm2/sec respectively[14]. Partition coefficient is 0.75 for the gel epithelium interface 

and 1 for the epithelium stroma interface. These were derived from initial experimental 

measurements of Tenofovir transport in specimens of fresh porcine vaginal tissue also 

using confocal Raman spectroscopy[14]. The kinetic parameters for TFV-DP, onk  and 

offk , were estimated based on PK studies of TFV-DP formation[37]. The value of BV , 

volume of distribution in the blood compartment is 75 L[47]. 

Table 5: Parameters in gel spreading and drug transport model 

Parameter Symbol Value Reference 

Diffusion Coefficient in Epithelium (cm2/s) 
ED  7 x 10-8 [14] 

Diffusion Coefficient in Stroma (cm2/s) 
SD  4 x 10-7 [14] 

Gel/Epithelium Partition Coefficient 
G  0.75 [14] 

Epithelium/Stroma Partition Coefficient 
E  1 [14] 

Epithelial Thickness (cm) 
Eh  0.02 [71] 

Stromal Thickness (cm) 
Sh  0.28 [71] 

Rate Constant due to Dilution in Gel (hr-1) 
Dk  1.22 [25] 

Rate Constant for Stroma Blood Transport (hr-1) 
Bk  0.119 [25] 



 

110 

Rate Constant for Loss in Blood (hr-1) 
Lk  1.41 [25] 

Rate of Formation for TFV-DP (hr-1) 
onk  0.693 [37] 

Rate of Elimination for TFV-DP (hr-1) 
offk  0.00413 [37] 

Volume Fraction of Cells in Epithelium, Stroma 
SE  ,  0.95, 0.1 [26] 

Proportion of TFV-DP Converted from TFV r  0.1 [26] 

Initial Concentration in Gel (ng/mL) 
0C  107 [78] 

Volume of Distribution for Blood (L) 
BV  75 [47] 

Length of Small, Average, and Large Vagina (cm) d  12, 13, 15 [72] 

Width of Small, Average, and Large Vagina (cm) w  3, 3.35, 

3.5 

[72] 

Surface Area of Small, Average, and Large Vagina 

(cm2) 

A  72, 87, 

105 

[72] 

 

4.3 Results 

4.3.1 Spreading in Large and Small Vagina 

The first results are for spreading of the three test gels. The gels were designed 

with different compositions leading to different rheological behaviors. DG1 is a gel that 

most closely resembles vaginal gels that were used in the past, DG2 is a “bolus” gel that 

has a high yield stress and viscosity, and DG3 is the least viscous gel that has no yield 
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stress. Gel spreading is simulated for two morphometrically relevant vaginal sizes 

termed “small” and “large”. The small sized vagina has dimensions with length 12 cm 

and width 3 cm (area of 72 square centimeters) and the large sized vagina has 

dimensions with length 15 cm and width 3.5 cm (area of 105 square centimeters). The 

results are plotted in Figure 29 for a small vagina and Figure 30 for a large vagina. 

Different line styles on each plot indicate both the fraction of area coated (solid) and gel 

volume leaked (dashed). Line colors are for three different volumes, and the triangles 

are for different gel insertion points (either in the middle of the vagina or at the fornix). 

 

Figure 29: Fraction of area coated and volume leaked for a large sized vagina 
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Figure 30: Fraction of area coated and volume leaked for a small sized vagina 

For each gel, the volume, vaginal size, and gel placement affect both the 

fractional area coated and the volume of gel leaked. In DG1, for a large vaginal size only 

the 4 mL gel leaks, and for a small vaginal size both the 3 mL and 4 mL leaked. The 

coating area for 4 mL gel is complete for both sizes, but with a 3 mL gel complete coating 

is dependent on initial gel placement. When placed near the fornix, this gel does not coat 

completely while it does when placed near the middle of the canal. A 2 mL DG1 gel does 

not coat completely in the large vagina but coats better when placed near the middle. 

The other two gels, DG2 and DG3 are at the opposite ends of the spectrum. DG2 with a 

high yield stress does not leak with all volumes and vaginal sizes. Coated area reaches a 
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steady state within 2 hours after initial insertion, and stays constant throughout the rest 

of the 24 hour period. A higher volume and small vaginal size both produce better 

coated area. DG3 on the other hand leaks within the first hour in all cases, but coats 

completely within that time frame. Higher initial volume causes more gel leakage. 

4.3.2 Heat Map of Concentration Distribution 

Drug transport from a spreading gel into the mucosal tissue is characterized by 

two-dimensional concentration values over time. Heat map of the concentration 

distribution can be plotted to visualize, here for 3 mL of DG1 gel, inserted at the inner 

end of an average sized vaginal canal (Figure 31). The concentration for TFV and TFV-

DP are plotted at times of 1 hour, 2 hours, 4 hours, and 24 hours post initial gel 

application. The x  axis is the direction of gel spreading with the end of the vagina at 13 

cm, the y  axis is depth into the tissue up to a maximum value of 0.3 cm. 
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Figure 31: Concentration distribution for TFV and TFV-DP on the log scale 

Concentration distribution of TFV in the x  direction matches closely with the 

extent of gel spreading. The leading edge of the gel is effectively the leading edge of the 

TFV concentration profile. Peak concentrations in tissue diminish over time, due to gel 

spreading and leakage, and as drug diffuses down into the tissue it is being cleared in 

the stroma. At times up to 4 hours, the maximum concentration in the tissue is about 107 

fmol/mg throughout most of the stroma. At 24 hours the tissue has concentration 

between 104 fmol/mg and 105 fmol/mg. The longitudinal concentration distribution of 

TFV-DP also corresponds with gel spreading. Concentration (per unit tissue volume) is 

higher in the epithelium than stroma due to higher concentration of cells. Overall, TFV-

DP concentration distribution follows that of the TFV for relatively short times. 
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However, for longer times (>8 hours) TFV-DP concentration approaches a relative 

steady state due to its slow clearance rate. 

4.3.3 Volume-averaged Concentration in Multiple Compartments vs. 
Time 

Volume averaged concentration vs. time of drug concentration in each 

compartment (gel, epithelium, stroma, and blood) yield plots analogous to 

measurements of drug concentrations in experimental pharmacokinetic studies [78]. 

Figure 32 and Figure 33 are plots for concentration of TFV and TFV-DP for gels DG1 (at 

3mL), DG2 (at 4mL), and DG3 (at 2 mL). The volumes are chosen for each gel that gave 

optimal performance in terms of coating and leakage in the spreading computations 

from earlier. In these computations the dimensions in the vaginal is an average sized 

with length of 13 cm and width of 3.35 cm, providing a total surface area of 

approximately 100 square centimeters. For these gels the total mass of drug loading is 

conserved across volumes, as an alternative computation can be made for which drug 

concentration is conserved. The initial drug concentration is thus inversely proportional 

to gel volume. Total drug loading is set at 40 mg, which is the mass of Tenofovir 

corresponding to a 1% gel at 4 mL volume used in previous clinical trials[46, 93]. 
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Figure 32: Volume averaged TFV concentration in gel, epithelium, and blood 

Insertion of gels into the fornix gives lower TFV concentrations in the epithelium 

and stroma than insertion to the middle of the canal. Stromal AUC values are about 15%, 

30% and 1 % lower for gels DG1, DG2, and DG3. The average stromal concentrations of 

TFV-DP follow the same pattern for all three gels. They rise to a quasi-steady state value 

in about 6 hours for all gels, and then remain nearly constant beyond the interval of 

computation (due to the slow decay rate for TFV-DP). Peak values of TFV-DP 

concentrations are higher for gel insertion to the middle of the canal, by about 15%, 40%, 

and 0.5% for gels DG1, DG2, and DG3, respectively. Thus results for gel DG3 (the lowest 

viscosity, relatively “runny” gel) are insensitive to the site of insertion, because it coats 
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the entire length of the canal so rapidly. Overall, results in Figure 33 indicate that the 

rank ordering of effective drug delivery performance (TFV-DP concentrations in stroma) 

for the gels is DG3 (2mL) > DG1 (3mL) > DG2 (4mL). 

 

Figure 33: Volume averaged concentrations of TFV-DP in stroma 

4.3.4 Percent of Stroma Protected with TFV-DP 

Pharmacodynamic potency of Tenofovir is manifested through concentration of 

Tenofovir diphosphate in HIV infectible host cells. Many studies have investigated the 

relationship between Tenofovir concentrations in tissue and the infectibility of that 

tissue. The EC50 value for Tenofovir has a range of 1 log[47]. However, very few studies 

have focused upon the relationship between concentrations of Tenofovir diphosphate 

and HIV infectibility. The problem is compounded by the fact that different HIV-
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infectible cell types produce different intracellular TFV-DP concentrations and they have 

inherently different TFV-DP dose response. The analysis here uses the upper limit of 

experimentally determined EC50 for Tenofovir and increases this hypothetical value by 

up to 2 logs. The fraction of the total volume of the stromal layer that achieves a 

concentration of TFV-DP higher than the reference value is termed “Percent Protected”, 

this is a key measure that relates to the prophylactic effectiveness against HIV. It is an 

objective, mechanistically derived measure that can be related to characteristics of the 

gel, drug, vaginal environment, etc. The lower bound value for Tenofovir EC50 is taken 

as 0.5 μM of Tenofovir. The TFV-DP concentrations in human vaginal biopsies after 

dosing with the 1% TFV gel are approximately two logs lower than the measured TFV 

concentrations. Hence the lower bound for EC50 of TFV-DP is chosen as 0.005 μM (5 

fmol/mg). Figure 34 illustrate the application of this computation to gels DG1, DG2, and 

DG3, varying gel volume and Tenofovir loading. This exercise provides insight into 

practical decisions that developers must make, once a gel composition has been decided, 

about what volume to apply and whether variations in loaded drug concentrations 

(compatible with safety, stability, and solubility requirements) are needed. For each gel, 

a reference condition of coated area within one hour is picked. This area needs to be as 

close to the size of the canal as possible for each gel volume. Because DG2 coats slowly 

the reference volume is increased from 4 mL to 5 mL. Then two computations are made 

for each gel at the reduced volume, first with the same concentration and second by 
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picking concentration that maintained the total drug loading. These computations are 

performed for an average sized vaginal canal of 13 cm long by 3.35 cm wide with the gel 

inserted into the fornix. 

 

Figure 34: Percent Protected of the stroma. Rows are gels DG1, DG2, and DG3. 

The columns are different EC50 values of 5, 50, and 500 fmol/mg 

From Figure 34, Percent Protected value rises sharply in the first 2 to 4 hours, 

after which the curve bends over and approaches a maximum value over a range of 

times, from almost instantaneous (DG2) to several hours (DG1). Thus protection 

increases initially at a fast pace, during an interval in which at least 90% of its maximum 

value is reached. This peak value is sustained at near steady state because of the slow 

clearance rate of TFV-DP from cells. Although there are some variations in duration of 
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the half-life for TFV-DP amongst different cell types, the rates are all on time scales 

much greater than 24 hours[3, 54]. The Percent Protected measure can also be 

characterized by the time needed to reach the bend on each curve (tbend) and the peak 

value of Percent Protected (PPmax). For all gels higher gel volume achieves the highest 

Percent Protected most rapidly. Reducing volume and conserving either TFV 

concentration or the total mass produces indistinguishable result from each other. So gel 

volume, not the TFV concentration is the dominant factor in Percent Protected. 

However, quantitative differences across volumes and drug loading are negligible for 

DG3. This gel, which has a low viscosity, achieves peak values of Percent Protected the 

fastest out of all three gels even though the mass of drug in it is the lowest. This is 

because the gel spreads so rapidly, creating a thin coating layer over the entire canal. 

Higher volume (4 mL) for DG1 loaded at 1 % TFV achieves 100% protection, but it is 

slower than DG3. Reducing its volume to 3 mL also reduces the peak protection to about 

90%. This results from the competition between increased TFV delivery due to increased 

coating, and the loss of TFV due to gel leakage plus clearance of TFV in the stromal 

layer. DG2, the very high viscosity gel, never achieves more than 60% protected because 

it only coats a fraction of the total length of the vaginal canal. For all gels, the effect of 

increasing the threshold EC50 value for protection is the increased time interval for 

which the steep rise Percent Protected occurs (tbend increases). However, this 2 log 
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variation of EC50 has little effect on the maximum value of achieved percent protection 

(PPmax). 

4.3.5 Plots of Combined Percent Protected and Gel Coating 

In the earlier sections spreading and Percent Protected were both plotted as a 

function of time, but in separate plots. Plots of gel spreading contain information about 

the drug delivery and leakage of prototype gels, while Percent Protected is the best 

measure of drug effectiveness. The information from both plots is easier to absorb if they 

can be combined. The following uses both axis of a traditional plot as well as the color of 

the graph to convey information from both spreading and Percent Protected.  

 

Figure 35: Percent Protected and fraction coated for three test gels 
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Figure 35 shows performance comparisons across the 3 gels. The y-axis indicates 

percent of stromal tissue protected against HIV infection as a function of time after 

initial gel insertion. Both DG1 and DG3 gels show the greatest amount of protection, 

with DG3 being slightly higher, while DG2 is much lower. The colors of the lines are for 

the fraction of the vaginal canal surface coated by gel over time. Coating reduces bare 

surfaces directly exposed to semen and virus. DG2 is the most viscous and coats about 

half of the canal over 24 hours, DG3 coats the entire canal in less than 1 hour, and DG1 

gradually coats the entire canal in 8 hours. DG3 provides the best coating, which also 

means it will leak out of the vagina soon after application. DG1 offers both good 

protection and better gel retention within the canal. A less leaky gel improves user 

acceptability, and is a key to increasing user adherence for gels. Plots such as these can 

also yield the optimal volume for each gel if they are plotted as separate lines. 
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Figure 36: Percent Protected and fraction coated for different vaginal 

dimensions and epithelial thicknesses 

In Figure 36, Percent Protected and fractional gel coating are plotted for varying 

biological conditions of either small or large vaginal canal and a thick or thin epithelium 

(depending on the phase of the menstrual cycle). The gel coats much faster in a small 

vagina compared to a large one, with both small cases coating the entire length of the 

canal in less than one hour. The large canal with thick epithelium coats in 2 hours, while 

the large and thin canal did not coat completely by 4 hours. The difference between thick 

and thin epithelium is due to the varying level of vaginal fluid production in the 

menstrual cycle: a thicker epithelium is associated with a higher level of vaginal fluid. A 

thicker epithelium also impede drug transport to the stroma, the Percent Protected of a 
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thick epithelium is around 7% lower than for a thin epithelium. Coincidently, the 

small/thick and large/thin conditions gave similar level of protection after 2 hours.  

4.3.6 Sensitivity of Model Parameters 

Predictions made by models are dependent on the fidelity of the values of 

parameters in them. Deterministic vaginal drug distribution modeling, as all PK 

modeling embodies a great many parameters that characterizes properties of the drugs, 

their vehicles, their dosage regimens, the host environments, etc. There is uncertainty in 

the value of parameters in the model and this contributes to the overall uncertainty in 

the predictions, as well as those inaccuracies in the model itself. As a reference, 

experimental data on drug concentrations in vaginal microbicide PK and efficacy studies 

are beset with variability, the origins of which are not fully understood. Empirical 

population based PK modeling for microbicide gels and intravaginal rings has begun 

analyses which quantify the uncertainty in clinical trial data[92, 96]. One use of such 

modeling is to define ranges of expected values of drug concentrations sampled as 

specified times after gel insertion. This could be used to assess whether or not gel was 

applied as instructed and reported by users[96], and could also guide selection of best 

times after product insertion to obtain samples in those studies. 

In this simple example, deterministic modeling is used to address variability in 

human PK data, several parameters are perturbed that results from natural biological 

variability in gel users: the dimensions of the vaginal canal, the thickness of the 
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epithelial layer, the volume of gel inserted, the location along the vaginal canal which 

gel is inserted, the volume of vaginal fluid production, and the exact interval between 

gel insertion and time of biopsy measurement. First for each parameter an upper and a 

lower bound is determined independently of the variation of other parameters: (1) 

vaginal size was taken as large or small based on human morphometric data (L = 15 cm, 

W = 3.5 cm, or L = 12 cm, W = 3 cm), (2) epithelial thickness of 200 μm or 300 μm, (3) gel 

volume of 4 mL or 3 mL, (4) site of gel insertion was to the inner fornix or midway along 

the vaginal canal, (5) vaginal fluid dilution rate of gel was increased by a factor of two, 

and (6) interval between gel insertion and time of measurement with an off set of 30 

minutes. The simulation is not a full statistical analysis of how the distribution of 

uncertainty in each parameter impacted model predictions. Rather, it considers 64 

separate combinations of parameter values based on using the upper and lower bounds 

of each. The output of each model is the Cmax value for Tenofovir in a biopsy, and the 

concentration of Tenofovir diphosphate in the stroma at 4 hours after gel application. 

The 64 values of each output can give a simple first order log-linear statistical model that 

incorporates all 6 parameters. 

621

6210

xxx
bbbbC   

Equation 46 

In Equation 46, C  is the output concentration, the ix ’s are parameters from 1 to 

6, and the ib ’s are coefficients determined from the fitting to the model. The value of 0b  
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is the approximate baseline concentration when all parameters are at the baseline value 

( 0ix ). If any parameter is not at baseline, then 1ix  and the corresponding ib  has an 

independent multiplicative effect on the value of C . The equation is log linear, and by 

taking the natural log on both sides in Equation 47, each parameter ix  is linear. 

          6622110 lnlnlnlnln xbxbxbbC    

Equation 47 

A linear regression can then be performed on the 64 data points each with a 

corresponding set of parameters indicating whether they are at the baseline or 

comparison value. R2 values for predictions of the deterministic simulation 

concentration by their statistical models were 0.972 and 0.990, respectively, for TFV in 

biopsy and TFV-DP in stroma. Results of this model to simulated experimental 

measurements of TFV and TFV-DP concentrations are given in Table 6. 

Table 6: Effects of the 6 parameters on log-linear model for coefficient 

variation. Unit for concentration is fmol/mg. Values are multiplicative factor for any 

variable that is part of the Comparison column, the baseline factor is 1 

 Baseline Comparison Biopsy TFV Stromal TFV-DP 

Baseline Value - - 7.84 (7.58, 8.11) x 105 6.80 (6.63, 6.97) x 103 

Vaginal Size Small Large 0.77(0.75, 0.79) 0.77(0.76, 0.78) 

Gel Volume 3 mL 4 mL 1.18(1.15, 1.21) 1.17(1.15, 1.19) 

Place of Insertion Middle Fornix 0.86(0.84, 0.88) 0.85(0.84, 0.87) 

Epithelial 200 μm 300 μm 0.92(0.90, 0.95) 0.66(0.65, 0.68) 
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Thickness 

Gel Dilution Half Original 0.65(0.64, 0.67) 0.65(0.64, 0.67) 

Time t-30 min t 1.09(1.06, 1.11) 1.04(1.02, 1.06) 

 

Results in Table 6 show that gel dilution and vaginal size are the parameters that 

have the most effect on TFV concentrations in simulated biopsy. That is, larger vaginal 

size reduces concentration by 23%, and increasing dilution effects cause a 35% decrease. 

For TFV-DP concentrations in stroma, the thickness of the stroma is as important as gel 

dilution, a 50% increase in thickness reduces concentration by 34%. In future follow up, 

second order log linear models can be created to account more fully for interactions 

between pairs of parameters. 

4.4 Discussion 

The model used here expanded on previous computations in gel spreading and 

drug transport by combining both a two-dimensional model of drug distribution in the 

lumen and mucosa of the vaginal canal. Additionally, this model incorporates the 

mechanisms of Tenofovir diphosphate formation, which is the key metabolite in 

preventing viral replication in host cells. Furthermore, the first pharmacodynamics 

parameter for protection against HIV is introduced. This parameter, termed Percent 

Protected, converts the concentration distribution of TFV-DP PK to a measure derived 
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from experimental EC50 values that can inform the effectiveness of each particular dose 

over time. 

Gel rheology and the spreading model from Chapter 3 are applied to three 

candidate test gels in morphologically accurate sizes of the vaginal canal. The three test 

gels exhibit vastly different rheological properties and can be classified as a normal 

spreading gel (DG1), a bolus gel that does not spread (DG2), and a leaky gel which 

spreads the fastest (DG3). Plots of spreading and gel leakage show the tradeoff between 

fast spreading gels and the amount of gel leakage. This information can be used to find 

the optimal volume to use for each test gel as well as pick the best gel that both spread 

well and has minimal leakage. Vaginal size is also an important factor especially for a 

leaky gel in a relatively small vagina, where leakage is much more significant. 

The fundamental output of this model is concentration distribution over two 

spatial dimensions and time. This information can be best visualized as a movie with 

each frame being the heat map of concentration at specific times. Snapshots at set times 

of the heat map can also be plotted to show concentration levels. These plots can inform 

how both gel spreading and diffusion affect the concentration levels in tissue. In a 

normal spreading gel, the leading edge of the gel is effectively the leading edge of the 

highest concentration in tissue. The rate limiting step for such a gel is the diffusion 

coefficient in epithelium and stroma. For a gel that coats the entire canal, the lowest 

concentrations are found at the depth of the stroma. Plots of TFV-DP show a similar 
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trend. Due to the slow decay rate of TFV-DP, the concentration distribution is essentially 

the same as the distribution of the maximum concentration for Tenofovir in the stroma. 

The epithelium has the highest levels of TFV-DP because a higher volume fraction of 

cells are found there. The half-life of TFV-DP is very long, on the order of multiple days, 

which is why the heat plot does not show a visible decrease in concentration at 24 hours. 

Another way of visualizing the data is to average the concentration in each 

compartment and plot it over time. This can then be compared with classic PK measures 

of average concentration as well as to the earlier one-dimensional model in Chapter 2. 

The concentration levels are different depending on the test gel used with DG3 being the 

highest and DG2 the lowest. Despite the fact DG3 leaks significantly it is still able to 

deliver the most drugs due to both faster rate of spreading and a higher initial 

concentration (because the optimal volume for DG3 is the smallest when conserving 

total drug mass, the concentration is higher for a smaller volume). Average 

concentration of TFV-DP show a similar trend with DG3 being the best. The drop off in 

concentration over time is nearly flat due to long TFV-DP half-life. 

Pharmacokinetic model of drug delivery predicts Tenofovir distribution over 

time and space. This information can be used to with experimental EC50 value to give the 

first pharmacodynamics parameter for the model called Percent Protected. This value 

represents time dependent protection against HIV. The percentage is the fraction of 

vulnerable stromal tissue that has TFV-DP levels higher than a threshold. This threshold 
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can be approximated experimentally by the EC50 value, and here a two log factor of 

safety is added in the computations. The result showed which vehicle, including gel 

formulation, volume, and drug concentration, offers the best protection against HIV and 

when. The gel DG3, despite leakage, offers the best protection at the shortest amount of 

time. The gel is able to achieve 100% protection after 6 hours for the worst case and 2 

hours for the best case depending on the threshold concentration. 

Microbicide gels not only need to deliver enough drugs to vulnerable areas of the 

body but also need to be easy to use. This two part problem can be summarized by two 

parameters, Percent Protected as a measure of drug efficacy and gel spreading/leakage 

as a measure of user acceptability. These two factors can be combined in a single plot as 

a function of time by plotting one variable on the y axis and the other variable 

represented by the color axis. These plots show how variations in gel design and 

biological factors influence drug delivery and spreading of Tenofovir gels. An ideal 

microbicide candidate should be able to achieve a high degree of protection in a short 

amount of time in addition to fast spreading but with only a small amount of leakage. 

Sensitivity analysis on the key parameters in the model can show which 

contributes the most to variations in observed Tenofovir PK. This analysis used a log 

linear model fitted to variations in model parameters. The result indicates that gel 

dilution and vaginal size contribute the most to variability. Secondary factors such as gel 

volume, place of insertion, and time of biopsy sample have lesser effect. Varying 
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epithelial thickness has a small effect on TFV levels in the biopsy but has a much greater 

effect on TFV-DP concentration in the stroma. This is due to epithelium being part of the 

biopsy, so a larger size will not inhibit transport into the tissue, but a thicker epithelium 

will inhibit the transport to the stroma. This underscores a bigger point on inferences 

from biopsy samples on the protective effect of the drug, where in certain cases a direct 

correlation cannot be drawn between biopsy measurements and TFV-DP concentration 

in the stroma. 

4.5 Conclusion 

Combining gel spreading and drug transport is the logical next step after 

developing the two models independently. In addition, the kinetics of TFV-DP 

formation are included in this model for a better representation of the 

pharmacokinetically active ingredient in HIV prevention. TFV-DP PK can be used to 

form the first measure of PD in this model as Percent Protected of the stroma. This 

measure informs how variations in the model from both the delivery vehicle and the 

biological environment influence the delivery of the drug. The threshold concentration is 

inferred from experiments on the EC50 value of Tenofovir and applied to the model with 

additional factors of safety. Model predictions can be compared to previous one 

dimensional model of drug transport and to experimental data which gave good 

agreement. Parameter sensitivity computations for the model showed vaginal size and 

rate of dilution are the most important factors in TFV biopsy and TFV-DP levels in the 
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stroma. In addition, epithelial thickness is important for stromal TFV-DP concentration 

only. 
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5. Model of Intravaginal Rings 

5.1 Introduction 

Intravaginal rings[50, 66, 82] offer an alternative to gels for use as microbicide 

delivery vehicles. Compared with gels, rings can be placed in the vagina for up to a 

number of weeks at a time. This increased convenience could lead to greater adherence 

to microbicide use, which has been a problem plaguing the gel dosage form[2, 58]. In 

addition, using a ring would not lead to adverse reactions such as leakage[26], and this 

could increase adherence of the microbicide product. 

Key features of a microbicide ring include its physical dimensions and its release 

rate of drugs. A ring is supposed to deliver drug for an extended period of time, and 

thus the design of the rings will require much higher drug mass compared with that for 

gels. Two different release mechanisms have been proposed for a ring, matrix and 

reservoir release rates[16, 66, 83]. The matrix ring contains a homogenized material that 

is infused with candidate API; the drug is released via diffusion out of this matrix. The 

release rate can be computed using simple diffusion theory, and release rate decreases as 

the amount of drug in the matrix is consumed. The reservoir ring on the other hand is a 

more advanced design with a core material containing drug and a sleeve outside 

surrounding it which controls release rate. In this design the drug is theoretically able to 

maintain an almost constant flux of drug over the life of the ring. This is the preferred 
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design for microbicide IVRs. Consequently, the reservoir ring design will be used in this 

model. 

A number of drugs have been proposed for use in microbicide rings. These 

include Dapivirine[57], Maraviroc[24], and Tenofovir[43]. There have been two recent 

Phase III trials of Dapivirine rings. The first, called ASPIRE, recently showed 

effectiveness especially with high user adherence[4]. Initial statistical analysis of another 

trial called IPM 027 (The Ring Study) is currently being completed[20]. An additional 

trial with a Tenofovir ring is being conducted by CONRAD[90]. Dapivirine and 

Maraviroc are relatively hydrophobic, which means they are well suited for use in the 

design of a ring, where the solubility mismatch between the ring material and the fluid 

environment can lead to a higher level of drug loading into the ring. On the other hand a 

hydrophobic drug might encounter problems in transport through the aqueous vaginal 

luminal fluids. Tenofovir is a well known drug, which has been used in a number of 

phase III trials with a microbicide gel[44, 46, 59]. Overall, these trials show efficacy 

against HIV infection, provided a sufficient level of adherence is achieved. The relatively 

hydrophilic nature of Tenofovir can also aid its transport through fluids in the lumen. 

The model here will focus primarily on Tenofovir. The previous work on vaginal gels 

delivering Tenofovir can be adapted to inform the model here of a ring in the vaginal 

environment. 
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This analysis will build upon experience gained previously by Geonnotti and 

Katz for a model of a Dapivirine ring[28]. The Tenofovir ring differs from the Dapivirine 

in drug release rate, diffusion coefficient in the tissue, transport rate to the blood, and 

the partition coefficient of drug between fluid and tissue. Both the drug release rate and 

partition coefficient effectively scale the concentration in tissue and the blood. The 

diffusion coefficient and transport rate to the blood give the primary time scales for drug 

transport. If those two parameters are comparable for two drugs, then the time and 

space dependent concentration profiles should be similar.  

Several key questions will be addressed in the modeling here. The model will 

help researchers to answer the question of how vaginal fluid and blood concentrations 

relate to the concentration in the stroma. This is important, because there is much more 

variability in concentration measurements in biopsies than in experimentally sampling 

blood or vaginal fluid concentrations, especially for blood. Other questions relate to 

whether the drug release rate from the ring is sufficient for protection against HIV, and 

the length of time needed to achieve this value after ring insertion. In addition to the 

steady state behavior of the ring, an important transient problem involves effects of 

temporary ring removal prior to sex. 



 

136 

5.2 Materials and Methods 

5.2.1 Geometry of the Model 

Ring deployment in the vaginal environment is a three dimensional problem. 

Unlike the spreading gel problem, where there are no significant variations in the width 

dimension, the ring itself is not uniform in any of the three dimensions. Thus a simple 

reduction cannot be performed to limit the number of primary physical dimensions in 

the problem. Modeling the ring problem in three dimensions presents a challenge due to 

the mismatch in length scales. The length and width of the vaginal canal are on the order 

of centimeters, while the dimension into the depth of the tissue is only a few millimeters. 

This means that the grid size will have to be on the length scale of the tissue depth, but 

when this is applied to the longer width and length direction the number of grid points 

becomes extremely large. The time step used in computing diffusion problems scales 

with the square of the spatial dimension. Thus the large number of grid points makes 

this problem very challenging computationally. 

In order to reduce the complexity of the computation, the three dimensional 

problem is reduced here to two dimensions. One way of achieving this is to formulate 

and solve the projections of the three dimensional problem in different planes. Results 

from those projections can be carefully combined to objectively draw inferences about 

the full three-dimensional problem. From symmetry, the plane at the centerline should 

have no out of plane contributions to drug transport. There are three planes of 



 

137 

symmetry each corresponding to the axis of the Cartesian coordinate system. But due to 

the fact that the characteristic dimension is the direction of flow, this axis cannot be 

eliminated. This leaves two orthogonal projections for the problem (Figure 37). The first 

projection is along the sagittal plane of the body dividing the body down the middle, 

and the second along the coronal plane of the body which cuts the ring through its major 

plane. The sagittal plane model computes drug distribution along the length of the canal 

and in the tissue, while the coronal plane model is able to show concentration variations 

in the width direction. Taken together, these two projections give information that 

provides a good estimate of the full three-dimensional concentration distribution. 

 

Figure 37: Two different projection of the ring model to 2D. The sagittal plane 

is represented by red and coronal plane is the blue grid. 

Due to the complex geometry of the problem, a finite difference method cannot 

be easily applied with non-rectangular boundaries. A finite element analysis is more 

appropriate for this problem. Solution to this problem is obtained with COMSOL 
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Multiphysics software, in which physical processes like fluid flow can be coupled with 

transport equations in the form a diffusion-convection problem. The meshgrids 

generated for the two projections are in Figure 38 for the sagittal plane projection and 

Figure 39 for the coronal plane projection. Note here that due to symmetry, the out of 

plane and into the plane sides of the coronal plane projection are equal. Thus, the 

problem being solved here is half of the full geometry. 

 

Figure 38: Two-dimensional geometry of the ring cut in the sagittal plane. The 

plot shows the meshgrid used in the computation. The right hand side is the introitus; 

the mid plane is vaginal fluid; and the two circles are cross-sectional cuts of the IVR. 

 

Figure 39: Two-dimensional geometry of the ring cut in the coronal plane. The 

plot shows the meshgrid used in the computation. The right hand side is the introitus; 
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the ring is shown on the left; and depth into the tissue is the direction perpendicular 

to the image plane. 

5.2.2 Governing Equations and Boundary Conditions 

5.2.2.1 Fluid Mechanics Model 

Common to both projection models is the fluid layer. Ambient vaginal fluid has a 

typical volume of approximately 1 mL[69], with a constant rate of production of around 

6 mL/day from the tissue[69]. The geometry of the lumen is rectangular in the collapsed 

state with one end near the fornix being closed and one end open at the introitus. The 

flow is driven by constant uniform production of vaginal fluid by the tissue. Thus fluid 

can leak through the introitus out of the vaginal canal. 
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Equation 48 

The governing equations are the standard Navier-Stokes equation (Equation 48a) 

and the continuity equation (Equation 48b) for an incompressible fluid. The boundary 

conditions are no flux at the fornix, constant velocity at the tissue (derived from fluid 

production rates), and zero pressure at the introitus. The solution to this fluid flow is a 

velocity field which can be inserted into the drug mass transport equation for the two 

projection models. 
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5.2.2.2 Sagittal Plane Model 

The sagittal plane projection model is the closest to the previous gel models, 

containing a fluid layer as well as the epithelium and stroma. The analyses here extends 

that for a Dapivirine ring model by Geonnotti and Katz[28]. The new model builds on 

the previous analysis with differentiated epithelial and stromal layers, and including our 

lab’s latest measurements of Tenofovir diffusion coefficients in the epithelium and 

stroma[14]. In addition the fluid mechanics in this model is computed simultaneously 

with the transport problem and the stroma now has a transport term that accounts for 

uptake into the blood stream[25].  
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Equation 49 

Drug mass conservation equations for this model are given in Equation 49. The 

three compartments are the fluid (Equation 49a), epithelium (Equation 49b), and stroma 

(Equation 49c). The fluid compartment equation has a convective term based on vaginal 

fluid velocity (computed separately). The stroma contains a first order kinetic term for 

the transport of the drug out from stroma and into the vasculature. There are numerous 

internal and external boundary conditions for the problem. All external boundaries are 
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no flux, with the exception of the introitus, where the flux is governed by the convective 

transport. Internal boundary conditions are continuous with a drug partition coefficient 

between compartments. The partitioning cannot be explicitly defined in COMSOL. 

However, this can be remedied by defining the flux between two compartments as the 

difference between concentrations modified by the partition coefficient times an 

arbitrary large number (Equation 50). The boundary between the ring and the fluid is a 

flux condition computed from the release rate of the ring divided by its surface area. 

Initial condition of this problem is zero concentration everywhere. 

 21 ccMflux   

Equation 50 

5.2.2.3 Coronal Plane Model 

The coronal plane model is much simpler than the sagittal plane model in that it 

only contains a single compartment, the vaginal fluid. Flow is once again computed 

from the previous fluid mechanics computations. Transport from the fluid to tissue 

presents a unique challenge to model since the tissue compartment is not an explicit part 

of the problem. The transport to the tissue can be estimated by another first order 

reaction term, the magnitude of which can be calculated from mass transport of a gel 

from Chapter 2. 
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Figure 40: Gel concentration normalized flux of delivery by a vaginal gel in 

one dimension (Chapter 2). 

The rationale for a first order reaction term is motivated by normalized drug flux 

into the tissue vs. gel concentration computed from the one dimensional problem of 

Chapter 2 (Figure 40). This parameter is nearly constant 4 hours post gel dosing, and the 

constant here can be used to calculate the kinetic rate of drug transport into the tissue. 

The first order dependence of flux on concentration is not surprising given that all terms 

in the governing mass transport equations have linear dependences on concentration. 

This effect can motivate further analysis on the dependence of tissue concentration 

profiles upon the applied concentration at the tissue surface by gels, rings or other 

dosage forms. Despite the unclear input term in this problem, a variation of linear time-
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invariant theory[18] could be adapted from one dimensional tissue transport to give a 

better estimate of concentration profile in the tissue for the coronal plane model. 
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Equation 51 

Conservation of mass for drug transport in the coronal plane model is given in 

Equation 51. Transport in the single fluid compartment is based on diffusion and 

convection with mass transfer to the tissue. Boundary conditions are no flux on the top, 

bottom, and left (fornix), with a mass flux boundary derived from convective transport 

on the right (introitus). In addition, the areas containing the ring have a mass creation 

term that is equal to the total ring flux divided by surface area over two, noting that the 

model is actually in the half plane of the transport. This is akin to the gel transport 

problem where top and bottom halves are symmetrical. 

5.2.3 Parameters in the Model 

Parameters used in the model are listed in Table 7. Vaginal geometry, diffusion 

coefficients, and kinetic rates are adapted from previous models of vaginal Tenofovir 

transport by a gel[25]. The dimensions of ring are common to current designs, with a 

diameter of about 5 centimeters (typical upper bound for the width of the vagina canal) 

and a cross-sectional diameter of 4 to 5.5 mm. The rate of vaginal fluid production varies 

greatly in women from 3 to 11 mL/day with a median rate of 6 mL/day[69]. The release 

rate of Tenofovir from a ring is approximately 10 mg/day in vitro[43]. 
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Table 7: Parameters in the Tenofovir ring model 

Parameter Symbol Value Reference 

IVR Dimensions (cm) ba  5.7x5.0 [8] 

IVR Cross-sectional Diameter (cm) D  0.4 [77] 

Vaginal Length (cm) L  10.5 [72] 

Vaginal Width (cm) w  5 [72] 

Epithelial Thickness (μm) 
eh  200 [71] 

Stromal Thickness (μm) 
sh  2800 [71] 

Vaginal Fluid Thickness (cm) 
fh  0.01 [69] 

Vaginal Fluid Production (mL/day) q  6 [69] 

Diffusion Coefficient in Fluid (cm2/s) 
fD  6x10-6 [25] 

Diffusion Coefficient in Epithelium (cm2/s) 
eD  7x10-8 [14] 

Diffusion Coefficient in Stroma (cm2/s) 
sD  4x10-7 [14] 

Partition Coefficient between Fluid/Epithelium 
1  0.75 [14] 

Partition Coefficient between Epithelium/Stroma 
2  1 [14] 

Rate Constant for Stroma Blood Transport (s-1) 
Bk  4.17x10-5 [25] 

Tenofovir IVR Flux (mg/day) J  10 [43] 
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5.3 Results 

5.3.1 Heat Plot of Concentration in Sagittal Plane Model 

The fundamental output of this model is concentration over space and time. Akin 

to the model of gel spreading and drug delivery, all information from the model cannot 

be shown easily in two dimensional graphs. Likewise, the best way to visualize the 

concentration distribution is to plot a heat map of concentration at select times. A heat 

map of concentration for the sagittal plane projection model is given in Figure 41 on the 

log scale. 

 

Figure 41: Heat map of concentration on the log scale (log fmol/mg) for the 

sagittal plane projection model 1 day post ring insertion. 

Here the colors represent the log of Tenofovir concentration 24 hours after ring 

insertion. The concentration value ranges from under 10 fmol/mg to 107 fmol/mg. The 

highest concentrations are achieved around and downstream (extreme right of the plot) 

from the ring. The lowest concentrations (deep blue) are found deep into the tissue 
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before the lower segment of the ring. Concentrations above 103 fmol/mg are found in 

most of the tissue. 

 

Figure 42: Heat map of concentration on the log scale (log fmol/mg) for the 

sagittal plane projection model at steady state. 

Intravaginal rings are designed to be used for up to one month. After computing 

the transient concentration changes in the model, a steady state concentration is found 

approximately 5 days post ring insertion. The steady state concentration on the log scale 

is plotted in Figure 42. This concentration distribution profile is similar to the 1 day case. 

One major difference is that minimum concentration levels are now significantly higher. 

Previously the low was on the order of 10 fmol/mg, at steady state. This region now has 

concentrations up to 103 fmol/mg.  Fluid concentrations are also higher than the 1 day 

case, with levels of at least 106 fmol/mg along the entire canal. 
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5.3.2 Heat Plot of Concentration in Coronal Plane Model 

A heat map of fluid concentration in the coronal plane model is plotted in Figure 

43. The concentration here is on the linear scale because of the relatively small changes 

in concentration over the entire fluid region as compared with the sagittal plane model. 

Under steady state conditions the highest concentrations are found in the region near 

the middle of the ring towards the fornix. The fluid velocity upstream is lower, so more 

drug can be found there. The other high region of drug concentration is on the edges of 

the ring. Because of ring geometry the edges create the highest area per line in the 

direction of flow. Lowest fluid concentrations are found upstream of the ring on the left 

corners and in the middle downstream of the ring. Steady state values are plotted here 

due to the fact the tissue is not included in this model. Importantly, inferences about 

tissue concentrations can be drawn from the steady state concentration values in the 

lumen because the base model of tissue transport is linear with applied concentration. 
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Figure 43: Heat map of concentration on the linear scale (fmol/mg) for the 

coronal plane projection model at steady state. 

5.3.3 Average Concentration in each Compartment 

Average concentrations in each compartment vs. time for the sagittal plane 

projection (Figure 42) and the previous gel model are plotted in Figure 44. This 

projection model is used as an approximation for the overall three-dimensional volume. 

The sagittal plane projection is at the centerline of coronal plane model (Figure 43), and 

shifts of this line gave similar levels of total concentration since the source ring section is 

about the same. This means the sagittal plane should be a good approximation for the 

entire vaginal canal. The gel model contains three compartments, gel, epithelium, and 

stroma, with Tenofovir diphosphate present in the epithelium and stroma. An 

additional compartment, the biopsy, is simply a weighted average of the entire tissue. 

Since the stroma is approximately 14 times thicker than the epithelium, a simulated 

biopsy concentration is very close to the stromal concentration. This is in contrast to the 
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gel, where transient concentration in the epithelium is much higher than the stroma, so 

the biopsy scales more with epithelial concentration. Concentration of Tenofovir in the 

epithelium and stroma peaks at around 2 hours and decays over the course of the day, 

while TFV-DP reaches the maximum around the same time but does not decay as 

rapidly due to its long intracellular half-life. In the ring model, the vaginal fluid is a 

counterpart compartment to the gel. Concentration there rises rapidly within the first 

hour and then levels off. The epithelium and the stroma compartments follow a similar 

pattern; concentrations at 24 hours are both higher than those in the gel model. Average 

concentrations for the ring vehicle reach a steady state approximately 3 days post initial 

insertion. These concentration levels are comparable to dosing by a gel. Maximum 

concentrations in the gel in general are about a log higher than for the ring. 

 

Figure 44: Comparison between average concentration in each compartment 

for the gel (left) and the ring (right). 

5.3.4 Percent Protected after Ring Insertion and Removal 

Percent Protected (PP), defined as the percentage of stromal tissue volume in 

which concentration is above a reference EC50 concentration against HIV, is plotted in 
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Figure 45 for the sagittal plane projection model. The EC50 is generally measured in vitro 

as a cutoff concentration for which a drug is expected to be effective. The EC50 value of 

500 fmol/mg (left) is the highest level previously used in the study of a Tenofovir gel; 

here, the 5000 fmol/mg (right) is also used as a contrasting case which the Percent 

Protected level does not reach 100%. The three lines are the PP of a ring after initial 

insertion, after removal post steady state, and as a comparison to the PP level of a gel 

after insertion.  

 

Figure 45: Percent Protected plot after initial ring insertion, after ring removal, 

and after initial gel insertion for EC50 of 500 fmol/mg (left) and 5000 fmol/mg (right). 

In the 500 fmol/mg case both the ring and gel can reach 100% Percent Protected. 

However the gel reaches the level after 8 hours with the ring taking longer than 24 

hours. Post ring removal, the PP value stay at 100% over 24 hours. The rise of PP after 

ring insertion can be seen in two distinct phases, the first rapid phase lasting around 4 

hours, and a slower rise from there until steady state. The first phase is likely due to the 

lateral concentration gradient as it follows the movement due to vaginal fluid flow. The 

second phase happens after the drug has filled the entire lumen, after which transport is 
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a slower process by diffusion vertically into the tissue. The plot for an EC50 of 5000 

fmol/mg shows the gel concentration plateauing at 47% PP after 6 hours. At this point 

the gel is mostly depleted, transport of Tenofovir is much slower and the plateau is 

maintained by the long half-life of TFV-DP. Percent Protected of the ring is a bit higher 

at 79% in steady state. It decreases very slowly after ring removal, and time to steady 

state after initial insertion is also longer than 24 hours. 

5.3.5 Percent Protected with Parameter Variations 

Percent Protected is computed for a variety of cases of drug release rate and 

vaginal fluid production. Results at steady state are given in Table 8 for EC50 values of 

5000 fmol/mg on the left and 500 fmol/mg on the right. Release rate of the drug is varied 

from 5 mg/day to 20 mg/day with 10 mg/day being the standard condition in prior 

computations. Vaginal fluid production rates are 0 mL/day, 3 mL/day, 6 mL/day, and 12 

mL/day, with 6 mL/day being the standard condition. An additional condition for a 

thicker epithelium is included for a vaginal production rate of 12 mL/day. This 

corresponds to the proliferative phase of the menstrual cycle in which the epithelium 

becomes thicker and vaginal fluid production is increased. The results show that on the 

low end for a 5 mg drug release and no fluid production, the Percent Protected values 

are 48.9% and 65.5% for the two levels of EC50. On the high end Percent Protected is 

100% with a 20 mg release and 12 mL fluid production rate for both EC50 values. A 

thicker epithelium increases Percent Protected slightly if it is not already at 100%. This 
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unintuitive effect is due to the fact that the most vulnerable area of the tissue is 

downstream from the ring. Thus a slower transport will actually increase concentration 

at the critical region while only having a small effect on transport in the region already 

containing high concentration. 

Table 8: Percent of stroma protected with varying drug release rate per day 

(row) and vaginal fluid production per day (column), the last column has a thicker 

epithelium(*). Values are for EC50 of 5000 fmol/mg (left) and 500 fmol/mg (right) at 

steady state. Bolded cell is the baseline condition. 

 0 mL 3 mL 6 mL 12 mL *12 mL 

5 mg 48.9%/65.5% 61.4%/79.0% 69.9%/98.2% 86.0%/100% 90.1%/100% 

10 mg 53.9%/70.5% 66.0%/86.0% 79.4%/100% 95.7%/100% 98.8%/100% 

20 mg 58.9%/75.5% 71.2%/92.8% 88.9%/100% 100%/100% 100%/100% 

 

5.4 Discussion 

Delivery of Tenofovir by a vaginal ring is modeled here by a classic diffusion 

convection mass transport process. Two different projections of the three dimensional 

problem are presented. The first is down the centerline showing transport within 

vaginal fluid as well as into the tissue. The second is entirely within the vaginal fluid, 

with local concentration proportional to that of the tissue. 

The highest concentration in the tissue is found very close to the ring near the 

fornix. This region has the lowest convective velocity due to being furthest from the 

introitus. The lowest concentration levels are found up stream of the ring, where the 
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drug has to travel against the direction of flow before entering the tissue. However 

when averaged across the width of the canal concentration near the top of the ring is 

higher than that near the introitus. This agrees with a pharmacokinetic study of the 

Tenofovir ring in sheep [43], in which the proximal fluid concentration was about half a 

log higher than the distal fluid. The ratio of maximum to minimum concentration levels 

in the vaginal fluid is approximately three logs. To minimize the area with the lowest 

concentration, a vaginal ring will need to be inserted as close to the fornix as possible, 

since the tissue upstream of the ring will have the least protection. This suggests that if 

the shape of a vaginal ring were rectangular or more angular, it would minimize the 

area of tissue that receives the least amount of drug.  However, those geometric 

possibilities may not be realistic for a ring to be acceptable to users. 

Average concentrations in all compartments rise rapidly within the first few 

hours and gradually level off over the course of the first day. Steady state concentration 

is reached at approximately the 5 day mark. Tissue closest to the epithelial surface 

reaches its maximum very rapidly, and over the course of a few days the concentration 

gradient gradually rises to cover the deeper areas of the tissue. Average concentration in 

a simulated biopsy is 105 fmol/mg with 10 mg/day drug release and 6 mL/day vaginal 

fluid production. This compares to values in biopsies in a pig-tailed macaques study[64] 

at 105 ng/mL using a ring formulated to release about twice as much drug as the human 

equivalent. Converting the previous two numbers to units of ng/mL a human equivalent 
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release rate can be obtained by multiplying 0.3 to the first number and 0.5 to the second, 

with the resulting difference of less than a log. Maximum average concentration of a ring 

is about 1 log lower in all compartments than a Tenofovir gel. However, the 

concentration level for a ring can be sustained for a much longer time. Tenofovir 

diphosphate concentrations in both models level off then decay gradually due to its long 

half-life. 

Despite lower average maximum concentration in the ring model compared to 

the gel model, percent of the stroma protected by Tenofovir at steady state is the same or 

higher for the ring. At a lower threshold of 500 fmol/mg the gel reaches 100% protection 

at around 8 hours, while for the ring it takes more than 24 hours. For the higher 5000 

fmol/mg threshold the ring offers a higher degree of protection after 6 hours compared 

to the gel. Maximum protection is 79% for the ring and 47% for the gel. A gel is a better 

choice if protection is needed within a few hours. However, if a ring is used consistently 

it offers a higher level of protection for an extended period. Ring removal is less 

detrimental if the EC50 threshold is 500 fmol/mg, where the Percent Protected is 99% 

after 4 hours. However, at a higher threshold of 5000 fmol/mg the Percent Protected 

drop off immediately post removal. This suggests a short ring removal time is important 

for maintaining a high degree of protection throughout the tissue, while removal up to a 

few hours is acceptable if the requisite protective concentration is lower.  
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Different effects on Percent Protected are explored with varying drug release and 

vaginal fluid production rates. Percent Protected values are higher with increased drug 

release and vaginal fluid production. Variations in vaginal fluid production are more 

important, going from 0 mL to 12 mL per day, during which the Percent Protected 

increases around 30% for EC50 value of 5000 fmol/mg and 500 fmol/mg. Quadrupling 

drug release rate from 5 mg to 20 mg per day only increase Percent Protected by about 

10%. This result shows the importance of vaginal fluid convection in transport for this 

problem, where doubling fluid production rate is approximately twice as effective as 

doubling drug flux in protecting the stroma. In the proliferative phase of the menstrual 

cycle both epithelial thickness and fluid production rate are increased, with the two 

factors both contributing to better drug delivery in the most vulnerable region of the 

tissue along the vaginal canal. 

5.5 Conclusion 

The model here for drug distribution for a Tenofovir ring shows its potential for 

effective drug delivery and prevention of HIV. Convection in the lumen from vaginal 

fluid production is the dominant factor in drug transport. Intravaginal rings need to be 

placed near the fornix in order to minimize area of tissue with low drug concentration. 

Data on ring migration after placement from this location (e.g. using MRI) would be 

very helpful in better understanding the potential for ring effectiveness. Average 

concentration in tissue is expected to be about one log lower than that for a single dose 
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of vaginal gel, but that concentration level is sustained over the time duration of ring 

residence. The protective effect of the vehicle as measured by the Percent Protected for 

stroma after multiple days for the ring is higher than that for the gel. Temporary 

removal of the ring does not significantly decrease protection even after a few days, 

however the time needed to reestablish maximum protection will need to be taken into 

account. 
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6. Model of Rectal Enemas 

6.1 Introduction 

Infection by HIV virions due to receptive anal intercourse is a global pandemic, 

and the need to mitigate it is substantial. Different microbicide product types have been 

intended for application to the vaginal and rectal canals. Gels were the original dosage 

form first designed for the vagina and then later for the rectum[21]. Recently an enema 

has been proposed as a rectal microbicide delivery vehicle[39]. Potential advantages of 

this enema dosage form include user behavior and adherence, where cleansing enemas 

are often already used by people prior to receptive anal intercourse (RAI). In addition, 

the low viscosity of the enema fluid can aid spreading and delivery of drug across a 

large surface area, and compared with gels enema fluid can be applied at a much higher 

volume thus potentially delivering significantly more drug. Many factors must be taken 

into account in design of a microbicide enema product. These include achieving target 

pharmacokinetics (PK) for the active pharmaceutical ingredient (API). That PK depends 

on drug and enema properties (volume and drug loading) in relation to the timing of 

application and the properties of the rectal canal. Both computational as well as 

experimental preclinical studies can contribute to this design process. Deterministic 

computational compartmental PK models have been developed for vaginal microbicide 

gel and intravaginal rings[26]. These are now being used in gel design. In particular, 

they are providing valuable information about the interactions between gel properties 
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and applied volume in governing PK. For example, a goal in such modeling has been to 

determine if reduced gel volumes, which might be more preferable to users, can achieve 

satisfactory PK. Another goal is to obtain information about the time interval from gel 

insertion to achievement of protective drug mucosal drug concentrations, the degree of 

such protection, and its duration. 

The analysis here is the application of vaginal PK model in the rectal 

environment for a microbicide enema, applying it to the drug Tenofovir, which is the 

lead API for the project. In contrast to the stratified squamous epithelium of the vagina, 

the rectal mucosa contains a single layer of columnar epithelial cells above the lamina 

propria (stroma) and it lines the surface down to the crypts in the tissue. The difference 

in rectal and vaginal mucosal structure is the primary factor taken into account for the 

model here. In this model, enema distribution along the canal for which the drug is 

being delivered is a assumed to be fast and complete, like the first model of vaginal 

Tenofovir delivery by a gel[25]. This is a reasonable assumption for the initial model 

since the enema fluid has a very low viscosity; a follow up problem will tackle the extent 

of enema distribution. Factors that can be varied in this problem include the geometry of 

the crypts, expulsion time of the fluid, and effects of enema tonicity. The notion is that 

hypotonic enema fluid might promote advective fluid transport into the tissue which 

could aid drug transport[56] , which is adapted to the model here. Another possible 

effect of tonicity is the size of crypt opening. The existence of closed crypts is based on 
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observations with a hypertonic enema[53]. Although at the extreme case a smaller crypt 

opening might not close off completely, it might be small enough that small air pocket 

could be trapped in the opening, preventing contact with the enema fluid and thus 

effectively closing off the crypt. The model here considers the effects of this possible 

phenomenon on drug transport, recognizing that it is a hypothetical example with some 

physiological motivation. 

6.2 Materials and Methods 

6.2.1 Geometry of the Model 

The geometry and morphology of the lower colorectal canal vary with location, 

and exhibit both macroscopic and microscopic features[68, 86]. On the macroscopic scale 

rectal folds create creases and canyons on the mucosal surface. On the microscopic scale, 

there are rectal crypts and smaller crevices. The large folds are found in the relatively 

short anal canal, which is about 2 to 5 cm long, ending in the anal verge[67]. This region 

contains a stratified squamous epithelium (Figure 46, right). The rectum, which is much 

longer than the anus, possesses crypts (Figure 46 left and Figure 47) on the surface with 

a thin columnar epithelium. This is the area upon which will be focused, noting that the 

thinner columnar epithelium is much more vulnerable to infection. Rectal crypts are the 

most anatomically significant surface feature on the length scale of drug transport. These 

are about 40 – 120 μm in diameter and about 1 mm in depth. As seen in Figure 47, they 

are spaced about 150 μm apart. The characteristic length for transport into the mucosal 
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tissue is only about one millimeter, i.e. the thickness of the mucosa. Larger features such 

as curvature of the surface and of the large folds can be neglected (i.e. approximated as 

flat) due to the small characteristic transport length. 

 

Figure 46: Microscopic image of the anorectal junction[68]. Rectal crypts with 

simple columnar epithelium are visible on the left. Stratified squamous epithelium is 

on the right. 
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Figure 47: SEM of rectal crypts in the upper anal canal[86]. In the upper zone, 

there are domed structures (arrow) that contain many large crypts. Bars are 300 μm. 

The geometry of the crypt is represented as a circular cylinder down into the 

tissue (Figure 48). The overall geometry consists of a mosaic of crypts, which can have 

varying sizes (Figure 47). The characteristic length for each crypt are its radius, the 

thickness of its epithelial layer, the separation distance between adjacent crypts, and the 

depth of the crypt down into the mucosal tissue. The enema fluid fills the canal into 

which the crypt inserts, and the enema fluid covers the mucosal surface and the crypt 

opening. Two cases are considered: “open” and “closed” crypts, as described above. For 

the former, there is direct contact and drug exchange between the enema fluid and the 

fluid within the crypt. The core analysis here focuses upon drug transport into a single 

crypt and hence into its mucosa. Total drug transport is then the summation over all the 

crypts. This geometry lends itself to uses of a cylindrical coordinate system within each 

crypt (Figure 48) with origin at the top of the crypt ( 0z ). Transport is axisymmetric, 
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and depends only upon the radial and longitudinal dimensions r  and z . There are thus 

4 length scales for the overall drug transport problem: cr , er  and sr  are the radial 

dimensions for the crypt, epithelium, and stroma respectively; and eh  and sh  are the 

thicknesses of the epithelium and stroma within the tissue ( er  and eh  should be equal). 

 

Figure 48: Drawing of the crypt geometry in this model, showing the 

cylindrical coordinate system used for computations. The enema fluid fills the canal 

above the crypt. 
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6.2.2 Governing Equations 

There are five compartments overall in the model: the enema fluid within the 

lumen, the interior of a crypt, epithelium, stroma, and the bloodstream. The luminal 

enema fluid compartment is taken as a reservoir (constant, uniform concentration) since 

the mass of drug transported from it to the crypt is a small fraction of mass in the fluid. 

The governing equations of conservation of mass for Tenofovir and Tenofovir 

diphosphate have been adapted from the previous work on drug delivery by a vaginal 

gel[25, 26]. The key difference is use of cylindrical coordinate system vs. a rectangular 

coordinate system, which is adapted to the different mucosal structure. Advective 

transport terms within the crypt and tissue are introduced to account for possibly 

varying degrees of water uptake by the rectum[10]. 
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Equation 52 

The governing conservation of mass equations for Tenofovir and Tenofovir 

diphosphate are given in Equation 52. The first equation, Equation 52a, is the transport 
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of TFV within the crypt fluid. Here TFVC  is the concentration of Tenofovir, fD  is the 

diffusion coefficient in the fluid, cv  is the advective velocity down the crypt, t  is time, r  

is the radial dimension, and z  is the depth dimension down into the tissue. Equation 

52b gives the transport of TFV in the epithelium, where eD  is the diffusion coefficient, 

tv  is the advective velocity in the tissue, and DPC  is the local Tenofovir diphosphate 

concentration. The last two terms account for TFV-DP production and loss kinetics, the 

first is formation of TFV-DP with a rate constant onk  and the second term is the 

elimination of TFV-DP with rate constant offk . The curly brackets are Macaulay brackets 

(Where the expression becomes zero when it is negative inside bracket. This ensures that 

the formation rate is always nonnegative). Inside the Macaulay bracket e  is the volume 

fraction of cells in the epithelium, due to the close packing of cells its value is close to 

one. n  is the ratio of TFV-DP to TFV inside each cell at steady state. The third equation, 

Equation 52c, is conservation of mass for TFV in the stroma. This equation is almost 

identical to that for the epithelium, with subscript s  denoting the stroma, and the 

addition of a term for loss of Tenofovir to the bloodstream with rate bk . The assumption 

is that the capillaries are uniformly distributed in the stroma, so that the uptake of each 

drug molecule by the blood is proportional to the local concentration, this leads to a first 

order kinetic term[25]. Finally, Equation 52d is conservation of mass for TFV-DP in the 

epithelium or the stroma compartment. Here   is the volume fraction of cells specific to 
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each compartment. The advective velocities in both the crypt and tissue are dependent 

on position and net volumetric advective flow to the rectum. 

6.2.3 Boundary and Initial Conditions 

The time-dependent boundary conditions at the top of the crypt surface are 

given by Equation 53a and Equation 53b. When the time is less than the enema 

application, et , the boundary condition for TFV concentration at the surface is given by 

enema concentration 0C  multiplied by the partition coefficient between the fluid and 

the epithelium fe . For a closed crypt, the boundary condition at the top surface of the 

crypt is no flux, both during enema retention and after expulsion. At the interface 

between the crypt fluid and epithelium, there are two boundary conditions: one is on 

TFV concentration, with partition coefficient fe  (Equation 53c), and the other is 

continuous TFV flux (Equation 53d). Analogous boundary conditions occur at the 

interface between the epithelium and the stroma, here with partition coefficient es  

(Equation 53e), and also continuous flux conditions (Equation 53f and Equation 53g). 

The boundary condition in the radial direction at the outer margin between the stroma 

of adjacent crypt is assumed to be no flux due to symmetry (Equation 53h), and the 

boundary condition at the bottom of the crypt tissue is also no flux (Equation 53i). Initial 

condition of the problem is zero concentration everywhere (Equation 53j), and the 

applied enema is assumed to be a reservoir with constant concentration. 
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Equation 53 

6.2.4 Parameters in the Model 

Parameters used in the enema model are given in Table 9. The crypts may be 

filled with mucus, which should have similar diffusion coefficient for Tenofovir that was 

measured previous for a vaginal gel since both have comparable hydration. Other 

parameters are adapted from the previous analysis of a vaginal gel[26]. Concentration of 

the enema is 1x107 ng/mL (a 1% solution), this is the typical concentration used for a 
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water based solution just below the solubility limit of Tenofovir in water. The diffusion 

coefficient for epithelium is 1x10-7 cm2/s and for the stroma is 4x10-7 cm2/s. Due to 

hydrophilic nature of Tenofovir, the partition coefficient of the drug is 0.75 between the 

fluid and epithelium, and is unity at the interface between epithelium and stroma. The 

crypt is assumed to have two possible sizes – large or small (Figure 47). The large crypt 

has a radius of 60 µm, and a stromal separation of 45 µm to the next crypt. The small 

crypt has a radius of 20 μm with the same stromal separation distance. Epithelial and 

stromal thicknesses are estimated from histological images, which are 15 µm and 1000 

μm respectively. The total retention time of enema is taken to be 5, 10, or 20 minutes. 

The rate constant for transport of TFV to blood is the same value as obtained in the prior 

analysis for vaginal gel[25]. It is not yet possible to directly measure advective fluid 

velocities as discussed above. In the model here an upper bound for advective velocity 

in the tissue is based upon measurements of net fluid absorption by the rectum[10]. The 

maximum velocity can be estimated by dividing the highest rate of water uptake by the 

total surface area of the rectum. This total velocity is then fed into a model of water 

uptake in the tissue, where each volumetric area in the stroma can be assumed to absorb 

the same amount of fluid coming from the nearest source either at the tissue surface or 

the sides of the crypt. This velocity field is used to find the velocity profile in the crypt 

by mass balance. Parameters related to TFV-DP formation kinetics include the volume 

fraction of cells in the epithelium and stroma, rate of formation and elimination of TFV-
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DP, as well as the steady state ratio of TFV-DP to TFV. These rates were estimated from 

pharmacokinetic studies of diphosphate formation[37]. 

Table 9: Parameters in the enema model 

Parameter Symbol Value Reference 

Enema concentration (ng/mL) 
0C  1x107 [56] 

Diffusion coefficient in fluid (cm2/s) 
fD  6x10-6 [25] 

Diffusion coefficient in epithelium (cm2/s) 
eD  1x10-7 [14] 

Diffusion coefficient in stroma (cm2/s) 
sD  4x10-7 [14] 

Partition coefficient of fluid/epithelium 
fe  0.75 [14] 

Partition coefficient of epithelium/stroma 
es  1 [14] 

Radius of crypt: large/small (μm) 
cr  60, 20 [86] 

Stromal radii: large/small (µm) 
sr  45, 20 [86] 

Epithelial thickness (µm) 
er , eh  15 [68] 

Stromal thickness (µm) 
sh  1000 [68] 

Time of enema application (min) 
et  5, 10, 20  

Rate constant of transport to blood (hr-1) 
bk  0.119 [25] 

Advective velocity in crypt 
cv  computed  

Advective velocity to tissue (µm/s, max) 
tv  0.52 µm/s [10] 
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Volume fraction of cells in epithelium 
e  0.95 [26] 

Volume fraction of cells in stroma 
s  0.1 [26] 

Rate of formation of TFV-DP (hr-1) 
onk  0.693 [37] 

Rate of elimination of TFV-DP (hr-1) 
offk  0.00413 [37] 

Equilibrium ratio of TFV-DP to TFV n  0.1 [26] 

 

6.2.5 Numerical Solution of Governing Equations 

Numerical solution of the system of differential equations in Equation 52, subject 

to boundary and initial conditions in Equation 53, was obtained by the finite difference 

method. The physical space was first discretized in the radial and depth direction with 5 

micron spacing. Spatial derivatives were computed using the central difference method. 

The result was a system of coupled ordinary differential equations at each time point. 

Which was then solved using Matlab’s[60] Runge-Kutta 4,5 method. Compared to the 

two-dimensional vaginal gel problem in a rectangular coordinate system, special 

attention was needed to adapt to the two-dimensional enema problem in cylindrical 

coordinates. Second derivatives involving the radial distance were taken at half step 

between each point, and volume integrals for calculating spatial average concentrations 

were evaluated in cylindrical coordinates. 
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6.3 Results 

6.3.1 Heat Map of Typical Solution 

The fundamental solutions to this model are the concentration distribution of 

Tenofovir and Tenofovir diphosphate as a function of position in the crypt fluid and the 

mucosa as well as time post initial application. Due to axial symmetry of the model 

(Figure 48), the spatial dependence is in two dimensions for the radius from center of the 

crypt and the depth into the mucosa. The heat map or concentration distribution at 

particular time is plotted in Figure 49 for TFV at 5 minutes after dosing in a small crypt. 

The crypt fluid is “open”, i.e. contiguous with the fluid in the enema. The colors 

correspond to concentration values from 0 ng/mL (blue) to 109 ng/mL (maroon). Due to 

higher TFV diffusion coefficient in the crypt fluid, the concentration there is much 

higher than the surrounding tissue. The highest concentration in the tissue is found in 

the epithelium near the surface in contact with the enema. To preserve aspect ratio of 

this plot, only the top 20% of the crypt is shown. The lower 80% of the tissue and crypt 

contains much lower TFV levels than the top. 
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Figure 49: Heat map of Tenofovir concentration distribution in the upper part 

of a crypt and mucosal tissue at 5 minutes post dosing. The crypt has a small size and 

is open to enema fluid. 

6.3.2 Effects of Variable Enema Retention Time 

Enema retention time is clearly a critical factor in drug delivery, here the contrast 

is made with varying retention times of 5, 10, and 20 minutes. Complete enema 

expulsion is assumed at the end of the retention time. Results for times up to two hours 

post enema application are given in Figure 50. For contrast, the results for TFV 

concentration in the complete coating vaginal model[25] are also included. The purpose 

was to illustrate consequences of different luminal and mucosal structures of the vagina 

and rectum, and sustained retention time of the gel. The subplots in Figure 50 are fluid 



 

172 

in the crypt (or gel for the vaginal model), epithelium, stroma, and Tenofovir 

diphosphate in the stroma. The crypt can be either open or closed. 

 

Figure 50: Volume-averaged TFV and TFV-DP concentrations in different 

compartments for an enema applied for 5, 10, or 20 minutes and with an open/closed 

small crypt size, contrast with results for vaginal model. 

Average concentration in the vaginal gel is initially at 107 ng/mL (the same as the 

enema), and the concentration in the crypt is initially 0. By around the half hour mark, 

the concentration in the gel has decreased due to leakage and dilution to a similar level 

as the crypt. Since enema retention is only minutes long, TFV concentrations in the crypt 

fluid and mucosal tissue begin to level off immediately after enema expulsion. 

Concentration for an open crypt is higher than those for a closed crypt, with the 

difference increasing with longer enema retention time. In the epithelium, vaginal 
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concentration follows a similar rise compared with the crypt open case. The peak 

concentration is at 20 minutes post dose, with a much faster drop off compared to the 

rectal case. Most of the drug is contained in the upper epithelium. Both stromal TFV and 

TFV-DP concentrations are much higher in the rectal case than the vaginal one. This is 

primarily due to the thinner epithelium of the rectum. 

6.3.3 Effects of Crypt Size 

Results for a large versus small crypt are shown in Figure 51. Their respective 

sizes are in Table 9. Enema application time is 5 minutes with either open or closed 

crypt. 

 

Figure 51: Average TFV concentrations in different compartments for small or 

large crypts, which are open or closed. Enema retention time is 5 minutes. 
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If the crypt is closed, the difference between a large and a small crypt is minimal. 

This is because with a closed crypt, the primary mode of transport is through the 

epithelium at the surface, which has the same thickness for both crypt sizes. If the crypt 

is open, then the difference is much more pronounced, with a large crypt having higher 

TFV concentrations in the crypt fluid, epithelium and stroma, and higher stromal TFV-

DP. The difference is approximately 50% for Tenofovir in the tissue and approximately 

25% for TFV-DP. Here, the concentration is actually lower for a large crypt for the closed 

case. This is possible due to a larger crypt leaching more Tenofovir from tissue 

surrounding the crypt. 

6.3.4 Effects of Advective Fluid Flow 

Figure 52 gives results for effects of the maximum advective velocity, one half of 

the maximum, and no advection. With a closed crypt, advection in the crypt is zero, and 

only a small convective force exists on the surface of the epithelium. This effect is too 

small to be detected and all crypt closed cases are merged into a single line. Advective 

flow is possible with enemas of different tonicity which then drives the rectum’s natural 

tendency to absorb extra fluid. 
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Figure 52: Average concentration in compartments with varying advective 

flow. Enema retention time is 5 minutes. 

Overall the effect of advective flow appears to be relatively small for drug 

transport within the crypt and adjacent mucosal tissue. For the open crypt the difference 

in concentration between 0% and 100% maximum advective velocity is less than 20%. 

Once again the open versus closed crypt status is a much more important factor in drug 

transport. 

6.3.5 Concentration Profiles as a Function of Depth 

It is of interest to compute the local stromal drug concentration as a function of 

depth and time after enema insertion. This profile provides biophysical insight to the 

non-uniformity of TFV concentration distribution within the stroma, and consequently 
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to that of TFV-DP. For the vaginal PK model, accounting for this non-uniformity was 

important with respect to the uncertainties in interpretation of concentrations in 

biopsies. Figure 53 plots TFV concentration vs. depth down into the tissue at different 

times. 

 

Figure 53: TFV concentration profile versus depth of the stroma after 5 minutes 

of enema retention for a small crypt. 

Here the concentration in the stroma at each depth is averaged (in the radial 

direction for each compartment at each depth) for a particular time point (color axis, 

with blue for short and red for longer time points). The aspect ratio of the depth to the 

width varies from 8 to 18 depending on the size of the crypt. Because the radial stromal 

dimension is small compared to the longitudinal size of the crypt downwards, the 
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concentration variation in the former is small compared to that of the latter. The plot 

shows an initial high concentration near the surface of the tissue that gradually flattens 

out to the bottom of the crypt. A noticeable increase in concentration at the bottom of the 

tissue occurs around the 12 minute mark. 

6.3.6 TFV-DP Concentration in Stromal Host Cells 

This modeling approach was previously used to create summary interpretations 

of TFV-DP concentrations in vaginal stromal host cells with respect to target values that 

are deemed prophylactic against HIV[26]. A similar analysis can be conducted here 

using a target prophylactic TFV-DP concentration of 500 fmol/mg from EC50 

measurements[47]. The Percent Protected measure, which is the fraction of entire 

stromal volume in which local TFV-DP concentration equals or exceed this target value 

is computed here as a function of time after enema application. This spatial average 

TFV-DP concentration is proportional to the average concentration per host cell. 

Assuming uniform distribution of host cells, the Percent Protected based volume 

average concentration is thus equal to the Percent Protected based upon an average host 

cell concentration. The time dependence of Percent Protected after enema application is 

illustrated in Figure 54. 
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Figure 54: Percent of stroma volume protected after 1 minute and 5 minutes of 

enema retention for a small sized crypt. 

Here 100% Percent Protected of stroma is achieved with either 1 minute or 5 

minutes of enema application. The time to 100% protection is longer for 1 minute vs. 5 

minutes, and is also longer if the rectal crypt is closed. 

6.3.7 Simulated TFV and TFV-DP Concentrations in Biopsies 

The detailed spatial-temporal mapping of concentrations of TFV and TFV-DP 

output by this model can be translated to computations of their values in rectal biopsies. 

This involves taking a volume average of concentrations in geometric domain that 

simulates the tissue taken in a biopsy. Since the diameter of a crypt is about 40 – 120 μm 

and diameter of the biopsy in a human is about two orders of magnitude larger, a single 
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biopsy will sample many crypts. Thus, the concentration measured in a single crypt and 

in the tissue between it can approximate the concentration in the entire biopsy assuming 

small variation between crypts. The depth of the rectal biopsy in a human is about 3 

mm, this defines the depth of the volume in the simulation of a biopsy. However, in the 

computations the depth only goes down to about 1 mm, but since the drug is 

concentrated near the surface, TFV and TFV-DP in the tissue lower than 1 mm is 

negligible when compared to the upper levels. Thus increasing the biopsy depth is 

effectively diluting the concentration of the drug by a constant proportion. This is 

illustrated in Figure 55 and Figure 56 for TFV and TFV-DP with simulated biopsies. 

 

Figure 55: Results for TFV concentrations in a simulated biopsy. Enema 

retention and crypt openness are varied. Biopsy is either 1 mm or 3 mm. 
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Figure 56: Results for TFV-DP concentrations in a simulated biopsy. Enema 

retention and crypt openness are varied. Biopsy is either 1 mm or 3 mm. 

The plots above varies enema application time as well as crypt openness, both 

are significant factors in measured biopsy concentrations. The shapes of these curves are 

qualitatively similar to those for TFV and TFV-DP concentrations in the stroma because 

the time scale of TFV rise is similar for all cases, so the proportionality of TFV-DP is 

preserved. The only noticeable difference is a longer rate of decay for TFV-DP as 

expected from a long intracellular half-life. 

6.4 Discussion 

There is less research conducted for rectal microbicides than for vaginal 

formulations. Mechanistic modeling of drug delivery in the rectal environment can aid 
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the design and research efforts of a rectal enema. This work can relate enema vehicle 

design, biological factors, and typical use to the delivery of Tenofovir in the target 

environment. Furthermore, the model is able to predict tissue biopsy or blood 

measurements in human or animal trials. 

This model builds on previous work done for the delivery of Tenofovir by a 

vaginal gel[25], and a subsequent analysis[26] incorporating two-dimensional transport 

in the tissue as well as TFV-DP kinetics. In this model, the distribution of enema fluid is 

assumed to be extremely fast due to low viscosity of the applied fluid. This suggests an 

almost instantaneous distribution of the enema that partitions the rectum to areas that 

are in contact with the delivery vehicle and areas that are bare. The analysis here will 

focus on the area of the rectum that is in contact. Rectal crypts are structures in the 

rectum that is on the same length scale as drug transport. Computations can be made for 

a single crypt and applied to other crypts with similar properties. Different crypt 

properties, including size and whether it is open or closed can be used in calculating the 

effect on drug transport. 

Similar to previous analysis on the vaginal gel, the concentration distribution is 

expected to show a very steep gradient into the tissue. However, the distribution in the 

rectum (Figure 49) is not as steep as the vaginal model, shown here on a linear scale 

instead of a log scale typically needed for the vaginal model. This is primarily due to the 

presence of the crypt or, more precisely, the crypt fluid which can aid the transport of 
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drug down into the tissue as a result of having a much higher diffusion coefficient 

compared to the surrounding tissue. Biopsy results are more dependent on the highest 

concentration level of the tissue, which is found in the upper stroma and epithelium. 

The four main factors varied here for delivery of drug into the tissue are the 

duration of enema retention, crypt size, magnitude of convective flow into the tissue, 

and whether the crypts are open or closed. The first plot shows the contrast in enema 

applied time with both open and closed crypts. An open crypt is able to deliver about 

twice as much drug as a closed crypt. Despite the fact that the crypt opening is only 

about a quarter of the total surface area, a large diffusion coefficient in the crypt fluid 

can greatly enhance transport. Increasing the retention time of the applied enema also 

increases the drug delivery. This change is consistent in all compartments. Both the 

epithelial and stromal compartments have similar concentrations and time profiles in 

the enema model. This is in contrast to the vaginal model plotted in violet, where the 

concentration in epithelium is much higher than that of the stroma. The rectal 

epithelium is very thin, and wraps around the crypt all the way down to the end of the 

stromal layer. This geometry allows fast transport and similar concentration values 

between the two layers, and the deep epithelium gave rise to a similar depth profile 

between the layers as well. As expected, the TFV-DP concentration follows the rise of 

TFV in stroma initially but decays at a much slower rate. 
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The two other factors in the model are crypt size and advective velocity in the 

crypt. Both are a much smaller factor in drug delivery when compared to enema 

application time and whether the crypt is open or closed. Having a large crypt increases 

transport by less than 50%, but only for the crypt open case while the difference is 

almost negligible for a closed crypt. Advective velocity is driven by the rectum’s natural 

tendency to absorb fluids. This effect could be tuned with different tonicity of applied 

enema. However the overall change in drug delivery is small, with the difference in 

concentration between no advective flow and maximum flow of only around 20%. 

Concentration profiles for each time point as a function of depth shows more 

clearly the longitudinal distribution of Tenofovir. In contrast to the vaginal model, the 

concentration gradient into the tissue is very steep initially but gradually flattens over a 

time period of 30 minutes. This is primarily due to the enhanced transport properties of 

the rectal crypt, where the drug can be distributed fairly rapidly down into the depth of 

the crypt. In addition the rectal epithelium and stroma are both much thinner than their 

vagina counterparts, further enhancing transport. 

The measure of Percent Protected of stroma, first introduced in the earlier 

vaginal gel model is also applied here. Due to enhanced drug transport properties of the 

rectum, particularly with crypt fluids and a thin mucosa, Tenofovir diphosphate 

concentration is able to reach a prophylactic level much faster than in the vagina. Even 

with rectal enema retention time of only 1 minute, the Percent Protected level is still able 
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to reach 100% although in the extreme case, i.e. with a closed crypt, it takes over 14 

minutes to reach such a point. A longer enema application time and open crypts will 

both decrease this critical time point. This is promising, since long enema retention time 

is unrealistic and potentially could cause a reduction in adherence. Furthermore a wait 

time of around 15 minutes to reach 100% is much better than the vaginal gel model in 

which it is a few hours. However, this observation does not account for transport of the 

virus which presumably is slower in the vaginal case as well. 

Plots of simulated biopsy values both for TFV and TFV-DP show how variations 

in time and other factors could influence measured concentration. Typically a biopsy is 

around 3 mm thick, but since this model only considers a mucosa that is 1 mm thick, any 

extra thickness will contain no drug. In essence thicker biopsies dilute measured 

concentration linearly as a function of the total thickness. Thus in order to get a more 

accurate representation of the actual mucosal concentration, a biopsy will need to 

account for the depth at which it is taken in addition to the averaged concentration 

value. The measured biopsy concentration for a 1 mm case is actually higher than the 

concentration in the stroma. This is due to the biopsy’s inclusion of crypts, which have a 

higher amount of drug than the rest of the tissue. The plots can also be used to find an 

optimal time to take biopsies. Concentration increases steadily until around the 20 

minutes for TFV and 60 minutes for TFV-DP, after which the concentration levels off to a 

plateau. Taking the biopsy around the plateau will most likely decrease sensitivity of 
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measured concentration in time. This is preferable because it can decrease variability in 

an already highly variable measure. 

6.5 Conclusion 

Rectal enemas are emerging as a viable addition to existing microbicide delivery 

vehicles. Modeling of drug distribution after application of the enema is important in 

determining its effectiveness as well as factors that could impact the delivery of a 

pharmacologically active amount of drug to infectible cells in the body. Results of the 

model showed good protection in local tissue against HIV infection under areas in 

contact with the enema. Compared with vaginal delivery, a rectal enema has a few key 

advantages. In the rectum, a thinner epithelium and mucosal tissue allow rapid 

penetration of the drug. Physiological features such as the fluid filled rectal crypt and 

the tendency of the rectum to absorb fluid enhance drug delivery. Furthermore, a high 

volume of applied enema will allow a larger area of the rectum to be coated. Results 

from a biopsy measurement are also simulated here, where the most important factor in 

measurement variability is the biopsy thickness. 
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7. Conclusions 

7.1 Summary 

This work focused on the development of mathematical models for drug 

delivery by anti-HIV microbicides, first in the vaginal environment by a gel, then 

expanded to delivery by a vaginal ring, and finally extended into the delivery by a rectal 

enema. The goal is to accurately compute distribution of microbicides over time and 

space in the body in order to infer the level of protection against HIV and to aid 

microbicide research by predicting relevant experimental pharmacokinetic measures 

such as biopsy and blood concentrations. Results can help in development of 

microbicide products by identifying important factors that govern PK and that can be 

controlled in product design.  Results also address how variability in PK derives from 

variability in biological and biophysical factors, and this can help explain the empirically 

defined population variability in clinical trials. 

 The first model is of a Tenofovir delivering gel in the vaginal environment. The 

basic assumption is perfect coating of the gel over the epithelial surfaces along the canal 

soon after initial insertion. A simple one-dimensional model of drug distribution in the 

mucosa can be created using transport theory with diffusion and reaction kinetics. The 

model has yielded surprisingly good agreement with existing clinical data on biopsy 

and blood concentrations after single and multiple doses. Variability in the model, 

including effects on measured biopsy and blood values, is also explored. Epithelial 
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thickness and sampled biopsy thickness are two important factors that influence the 

measured drug concentrations in biopsies.  In particular, the biopsy thickness could be 

controlled or at least measured experimentally, but it is rarely if ever reported in the 

literature.  Epithelial thickness in women varies by about 50% during the menstrual 

cycle.  Model results show that a thicker epithelium delays the unset of maximum 

concentration and lowers the value in the stroma as well as decrease the proportion of 

drug in the stroma to the total tissue biopsy. 

Distributions of vaginal gels in the lumen are next explored in a fluid dynamic 

analysis of the spreading problem. This is an extension of previous work in our lab on 

gel rheology and spreading. Here improvement is made in three key areas. First, while 

the original model focused on spreading in an infinite plate or with radial symmetry, 

this new model considers spreading in a constrained channel with lateral symmetry. 

Second, simpler rheological models such as Power Law and Herschel-Bulkley models 

for the gel are replaced with more advanced models, i.e. Carreau-like fluid and Carreau-

like fluid with a yield stress. Third, a more anatomically accurate model of the vaginal 

canal is created as a finite channel that has a closed and an open end representing the 

fornix and introitus, respectively.  This model thus analyzes gel spreading and also 

accounts for, and quantifies, gel leakage from the introitus.  The solution to the most 

complex model of a Carreau-like fluid with yield stress is an integral equation that is 

related to the Reynolds equation of the problem. Resulting computations can be used to 
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find the coated area as a function of time, including gel leakage which influences user 

adherence to indicated gel use.  These results can and are input next to modeling of drug 

mass transport from a spreading gel.  Because this model contains a comprehensive 3 or 

4 (including a yield stress) parameter constitutive model for the gel, the role of gel 

rheology in spreading is thus delineated.  This can help not just in optimizing gel 

rheology during gel design, but in interpreting changes in gel rheology during aging as 

an additional measure of gel stability.. 

Gel spreading is next combined with drug mass transport to create a more 

comprehensive model of drug delivery.  This is applied to the microbicide Tenofovir.   

In this model, the mucosal tissue contains separate layers for the epithelium and stroma 

(which contains most of the host cells that HIV can infect).  Tenofovir concentration 

distribution in two dimensions vs. time is computed.  In addition to Tenofovir, the 

kinetics Tenofovir phosphorylation to its antiviral (reverse transcriptase inhibiting) form 

Tenofovir diphosphate, TDV-DP, are included.  This new model thus incorporates the 

role of gel spreading into the transport of drug molecules from the gel into and through 

the tissue.  The interacting roles of gel rheology and volume are delineated.  The results 

improve upon our earlier ones in identifying and describing the roles of gel and vaginal 

factors on drug transport and protection against HIV. Predicted concentration 

distributions of TFV-DP are interpreted with respect to experimentally determined EC50 

value to give a new, objective pharmacodynamic measure of protection, the percentage 
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of total stromal volume (or, equivalently, of cells in the stroma) the achieves the target 

EC50 concentrations. This new measure, termed Percent Protected, provides a much 

better indicator of drug efficacy than volume-averaged concentration values that have 

been used previously. Sensitivity analysis of the parameters in the model is also 

implemented to determine the most important factors for drug delivery. 

The model of mucosal drug delivery by a vaginal gel can be extended to delivery 

by a vaginal ring. While a gel is formulated for daily or episodic use, a ring is expected 

to function for a month or more. Here, the problem approaches steady state conditions 

for both fluid flow and drug transport. Computations are made for two different 

projections of the problem, the sagittal plane model which includes two cross-sections of 

the ring in vaginal fluid and tissue, and a coronal plane model which is in the fluid layer 

with a flat ring and a simulated tissue boundary. The results indicate vaginal fluid 

production is a key parameter that governs drug transport, and ring placement in the 

lumen also strongly affects protection in tissue since drug transport upstream of the ring 

is extremely limited. Temporary removal of a ring for under a few hours does not drop 

the Percent Protected in the stroma significantly. This would be beneficial for users who 

want to remove the ring prior to sex. 

Models of transport in the vaginal mucosa can be adapted to the rectal 

environment for an enema containing microbicides. Key differences between the two 

mucosal tissues are the structures and thicknesses of the epithelial and stromal layers 
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and the presence of crypts in the rectal mucosa. Compared to vaginal gel delivery, 

Tenofovir delivery by an enema achieves a higher concentration in the tissue shortly 

after each dose. Key parameters in transport are the time of enema retention and 

whether the crypts are open or closed. The model assumes perfect coating of enema 

fluid over the tissue, with the exact target area or volume of the enema currently not 

included in the analysis. Percent Protected measure of the stroma showed promising 

results; 100% can be achieved much more rapidly after enema vs. vaginal gel 

applications.  This protection is not instantaneous, needing around 15 minutes post 

enema application. This contrasts with the wait time for delivery to the vaginal mucosa, 

which is on the order of hours. 

This dissertation analyzed the distribution and transport of microbicides, in 

particular Tenofovir, for use as pre-exposure prophylaxis against HIV. Models in the 

vaginal environment for a gel and ring gave good agreement with existing clinical data. 

Rectal microbicide application is also explored with a model of a Tenofovir enema. The 

end result is a set of predictions that can aid the design of microbicide delivery systems 

by informing about the most salient parameters in drug delivery.  Other variables such 

as the dosage regimen, biological variability, and usage differences are also taken into 

account. This will enable better interpretation of clinical results and the formulation of 

improved microbicide products. 
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7.2 Future Directions 

Interpretation of the results in these models cannot be made in absolute terms, 

even though the model output include detailed value of concentration and other derived 

measures. This is because intrinsically biological variability is usually on the order of 

multiple logs, but these are not completely accounted for in the current model. Of 

course, future improvements in the model could potentially decrease variability, but it 

cannot be expected to eliminate significantly more than the current method. The two 

other ways of interpreting the results are the qualitative measures and relative 

comparison. Qualitative measures include the shape of each curve and their 

approximate magnitude. This information can give a general sense of the concentration 

or drug efficacy in each computation. Relative comparison by altering different 

parameters can give a sense of the contribution of each to the model. A relative measure 

is preferable to an absolute measure because it is able to cancel out some of the hidden 

variability in the problem. 

All three models from vaginal gel to vaginal ring to rectal enema can be 

expanded to include more accurate parameters and more comprehensive features. The 

vaginal gel model is perhaps the most complete, with the addition of a compliant wall 

model and laterally inhomogeneous mucosa as possible extensions to the problem. 

Compliant wall is a more accurate representation of the force exerted by the vaginal 

canal. Laterally inhomogeneous mucosa could potentially account for microscopic 



 

192 

variations in the vaginal mucosa including rugae folds and locally varying thickness of 

epithelium and stroma. In the ring model, a more comprehensive coupling between 

vaginal fluid and mucosal transport is needed. One potential is to use Linear Time 

Invariance systems theory for the one-dimensional transport problem which results in a 

simple functional response of the mucosal concentration with any arbitrary input to the 

tissue surface. This coupling will enable a better understanding of the exact effect on 

protective concentrations in the stroma after complex luminal activities such as coitus. 

Model of a rectal enema can be improved by introducing enema fluid distribution. This 

will be strongly dependent on the shape of the rectum as well as how each enema is 

applied. The result should gave a better understanding of the location which is coated 

versus uncoated by the enema. 

Knowledge gained here in the model can also be extended to other novel dosage 

forms. These include vaginal and rectal tablets, vaginal films, rectal gels, and fiber 

meshes. The key properties to drug delivery are the release rate of each dosage form, the 

area for which it is being released to, and whether such release is aided by local fluid 

flow or biological functions such as water absorption. The models of transport for gels, 

rings, and enemas can be easily adapted to these new dosage forms since the difference 

between them is primarily in the luminal distribution of the drug and not mucosal 

transport. With the exception in some cases where tonicity of the dosage forms can be a 

factor. 
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The models here focused primarily on the drug Tenofovir. However the 

experience gained can be applied to other drugs as well. Other reverse transcriptase 

inhibitors work similarly to Tenofovir in that it needs to be delivered to infectible host 

cells before being able to prevent HIV infections. The difference between these drugs is 

then their transport properties such as the release rate, diffusion coefficient, and the 

hydrophilicity of each drug manifested in its partition coefficient. Other drugs such as 

Griffithsin and Cyanovirin-N are entry inhibitors that need to be in contact with the 

virus before their entry to host cells to be effective. These drugs are then most likely 

active in the lumen instead of the mucosa. The model will also need to include the 

transport and distribution of the HIV virus in order to compute the drug’s ability to 

prevent viral entry. 

Viral dynamics are important not only for entry inhibitors, but also useful in the 

model of reverse transcriptase inhibitors discussed earlier. The pharmacodynamics 

measure used before is the Percent Protected, which does not account for the time and 

space distribution of the virus. This measure might over estimate drug efficacy since the 

distribution of viral attack regions is more likely to be concentrated near the surface of 

the tissue than the deeper areas. Incorporating viral dynamics will give a more accurate 

picture of how the virus and protective drug molecules interact. One caveat is that 

although data on drug distribution and transport are plentiful, the same cannot be said 
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with the virus. In addition, data on the kinetics of viral attack is scarce. This means care 

will be needed in estimating parameters of the viral dynamics model. 
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Appendix A: Fluid Flow in a Rectal Cylindrical Geometry 

Rectal gels are another form of delivery vehicle being developed for 

microbicides. Spreading of a rectal gel is the first important step in understanding the 

extent of drug delivery. The rectal environment is very different from the vaginal 

environment, not only in terms of dimensions but also the geometry. In the vaginal 

environment, the walls in the collapsed state forms a thin approximately rectangular 

cross section, while in the rectum the walls are cylindrical with a much larger opening in 

the regular state. 

In this model the gel is being squeezed by a cylindrical tube with the z direction 

being the axis of flow and the radial direction is the wall with applied squeezing force. A 

Carreau-like constitutive model with yield stress is used for analysis since it is the most 

advanced model of rheology. The method for finding the solution is similar to the 

vaginal model, in fact the boundary conditions from Equation 20 can be used simply by 

exchanging z  for x , and r  for y . 

 r
rrz

P









 1
 

Equation 54 

The Navier-Stokes equation in a cylindrical coordinate system for the z  

dimension is in Equation 54. Again due to lubrication theory the pressure gradient in the 

radial dimension is assumed to be zero. The result is a pressure gradient in the direction 
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of flow and this pressure gradient is a function of z  only. This expression can be 

integrated once to give the expression for shear stress in Equation 55. 

z
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Equation 55 

The continuity equation in radial coordinate system assuming symmetry in the 

radial direction is Equation 56. 
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Equation 56 

And the general rheological equation relating stress and strain is in Equation 57. 
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Equation 57 

Starting with Equation 56, first take a partial derivative of the equation with 

respect to radius. After changing the order of differentiation (assuming continuity) the 

last expression contains the term for shear rate in Equation 57. This expression is then 

integrated twice with respect to the radius to give an integral that equals to the wall 

velocity in Equation 58. 
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Here the value R  is the radius at the walls, and critR  is the critical radius for 

which the gel starts to move. This is defined in Equation 59. 

z

P
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Equation 59 

The constitutive model for a Carreau-like equation can be plugged into Equation 

58, the result after a series of algebraic steps is an inverse function relating the pressure 

gradient to position Equation 60. 
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Equation 60 

This equation can then be plugged into the integral for total force applied by the 

wall in Equation 61. 
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Appendix B: Model of Franz Cell and Gel/Tissue 

Permeability Assays 

Franz cell and permeability assays are often used in the design process of 

microbicide products. However the results in most experiments are simply the 

concentration or transport rate observed without any further analysis. Interpretation of 

the results is typically that the formulation is able to deliver adequate amount of drug 

under these conditions, but with modeling key transport parameters such as the 

diffusion coefficient and partition coefficient could be estimated. This information for a 

variety of drugs and dosage forms can then be used in transport models defined in the 

previous chapters. 

In the Franz cell assay, a gel or other dosage form containing the drug is placed 

over a membrane separating it from a sink with volume several orders of magnitude 

larger than the applied dosage. Measurements are then made for the concentration in 

the sink as a function of time. For the tissue permeability assay, the setup is similar to a 

normal Franz cell, except the dosage form is placed on top of the tissue which is then 

separated on the other side by a membrane and the sink. The sink concentrations are 

measured as well as the tissue concentration which could be taken at select times. 

The geometry of the problem can be reduced to one-dimension because the rate 

limiting step in transport is approximately homogeneous through the membrane. The 

volume of each compartment can be divided by the area of the membrane to yield their 



 

199 

length in one-dimensions. For a sink this approximation can be made because generally 

the sink is well stirred so the transport within the compartment can be assumed as 

instantaneous. 

Transport in both tissue and gel compartments follow a simple diffusive process 

with a constant diffusion coefficient. Without a convective force, natural thermal driven 

diffusion should be the predominant method of transport. Spatial variations in the tissue 

should be small compared to the thickness of tissue explants. The previous model of the 

tissue includes separate epithelial and stromal layers, but in this problem such 

differentiation cannot be measured, thus only an effective diffusion coefficient for the 

entire mucosal layer can be calculated. 

This model is solved by an explicit finite difference method. With diffusion 

equation defined in Equation 7. The boundary conditions are no flux at the top end of 

the model with numerical solution defined by Equation 9, internal boundaries with 

partition coefficients are defined in Equation 10. The boundary between the gel/tissue 

and the membrane is more complex, the membrane is assumed to be in quasi steady 

state. The boundary at the gel or tissue side is defined in Equation 62. 
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In the above equation, a phantom point 1iC   beyond the grid is defined by 

another concentration 1iC   two steps before, the concentration in the sink or bath 

compartment bC , the physical spacing dx , area fraction of pores , diffusion coefficient 

for the gel gD , diffusion coefficient for the membrane mD , the membrane thickness mh , 

partition coefficient between membrane and the gel 1 , and the partition coefficient 

between membrane and the bath 2 . This equation is derived by equating the flux on 

both side of the membrane and solving for the effective concentration on each side 

assuming a steady state linear concentration profile within the membrane. In the 

equation, if assuming the two partition coefficients are similar, then a dimensionless 

number emerges which is independent of the concentration. This dimensionless number 

represents the value between two extremes. If it is close to zero then the membrane is 

impermeable or no flux, and if the value is very large, then it is effectively a 

concentration boundary. 

Results for the Franz Cell model include concentration in the bath compartment 

over time under variation of different parameters in Figure 57. The plots are normalized 

by the total mass of drug applied. The variations are in gel diffusion coefficient, partition 

coefficient between gel and the bath, size of the gel, and size of the bath compartments. 

These four parameters represent the common factors that can vary in a Franz Cell 

experiment. 
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Figure 57: Fraction of drug found in the bath compartment of Franz cell assay, 

with variation in gel diffusion coefficient, partition coefficient, size of gel, and size of 

bath compartment over 2 hours. 

Both diffusion coefficient in the gel and the size of the gel strongly influences the 

transport to the bath compartment. The size of the bath and the partition coefficient has 

negligible effects, especially at short times. This is due to the fact that the bath is already 

large enough to contribute a negligible amount of concentration even when saturated, so 

a size variation from a quarter to four times the original will not make a significant 

difference. The parameters gel size, partition coefficient, and bath size do however 

contribute to the steady state concentration measured. This steady state is simply a ratio 

of the size of the two compartments modified by the partition coefficient. 
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Figure 58: Fraction of drug found in the bath compartment of Franz cell assay, 

with variation in gel diffusion coefficient, partition coefficient, size of gel, and size of 

bath compartment over 2 hours non-dimensionalized by hg2/Dg. 

The results of concentration versus time can also be plotted in terms of the 

dimensionless time in Figure 58. This time is the ratio of the gel height squared divided 

by the gel diffusion coefficient, the gel compartment is chosen because it’s the rate 

limiting factor in transport. The non-dimensionalized curves are all very similar to each 

other, which gave further indication that the transport is dominated by the gel 

compartment. Like the dimensionalized version, steady state concentration is slightly 

altered by changing the partition coefficient and the size of each compartment. 
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Figure 59: Fraction of drug found in the bath compartment of Gel/Tissue assay, 

with variation in tissue diffusion coefficient, partition coefficient, size of gel, and size 

of tissue compartment over 24 hours. 

In the Gel/Tissue assay (Figure 59), all four variables, the diffusion in tissue, 

partition coefficient between gel and tissue, the size of the gel and tissue compartments 

all have a big effect on transport. Diffusion coefficient in the gel now is negligible since 

it’s not the rate limiting step. Unlike the plots for the basic Franz Cell model where 

transport is dependent primarily on gel thickness and diffusion coefficient, here all four 

factors are important, which means there is no straightforward non-dimensionalization 

involving all four variables. The results indicate tissue thickness and diffusion 

coefficient are more important than gel thickness and the partition coefficient. 
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Figure 60: Fraction of drug found in the tissue compartment of Gel/Tissue 

assay, with variation in tissue diffusion coefficient, partition coefficient, size of gel, 

and size of tissue compartment over 24 hours. 

Proportion of drug found in the tissue compartment is plotted in Figure 60. Once 

again all four factors are important to transport. Interestingly tissue diffusion coefficient 

and tissue thickness both alter the shape of the curve, with a slower diffusion or thicker 

tissue retaining the most drug even after 24 hours. While the parameters for partition 

coefficient and gel thickness changes the maximum height of the tissue curve. 

Experimentally the unknowns are tissue diffusion coefficient and the partition 

coefficient. Contribution by those two factors can be separated by using the shape of the 

curve to approximate the diffusion coefficient and then using the maximum 

concentration to find the partition coefficient. 
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Model of Franz Cell and Tissue Permeability assays is able to compute the key 

parameters in drug delivery in the diffusion coefficient and the partition coefficient. This 

information can enhance the interpretation of these assays and together with mechanic 

models of drug delivery created earlier, is able to predict drug delivery and efficacy of 

new microbicide formulations. Due to the destructive nature of the measurement, tissue 

concentrations are usually performed at a predetermined time. Models of concentration 

profile in the tissue can gave information on how to best pick the time to take biopsy 

measurements. Ideally one time point should be picked near the expected maximum 

concentration, while both the rise and decline of the concentration profile should be 

included as well. Overall this method can greatly enhance the information gained from 

Franz Cell and Tissue Permeability assays, which leads to a more efficient process in 

microbicide design. 
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