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Abstract 

Title of Dissertation: Clinical and Environmental Harmonization to Enhance Absorptive 

Predictability from Complex Dermal Products: In Vitro Permeation Testing to Healthy 

Volunteers 

Paige N. Zambrana, Doctor of Philosophy, 2021 

Dissertation Directed by: Dr. Audra L. Stinchcomb, PhD., Professor, Pharmaceutical 

Sciences 

 

Accurate establishment of in vitro-in vivo correlation (IVIVC) models for the 

bioavailability prediction of complex dermal products has been a challenge, leading to the 

use of multiple costly clinical studies for marketing approval. Although environmental 

conditions are highly controlled during in vitro permeation testing (IVPT), formulations 

such as lotions, gels, sprays and foams have historically generated variable absorptive 

profiles in vivo, making IVIVC mathematical modeling difficult. With no occlusive 

backing, dermal formulations undergo metamorphosis dependent upon environmental 

conditions, which are not typically precisely controlled during clinical testing. Since there 

are a wide range of formulations available on the market, sunscreens were selected as 

model products for translational evaluation. The goal of the present study was to examine 

multiple environmental and clinical factors in vitro that can alter absorption of the UV filter 

oxybenzone, and subsequently translate critical product testing conditions to a harmonized 

clinical protocol. Data from validated IVPT studies showed that temperature, dose and 

formulation were able to significantly alter the absorptive profile of oxybenzone. 



 
 

Therefore, a clinical study was designed utilizing four common dermal formulation types 

under un-occluded optimal dosing conditions with precise control of temperature and 

humidity during each procedure day.  This human study data was then compared to prior 

sunscreen studies conducted by the US Food and Drug Administration (FDA), which did 

not include environmental controls during clinical assessment.  The comparison showed 

that increased precision and harmonization between in vitro and in vivo methods for 

oxybenzone bioavailability assessment resulted in a decrease in variability associated with 

in vivo dermal product testing. Additionally, accurate IVIVC models for each formulation 

type tested were able to be generated. Models for in vivo exposure estimation of 

oxybenzone absorption from lotion, cream, solid stick and continuous spray sunscreen 

formulations were efficiently attained in a small number of healthy human volunteers with 

minimal dosage area required for predictable calculations of full body systemic exposure. 

This project lays the groundwork for effective pharmacokinetic (PK) safety and efficacy 

testing of other active pharmaceutical ingredients (API) absorbed from prescription and 

over-the-counter (OTC) complex dermal products.
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Chapter 1: Introduction 

1.1 Complex Topical Formulations 

Among one of the oldest medicinal dosage forms, semi-solids represent a complex 

formulation which are usually designated for topical/dermal indications in which the active 

pharmaceutical ingredient (API) is intended to remain on the skin surface.1 Many of these 

semi-solids are composed of two phases, oil and water in an emulsion form. The API will 

dissolve and disperse throughout one or both phases depending upon its hydrophilic and/or 

lipophilic properties. The physical properties of each unique complex topical formulation 

rely on the excipients and manufacturing processes involved to vary the droplet size, 

interfacial tension between phases and rheology. The combination of properties will 

determine the marketed formulation designation (cream, lotion, stick, foam, spray, etc.). 

In 2019 the semi-solid formulation segment of the topical drug delivery market 

accounted for the largest market share; used in both prescription and over-the-counter 

(OTC) settings for indications such as acne, rashes, sun protection and hair growth, to name 

a few.2 The abundance of use stems from their ease of application over a large surface area, 

reduction in the probability of side effects, elicitation of local action, avoidance of first 

pass metabolism if absorbed and ability to incorporate but lipophilic and hydrophilic small 

molecule APIs simultaneously.3 Unfortunately, these products do not come without their 

limitations. Some of the major concerns are dosage accuracy, oxidation, contact transfer, 

poor aesthetic-feel and the impact environmental conditions like heat and humidity can 

have on absorption. Since these products are not applied in a closed and controlled system, 

like dermal delivery via the use of patches, the ability to predict in vivo absorption profiles 
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from in vitro tests has proven challenging with high variability and inaccuracy in maximum 

absorption estimates.1, 4-6 

The current work focused on the determination of both clinical and environmental 

factors that can impact API absorption from complex topical formulations. The critical 

variables were incorporated into protocol design generating harmonized in vitro and in vivo 

methodologies for the prediction of oxybenzone absorption from four different sunscreen 

dosage forms (cream, lotion, solid stick and continuous spray). The results illustrate how 

controlling and harmonizing the clinical and environmental factors surrounding application 

area during in vivo evaluation of permeation can reduce the variability associated with 

systemic exposure prediction from in vitro permeation testing (IVPT) and generate highly 

accurate in vitro – in vivo correlations (IVIVC) for all formulations tested.  

1.1.1 Creams 

 Creams are the most prescribed form of topical semi-solids due to their desirable 

characteristics of being less greasy than ointments, vanishing into the skin, having excellent 

lubricating qualities and their ability to solubilize both hydrophilic and lipophilic 

compounds. Dependent upon the intended use, these viscous semi-solid products are 

formulated as either oil-in-water or water-in-oil emulsions. The ratio of volatile versus non-

volatile excipient inclusion is product specific and dependent on intended drug action. 

However, as much as 80% of components that make up a cream formulation can be volatile 

while the other 20% is composed of waxes, such as esters of fatty acids, and free alcohols 

utilized as releasing agents.7-10  A common cream base is the “vanishing cream”, composed 

of mainly water and stearic acid. During application, the water component will evaporate, 

transitioning the creamy white appearance to clear and leaving behind a thin film of 
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primarily stearic acid.  The thin film of stearic acid, not visible to the naked eye, will then 

concentrate the API and act as a moisturizer to maintain skin hydration.   

1.1.2 Lotions 

 The second most widely marketed formulation for topical semi-solid products, 

lotions, are characterized as being less viscous than creams with finely powdered 

substances, insoluble in dispersion media and suspended with dispersing agents throughout 

a base composed of primarily water and alcohol.7-9 The high percentage of volatile 

components allows for rapid drying and a less greasy final film on the skin surface 

compared to creams. The less occlusive nature of the formulation is desirable for 

spreadability over a large application area. However, due to rapid drying, lotions do not 

maintain skin hydration and can often be associated with stinging or dry sensations. 

1.1.3 Sticks 

 Topical sticks, formulated as hard or soft dependent upon their excipients, are often 

championed for their portability, ease of use and mess free nature. Their variable 

consistencies rely on the incorporation of multiple waxes, polymers and resins. Each 

component has a different melting point that will soften as the product comes in contact 

with the heat of the skin to distribute the API evenly over the intended site of action. Soft 

sticks, such as lip balms and sunscreens, rely on the combination of high and low melting 

point excipients to create a malleable base that holds its shape while gliding easily over the 

skin leaving no visible residue.11-13 Inclusion of high melting point excipients solidifies the 

product, while low melting point excipients soften the product. Soft sticks are similar to 

ointments in that they are highly viscous and provide excellent occlusive properties to 

maintain skin hydration but can produce a greasy feel after application. Hard sticks, such 
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as antiperspirants, are primarily composed of powder and a binding agent fused by heat. 

The fused powder tends to leave a visible skin residue after application. Incorporation of 

an API into either a soft or hard stick requires the API to be relatively heat stable so it does 

not degrade during the manufacturing process.  

1.1.4 Sprays 

 Aerosol sprays used for topical delivery of products such as sunscreens and insect 

repellent are primarily made up of two components: a concentrated liquid containing the 

solubilized API, and a propellant. The propellant helps generate pressure within the 

canister to propel the concentrate in a consistent spray pattern; evenly distributing the API 

across the skin surface.14 Propellants are classified as (1) liquified gases: 

chloroflurocarbons, hydrocarbons, hydrochlorofluorocarbons, hydroflurocarbons or (2) 

compressed gases: nitrogen, nitrogen oxide, carbon dioxide, which have a vapor pressure 

greater than atmospheric pressure. If in the liquified gas form, the propellant can also aid 

in solubilizing the API along with the liquid concentrate.15, 16 The propellant is highly 

volatile and, unless additional solvents are incorporated within the formulation, it 

evaporates rapidly as the product is being applied. Once applied to the skin, the 

concentrated liquid containing the API will also evaporate relatively quickly leaving a thin, 

non-occlusive film of product behind that does not require additional rubbing into the skin 

surface.17 Spray formulations are becoming more common in the OTC sunscreen space 

because of their ease of use and dry aesthetic feel once applied. However, caution is still 

advised as they pose additional risks such as secondary inhalation and uneven coverage 

when environmental factors such as wind affect the spray pattern. 
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 Non-aerosol sprays, often coined as “pump sprays”, consist of a solubilized API 

within a solution or suspension that must be manually released as a mist. There are no 

propellants added, therefore the spray pattern is generated from pressure build-up in the 

attached hand pump as the users’ mechanical energy depresses the actuator.18 Pump sprays 

are more environmentally friendly than aerosols and can provide increased precision in 

dosage administration. 

1.1.5 Other Topical Formulations 

 There are many other topical formulations not specifically utilized within this work 

but abundant within the market. Ointments are formulated from an oleaginous or anhydrous 

base which tend to be highly viscous and have a greasy aesthetic-feel.9 They are difficult 

to wash-off; therefore, remain on the skin for a prolonged amount of time forming an 

occlusive barrier that prevents SC moisture loss and enhances API permeation.9 Pastes are 

preferred over ointments because of their non-greasy feel and higher absorptive potential.8 

They contain an abundance of solids dispersed in an oil and water base resulting in a 

formulation denser than an ointment that can also absorb skin secretions.8, 9 Gels are a 

commonly accepted suspension formulation. They have a tendency to be quick-drying due 

to the high concentration of alcohol in the base and are often applied to hairy skin sites as 

well as skin folds. Foams are an emulsion of API, surfactants, liquids and a propellant. The 

propellant will disperse throughout the liquid base within the marketed container and upon 

actuator decompression will vaporize into a trapped gas.19 Foams are one of the preferred 

formulations for treating sunburn and eczema because of the ease in spreadability and lack 

of rubbing needed during application compared to other topical products.19, 20  
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1.2 Sunscreens 

 Due to sunscreen application sites being exposed to a multitude of environmental 

conditions, accurate establishment of predictive IVIVC models for complex semi-solid and 

liquid topical formulations remains a challenge. The highly variable absorption levels of 

active ingredients and excipients in vivo can make determination of accurate maximum 

systemic absorption levels for use in toxicology estimation inaccurate or overestimated to 

account for over inflated coefficients of variation.1, 4-6 For the purpose of this work, 

sunscreens provided a surrogate model with a wide range of marketed formulations 

including a similar API for absorptive comparisons to be drawn. Many ultraviolet (UV) 

filters contained in sunscreens and cosmetic products have come into controversy recently 

over questions about maximal absorption and environmental toxicity.21-28 Therefore, 

generating protocols to increase accuracy between in vitro experimentation and in vivo 

systemic predictions will provide a basis for future sunscreen regulatory clinical and 

environmental testing considerations, as well as a model for future OTC and prescription 

semi-solid and liquid complex formulations. These carefully designed and harmonized 

research protocols can be used for more predictive and reliable toxicological data 

interpretation. 

1.2.1 History and Rulemaking 

 The use of solar skin protectants dates back to as early as 4000BC by the Egyptians 

who used mineral powders and inorganic compounds to create the appearance of a lighter 

skin tone.29, 30 However, it wasn’t until 1918 that Norman Paul was able to deduce the 

correlation between UV radiation exposure from the sun and skin cancer.31 UV radiation 

is divided by wavelength range into three categories: UVA (320 – 400 nm), UVB (290 – 
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320 nm) and UVC (200 – 290 nm). The penetration depth of each can be found in Figure 

1.1. UVC rays are typically blocked by the atmospheric ozone layer, while UVA and UVB 

rays reach the earth’s surface. Due to their influence on sunburn and resulting skin cancer 

risk, the first marketed sunscreens, such as Coppertone suntan cream developed by 

Benjamin Green, included UV filters that solely blocked UVB rays.31 It wasn’t until 1977 

that the effects of UVA rays on the skin were further researched and found to penetrate 

into the dermis leading to changes in the skin appearance aka “skin ageing”.31 The result 

was to develop UV filters and sunscreens that could block both UVA and UVB rays 

simultaneously to provide  broad-spectrum protection to the consumer.   

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Depth of UV ray penetration into skin 

 

Along with the type of UV blocking agent, sunscreen formulations have also 

changed over the years. Historically, sunscreens were formulated as creams or lotions 
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These two formulation types are still the most common for marketed sunscreen products 

with purchase rates of 49% or 29%, respectively, and consequently also represent the 

majority of marketed prescription and OTC topical semi-solid formulations as well.32 Solid 

stick formulations have been introduced into the market for their portability.33 Meant to 

provide coverage to small portions of the body like the face and lips, these soft waxy 

vehicles were ideal for sun coverage on the go with added advantages for consumers 

suffering from mild to severe cases of hyperpigmentation.34 Sticks are also a common 

formulation type for other OTC products such as antiperspirants, lip balms and many 

makeup products such as foundation, eyeshadow and blush. More recently there has been 

an increase in the interest of spray formulations for sunscreens with sales increasing from 

35.1% in 2011 to 38% in 2016.32 This ever-growing market of spray formulations provide 

consumers with a product that is fast drying, easy to use and does not require time spent 

rubbing the product into the skin. This formulation has also been used in many insect 

repellents as well as lidocaine pain management products. 

In the United States sunscreens are classified as OTC drugs, meaning that any 

cosmetic products that report a sun protection factor (SPF) designation are also designated 

as drugs with the intention to “prevent, cure, treat or mitigate disease” and/or “affect a 

structure or function of the body”.35, 36 UV filters contained in products with an SPF 

designation aid in the prevention of skin aging and skin diseases such as cancer or sunburn 

as well as absorb, reflect or scatter UV rays affecting the function of the body’s 

physiological response to solar radiation. There are currently two pathways for OTC drug 

approval in the US; through submission of a New Drug Application (NDA) or approval 

from an OTC monograph. An NDA requires a final formulation for approval of safety and 
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efficacy while the OTC monograph system designates active ingredients generally 

recognized as safe and effective (GRASE).35 Since sunscreens contain UV filters, many 

given GRASE status prior to 1972, the final monograph entitled “Sunscreen Drug Products 

for Over-The-Counter Human Use” holds the legal basis for marketing and is constructed 

to regulate usage.37 Therefore, unlike prescription products which require FDA approval, 

products strictly containing UV filters listed in the sunscreen monograph can be sold 

without FDA approval as long as they adhere to the standards within the final published 

OTC monograph regarding labeling, broad spectrum protection, maximum SPF 

requirements, final formulation testing and recordkeeping. According to the 2021 proposed 

order amending the final sunscreen OTC monograph, multiple UV filters previously given 

GRASE status now require collection of new safety data to reinstate GRASE status.37 To 

date, no new UV filters have been approved in the United States since 1978. 

 The regulatory history timeline of sunscreens is shown in Figure 1.2. The first 

chemical sunscreen was officially available to the public in 1891 but it wasn’t until 1972 

that OTC product reviews, also known as the monograph system which regulates 

sunscreens, began to review the efficacy of the thousands of OTC products.30, 38 In 1978, a 

monograph for the UV filters contained in present day sunscreens began to be discussed 

including twenty-one UV filters of interest given GRASE status. However, there was no 

final recommendation on approved dosage forms at that time. The final sunscreen 

monograph was published in 1999 as 21 Code of Federal Regulations Part 352, which 

included conditions in which sixteen active ingredients could be designated as GRASE 

within sunscreens.36 However, this final monograph was immediately stayed after issuance 

to address the need for UVA and broad-spectrum filter requirements. In 2011, the final 
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ruling specified the labeling and testing of OTC sunscreen products for SPF, broad-

spectrum and water resistance claims as well as labeling guidelines for product usage and 

warnings. The final ruling began the discussion on safety and efficacy of sunscreens with 

varied dosage forms, such as the newer spray products.39  

 Initial efforts to revise the monograph system appeared in 2014 in the form of the 

Sunscreen Innovation Act with the primary goal of establishing new administrative 

procedures for the review of active ingredients that were not already included in the 

existing monograph system.40 An updated draft version of the final sunscreen monograph 

was published in 2019, which proposed conditions to keep the currently designated 

sunscreen active ingredients as GRASE as well as further clarification on allowable dosage 

forms, SPF claims, sunscreen-insect repellant combination use, labeling and final 

formulation testing requirements.41, 42 In this updated monograph, two of the sixteen UV 

filters previously considered GRASE remained GRASE, two were deemed no longer 

GRASE and twelve were indicated as not having sufficient safety data to apply for GRASE 

status (Table 1.1).  Examples of requested safety studies to reinstate GRASE status include: 

(1) nonclinical studies such as dermal carcinogenicity, systemic carcinogenicity, 

developmental and reproductive toxicology and toxicokinetic studies, (2) clinical studies 

such as human irritation and sensitization, human photosafety, pediatric considerations and 

human absorption maximal usage trials (MUsT). MUsT studies are a key element in the 

updated proposal to determine how much of a sunscreen active ingredient is absorbed 

systemically under maximal usage conditions.43 The studies provide valuable estimates of 

maximal systemic exposure to address toxicology concerns. Currently two pilot MUsT 
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studies have been conducted by the FDA and the study outcomes are discussed in Chapter 

3.44, 45 

The most recent legislation impacting sunscreen regulation was enacted in 2020 as 

the Coronavirus Aid Relief and Economic Security (CARES) Act which includes 

provisions to modernize and revise the entire OTC monograph system.46  The CARES Act 

also established a deemed final order regarding updates to the OTC monograph for 

sunscreens amending the 1999 final monograph which never took effect. In September 

2021, a proposed order replaced the deemed final order entitled: “Amending Over-the-

Counter (OTC) Monograph M020: Sunscreen Drug Products for OTC Human Use”.37 

After a 45-day period for public comment, it took effect in November 2021 with primary 

focus on enacting a maximum labeled SPF of 60+, adjusting GRASE designation of 

previously approved UV filters and setting a requirement that all sunscreens with SPF 

values of 15+ satisfy broad spectrum requirements blocking both UVA and UVB rays. 

Table 1.1 lists all the UV filters discussed in the amended final order along with their 

current GRASE designation. The twelve UV filters not receiving GRASE status due to 

insufficient data will continue to be evaluated in the following year as additional safety 

information is submitted.  If at any point the FDA believes sufficient data has been 

submitted a GRASE determination will be released using the administrative order process 

established by the CARES Act.  

As of November 2021, there are only two UV filters awarded GRASE status based 

on currently available safety data revealing non-quantifiable levels of absorption after 

topical application.37 Both are physical filters, titanium dioxide (TiO2) and zinc oxide 

(ZnO), which function by reflecting UV rays. Their use has been limited in sunscreens due 
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to the opaque nature of their appearance when applied to the skin resulting in poor customer 

satisfaction. Sunscreen innovators have turned to nanotechnology to combat the white 

appearance while maintaining their broad-spectrum nature. Multiple studies have shown 

that both larger pigment-grade (>100 nm) and “nano” (30 – 150 nm) TiO2 and ZnO do not 

penetrate the skin further than the stratum corneum (SC).21, 27, 47-50 However, FDA has only 

given GRASE status to the larger-grade particles and not the nanomaterial at this time due 

to potential safety concerns regarding absorption after accidental inhalation from sprays.41  

 

Table 1.1 GRASE status, inclusion limit, and type of UV ray blocking ability of all 

sunscreen filters as of 2021 

Chemical Filter 

Aminobenzoic acid (PABA) Not GRASE No longer permitted UVB 

Avobenzone Insufficient data ≤ 3% UVA 

Cinoxate Insufficient data ≤ 3% UVB 

Dioxybenzone Insufficient data ≤ 3% UVA/UVB 

Ensulizole Insufficient data ≤ 4% UVB 

Homosalate Insufficient data ≤ 15% UVB 

Meradimate Insufficient data ≤ 5% UVA 

Octinoxate Insufficient data ≤ 7.5% UVB 

Octisalate Insufficient data ≤ 5% UVB 

Octocrylene Insufficient data ≤ 10% UVB 

Oxybenzone Insufficient data ≤ 6% UVA/UVB 

Padimate O Insufficient data ≤ 8% UVB 

Sulisobenzone Insufficient data ≤ 10% UVA/UVB 

Trolamine salicylate Not GRASE No longer permitted UVB 

Physical Filter 

Titanium dioxide GRASE ≤ 25% N/A 

Zinc Oxide GRASE ≤ 25% N/A 
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1.2.2 Oxybenzone 

 Oxybenzone (benzophenone-3) is a broad-spectrum chemical UV filter, blocking 

both UVA and UVB rays. Its broad-spectrum nature and photostability are the primary 

reasons oxybenzone has been formulated into a multitude of marketed sunscreen products 

since 1980 with a 6% inclusion limit. Although there is a current trend to produce 

oxybenzone free sunscreens, oxybenzone is still found in 40% of marketed products as of 

2020.30 Oxybenzone removal from sunscreen formulations is attributed to its favorable 

physiochemical properties resulting in significant absorption into systemic circulation 

(Table 1.2), common association to photo allergic reactions in humans and detection of 

leaching into worldwide water sources such as the ocean. Ocean leaching has been linked 

to impairments in algae growth, accumulation in coral resulting in a bleaching effect, 

decreases in the fertility and reproduction of fish and many other defects in the offspring 

of sea urchins and muscles.25, 51-54   

 Originally thought to remain on the skin surface, studies dating back to 1997 by 

Cameron Haden, et. al demonstrated that oxybenzone was able to permeate through the 

skin and into systemic circulation in vivo at considerable quantities.55 Since then, 

oxybenzone has also been reported in blood, urine, serum and breast milk with links to 

minor differences in testosterone and serum estradiol in men, as well as low birth weight 

and endometriosis in women.56-64 In 2003-2004, oxybenzone was reported to be in 96.8% 

of tested urine samples in the US population.65 Confirmation of its absorption into blood 

was published in 2019 and 2020 when the FDA performed two MUsT studies which 

presented findings of oxybenzone as well as three other common UV filters: avobenzone, 

octocrylene and homosalate exhibiting systemic absorption levels exceeding the current 
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threshold of toxicological concern (TTC) of 0.5 ng/mL per day.44, 45 TTC concentrations 

represent the highest plasma level below which the carcinogenic risk of any unknown 

compound would be less than 1 in 100,000. The concept of TTC was adopted from the 

FDA regulation for the allowable levels of food packaging substances that can migrate into 

food and is also consistent with those applied to pharmaceutical drug substance impurities 

in the International Council for Harmonization. Based on the sizable absorption findings 

from their MUsT studies, the FDA has also stated that the use of this concept may not be 

appropriate for chemicals such as UV filters in sunscreens at this time. Currently little is 

known about the toxicological concerns relating to long term systemic exposure to 

oxybenzone. However, such high absorption levels are a major safety concern for children 

with a higher surface area to body weight ratio compared to adults, in turn increasing their 

total dose. Children also present with decreased metabolizing ability of oxybenzone as the 

enzymes needed for hepatic metabolism are still increasing to adult levels until age 2 years, 

resulting in decreased elimination potential and prolonged exposure. 22, 66, 67  

Table 1.2 Physiochemical properties of oxybenzone68 

Molecular Weight (g/mol) 228.247 

Melting Point (⁰C) 65.5 

Log P 3.79 

Solubility 
Practically insoluble in water 

Readily soluble in most organic solvents 

pKa 7.1 

Spectral Properties (nm) 228 and 326 
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1.3 Environmental Effects on Dermal Absorption 

1.3.1 Heat Effect 

 There have been many patient-reported safety concerns associated with heat 

exposure to products formulated for dermal application.69 Heat exposure is common and 

can come in many forms such as saunas, heating pads and sunbathing which result in 

increased skin temperature. Depending on the applied drug molecule, the increased 

delivery rates due to heat exposure can have detrimental safety concerns. Currently with 

the lack of information surrounding acceptable maximum systemic oxybenzone exposure 

levels, it is imperative to investigate the influence heat can have on its dermal absorption 

from sunscreen products. 

 There have been several reports on the influence of elevated heat from transdermal 

patch products, which resulted in increased drug release rates from the formulation and 

increased absorption in vitro as well as in vivo.70-76 The influence heat can have on topical 

semi-solid and liquid formulations is still largely being questioned and the current methods 

for in vivo evaluation are insufficient to generate accurate exposure metrics without 

confounding results. Although Hao et al. reported that there have been no standardized 

methods to evaluate heat effect on transdermal products effectively, there are two typical 

procedures for evaluating heat effect of novel topical products in the clinic, heating pads 

and IR lamps.77 Using heating pads can lead to confounding information due to product 

occlusion, while the use of IR lamps can only be applied to a small surface area before 

uneven heat distribution across the skin surface occurs.78, 79 The question of heat influence 

on topical complex formulations under typical un-occluded in-use conditions has largely 

been overlooked. In order to overcome this challenge, an innovative 3D environmental 



17 
 

chamber was constructed to provide even and precise skin temperature control/modulation 

in vivo so that dermal products applied to a large surface area could be accurately tested 

for percutaneous absorption under typical in-use conditions. 

 Currently there are four proposed mechanisms in which heat can influence the 

permeation of dermal products; (1) increase drug release from the formulation, (2) alter the 

rate-limiting barrier properties of the SC, (3) increase drug diffusivity through the skin, and 

(4) increase the rate of drug clearance from the skin to systemic circulation.77, 80, 81 

Formulation controls drug release rate and therefore when heat accelerates the evaporation 

of the volatile excipients within a formulation, the drug release rate from the formulation 

into the skin can be impacted.82 The severity of this effect is formulation dependent and 

primarily determined by excipient mixtures. Therefore, it is difficult to anticipate heat 

effects on drug release prior to completion of the final formulation. The heat effects on the 

biological qualities of the skin can also increase drug permeation. At temperatures of 35–

40⁰C, there is a reversible lipid phase transition that occurs within the skin increasing 

fluidity of the SC, the primary barrier to absorption of most drugs.82 For in vitro 

experiments conducted under elevated heat, a temperature of 37 ± 1⁰C was chosen to 

represent the typical skin temperature of a person during sunbathing.83 Typically, skin 

temperatures do not surpass 37⁰C without the aid of direct heat sources like a heating pad 

due to the body’s thermoregulatory pathway which promotes vasodilation increasing local 

blood flow to the skin surface making skin flushed in appearance and sweat production as 

a self-cooling mechanism.72, 81, 84-86 Vasodilation can lead to increased dermal clearance 

and increased systemic exposure levels from drugs on/in the skin. Finally, temperature is 

directly proportional to skin diffusion in accordance with the Arrhenius equation.87 The 
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calculation of the diffusive properties of an API using the Arrhenius equation relies 

primarily on the permeants specific activation energy of diffusion and temperature. 

Lipophilic permeants have a much lower activation energy than their hydrophilic 

counterparts, and the addition of heat increases the associated diffusion coefficient 

compared to baseline skin temperature.88 Heat can also increase the solubility of lipophilic 

APIs, like oxybenzone, within the skin further accelerating diffusivity. The various impacts 

heat can have on both the skin and formulation are highly intertwined and challenging to 

separate. This work provides a controlled evaluation of the heat elicited impact on both un-

occluded semi-solid and liquid topical formulations in vitro. 

 Indirectly heat also has the ability to slow absorption through the evaporation of 

various components within the formulation vehicle. As the vehicle evaporates, there is 

greater potential for supersaturation and precipitation of the API within the formulation. 

Evaporation rates of primary vehicle components such as water and alcohol vary dependent 

on associated vapor pressures.89 The higher the vapor pressure of the vehicle, the higher 

the resultant evaporation rate. Vapor pressure and temperature are non-linearly related in a 

positive manor through the Clausius-Clapeyron relation.90 As environmental temperature 

increases, energy is added to the molecules within the semi-solid/liquid vehicle, increasing 

vapor pressure and the ability of molecules to transition from liquid phase to a gaseous 

phase.  

1.3.2 Humidity Effect 

 According to Chang and Riviere, raising relative humidity (RH) is the most 

consistent factor for increasing absorption of both polar and nonpolar APIs through the 

skin.91 The primary consideration for the absorption increase is the effect that hydration 
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has on the rate-limiting barrier properties of the SC. Similar to occlusion, increased SC 

hydration can lead to structural changes in the SC lipids resulting in an increase in solubility 

of the penetrant in the SC and reduction in the partition coefficient of the permeant between 

the SC and viable epidermis; a predominant factor in flux calculation. Equation 1 presents 

the base calculation of Fick’s first law, a widely accepted description of skin transport 

where the calculation of flux (J) relies on the partition coefficient of the drug (P), the 

diffusion coefficient of the drug (D), membrane thickness (h) and concentration gradient 

(ΔC).  

Equation 1                    𝐽 =
𝑃∗𝐷

ℎ
(𝛥𝐶) 

Similar to the effects of high humidity environments (≥ 90% RH), short term 

exposure to environments of low humidity ( ≤ 15% RH) can also result in increased drug 

permeation through the skin.92 When human skin is exposed to RH environments of 32%, 

even for short term durations of 6 h, the SC was more susceptible to fracturing when 

mechanical stress was applied.92 Ideal RH for dermal clinical studies is between 40–60%.  

Environmental humidity also has the ability to alter evaporation rates of vehicle 

components such as alcohol and water. RH represents the amount of water vapor present 

in the air expressed as a percentage of the amount needed for saturation at the same 

temperature.93 Liu et. al. performed evaporation studies of water/ethanol drops in various 

RH environments and found that the evaporation rate was inversely proportional to RH.94 

When environmental RH is high, the air is closer to its saturation point and therefore less 

evaporation of the vehicle can occur. As RH decreases, the air is drier and evaporation rates 

will increase. Evaporation rate has the ability to impact the absorptive potential of the 
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penetrants solubilized within. RH will be a key environmental factor that will need to be 

highly controlled during clinical testing of semi-solid and liquid topical products so that 

permeation rates are not inflated due to SC overhydration or fracturing and vehicle 

evaporation rates within any individual formulation do not vary between participants. 

Without such control, accurate comparison of the absorptive potential of each formulation 

tested will be difficult to achieve.  

1.4 Clinical Effects on Dermal Absorption 

1.4.1 Formulation Effect 

 The API solubility within a formulation vehicle will set the upper limit on the 

driving force for API release rate from the formulation and through the skin influencing its 

systemic bioavailability.10 Because semi-solid and liquid topical formulations are not in a 

self-contained environment, API solubility can be greatly impacted by evaporation of their 

volatile components. Spray formulations contain an abundance of volatile components 

such as alcohol and water. When volatile compounds used to solubilize the API evaporate, 

a thin film is left behind in which the API becomes supersaturated and precipitates.17, 95 

Alcohol has a higher vapor pressure than water or oil and therefore formulations such as 

sprays which contain a high alcohol percentage will evaporate at a faster rate than 

formulations containing high percentages of water when both temperature and RH are kept 

constant. As the vehicle evaporates and dries, absorption will decrease. Only solubilized 

API can diffuse from the vehicle to the skin. Therefore, any API not already dissolved in 

the skin sebum, within the skin layers, or within the hair follicles at the end of vehicle 

evaporation will either precipitate in the supersaturated film on the skin surface or have a 

much slower release from the film into the skin. 
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 The most common complex topical formulations are creams, which are composed 

of oil-in-water (O/W) or water-in-oil (W/O) emulsions. The lipophilic vehicle is ideal for 

solubilizing lipophilic compounds like oxybenzone. The high partition coefficient suggests 

deeper and more rapid systemic delivery. Therefore, the solubility of the penetrant within 

the vehicle as well as the partition coefficient of the penetrant itself are important 

parameters in determination of its permeation depth.96, 97 As water evaporates, a semi-

occlusive oily film is left behind to maintain solubility of lipophilic drugs prolonging skin 

hydration and systemic delivery. 

 Formulations which contain high percentages of waxy excipients, like solid sticks, 

are often highly viscous and offer the most occlusive properties compared to other topical 

formulations. Increases in occlusive nature of a product can have effects similar to 

increased environmental humidity. Occlusion maintains SC hydration, increasing skin 

permeability.98 However, high viscosity in a formulation can limit the API diffusion within 

the vehicle itself, minimizing drug concentration at the skin surface and can become a 

greater determinant of drug transport than epidermal flux.99 Cross et al. was able to validate 

that flux of a penetrant decreases with increasing formulation viscosity.99 Four marketed 

sunscreen formulations (cream emulsion, lotion, solid stick and continuous spray) with 

variable viscosity and evaporation rates were utilized for comparison purposes within this 

work. 

1.4.2 Reapplication Effect 

 According to Fick’s first law of diffusion, increases in the concentration gradient 

(ΔC) of a drug across the skin membrane will increase its flux through the skin (Equation 

1). As reapplication is performed, the API concentration gradient through the skin will be 
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maintained resulting in longer, more sustained delivery. The systemic concentration is 

typically assumed to be at zero as drugs reaching systemic circulation are actively pumped 

away from the diffusion site within the highly perfused vasculature network of the dermis.   

 However, although reapplication increases the concentration gradient of the 

penetrant, the excipients within the vehicle will also alter the maximum permeation that is 

able to occur with additional doses. When the formulation contains a high percentage of 

volatile components, the evaporation and formation of a thin film with precipitated API 

will impede absorption of the sequential doses applied on top of the first layer. When 

additional dosages are applied, the API may be initially resolubilized; however, the rapid 

evaporation of the volatile components such as alcohol will quickly reform the dried film, 

slowing absorption. Formulations with oily components have low vapor pressure and 

evaporate at a slower rate. Due to slow evaporation, a dried film will not be achieved prior 

to the application of additional doses and will allow for mixing of the additional doses with 

the first layer increasing the penetrant concentration at the skin surface. Each sequential 

dose results in continual increase in absorption as each dose is applied.17, 95 

1.5 IVPT 

 IVPT systems were first introduced in the mid-1970s.100 Although continually 

modified over the years, all serve the basic principle of formulation optimization through 

the evaluation of the rate and extent of transdermal delivery from complex dermal 

formulations through the skin. There are two systems commonly employed for in vitro 

determination of skin permeation, the static or the flow-through cell systems.101, 102 Both 

systems have been shown not to influence absorption measurements and involve the 

sandwiching of a semipermeable membrane between a donor chamber and receiver 
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chamber.103, 104 Unlike static systems, flow-through systems continually flush the receiver 

solution containing the permeated API out of the receiver chamber at a consistent rate 

allowing for minimization of sampling error and maintenance of sink conditions for 

lipophilic compounds such as oxybenzone.  A multitude of elements throughout the system 

can be modified and impact permeative performance including: temperature, permeation 

area, dosing techniques, dose applied, flow rate and membrane choice; therefore, it is 

imperative that study designs be properly documented and well-controlled to obtain useful 

and predictive information.100 For the work conducted in this thesis on oxybenzone 

absorption, the system of choice was flow-through diffusion cells designed by PermeGear 

Inc. (Hellertown, PA).  This system has been shown to provide data with good IVIVC in 

many experimental circumstances (lidocaine, fentanyl, nicotine, oxybutynin).105-107 

 The most influential element in IVPT experimentation is membrane selection. 

Ideally IVPT should be conducted with excised human skin from surgical procedures, like 

abdominoplasty, in order to mimic in vivo conditions as closely as possible.100 Often human 

cadaver skin is used as a surrogate for fresh skin with promising results.108, 109 Since human 

skin can be costly or in limited quantity, many animal models have been evaluated as a 

human skin alternative. The most widely accepted animal model is porcine skin due to its 

similarity in physiology to human skin exhibiting similar follicular density and SC 

thickness.108-112 However, porcine skin often exhibits higher permeation rates than human 

skin and should generally be considered for early screening approaches as opposed to final 

IVPT design. For this work, split thickness Yucatan miniature porcine skin was used for 

preliminary investigation of oxybenzone absorption while ex vivo human abdominoplasty 

skin dermatomed to a thickness of 250 ± 50 µm was procured for final IVPT pivotal studies. 
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The dermatomed skin contains the SC, viable epidermis and a small portion of the dermis. 

The receiver solution flowing under the skin mimics capillary action in vivo while inclusion 

of SC maintains that the major permeability limiting property of the skin remains intact.100 

Full thickness skin samples are not advised due to their inherent nature of trapping 

lipophilic drugs within the skin resulting in inaccurate permeation rates that are not 

predictive of in vivo systemic exposure estimates.102, 113, 114 

 According to the FDA guidance on the bioequivalence testing of acyclovir cream, 

an IVPT study is an acceptable technique for evaluating comparative in vivo absorption 

results as long as it utilizes, skin with an intact barrier, a qualified diffusion system, a 

balanced design with the same number of replicates per treatment group and multiple skin 

donors.115 

1.6 IVIVC 

 An IVIVC as defined by the FDA is “a predictive model used to describe the 

relationship between an in vitro property of a modified release dosage form and an in vivo 

response”.116 Often times in vitro flux generated from IVPT experiments is used to predict 

in vivo systemic concentrations. The establishment of an accurate and predictive IVIVC 

relies on harmonization between as many in vitro and in vivo parameters as possible. If 

properly validated, IVIVC models represent a valuable tool to minimize clinical studies 

saving companies time and money, facilitate testing of drug candidates for formulation 

optimization, assist in quality control and serve as a surrogate for bioequivalence (BE) 

studies, scale-up and post approval changes.116, 117 The FDA published a guidance for 

industry entitled: “Extended-Release Oral Dosage Forms: Development, Evaluation, and 

Application of In vitro/In vivo Correlations” in 1997 that establishes dissolution testing of 
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modified release oral products as a currently approved surrogate for human BE studies.116 

However, currently there is no formal guidance for developing IVIVC models for topical 

products and they are not accepted by regulatory agencies to support biowaiver claims. 

Additionally, the development of acceptable IVIVC models for complex topical semi-solid 

and liquid products has proven challenging with the high levels of variability in systemic 

exposure collected during clinical testing.1, 4-6  

There are three levels of IVIVC prediction discussed within the oral dosage forms 

guidance that can be adapted to dermal products. Level A is the most rigorous with a point-

to-point correlation between in vitro permeation and in vivo plasma profiles. To perform a 

Level A approach, the in vivo exposure profile is deconvoluted and related to the in vitro 

profile through linear or non-liner equations. The newly predicted in vivo input rate is 

convoluted to get predicted in vivo exposure estimates. Prediction errors for Cmax and AUC 

can be used to evaluate the acceptability of the final model.116, 118 Level B is a comparison 

between in vitro dissolution time and in vivo residence time. Finally, Level C is a single 

point correlation between an in vitro parameter like maximum flux and in vivo parameter 

such as Cmax. Since a point-to-point evaluation is not required in Level B or C IVIVC 

establishment, the resultant in vivo systemic exposure profile can easily be inaccurately 

predicted.117 Therefore, Level A is considered the most informative and useful for 

biowaiver approval with several literature examples of its successful use on in vivo 

exposure prediction of transdermal patch products.106, 107, 119 For this work, a Level A 

IVIVC model for oxybenzone absorption is made for each formulation type tested and the 

acceptability of each model based on prediction error associated with Cmax and AUC is 
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compared between environmentally controlled and uncontrolled in vivo data collected from 

three separate clinical MUsT studies. 

1.7 Research Objectives and Organization of Work 

 The objective of this work is to better understand the influential experimental 

parameters on in vitro absorption testing of complex topical cream, lotion, solid stick and 

continuous spray formulations. With the results from initial screening studies, 

environmental and clinical parameters of concern were incorporated into the protocol 

design for harmonized in vitro and in vivo skin permeation studies using four commonly 

marketed topical formulations previously discussed. With sunscreen as a model, IVIVC 

calculations were generated for each formulation with in vivo clinical studies conducted 

under controlled and non-controlled environmental settings. Our results further confirm the 

need for precise harmonization between in vitro and in vivo semi-solid and liquid product 

testing conditions if in vivo systemic exposure estimates from in vitro tests are to be 

predictive.  

 In Chapter 2, initial in vitro protocols for testing of semi-solid and liquid complex 

topical formulations are designed and validated using both dermatomed porcine and ex vivo 

human skin. The effects of heat, formulation type and reapplication are investigated for 

their effects on oxybenzone absorption from multiple marketed sunscreen products. 

Results from this chapter determine the final protocol design for the harmonized minimal 

application area MUsT (miniMUsT) clinical study discussed in Chapter 4. We hypothesize 

that environmental (heat) and clinical (reapplication) variables can influence drug 

permeation. However, the magnitude of influence will be associated with the excipients 

incorporated into each formulation design.   
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 In Chapter 3, compartmental modeling of oxybenzone absorption and PK 

parameter estimation are performed to establish Level A IVIVC. Final model predictability 

for in vivo oxybenzone Cmax and AUC is evaluated for two sunscreen formulations (lotion 

and continuous spray) with the use of clinical PK data from two publicly available MUsT 

studies. The purpose of this evaluation is to demonstrate the challenge of establishing 

acceptable IVIVC models for complex topical semi-solid and liquid products under 

maximal use when environmental conditions impacting oxybenzone permeative ability are 

not controlled during clinical testing resulting in high variability in systemic exposure 

levels. We hypothesize that the high variability associated with full body application and 

inconsistent clinical environmental conditions surrounding product application area will 

impact the ability of a validated IVIVC model to be generated.  

 In Chapter 4, Level A IVIVC is established for oxybenzone in a similar manner to 

Chapter 3 with the addition of a cream emulsion and solid stick formulation. PK data is 

gathered from a miniMUsT study conducted with highly controlled environmental 

conditions around an un-occluded product application site. The feasibility of IVIVC 

models for topical semi-solid and liquid dermal products under harmonized in vitro and in 

vivo experimental conditions is discussed. We hypothesize that when the experimental 

variables of temperature and humidity are highly controlled in vivo and harmonized to 

IVPT studies, predictive IVIVC models of multiple complex topical formulations can be 

achieved providing product innovators a way to generate reliable in vivo exposure 

estimates from in vitro studies.  

 Chapter 5 summarizes the results from each chapter comparing the acceptability of 

the IVIVC models generated in Chapter 3 to those in Chapter 4.  
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Chapter 2. Effect of Clinical and Environmental Factors on Oxybenzone Skin 

Permeation from Commercially Available Sunscreen Products: In Vitro Prediction 

2.1 Introduction 

 The worldwide topical drug delivery market is expected to reach 129.8 billion USD 

by 2025 compared to 95.2 billion USD in 2020, with a compound annual growth rate of 

6.4% forecasted by the Market Research Firm.120 Of the available topical formulations, the 

most widely marketed are semi-solids such as creams, lotions, gels and ointments which 

constitute 80% of the global dermatology market space.121 However, other topical 

formulations are continually being developed as sprays and solid sticks become popular 

for their application ease, especially as sunscreens. Topical formulations differ from 

transdermal products in their ability to traverse the stratum corneum (SC) and enter into 

systemic circulation. Topicals are designed to exhibit locally acting effects with little to no 

skin permeation. Often, in order to create a US Food and Drug Administration (FDA) 

approvable product formulation, the absorptive pharmacokinetic (PK) profile of the drug 

within the respective topical vehicle is tested. However, these products remain un-occluded 

on the skin; therefore, several reports have provided evidence of altered permeation and 

drug release rates under external influences such as heat, humidity and reapplication.77, 78, 

80-82, 91, 92, 122 The highly diverse conditions that the user may be exposed to daily has the 

potential to increase the flux profile of a topically applied product above the intended 

absorption levels under labelled use. For example, sunbathing has the ability to elevate skin 

temperature from a baseline of 32⁰C to 37⁰C.83 Even with this minor skin temperature 

increase, there are reports of increased acyclovir release rates from Zovirax® cream in 

vitro.123 There are many other everyday experiences in which heat or humidity exposure 
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can occur, such as saunas, exercise and high fevers. The effects of unintentional heat 

application on transdermal patch products have created serious concerns after accidental 

fentanyl overdoses occurred when a heating pad was placed over the patch application 

site.124  Transdermal studies have been easier to evaluate because of their significant 

systemic drug levels and straightforward PK data analysis of important parameters that 

signify absorption changes.  Limited research has been conducted on semi-solid and liquid 

topical products because of the high degree of variability in application as well as low 

systemic absorption. Therefore, standardized sensitive and specific in vitro and in vivo 

analysis protocols are essential to help move the field of dermal absorption assessment 

forward. 

 There are several confounding factors that lead to heat-induced enhancement in 

dermal absorption. Heat has the ability to decrease viscosity of the applied product leading 

to increases in drug release rate from the formulation.87 Heat can also increase drug 

diffusivity through the skin by disturbing the structured nature of the lipids within the SC 

in a reversible manner, creating a more fluid environment for easier permeation through 

the rate-limiting barrier portion of the skin until the heat source is removed.82 The body has 

a thermoregulatory response to heat; vasodilation of the capillaries within the dermis which 

can increase the drug clearance rate from the skin into systemic circulation.72, 81, 84-86  When 

combined, the transfer rate of drug to systemic circulation, that was originally expected to 

remain on the skin surface, can increase to potentially unsafe levels. The same concept is 

applied with reapplication of a topical product. The increase in concentration on the skin 

surface can influence the passive diffusion gradient across the skin membrane leading to 

higher-than-expected systemic drug levels.  
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The magnitude of heat or reapplication-induced enhancement in permeation can 

vary among formulations because of vehicle selection and excipient choice. Excipients, 

inactive ingredients within a formulation, do not elicit any pharmacologic effect directly 

but serve multiple purposes, such as viscosity modifier, aesthetic-feel enhancement, 

antimicrobial effects, API solubilizer, bulking agent, etc. The primary purpose of excipient 

choice is to control the API release rate. The higher the viscosity the slower the release 

rate. However, it has also been shown that formulations with very low viscosity and rapid 

drying times, such as sprays, will have a slower drug release rate due to a thin film that is 

quickly formed on the skin surface locking the API in place.  

The purpose of this study was to use an in vitro permeation test (IVPT) method to 

evaluate the individual as well as combined impact of heat, formulation and reapplication 

on the rate and extent of drug permeation through skin. To test the ability of IVPT 

methodology usage in determination of heat and reapplication-induced enhancement on a 

variety of marketed topical formulations, sunscreens were chosen as a model. Sunscreens 

offer the convenience of similar UV filter concentration levels while varying in excipients. 

These products, although used worldwide under the influence of heat and reapplication 

daily, have very little reported research on the effects of each external influence on UV 

filter absorption. For these studies, the primary focus was the effect of heat and 

reapplication on oxybenzone permeation from cream, lotion and continuous spray 

formulations. The directive was not to separate out the individual effects of heat and 

reapplication on oxybenzone absorption in a mechanistic manner, but instead to determine 

which types of formulations are affected most by these external influences. We hypothesize 

that environmental (heat) and clinical (reapplication) variables can influence drug 
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permeation. However, the magnitude of influence will be associated with the excipients 

incorporated into each formulation design. 

2.2 Materials and Methods 

2.2.1 Materials 

 Commercially available sunscreen products with a sun protection factor (SPF) 15+ 

and 6% oxybenzone were purchased from Amazon.com, Inc. (Seattle, WA) or local 

convenient stores (Baltimore, MD). Acetonitrile (99.9+%, HPLC grade) and methanol 

(99.9+%, HPLC grade) were purchased from Sigma-Aldrich (St. Louis, MO). Oxybenzone 

standard (98+%) was a gift from Sigma-Aldrich (St. Louis, MO). Glacial acetic acid 

(99.7+%) was purchased from AmericanBio, Inc. (Natick, MA). Brij® 98, potassium 

phosphate monobasic and dibasic salts were purchased from Fisher Scientific, Inc (Fair 

Lawn, NJ). All reagents were analytical grade. Nanopure water from an in-house Milli-Q 

system (EMD Millipore; Billerica, MA) was sourced for buffers. 

2.2.2 Skin Preparation 

Two different skin sources were used for in vitro testing, full thickness porcine skin 

sourced from a Yucatan miniature pig purchased from Sinclair Bio Resources, LLC. 

(Auxvasse, MO) and fresh ex vivo human abdominoplasty skin was provided by the NCI 

funded Cooperative Human Tissue Network (CHTN) skin repository (Charlottesville, 

VA). The preparation and storage conditions for both skin sources were similar. Skin was 

dermatomed to a thickness of 285 ± 55 µm leaving the SC, viable epidermis and a small 

portion of the dermis for permeation studies. After confirmation of thickness with a caliper, 

the thin skin section was wrapped in aluminum foil, sealed in a plastic bag and stored at     

-20⁰C until the morning the experiment was to take place. To set up each IVPT, the skin 
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was thawed to room temperature, measured for verification of thickness to preserve 

consistency between cells, cut to an area of 4.84 cm2 and carefully placed over a support 

system between the donor and receiver chambers of an IVPT cell using unsharpened 

forceps. After allowing for 30 min of equilibration and rehydration with the receiver 

solution flowing under each skin piece, skin integrity was accounted for by transepidermal 

water loss (TEWL) measurements recorded using a cyberDerm RG-1 open chamber 

evaporimeter (cyberDERM, Inc.; Broomall, PA). Any TEWL reading of 15 g/m2/h or 

higher resulted in discarding and replacement of the compromised skin piece. Initial IVPT 

studies were conducted from one porcine donor before final evaluation with multiple 

human skin donors with three replicates per product/condition tested. 

2.2.3 IVPT 

 IVPT experiments were conducted on a PermeGear® flow-through In-Line 

diffusion system (Hellertown, PA) with cell membrane supports and 0.95 cm2 permeation 

area. Membrane supports are imperative for even distribution of topical product without 

skin sinkage into the receiver chamber. The receiver solution was phosphate buffered saline 

at pH 7.4 with 0.1% Brij® 98 as a surfactant to maintain oxybenzone solubility and sink 

conditions. Flow rate was set to 0.5 mL/h. Once cut, 4.84 cm2 skin pieces were sandwiched 

between the donor and receiver chambers with the epidermal side facing up. After 

successful skin integrity verification via TEWL, semi-solid sunscreen products were gently 

rubbed onto the surface of the skin using the flat bottom of a high-performance liquid 

chromatography (HPLC) vial in a circular motion while continuous spray sunscreen 

products were dosed using a positive displacement pipette. 
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2.2.4 IVPT Experimental Designs 

 Three different experimental designs were conducted to facilitate an understanding 

of oxybenzone absorption under individual as well as combined effects of heat and 

reapplication with differing marketed formulations. Initial exploratory experiments were 

conducted with four lotion and two continuous spray formulations applied as a single finite 

dose of 10 mg/cm2 at time 0 min on porcine skin maintained at a baseline skin temperature 

of 32 ± 1⁰C. Once it was confirmed that oxybenzone was able to permeate at quantifiable 

concentrations, further studies were conducted testing altered clinical and environmental 

conditions on ex vivo human skin. For the reapplication study, skin temperature was 

maintained at baseline (32 ± 1⁰C) for 24 h. A continuous spray or a cream emulsion 

formulation was either applied to the skin at a finite dose of 10 mg/cm2 as a single 

application at time 0 min or in triplicate (0, 80 and 160 min) per label reapplication 

instructions. For the initial evaluation of heat effect, a single dose of either a continuous 

spray or a cream emulsion formulation was applied as a finite dose of 10 mg/cm2 at time 0 

min. Skin was either kept at baseline (32 ± 1⁰C) or elevated conditions (37 ± 1⁰C) for the 

24 h experiment. The final study compared the combined conditions of transient heat from 

0–8 h in conjunction with reapplication to reapplication without heat at baseline skin 

temperature (32 ± 1⁰C) for 24 h. Comparisons were drawn from a cream emulsion and 

lotion formulation applied at a finite dose of 10 mg/cm2 in triplicate as before at 0, 80 and 

160 min on ex vivo skin from four different human donors. 

2.2.5 Temperature Control and Monitoring 

 Cells mounted on the IVPT system are surrounded by a Cell Warmer, connected to 

a heated circulating water bath, allowing for skin temperature modulation. Baseline 
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experiments were conducted with a physiologically relevant skin temperature of 32 ± 1⁰C 

for the study duration. When continuous or transient heat studies were performed, the skin 

temperature was increased to 37 ± 1⁰C to match literature reports of skin temperature 

approximations during sunbathing.83 Skin temperature measurements were recorded using 

a Traceable™ infrared thermometer (Fisherbrand™; Fair Lawn, NJ) prior to dosing, and 

frequently throughout the course of the study to confirm consistent temperature across all 

replicates. When transient heat studies were conducted, the skin was rapidly cooled from 

37 ± 1⁰C to a baseline skin temperature of 32 ± 1⁰C after 8 h with the addition of ice to the 

heated circulating water bath. Baseline skin temperatures were reached within 10 min of 

heat removal.  

2.2.6 HPLC Analysis of IVPT Samples 

 The HPLC system was comprised of a Waters® Alliance e2695 separations module 

connected to a Waters® 2489 dual-wavelength absorbance detector and Waters® Empower 

software (Milford, MA). Twenty µL of all IVPT samples and quality control (QC) 

standards were injected in duplicate into a Waters® Symmetry C18 column (5 µm, 4.6 x 150 

mm) with Phenomenex SecurityGuardTM C18 cartridge guard column (5 μm, 4 x 3.0 mm). 

The mobile phase was a mixture of acetonitrile, methanol and acidified water adjusted to 

pH 3.0 with glacial acetic acid at a ratio of 65:20:15 (v/v/v) under constant flow of 1 

mL/min. All IVPT samples were diluted 1:1 with the mobile phase prior to analysis and 

standards were created similarly in a 1:1 mixture of the mobile phase and receiver solution 

prior to analysis. Elution of oxybenzone occurred at 3.1 min with maximum UV detection 

at 287 nm. There were no interferences from any excipients or other UV filters in the 

commercial products or skin samples. The concentration of oxybenzone standards ranged 
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from 0.05 to 10 µg/mL. The developed method had a limit of detection (LOD) at 0.025 

µg/mL with a linearity range spanning from 0.05 to 25 µg/mL and all samples, including 

the lower limit of quantitation (LLOQ), showed inter-day precision within 5% of the 

calculated nominal value and accuracy between 99 to 102%. 

2.2.7 Data Analysis and Statistical Analysis 

 Statistical analysis was conducted with GraphPad Prism® software (version 6.01, 

La Jolla CA). All data is presented as arithmetic mean ± SD of the replicated cells for each 

product/condition within the corresponding experiment. A one-way ANOVA was followed 

by Tukey’s post-hoc analysis to find significance. Differences were considered to be 

statistically significant when p ≤ 0.05 and are denoted as: * p ≤ 0.05, ** p ≤ 0.01 or *** p 

≤ 0.001. 

2.3 Results 

 Since sunscreens are designed as topical OTC products and absorption of any 

component within the formulation is not expected, the first set of IVPT experiments were 

conducted to evaluate the impact formulation can have on oxybenzone flux and confirm 

that quantifiable levels of oxybenzone were able to be absorbed through the skin. 

Regardless of the formulation, oxybenzone was absorbed in all cases with the highest 

cumulative permeation from lotion 3 (Figure 2.1a). The continuous spray products 

typically followed a different absorptive flux profile than the lotion products. While three 

out of the four lotion products reached a maximum flux (Jmax) within 8 h, the continuous 

spray products did not reach Jmax until 20 h (Figure 2.1b and 2.1c). 
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Figure 2.1 Comparison of oxybenzone absorption from six sunscreen products in-vitro    

(a) Cumulative amount of oxybenzone after 24 h from porcine skin at a skin temperature 

of 32 ± 1⁰C and single application (± SD) (b) Arithmetic mean flux (± SD) profiles of lotion 

products and (c) Continuous spray products (n=3 replicates from the same porcine donor) 

 

2.3.1 IVPT with Reapplication 

 Reapplication increased oxybenzone absorption in both cases. However, excipient 

choice during formulation design can influence the rate and extent of oxybenzone 

absorption. Both formulations showed continuous absorption of oxybenzone over 24 h 

(Figure 2.2b and 2.2c). With reapplication of a finite 10 mg/cm2 dose at 80 and 160 min, 

there was a significant increase in the rate and extent of oxybenzone permeation from the 

cream emulsion as compared to the continuous spray (ANOVA with Tukey’s post hoc 

analysis, * p ≤ 0.05), even though both contained 6% oxybenzone. Unlike the continuous 

spray, which had a reapplication-induced cumulative amount permeated enhancement of 

1.62-fold, the 2.16-fold reapplication-induced enhancement in cumulative amount of 

permeated oxybenzone after 24 h was significantly different (p < 0.05) between single and 
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reapplication dosing for the cream emulsion formulation (Figure 2.2a and Table 2.1). There 

was a shift in time to Jmax from 8 h to 12 h for the cream emulsion with reapplication while 

the time to Jmax for the continuous spray remained consistent at 24 h regardless of dosing 

frequency. Reapplication-induced enhancement in Jmax and cumulative amount of 

oxybenzone permeated were calculated by dividing the value obtained in the reapplication 

study by the corresponding value under single dosing conditions. Table 2.1 summarizes 

the calculated reapplication-induced enhancement in flux and cumulative amount 

permeated along with corresponding p-values obtained by comparing the two separate 

dosing conditions. Upon reapplication, there was a significant (p ≤ 0.05) 2.0-fold and 1.83-

fold increase in Jmax for the cream emulsion and continuous spray formulations, 

respectively (Table 2.1). The differences in flux and cumulative permeation between the 

two products cannot be attributed to oxybenzone concentration since both products are 

labeled as containing 6% oxybenzone. Therefore, it can be implied that inherent differences 

in the formulation vehicle, cream vs spray, as well as the excipient composition has an 

impact on the rate and extent of oxybenzone permeation when sequential dosing is 

performed. 
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Figure 2.2 Oxybenzone absorption from two commercial sunscreen products following 

single dose and reapplication in-vitro (a) Cumulative amount of permeated oxybenzone 

after 24 h from a single human skin donor at a skin temperature of 32 ± 1⁰C (± SD) (b) 

Arithmetic mean flux (± SD) profiles of a cream emulsion and (c) Spray product (n=3 

replicates/product) 

 

Table 2.1 Summary of reapplication enhancement on a single human skin donor (n=3 

replicates/product) 

 

Formulation 

Reapplication Enhancement 

Ratio (Reapplication/Single Dose) 

p-valuea 

(Reapplication vs. Single Dose) 

Jmax Cum. Amt. Jmax Cum. Amt. 

Cream Emulsion 2.00 2.16 * 0.017 * 0.012 

Continuous Spray 1.83 1.62 * 0.031    0.091 

aANOVA test followed by Tukey’s post-hoc analysis; * p ≤ 0.05 

 

 

2.3.2 IVPT with Continuous Heat 

 Initial IVPT experiments evaluating the impact of continuous heat on oxybenzone 

absorption from a single 10 mg/cm2 dose of sunscreen were conducted comparing two 
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formulation types, a cream emulsion and continuous spray. Flux profiles for both 

formulations at normal and elevated skin temperature are shown in Figure 2.3b and Figure 

2.3c. The addition of heat resulted in a continuous increase in flux over corresponding 

baseline temperature profiles for the entire 24 h of application time. A decrease in lag time 

was also observed. Table 2.2 summarizes the Jmax, time to reach Jmax and cumulative 

amount of oxybenzone permeated after 24 h for each formulation at each experimental 

condition. Similar to the reapplication study results, the cream emulsion formulation 

resulted in significantly more (p ≤ 0.05), 2.23-fold with heat and 2.07-fold without heat, 

cumulative oxybenzone permeation compared to the continuous spray formulation, even 

though both contained the same oxybenzone percentage (Figure 2.3a). Although not a 

statistically significant difference with a single application, the cream emulsion showed a 

more pronounced heat-induced enhancement in Jmax and cumulative amount than the 

continuous spray (Table 2.2).  The time to Jmax was also reduced with the addition of heat 

for the cream emulsion from 12 h at baseline temperature to 8 h with elevated heat while 

the time to Jmax for the continuous spray formulation remained the same at 24 h confirming 

that formulation composition plays a key role in the impact external environmental 

conditions will elicit on the performance of semi-solid and liquid topical products. 
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Figure 2.3 Oxybenzone absorption from two commercial sunscreen products following 

continuous heat or baseline skin temperature in-vitro (a) Cumulative amount of permeated 

oxybenzone after 24 h from a single dose (± SD) (b) Arithmetic mean flux (± SD) profiles 

of a cream emulsion and (c) Spray product (n=1 donor, n=3 replicates/product) 

Significance was determined by ANOVA followed by Tukey’s post-hoc analysis; * p ≤ 

0.05 

Table 2.2 Summary of continuous heat enhancement on a single human skin donor (n=3 

replicates/product) 

 

Formulation 

Continuous Heat  No Heat 

Jmax 

(µg/cm2h) 

Cum. Amt. 

(µg/cm2) 

Jmax 

(µg/cm2h) 

Cum. Amt. 

(µg/cm2) 

Cream Emulsion 8 h 0.31 4.99 ± 1.05 12 h 0.23 3.54 ± 0.87 

Continuous Spray 24 h 0.12 2.23 ± 0.83 24 h 0.09 1.71 ± 0.38 

 

2.3.3 IVPT with Transient Heat and Reapplication 

 Both continuous heat and reapplication tested individually resulted in increased 

oxybenzone permeation, but the degree of enhancement appeared to be formulation 

specific. Experiments were conducted to evaluate the combined impact on the rate and 
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extent of oxybenzone absorption from a cream emulsion and lotion formulation. Transient 

heat exposure from 0 – 8 h eliciting a skin temperature of 37 ± 1⁰C was chosen to represent 

skin temperature of a sunscreen user while sunbathing. Reapplication was conducted 

according to product labeling instructions at 80 and 160 min after initial application. Ex 

vivo human skin from four different donors was used for validation of results. Extended 

sampling during heat application was conducted on donor 4 to confirm time to Jmax. The 

mean flux profiles for all four donors are shown in Figure 2.4. Both formulations exhibited 

sustained increases in flux at elevated skin temperatures throughout the duration of heat 

exposure (0–8 h) and did not return to baseline temperature flux profiles until 2–4 h after 

heat was removed (Figure 2.4a and 2.4b). The cream emulsion consistently showed a 

decrease in lag time and time to Jmax at an elevated temperature (Figure 2.4a), while the 

time to Jmax for the lotion was unaffected by heat exposure (Figure 2.4b).  Heat-induced 

enhancement in Jmax and cumulative oxybenzone permeation were calculated by dividing 

the value obtained at an elevated temperature of 37⁰C by the corresponding value at a skin 

temperature of 32⁰C. Table 2.3 summarizes the calculated heat-induced enhancement in 

flux and cumulative amount of oxybenzone permeated along with corresponding p-values 

obtained by comparing the two separate temperature conditions (ANOVA test followed by 

Tukey’s post-hoc analysis; * p ≤ 0.05, ** p ≤ 0.01). The cream emulsion showed 

consistently significant (p ≤ 0.05) increases in mean flux at 6 h (2.18-fold) and cumulative 

amount permeated after 24 h (2.44-fold) with heat application, while the heat-induced 

enhancement for the lotion was much lower and often not significantly different from 

baseline exhibiting a 1.32-fold enhancement in mean flux at 6 h and a 1.58-fold 

enhancement in cumulative amount permeated after 24 h (Table 2.3).   
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Table 2.3 Summary of heat enhancement on four ex vivo human skin donors dosed at 0, 

80 and 160 min 

 

Formulation 

 

Donor 

¥Heat Enhancement Ratio 

(Heat/No Heat) 

ap-value (Heat vs. No Heat) 

Jmax Cum. Amt. Jmax Cum. Amt. 

Cream 

Emulsion 

1a 2.10 2.03 **  0.0036 **  0.0035 

2a 2.17 2.96 *    0.013 *    0.014 

3 1.92 2.22 *    0.035 *    0.024 

4 2.53 2.54 **  0.0091 **  0.015 

Mean ± SD 2.18 ± 0.26 2.44 ± 0.41 *    0.041       0.060 

Lotion 1b 1.35 1.42 *    0.018 **   0.0077 

2b 1.45 1.96 *   0.042 *   0.023 

3 1.41 1.60    0.25    0.13 

4 1.08 1.35    0.59    0.22 

Mean ± SD 1.32 ± 0.17 1.58 ± 0.27      0.093 *   0.032 

¥ Heat enhancement in Jmax and Cum. Amt. at 6 h was calculated 
aANOVA test followed by Tukey’s post-hoc analysis; * p ≤ 0.05, ** p ≤ 0.01 

 

 Both products were tested on skin donors 3 and 4 to compare formulations. Figure 

2.5 shows the mean flux profiles of both formulations under baseline and elevated heat 

conditions on skin donors 3 and 4. Although both formulations contained 6% oxybenzone, 

the cream emulsion repeatedly resulted in significantly (p ≤ 0.05) higher flux and 

cumulative oxybenzone amounts through the skin, especially when transient heat was 

applied from 0–8 h. It is clear that the formulation design and excipients will have a great 

impact on the rate and extent of oxybenzone permeation as well as influence the extent of 

achievable heat-induced enhancement. While the cream emulsion was significantly (p ≤ 

0.05) impacted by heat application, the lotion exhibited little to no heat-induced 

enhancement. Table 2.4 summarizes comparisons in Jmax and cumulative amount 

permeated between the two formulations at each condition, further illustrating the impact 

heat has on the cream emulsion. When the heat profiles were compared, there was a 1.89-

fold and 4.23-fold difference between the formulations for skin donors 3 and 4, 
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respectively, along with a 2.01-fold and 2.40-fold enhancement in cumulative oxybenzone 

permeation for the cream emulsion over the lotion. At baseline temperature, the difference 

between Jmax and cumulative amount permeated between the two formulations was no 

longer significant with mean flux differences of 1.35-fold and 1.82-fold between the 

formulations for skin donors 3 and 4, respectively, along with a 1.45-fold and 1.27-fold 

enhancement in cumulative oxybenzone permeation for the cream emulsion over the lotion. 

Heat and reapplication, when performed independently, can increase the rate and extent of 

oxybenzone absorption. However, when combined the enhancement from each individual 

external influence has the potential to be additive in nature; but the overall impact is highly 

formulation dependent.  

 

 

Figure 2.5 Arithmetic mean flux (± SD) of cream emulsion and lotion on two replicative 

ex vivo human donor skins at baseline (32 ± 1⁰C) vs transient heat (37 ± 1⁰C) for 0–8 h 

with reapplication (0, 80 and 160 min) (n=3 replicates/product) 
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Table 2.4 Summary of formulation differences on two ex vivo human skin donors with 

transient heat from 0–8 h (37 ± 1⁰C) vs baseline skin temperature (32 ± 1⁰C) and 

reapplication at 0, 80 and 160 min 

 

Donor 

Heat Profile 

Differences at 

6 h 

 

p-valuea 

Baseline 

Profile 

Differences at 

6 h 

 

p-valuea 

Jmax Cum. 

Amt. 

Jmax Cum. 

Amt. 

Jmax Cum. 

Amt. 

Jmax Cum. 

Amt. 

3 1.89 2.01 *   0.042 * 0.049 1.35 1.45 0.20 0.12 

4 4.23 2.40 ** 0.003 ** 0.004 1.82 1.27 ** 0.005 0.25 

aANOVA test followed by Tukey’s post-hoc analysis; * p ≤ 0.05, ** p ≤ 0.01 

 

2.4 Discussion 

 Many of the currently marketed dermal OTC and prescription products that are 

intended to be applied to joints (elbow, knee, etc) or large surface areas of the human body 

often come in the form of semi-solid or liquid vehicles since their application to patches is 

impractical. Due to the nature of their design, semi-solid and liquid dermal products are 

not protected from environmental conditions surrounding the area of use and thus their 

absorptive capability can be easily influenced. Currently sunscreens were chosen as a 

model for in vitro protocol design and evaluation on the impact that both clinical 

(reapplication) and environmental (heat) factors can have on a variety of marketed 

formulation types. Sunscreens offer the most diverse selection of marketed vehicle types 

while having comparable active UV filters. Currently the UV filter with the highest 

absorptive potential reported is benzophenone-3 (oxybenzone).44, 45 Oxybenzone is 

included in a multitude of marketed sunscreen formulations up to an allowable inclusion 

limit of 6% as set by the FDA.125 Widely chosen as an active ingredient due to its broad-

spectrum nature, blocking both UVA and UVB rays, oxybenzone’s chemical structure 



46 
 

represents a lipophilic compound exhibiting good permeation and permeation 

enhancement qualities that allow SC penetration. For these reasons, oxybenzone reaches 

systemic circulation at a higher concentration than other approved UV filters.68 As long as 

products are chosen with identical oxybenzone content percentages, flux profile 

comparisons among the distinct formulation types can provide an enhanced understanding 

of the mechanistic influences heat exposure as well as reapplication can have on topically 

applied complex formulation absorption. 

Commonly marketed OTC and prescription dermal formulations like creams, 

lotions and sprays all contain differing quantities of volatile excipients whose evaporation 

rate post-application can alter the product composition remaining on the skin. Common 

volatile excipients that can be incorporated into as much as 80% of the formulation are 

water and/or alcohol.7-9 While their incorporation is intended to solubilize the API and 

create a spreadable product, their evaporation has been shown to create a saturated API 

solution which initially can increase absorption as the concentration gradient of API across 

the skin barrier increases.96, 126 Shortly after saturation, the API can precipitate out of the 

remaining non-volatile excipients, like propylene glycol, which can slow or even halt 

absorption since only solubilized API can diffuse through the SC. Porcine skin, which is a 

widely accepted alternative to human skin because of its similar SC thickness and follicular 

density, proved beneficial in initial oxybenzone absorption comparisons from multiple 

formulations. Although not significantly different in oxybenzone cumulative amount 

absorbed after 24 h, the difference in drying rates of their volatile components resulted in 

differing flux profiles for both the lotion and continuous spray formulations (Figure 2.1b 

and 2.1c). The high alcohol percentage in the continuous sprays dried almost 
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instantaneously, while the water in the lotions dried at a slower rate causing a dome shaped 

curve where there was an initial rise in flux to an early Jmax as the product dried followed 

by a decline to a plateau. Since the alcohol in the continuous spray evaporated 

instantaneously, its flux profile steadily increased throughout the entire 24 h application 

time reaching a Jmax and plateau at the later time points as oxybenzone slowly permeated 

from the dried thin film and through the skin.   

Due to these products being un-occluded, evaporation rates can be affected by 

environmental conditions such as heat and clinical factors such as reapplication. Their 

impact on oxybenzone absorption was examined independently as well as in conjunction 

to mimic a worst-case scenario that consumers could encounter. When skin is exposed to 

elevated temperatures, the fluidity of the lipids within the rate limiting SC barrier increases, 

drug solubility within the vehicle as well as within the lipids of the SC increases, the rate 

of drug release from the formulation increases as formulation viscosity decreases and the 

rate of skin clearance into systemic circulation increases due to vasodilation all resulting 

in increased flux and absorption of permeants.77, 80-82 Although the use of an in vitro Cell 

Warmer around the IVPT In-Line cells cannot replicate vasodilation, all other aspects of 

in vivo heat-induced effects are essentially replicated. The continuous heat effect on a 

single application of sunscreen was evaluated on a single ex vivo human skin donor at 37⁰C 

with a cream emulsion and continuous spray formulation. Although flux was elevated, due 

to the volatile components within the continuous spray evaporating at such a rapid pace, 

the addition of heat did not result in significant changes in the resultant flux profile 

compared to baseline skin temperature conditions (Figure 2.3c).17 The cream emulsion 

however contains much less alcohol and a higher percentage of oils that dry at a much 
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slower rate and maintain skin hydration for an extended period of time. Similar to the 

baseline flux profile, the slow evaporation of volatile components results in a rapid rise in 

flux during the early time points as oxybenzone saturation occurs followed by a declining 

flux to plateau as volatile solvents are exhausted and oxybenzone precipitates (Figure 

2.3b). The addition of heat accelerates this process leading to a decrease in lag time and 

time to Jmax. It also increases the overall Jmax compared to the respective baseline Jmax (Table 

2.2). Due to the accelerated evaporation process contributed to heat, the relatively slow 

evaporation rate of water and oil compared to alcohol allows for increased oxybenzone 

solubility within the cream formulation before a dried film is formed on the skin surface 

combined with increased fluidity of the SC. The intermingling of the two heat effects 

results in a significantly larger heat-induced enhancement in flux and cumulative 

oxybenzone absorption over 24 h for the cream emulsion compared to continuous spray 

(Figure 2.3a). 

 Semi-solid and liquid products often need to be reapplied to maintain their 

efficacious nature because of contact transfer. Contact transfer can occur from skin-to-skin 

contact with another individual, clothing, chairs, towels, etc. Reapplication intervals can 

vary from product to product dependent upon the clinical endpoint and length of 

therapeutic benefit. For example, lidocaine cream is recommended to be applied 3–4 times 

a day for maintenance of pain relief.127 For sunscreens, the recommended reapplication 

time is every 80 min in order to maintain the marketed SPF value due to product removal 

and UV filter photodegradation. Again, the cream emulsion and continuous spray 

formulations were compared for the effects formulation has on oxybenzone absorption with 

reapplication versus single application under baseline skin temperature. Due to the 
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continuous spray generating a dried thin film on the skin surface quickly, with the second 

and third applications at 80 and 160 min, there is very little reapplication-induced 

enhancement in flux or cumulative amount absorbed after 24 h (Figure 2.2a, 2.2c, and 

Table 2.1). The slight increase in flux and cumulative amount absorbed could be due to 

brief re-solubilization of the prior dose when the additional dose is applied; but because 

the alcohol quickly evaporates, the dried thin film rapidly reforms to slow oxybenzone 

absorption. The single and reapplication dosing regimens remain largely the same in rate 

and extent of oxybenzone absorption with a maximum flux occurring at 20–24 h. 17 As 

previously discussed, the cream emulsion has a much slower drying rate than the 

continuous spray and therefore a dried film of the prior dose has not fully formed before 

the second or third skin reapplications. This allows for mixing of the two applications, 

greatly increasing the oxybenzone concentration in contact with the skin surface, and 

eliciting a rapid increase in flux with a significantly higher Jmax and total permeation 

amount compared to the single application (Figure 2.2a, 2.2b, and Table 2.1). Higher Jmax 

and cumulative oxybenzone permeated is primarily due to skin reapplications slowing the 

total time required for evaporation of the volatile components within the formulation 

maintaining skin hydration longer than a single application. When reapplication is 

conducted, the time to Jmax is extended leading to significant reapplication-induced 

enhancement for the cream emulsion (Table 2.1).   

The testing of heat combined with the effects of reapplication allows for the 

evaluation of worst-case scenario usage profiles that mimic typical exposure settings by 

the consumer. Since both factors have the potential to increase oxybenzone absorption, the 

combined effects can magnify the individual impacts of each other and result in safety 
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concerns regarding maximal absorption levels. In conducted pivotal studies, a total of four 

ex vivo human skin donors were used with transient heat application from 0–8 h versus 

baseline skin temperature combined with the reapplication dosing regimen for both a cream 

emulsion and lotion formulation. Both formulations contain high water concentrations, but 

the cream emulsion contains more oils such as butylene glycol and therefore, has a much 

slower drying rate than the lotion. Due to both products not drying instantaneously like the 

continuous spray, a dome shaped curve to the flux profile is exhibited with both 

formulations as oxybenzone slowly saturates and precipitates upon drying (Figure 2.4a and 

2.4b). Once again, the cream emulsion exhibits a significant heat-induced enhancement in 

Jmax and cumulative amount permeated over 24 h. As both baseline and heat-treated 

conditions were conducted with sunscreen reapplication, the addition of heat accelerated 

the drying time of water within both formulations resulting in a decrease in time to Jmax for 

the cream emulsion (Figure 2.4a). This decrease in time to Jmax is not observed for the 

lotion formulation which often did not exhibit a significant increase in maximum flux or 

cumulative amount permeated under the influence of heat (Figure 2.4b and Table 2.3). 

Lotion formulations contain higher water percentages than cream emulsions and are 

marketed as quick drying. The drying time of the water within the formulation was not 

largely affected by the addition of heat; therefore, the dome shaped flux profile is likely 

attributed to the nature of drying rates of other excipients which are added at much lower 

concentrations. Regardless of formulation once heat was removed at 8 h, the flux profile 

returned to match that of the respective baseline timepoints within 2–4 h. At 8 h the 

formulation is likely fully dried, and therefore the return to baseline can be attributed to the 



51 
 

reversible lipid phase transition within the SC that can occur under the influence of heat. 

However, it is still unknown how quickly lipids revert back to a less fluid structure. 

If drug load alone was predictive of the magnitude of heat and reapplication-

induced enhancement in oxybenzone absorption, all formulations would have the same 

increases in flux and cumulative amount permeated over 24 h when external influences 

were manipulated. However, this was not observed as formulation design and excipient 

composition highly influenced the permeation ability of oxybenzone as well as the impact 

each variable had on oxybenzone absorption. When the cream emulsion and lotion 

formulations were dosed on the same ex vivo human donor skin, it was highly evident that 

vehicle design can greatly impact oxybenzone permeation through the skin (Figure 2.5 and 

Table 2.4). Oxybenzone is a lipophilic compound and therefore is solubilized more readily 

in lipophilic vehicles like the cream emulsion. The slower evaporation of the cream 

emulsion allows for an increase in the time that oxybenzone remains solubilized within the 

formulation resulting in enhanced absorption potential compared to other more hydrophilic 

formulations like lotions. 97 Often lipophilic vehicles also have a longer evaporation time 

prolonging the time oxybenzone is in solution leading to significant heat and reapplication-

induced enhancements in both maximum flux and overall cumulative permeation.  

2.5 Conclusions 

 The use of IVPT to examine the influence of heat and reapplication on a variety of 

semi-solid and liquid topical products is a highly sensitive and reproducible methodology 

that is both simple and cost effective. When precise dosing techniques and scientifically 

rigorous protocols are followed, the variability in flux profiles can be decreased providing 

accurate representations of changes in flux patterns as well as total cumulative absorptive 
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potential when external conditions are altered. The high degree of control allows for the 

possibility of predictive in vivo profiles. The results of this research demonstrate that 

individually both heat and reapplication can elicit enhancement effects on oxybenzone 

absorption and when combined can have an additive nature. The potential for enhancement 

however is often highly formulation dependent and relies heavily on the type and 

concentration of volatile excipients utilized for vehicle design. Although systemic 

concentration of oxybenzone is expected to remain low compared to other transdermally 

delivered APIs, currently toxicology research on the maximum level of systemic 

oxybenzone considered safe is still being conducted. Therefore, the spike in oxybenzone 

absorption levels under the influence of heat and reapplication may pose a safety concern 

in susceptible populations such as children, who possess a large surface area to body weight 

ratio resulting in a larger total dose than a typical adult. Until GRASE determination can 

be reestablished for oxybenzone caution should be taken. However, sunscreen usage has 

been proven as a method for decreasing skin cancer occurrence; therefore, sunscreen use 

should not be avoided. 128 There are plenty of marketed products that are oxybenzone-free 

and contain physical filters like zinc oxide and titanium dioxide which do not permeate the 

skin. 129  
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Chapter 3. In Vitro – In Vivo Correlations for Oxybenzone from Two Commercial 

Sunscreen Products by Both In Vitro Skin Permeation and In Vivo Full Body 

Application Plasma Pharmacokinetics Without Environmental Control 

 

3.1 Introduction 

 Maximal usage trials (MUsT) are pharmacokinetic (PK) studies in which the 

application of the product is at the upper range of exposure anticipated to assess the 

maximal potential for systemic absorption of the topically applied product and make 

recommendations about maximal inclusion limits of the active pharmaceutical ingredients 

(API) within the formulation.130 MUsT studies began to be requested by regulatory 

agencies such as the US Food and Drug Administration (FDA) in the late 1990’s as 

advances in analytical methodology improved and bioavailability of many topically 

applied dermal products could be quantifiably evaluated in vivo.130 As questions arose 

about the safety of systemically absorbed ultraviolet (UV) filters, such as oxybenzone, the 

FDA issued a guidance on MUsT for topically applied active ingredients considered for 

inclusion in an over-the-counter monograph. The finalized 2019 guidance provided clear 

direction on the study population, number of subjects, amount of product applied, surface 

area treated, frequency/duration of dosing, application method and sample collection.43 For 

sunscreens, maximal usage is indicated as 2 mg/cm2 applied every 2 h to at least 75% of 

the total body surface area. Unfortunately, MUsT studies are expensive, time consuming, 

and for products intended for full body application like sunscreens, can produce highly 

variable absorption profiles leading to questionable maximal exposure levels and large 

amounts of pushback from industry.   
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 In vitro–in vivo correlation (IVIVC) modeling has been presented as a possible 

surrogate to mitigate costly clinical studies and the safety risks associated with potentially 

elevated exposure levels of a drug to healthy individuals. IVIVC pertains to mathematically 

correlating data from in vitro permeation tests (IVPT) to in vivo clinical PK profiles, or 

individual parameters, providing a way of in vivo exposure prediction from in vitro testing 

results.116-118 When the in vitro and in vivo study conditions are highly harmonized, IVPT 

studies have been able to be predictive of maximal exposure estimation of several 

compounds both at baseline (32⁰C) and elevated skin temperatures (42⁰C).105, 107, 108, 117, 119, 

131-135 Historically, generation of successful IVIVC models for topical products has proven 

to be difficult when evaluating their use for semi-solid and liquid dermal formulations that 

are un-occluded and highly influenced by surrounding variables such as temperature, 

humidity and contact transfer. The high number of variables that need to be precisely 

controlled make harmonization efforts between in vitro and in vivo study conditions 

difficult and absorption data variability high.1, 4-6 In 2019 and 2020, the FDA released two 

studies conducted to provide support of MUsT design for marketed sunscreen products.44, 

45 The objective of this work was to use the reported clinical plasma PK data to estimate 

human in vivo PK parameters for oxybenzone via compartmental modeling and use the 

resulting values to investigate the IVIVC potential of oxybenzone from both a lotion and a 

continuous spray sunscreen. Environmental conditions for these full body application in 

vivo studies were not highly controlled. We hypothesize that the high variability associated 

with full body application and inconsistent clinical environmental conditions surrounding 

product application area will impact the ability of a validated IVIVC model to be generated. 
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3.2 Materials and Methods 

3.2.1 Materials and Study Products 

Two commercially available sunscreen products, Hawaiian Tropic® Island Sport 

SPF 50 (lotion) with 4% oxybenzone and Banana Boat® Sport Performance Coolzone SPF 

50 (continuous spray) with 5% oxybenzone were purchased from Amazon.com, Inc. 

(Seattle, WA). Acetonitrile (99.9+%, HPLC grade) and methanol (99.9+%, HPLC grade) 

were purchased from Sigma-Aldrich (St. Louis, MO). Oxybenzone standard (98+%) was 

a gift from Sigma-Aldrich (St. Louis, MO). Glacial acetic acid (99.7+%) was purchased 

from AmericanBio, Inc. (Natick, MA). Brij® 98, potassium phosphate monobasic and 

dibasic salts were purchased from Fisher Scientific, Inc (Fair Lawn, NJ). All reagents were 

analytical grade. Nanopure water from an in-house Milli-Q system (EMD Millipore; 

Billerica, MA) was sourced for buffers.  
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Table 3.1 Characteristics of sunscreen products used in the study 

 Lotion Continuous Spray 

Active Ingredients 

(UV Filters) 

Oxybenzone     4% 

Avobenzone     3% 

Octocrylene     6% 

Oxybenzone     5% 

Avobenzone     3% 

Octocrylene    10% 

Inactive Ingredients Water, C12-15 Alkyl Benzoate, 

Butyloctyl Salicylate, Cetearyl 

Alcohol, Diisopropyl Adipate, 

Phenthyl Benzoate, 

Phenoxyethanol, 

Polymethylsilsesquioxane, 

VP/Eicosene Copolymer, Caprylyl 

Glycol, Dimethicone, Glycerin, 

Fragrance, Triethanolamine, Coco-

Glucoside, Acrylates/C10-30 

Alkyl Acrylate Crosspolymer, 

Methylparaben, Ceteth-10 

Phosphate, Dicetyl Phosphate, 

Propylparaben, Disodium EDTA, 

Paraffin, Xanthan Gum, 

Butyrospermum Parkii (Shea) 

Butter, Mangifera Indica (Mango) 

Seed Butter, Sodium Ascorbyl 

Phosphate, Tocopheryl Acetate, 

Panthenol, Aloe Barbadensis Leaf 

Juice, Carica Papaya (Papaya) 

Fruit Extract, Colocasia 

Antiquorum Root Extract, 

Mangifera Indica (Mango) Fruit 

Extract, Passiflora Incarnata Fruit 

Extract, Plumeria Acutifolia 

Flower Extract, Psidium Guajava 

Fruit Extract 

Alcohol Denat., Isobutane, 

Isodecyl Neopentanoate, 

VA/Butyl 

Maleate/Isobornyl 

Acrylate Copolymer, 

Caprylyl Glycol, 

Fragrance, Menthyl 

Lactate, Mineral Oil, Aloe 

Barbadensis Leaf Extract 

Dose of sunscreen per 

application time in vitro 

10 mg/cm2 10 mg/cm2 

Dose of sunscreen per 

application time in vivo 

2 mg/cm2 2 mg/cm2 

 

3.2.2 Skin Preparation 

Waste human skin from four donors were harvested with consent during 

abdominoplasty surgery and provided by the NCI funded Cooperative Human Tissue 

Network (CHTN) skin repository (Charlottesville, VA). The skin was deidentified and 
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shipped on ice to the University of Maryland before being dermatomed the same day of 

receipt to a thickness of 280 ± 30 µm leaving stratum corneum (SC), viable epidermis and 

a small portion of the dermis for permeation studies. Table 3.2 contains a demographic 

summary of all donors used for IVPT. Skin was stored in aluminum foil and a Ziploc bag 

at -20⁰C until the day of the experiment when it was subsequently thawed to room 

temperature and cut to a size of 4.84 cm2 to fit into the IVPT cell space between the donor 

and receiver chamber. Phosphate buffered saline at pH 7.4 with 0.1% Brij® 98 was allowed 

to flow under the dermis for 30 min to establish equilibration prior to skin integrity 

assessment via transepidermal water loss (TEWL) measurements with a cyberDERM RG-

1 open chamber evaporator (cyberDERM, Inc.; Broomall, PA). Any TEWL reading above 

15 g/m2/h was considered above the range reported for healthy skin in vivo and indicates a 

disruption of the skin barrier.136 Any skin piece deemed unacceptable was removed, 

replaced and allowed to equilibrate again prior to reevaluating TEWL and dosing. 

 

Table 3.2 Demographic information for in vitro study donors (n=4 donors) 

Age in years 

          Mean (SD) 

          Range 

 

53.5 (5.7) 

45 - 57 

Sex, n (%) 

          Male 

          Female 

 

- 

4 (100) 

Ethnicity, n (%) 

          Black 

          Caucasian 

 

2 (50) 

2 (50) 
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3.2.3 IVPT 

 IVPT experiments were conducted on a PermeGear® flow-through In-Line 

diffusion system (Hellertown, PA) with cell membrane supports that offered a permeation 

area of 0.95 cm2. The receiver solution was phosphate buffered saline at pH 7.4 with 0.1% 

Brij® 98 as a surfactant to maintain oxybenzone solubility and sink conditions. Flow rate 

was set to 0.5 mL/h. Once cut, the 4.84 cm2 skin pieces were sandwiched between the 

donor and receiver chamber with the epidermal side facing up. After successful skin 

integrity verification via TEWL, the lotion sunscreen was applied by gently rubbing onto 

the skin surface using an inverted high-performance liquid chromatography (HPLC) vial 

in a circular motion, while the continuous spray sunscreen was applied using a positive 

displacement pipette. Dosing occurred four times to mimic the published in vivo study 

design conducted by the FDA; once at time 0 h and repeated at 2 h, 4 h and 6 h.45 At each 

dosing time point, approximately 10 mg/cm2 of sunscreen product was applied. Samples 

were collected every hour for the first 10 h then again at 12 h, 14 h, 23 h and 24 h. Collected 

samples were diluted 1:1 with mobile phase and analyzed using a validated HPLC method. 

Skin was maintained at a temperature of 32 ± 1⁰C for the entirety of the 24 h experiment 

with temperature monitoring conducted prior to dosing and periodically throughout the 24 

h study using a Traceable™ infrared thermometer (Fisherbrand™; Fair Lawn, NJ). At 24 

h, each skin piece was wiped clean with an alcohol swab, removed from the cell and sliced 

into small pieces using a scalpel. The alcohol swab was placed in a 15 mL conical tube 

while the skin pieces and scalpel blade were placed in a separate 15 mL conical tube. Four 

mL of methanol was added to each conical tube to extract residual oxybenzone remaining 

on and within the skin at the end of the study. Tubes were then capped, wrapped with 
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Parafilm®, centrifuged at 4000 rpm for 10 min, sonicated for 10 min and placed on a shaker 

at 200 rpm for 24 h before an aliquot was removed for HPLC analysis. 

3.2.4 HPLC Analysis of In Vitro Samples 

The HPLC system was comprised of a Waters® Alliance e2695 separations module 

connected to a Waters® 2489 dual-wavelength absorbance detector and Waters® Empower 

software (Milford, MA). Twenty µL of IVPT samples, extraction samples and quality 

control (QC) standards were injected in duplicate into a Waters® Symmetry C18 column (5 

µm, 4.6 x 150 mm) with Phenomenex SecurityGuard™ C18 cartridge guard column (5 μm, 

4 x 3.0 mm). The mobile phase was a mixture of acetonitrile, methanol and acidified water 

adjusted to pH 3.0 with glacial acetic acid at a ratio of 65:20:15 (v/v/v) under constant flow 

of 1 mL/min. All IVPT samples were diluted 1:1 with mobile phase prior to analysis and 

standards were prepared similarly in a 1:1 mixture of the mobile phase and receiver 

solution prior to analysis. Elution of oxybenzone occurred at 3.1 min with maximum UV 

detection at 287 nm. There were no interferences from any excipients or other UV filters 

in the commercial products or skin samples. The skin extraction and residual swab samples 

were diluted 4x and 50x, respectively, with methanol and mobile phase at a ratio of 1:1 

(v/v) prior to HPLC analysis. Elution of oxybenzone occurred at 4.5 min with maximum 

UV detection at 326 nm. The concentration of oxybenzone standards ranged from 0.05 to 

10 µg/mL. The developed method had a limit of detection (LOD) at 0.025 µg/mL with a 

linearity range spanning from 0.05 to 25 µg/mL. All samples, including the lower limit of 

quantitation (LLOQ), showed inter-day precision within 5% of the calculated nominal 

value and accuracy between 99 to 102%. 
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3.2.4 In Vitro Data Analysis 

 Statistical analysis was conducted with GraphPad Prism® software (version 6.01, 

La Jolla CA). All in vitro data is presented as arithmetic mean ± SD of three replicates for 

each product on skin from four different donors. A paired Student’s t-test was used to 

determine significance between the two sunscreen formulations. Differences were 

considered to be statistically significant when p ≤ 0.05 and is denoted as: * p ≤ 0.05, ** p 

≤ 0.01 or *** p ≤ 0.001. 

3.2.5 In Vivo PK Study in Healthy Human Subjects 

 Plasma PK data was obtained from two literature sources of MUsT conducted by 

the FDA and are described in detail in the cited documentation.44, 45 In brief, study 1 was 

an open-label, randomized, four-arm study in 24 healthy adult subjects (6 per sunscreen 

product) to evaluate four UV filters in four separate sunscreen products via full body 

application, 75% of body surface area, over the course of 4 days with doses of 2 mg/cm2 

at times 0, 2, 4 and 6 h on day 1 as well as multiple dosing again on days 2–4.45 PK sampling 

was conducted for 6 days. The primary objective was to quantify avobenzone absorption; 

however, the primary interest for this work was PK oxybenzone profiles from the 

continuous spray (5% oxybenzone) and lotion (4% oxybenzone) tested in order to evaluate 

IVIVC potential. Study 2 was an open-label, randomized, four-arm study with 48 healthy 

adult subjects (12 per sunscreen product).44 The same marketed lotion product from study 

1 was repeated. However, dosing on 75% body surface area at 2 mg/cm2 was only 

performed once on day 1 and then multiple dosing similar to study 1 was performed on 

days 2–4 with extended sampling timepoints to 20 days. 
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3.2.6 In Vivo Oxybenzone PK Parameter Estimation 

Exploratory Data Analysis 

 Semi-logarithmic plots of both individual and arithmetic mean observed 

concentration vs time data from 72 h to the last sampling timepoint for each study were 

used to evaluate the dataset.44, 45 Initial estimates for base structural model parameters 

(CL1/F, CL2/F, V1/F, V2/F, Ka/F) were determined by non-compartmental analysis (NCA) 

using Phoenix® WinNonlin® software (Pharsight Corporation; San Diego, CA). 

Oxybenzone exposure estimates (AUC and Cmax) for 0–24 h were calculated using NCA 

linear up, log down methodology on Phoenix® WinNonlin® software.  No samples were 

excluded during parameter estimation. 

Model Building 

 A one-stage approach with First Order Conditional Estimation-Extended Least 

Squares (FOCE ELS) algorithm was used to fit both a one-compartmental and two-

compartmental model with weighting schemes of additive, proportional and combined 

(additive + proportional) residual variance error for comparison. Akaike information 

criteria (AIC) and objective function value (OFV) were used to assess goodness of fit of 

the data for base model selection, as well as visual inspection of diagnostic plots.137 A two-

compartmental model was used to obtain population estimates for the apparent PK 

parameters of interest (CL1/F, CL2/F, V1/F, V2/F, Ka/F). Residual unexplained variability 

was modeled using a combined proportional + additive error approach after selection with 

a likelihood ratio test (LRT).138 Currently there is no human intravenous (IV) dosing data 

for oxybenzone available; therefore, absolute PK estimates were obtained by estimating 

bioavailability (F) for each sunscreen product from the harmonized in vitro studies using 

Equation 1. 
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  Equation 1  𝐹 =
(𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑚𝑜𝑢𝑛𝑡 +𝑆𝑘𝑖𝑛 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝐴𝑚𝑜𝑢𝑛𝑡)

𝐷𝑜𝑠𝑒
∗ 100 

The absolute PK estimate for systemic clearance (CL1) was confirmed through 

allometric scaling of published rat clearance estimates collected via intravenously dosed 

oxybenzone.139 The arithmetic mean estimate for each parameter was utilized for IVIVC 

building. No covariates were evaluated or built into the model at this time. 

 

3.2.7 Approaches to IVIVC 

 A point-to-point (Level A) IVIVC was performed comparing the 0-24 h plasma 

concentration PK profile in vivo to the harmonized in vitro oxybenzone absorption data 

using a unit impulse response (UIR) based deconvolution method.107, 119 Since IV 

oxybenzone administration has never been performed in humans, the arithmetic mean 

estimates of the absolute PK parameter values for CL1, CL2, V1 and V2 obtained from 

model building and in vitro bioavailability adjustment were used to simulate an 

oxybenzone IV administration with two-compartmental clearance. The simulation 

included a total dose of 1700 mg of oxybenzone at time 0 h and sampling every hour from 

0–24 h to generate an approximate IV time-course (Figure 3.1).  
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Figure 3.1 Simulated in vivo plasma concentration vs time profile for a 1700 mg IV bolus 

dose of oxybenzone 

 

Using a two-compartmental model and simulated IV PK data, UIR estimates can 

be generated with the following bi-exponential equation where CT represents the 

concentration at time T (Equation 2).  

 

  Equation 2  𝐶𝑇 = (𝐴 ∗ 𝑒−𝛼𝑇) + (𝐵 ∗ 𝑒−𝛽𝑇) 

 

The UIR estimates for deconvolution were as follows: 

• A = 5.92 (units: ng/mL) 

• B = 0.38 (units: ng/mL) 

• α = 0.29 (units: h-1) 

• β = 0.02 (units: h-1) 
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The transdermal oxybenzone clinical PK data was obtained from the supplemental 

material for both FDA MUsT studies conducted in 2019 and 2020.44, 45 Deconvolution of 

the in vivo PK profile from 0–24 h using the calculated UIR values provided the in vivo 

fraction of oxybenzone systemically absorbed concentration estimates (Fa) based on the 

mean dose applied at each dosing time point for each sunscreen formulation, respectively. 

The in vitro fraction of oxybenzone permeated (Fp) was obtained from IVPT data by 

dividing the cumulative amount of oxybenzone permeated at time (t) by the total 

oxybenzone amount hypothetically dosed at time (t). Due to sunscreen reapplication, there 

is an additive nature in oxybenzone concentration on the skin surface for the first 6 h, after 

which further additions of oxybenzone are ceased. Both linear as well as polynomial 

models were tested to relate Fa and Fp for IVIVC model construction using GraphPad 

Prism® software. The highest regression coefficient (R2) value was achieved with a 

polynomial equation correlation for both formulations (Figure 3.2). 

  

Figure 3.2 Level A correlation plot for Fa verses Fp 
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 To validate if the established correlation was predictive of the reported in vivo 

results, the respective correlations for each formulation were used to calculate a predicted 

Fa time-course. The predicted Fa values were convoluted using the Wagner-Nelson method 

and the same input parameters as the deconvolution step to obtain a predicted in vivo 

systemic oxybenzone concentration verses time PK profile for each formulation. The 

predictability of the developed IVIVC model was assessed by calculating the prediction 

error (%PE) for both oxybenzone AUC and Cmax. %PE represents the difference in the 

reported and the model predicted oxybenzone exposure estimates (Equation 3).116 

  Equation 3 % 𝑃𝐸 =
0𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

0𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑉𝑎𝑙𝑢𝑒
∗ 100 

 

3.3 Results 

3.3.1 Human Skin IVPT Study 

 Arithmetic mean flux profiles from the four ex vivo human skin donors for both 

products are shown in Figure 3.3a. With identical dosing and skin temperature conditions, 

the lotion had a significantly higher maximum flux (Jmax) compared to the continuous spray 

(paired t-test; p ≤ 0.001). There was also a decrease in lag time for the lotion which 

exhibited an earlier time to Jmax than the continuous spray, 10 h verses 23 h, respectively. 

Even though the lotion has a lower percentage of total oxybenzone than the continuous 

spray, (4% verses 5%), there is a consistent increase in flux for the lotion over the 

continuous spray throughout the entire 24 h collection time. Both formulations demonstrate 

a pseudo-zero order absorption profile. Since flux for the lotion was consistently higher 

than the continuous spray, the cumulative amount of oxybenzone permeation collected 
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over 24 h for the lotion was also significantly higher than the continuous spray (Student’s 

paired t-test; ***p ≤ 0.001) (Figure 3.3b).  

 

Figure 3.3 (a) Arithmetic mean flux (± SD) profiles for two oxybenzone containing 

sunscreen products over 24 h at baseline skin temperature (32 ± 1⁰C) with doses applied at 

0, 2, 4 and 6 h (b) Cumulative amount of oxybenzone permeated (± SD) across ex vivo 

human skin after 24 h at baseline skin temperature (32 ± 1⁰C) with doses applied at 0, 2, 4 

and 6 h (n = 4 donors, n = 3 replicates) 

 

3.3.2 Compartmental Modeling 

Exploratory Data Analysis 

For study 1, sampling was conducted until 144 h (6 days). Based on visual 

examination of the arithmetic mean concentration versus time curves for each product, no 

distribution phase was observed indicating oxybenzone PK follows one-compartmental 

kinetics (Figure 3.4a). However, a large amount of oxybenzone remained in systemic 

circulation at the end of the sampling period. When the same lotion product was used for 

study 2 with extended sampling to 480 h (20 days), a clearly separated distribution 

(approximately 72–205 h) and elimination (approximately 205–480 h) phase were 

observed indicating two-compartmental kinetics (Figure 3.4a). Arithmetic mean 
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oxybenzone concentration versus time profiles for the first 0–24 h indicated similar 

exposure estimates for oxybenzone absorption. However, there was a large amount of 

variability, approximately 80%, in oxybenzone absorption profiles for the continuous spray 

formulation (Figure 3.4b). Geometric mean estimates of oxybenzone exposure (AUC, 

Cmax) as well as the associated coefficient of variation (%CV) are presented in Table 3.3. 

 

Table 3.3 Geometric mean estimates of oxybenzone exposure with associated %CV 

Formulation, Study Number Geometric Mean Cmax, 

ng/mL (%CV) 

Geometric Mean AUC, 

ng*h/mL (%CV) 

Lotion, Study 1 (n=6 subjects) 149.4 (38.4) 1642.0 (21.9) 

Lotion, Study 2 (n=12 subjects) 94.2 (44.3) 1204.0 (33.4) 

Continuous Spray, Study 1 (n=6 

subjects) 

162.2 (81.8) 1754.5 (80.5) 

 

  



68 
 

      

 

 

F
ig

u
re

 3
.4

 A
ri

th
m

et
ic

 m
ea

n
 o

v
er

la
y
 o

f 
in

d
iv

id
u
al

 o
b
se

rv
ed

 c
o
n
ce

n
tr

at
io

n
 v

er
su

s 
ti

m
e 

p
lo

ts
 d

iv
id

ed
 b

y
 p

ro
d
u
ct

 a
n
d
 s

tu
d
y

 (
a)

 S
em

i-

lo
g
 p

lo
t 

o
f 

7
2
 h

 –
 e

n
d
 o

f 
st

u
d
y

 (
b
) 

P
lo

t 
o
f 

0
–
2
4
 h

 (
n
 =

 6
 s

u
b
je

ct
s 

fo
r 

st
u
d
y

 1
, 
n
 =

 1
2
 s

u
b
je

ct
s 

fo
r 

st
u
d
y

 2
) 

In
 v

iv
o
 d

at
a 

w
as

 c
o
ll

ec
te

d
 

fr
o
m

 s
u

p
p
le

m
en

ta
l 

d
o
cu

m
en

ta
ti

o
n
 f

o
r 

th
e 

tw
o
 M

U
sT

 s
tu

d
ie

s 
co

n
d
u
ct

ed
 b

y
 t

h
e 

F
D

A
4

4
,4

5
 

(a
) 



69 
 

Model Building 

 Using the PK data from the lotion formulation during study 2, a variety of structural 

models were tested with comparison of each for goodness of fit. Results can be found in 

Table 3.4. When directly comparing the residual error models within each compartmental 

modeling technique, a combination of additive and proportional error to describe residual 

variability was consistently more predictive of a well-fitting model offering lower AIC and 

OFV values. This was proven with LRT calculation to determine if the full model 

(combined error) was needed or if the reduced (individual proportional or additive error) 

models could be substituted.140, 141 All LRT values were greater than the chi-squared 

critical value of 3.84 with one degree of freedom and a level of significance (α) of 5% 

representing a statical difference between the models and that the combined error model, 

regardless of the number of compartments, describes the data most adequately. AIC and 

OFV values were also used to decide between a one or two-compartmental structural model 

with the two-compartmental model offering lower values for both goodness of fit selection 

criteria. A two-compartmental model also agrees with previously published reports of 

oxybenzone IV modeling in rats as well as conclusions drawn during visual inspection of 

the semi-log concentration versus time curve for lotion application during study 2 (Figure 

3.4a).139 Therefore, a two-compartmental model with combined additive and proportional 

error was used as the final model for PK parameter estimation. 
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Table 3.4 Goodness of fit comparison for the models tested, varying the number of 

compartments and type of residual error 

Compartments Residual 

Error Model 

AIC OFV Number of 

Parameters 

LRT with 

Combined Error 

 

1 

Additive 4332 4318 7 215 

Proportional 4618 4604 7 501 

Combined 4119 4103 8  

 

2 

Additive 4306 4284 11 221 

Proportional 15727 15705 11 11642 

Combined 4087 4063 12  

 

 Each study and formulation were modeled separately to evaluate a range of possible 

PK parameter values for central clearance (CL1), peripheral clearance (CL2), central 

volume of distribution (V1), peripheral volume of distribution (V2) and absorption rate 

constant through skin into systemic circulation (Ka) (Table 3.5). As extravascular modeling 

was performed, all PK parameter estimates were apparent estimates and oxybenzone 

bioavailability within each formulation was used to calculate absolute PK parameter mean 

estimates for IV simulation. Using in vitro absorption data and Equation 1, a relative 

bioavailability of 1.91% and 1.75% were estimated for the lotion and continuous spray 

formulations, respectively. Based on previously published work, oxybenzone within 

sunscreen has a reported bioavailability of approximately 2% which is in line with our 

estimates.55, 142, 143 Based on the low bioavailability, prolonged elimination half-life (t1/2) 

and evaluation of previously reported t1/2 of both topical and IV administered oxybenzone 

in rats, the plausibility of flip-flop kinetics was noted.139 However, conformation is difficult 

to determine without clinical IV drug concentration data in humans.  
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Table 3.5 Arithmetic mean estimate of each PK parameter used for IV dosage simulation 

after two-compartmental modeling with combined residual error and adjustment for 

estimated bioavailability (F) of each formulation using equation 1 (Lotion, F=1.91% and 

Continuous Spray, F=1.75%) 

 Parameter Units Mean Estimate [Range]  

 CL1 L/h 24.0 [14.7 – 32.7]  

 CL2 L/h 19.6 [5.7 – 41.9]  

 V1 L 158.6 [78.7 – 229.0]  

 V2 L  566.5 [429.6 – 793.9]  

 Ka 1/h 0.24 [0.14 - 0.32]  

 

 

3.3.3 IVIVC 

 IVIVC by deconvolution was able to adequately predict in vivo Cmax for the lotion 

but significantly underpredicted Cmax for the continuous spray predicting a Cmax at 9 h when 

the observed Cmax occurred more quickly at 6 h (Figure 3.5). There was a slight 

underprediction and inconclusive predictability for oxybenzone AUC with the lotion. 

Oxybenzone AUC prediction was significantly underpredicted for the continuous spray 

(Figure 3.5). Table 3.6 describes the observed and predicted oxybenzone exposure for both 

formulations as well as the calculated %PE. Overall, based on predictability criteria set by 

the FDA for IVIVC model evaluation of extended-release oral dosage forms, this model 

was able to moderately predict oxybenzone exposure from a lotion but was unable to 

achieve adequacy in prediction for a continuous spray.116 
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Figure 3.5 Predicted (arithmetic mean ± SD) and observed (arithmetic mean ± SD) 

oxybenzone plasma concentration versus time curves for the 0-24 h study duration 

separated by formulation 

 

Table 3.6 Observed versus predicted oxybenzone exposure estimates (AUC0-24 and Cmax) 

as well as the %PE for both the lotion and continuous spray formulations 

 AUC0-24 h 

(ng*h/mL) 

Cmax 

(ng/mL) 

Lotion Continuous Spray Lotion Continuous Spray 

Observed 1668 2064 118.5 161.2 

Predicted 1424 1413 121.5 115.3 

%PE 14.61 31.51 -2.47 28.51 

 

 

3.4 Discussion 

 The current study was designed to perform compartmental modeling on available 

oxybenzone plasma PK data from previously published work to generate PK parameter 

estimates where critical research is lacking due to no prior IV dosing of oxybenzone in 

humans.44, 45 The use of these estimates allowed for the subsequent evaluation of IVIVC 

relationships between in vitro results from IVPT studies using four ex vivo human skin 
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donors and published in vivo plasma PK data in healthy human subjects for two different 

sunscreen formulations (lotion and continuous spray) applied under maximal usage 

reapplication conditions to 75% body surface area of each subject. The results 

demonstrated that compartmental modeling is possible to estimate adequate PK parameter 

values for oxybenzone. However, the high variability in absorption profiles for both 

formulations in vivo made adequate predictability of oxybenzone exposure unreliable from 

IVPT studies. The only acceptable prediction from in vitro data was oxybenzone Cmax for 

the lotion. There have been many published reports on IVPT as a reliable tool for 

establishment of predictable IVIVC models under normal (32⁰C) and elevated (42⁰C) skin 

temperature conditions. However, few researchers have been able to establish acceptable 

IVIVC with semi-solid or liquid complex dermal formulations which remain un-occluded 

after application, resulting in highly variable absorption profiles in vivo.105, 107, 108, 117, 119, 

131-134 The increase in variability is compounded when maximal usage scenarios are 

implemented.   

 Multiple factors can contribute to whether an IVIVC relationship will be successful 

such as IVPT apparatus selection, IVPT skin source and the degree of harmonization 

between the in vitro and in vivo protocols with dose, formulation, study length, temperature 

and humidity.117, 144-146 This study utilized a flow-through apparatus to better mimic 

microperfusion within the dermis which occurs in vivo but can be difficult to replicate in 

vitro.117 The constant flow of receiver solution under the mounted skin piece maintains 

sink conditions more closely than a static system and promotes continued solubility of 

oxybenzone.  Ex vivo human skin has proven to be the most reliable surrogate for in vivo 

estimation of absorption with several successful IVIVC models utilizing its maintenance 



74 
 

of barrier properties within the SC.105, 107, 108, 117, 119, 121, 131-134 Ultimately, the degree of 

harmonization between the in vitro and in vivo protocols will be the most influential 

parameter for successful IVIVC establishment. Our IVPT protocol was harmonized to the 

published in vivo dosing and sampling times from study 1 released in 2019.145, 146 There 

was no report of the skin temperature during in vivo analysis and therefore it was implied 

that skin temperature remained at baseline (32⁰C). There was also no mention of sunscreen 

removal within the first 24 h; therefore, each subsequent dose after time 0 h was rubbed on 

top of the prior application. Prior research on semi-solid and liquid topical absorption 

studies have proven that both temperature and contact transfer can contribute to highly 

variable degrees of absorption of permeants and therefore were likely contributors to the 

high degree of variability in oxybenzone AUC and Cmax, especially for the continuous spray 

(Table 3.3 and Figure 3.4b). Regardless of the high variability, accurate PK parameter 

estimates were calculated from modeling of oxybenzone elimination after the final dose at 

72 h.   

 Consistent with previously published oxybenzone modeling of IV administration 

to rats by Fediuk et al., AIC and OFV goodness of fit values indicated that when extended 

sampling in study 2 was performed to 480 h (20 days), oxybenzone structurally follows 

two-compartmental kinetics.139 Additional investigation resulted in residual variability 

modeling being best described through both additive and proportional errors based on LRT 

(Table 3.4). Since the absolute PK parameters were estimated based on relative 

bioavailability from IVPT studies, added care was taken to confirm the mean absolute PK 

estimates after bioavailability adjustment prior to conducting simulation studies of 

oxybenzone IV administration in humans (Table 3.5). To confirm the mean systemic 



75 
 

clearance estimate (CL1) of 24.0 L/h, allometric scaling from a reported oxybenzone 

clearance rate in rats (0.1 L/h/kg) following IV administration was performed.139 

Allometric scaling is a technique that has been applied numerous times throughout history 

to project human PK of drug molecules within the early decision-making stages of drug 

development across species or to scale down an adult dose for pediatric approval. Since 

oxybenzone is primarily renally eliminated, it is an ideal compound for predictive 

allometric scaling methodology. Overall, allometric scaling is defined as an empirical 

approach that can relate PK parameters of interest across species (rat vs human), 

physiology (adult vs child) and anatomy (renal function, disease state, etc.) by the use of a 

power function that correlates a physiological parameter with body size (Equation 4).147 

 

 Equation 4  𝐻𝑢𝑚𝑎𝑛 𝐶𝐿 = 𝑅𝑎𝑡 𝐶𝐿 ∗ (𝐻𝑢𝑚𝑎𝑛 𝑊𝑇 𝐴𝑛𝑖𝑚𝑎𝑙 𝑊𝑇⁄ )0.65 

 

  Using Equation 4, a rat systemic clearance of 0.1 L/h/kg, an average rat weight 

(WT) of 0.25 kg, and an average human adult WT of 70 kg, estimated a human clearance 

rate of 15.58 L/h. According to Huh et al, the allometric scaling presented above was 

optimal for interspecies scaling at a fixed exponent of 0.65.147 This power function was 

correlated to high prediction accuracy with an average-fold error (AFE) of 2.31 when 

scaling from rats to humans. The systemic clearance estimate for oxybenzone using scaling 

resulted in an AFE of 0.64 indicating adequate model prediction of absolute PK parameters 

of interest after relative bioavailability adjustment. The low estimates for clearance and 

high estimates for volume of distribution also translate well with the reports of oxybenzone 
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having a long half-life within circulation.44 Similar to other lipophilic transdermal 

compounds, although ideal for dermal permeation, the lipophilicity of oxybenzone can also 

result in higher retention within the skin with slow continual absorption into systemic 

circulation, prolonging half-life and clearance time even after removal from skin 

surface.148, 149 The PK parameters that were estimated as a result of compartmental 

modeling are, to this investigator’s knowledge, the first reported estimates for oxybenzone 

PK from in vivo human data. 

Drug absorption, and therefore resultant bioavailability, is a complex process that 

involves a combination of both physiochemical and physiological factors.150 Typically, the 

absorption rate constant (Ka) for extravascularly dosed APIs is faster than the elimination 

rate (Kel), defined by the terminal slope of the concentration versus time curve (Ka > Kel). 

However, for APIs with a slow first-order absorption process, the estimated Ka is slower 

than Kel (Ka < Kel) resulting in “flip-flop” kinetics.150, 151 When this occurs, Ka becomes the 

rate-limiting process causing an increase in t1/2. The terminal slope no longer represents 

Kel, but instead represents Ka. Based on our parameter estimates, oxybenzone may follow 

flip-flop kinetics. However, the determination of flip-flop kinetics typically relies of the 

comparison of extravascular to IV terminal t1/2.
150, 151 If flip-flop kinetics are present, the 

extravascular dosing scenario will present with a much longer apparent elimination half-

life than the IV route. Although conformation of flip-flop kinetics cannot be achieved with 

the human data presented, Fediuk et.al. previously noted the evidence of flip-flop kinetics 

in rats following both topical and IV administration of oxybenzone. When oxybenzone was 

dosed intravenously to rats t1/2 ≈ 122 min, while following topical administration t1/2 ≈ 

741.6 min.139 There are many underlying mechanisms which could contribute to the 
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occurrence of flip-flop kinetics including; solubility-limited absorption, modified-release 

formulations and alterations in permeability membranes.150 Both regular and flip-flop 

concentration versus time curves will exhibit the same time to Cmax; however ,because flip-

flop kinetics have a larger Kel a resultant decrease in Cmax and AUC will occur.151  

  Using the PK estimates as a guide for IV simulation of oxybenzone administration 

in humans, a Level A IVIVC model was generated. Although not a currently approved 

method for biowaiver claims by regulatory agencies for dermal products, the use of IVIVC 

modeling has been formally approved for extended-release oral dosage forms.116 The 

ability to successfully develop an IVIVC mathematical model can save companies time 

and money as clinical trials can become a financial burden. There are three levels of IVIVC 

that can be developed with Level A being the most robust correlative modeling available. 

Due to the point-to-point nature of prediction for the entire PK profile generated within the 

study sampling length, Level A IVIVC is the most informative and difficult to achieve. In 

this study, a deconvolution-based approach to Level A IVIVC establishment was 

performed. The in vitro conditions were harmonized to the reported in vivo protocol as 

closely as possible with the same formulations of marketed sunscreen products, sampling 

times and application times for the first 24 h of study 1.45 According to the FDA guidelines 

for oral extended-release formulations, a successful and predictive IVIVC is established 

when the %PE is < 10% for both AUC and Cmax.
116 A designation of between 10% and 

20% indicates inconclusive predictability, and > 20% indicates inadequate 

predictability.116 For this work, there was successful predictability of oxybenzone Cmax for 

the lotion formulation, inconclusive predictability of oxybenzone AUC for the lotion 
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formulation and inadequate predictability of both oxybenzone Cmax and AUC for the 

continuous spray formulation (Table 3.6).  

 Successful IVIVC models for semi-solid and liquid topical formulations are still a 

major challenge within the dermal space.152, 153 Despite the acceptable IVIVC designation 

of oxybenzone Cmax from the lotion formulation, there were multiple limitations within this 

study design that contributed to the unsuccessful nature of IVIVC modeling for both 

formulations. Historically semi-solid and liquid dermal formulations have produced highly 

variable absorption profiles in vivo which can be difficult to predict through IVIVC 

modeling due to the un-occluded nature of the product.1, 4-6 The results from the FDA 

initiated MUsT studies used for in vivo plasma concentration procurement are no exception 

with variability in Cmax and AUC as high as 82% (Table 3.3). Absorption is highly 

influenced by the surrounding environmental conditions such as temperature and 

humidity.77, 80-82, 91, 92 Although controlled in vitro, the degree of harmonization to in vivo 

procedure days is unknown and likely an uncontrolled variable. Another area lacking in 

harmonization between IVPT and in vivo study designs is the skin anatomical site used for 

sunscreen application. For the in vitro study, human abdominal skin was used while in vivo, 

full body application was performed. Disregarding the possibility of product removal that 

can occur in vivo and contribute to variability, each area of the body has a different SC 

thickness and degree of permeability.17 For example, the abdominal skin used in vitro is 

comparable in TEWL values to the upper arm or thighs which is why often transdermal 

patches can be placed on either site. However, facial skin can often be thinner and have 

higher TEWL readings compared to abdominal skin resulting in increased dermal 

permeability whereas the palms and hands can have much thicker SC and be less 
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permeable.154-157 When full body application is performed in vivo, the degree of 

permeability from each site cannot be accurately decoupled and a surrogate site must be 

used in vitro to represent the whole body continuing to devolve from total harmonization. 

A separate study is being conducted to mitigate these limitations and generate acceptable 

Level A IVIVC modeling under a high degree of harmonization.  

3.5 Conclusions 

 When there is not an adequate degree of harmonization between in vitro and in vivo 

study designs, the successful completion of IVIVC modeling can be nearly impossible 

especially with the high variability already associated with semi-solid and liquid topical 

formulations. Even after harmonizing the dosing times, sampling times and formulations 

used in vivo, the present work was still unsuccessful in establishing a predictable IVIVC 

model for oxybenzone in a lotion or continuous spray formulation. The high degree of 

variability from the in vivo plasma data is likely the most significant factor in the 

inadequacy of the IVIVC model. Although IVIVC modeling was unsuccessful at this time, 

the in vivo data from study 2 was utilized for successful compartmental modeling of 

oxybenzone with the establishment of human PK parameter estimates never previously 

reported. The use of these PK parameter estimates and oxybenzone IV simulation will be 

valuable for future IVIVC modeling attempts of oxybenzone under highly harmonized in 

vitro and in vivo conditions.  
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Chapter 4. In Vitro–In Vivo Correlations for Oxybenzone from Four Commercial 

Sunscreen Products with a High Degree of Study Protocol Harmonization and 

Minimal Application Area In Vivo 

4.1 Introduction 

 In vitro–in vivo correlation (IVIVC) modeling is a currently approved surrogate for 

biowaiver approval in oral extended-release formulations with wide acceptance by the 

pharmaceutical industry. Its use allows for bypassing lengthy clinical trials saving time and 

money when post approval changes, scale-up or bioequivalence need to be assessed.116 The 

application of IVIVC to dermal products is currently being investigated and shows 

promising results for transdermal delivery systems under both baseline and elevated skin 

temperature conditions with in vitro permeation testing (IVPT) proving to be predictive of 

in vivo pharmacokinetic (PK) profiles.105, 107, 108, 117, 119, 121, 131-135 Unfortunately, their use 

for predicting semi-solid and liquid dermal formulation absorption has proven 

challenging.1, 4-6 After the recent guidance released by the US Food and Drug 

Administration (FDA) on the administration of maximal usage trials (MUsT) prior to 

product approval, a successful IVIVC model may prove impossible with the abundance of 

variables requiring control for proper harmonization of semi-solid and liquid dermal 

products.43, 130   

 Predictive IVIVC models rely on a high degree of harmonization between the in 

vitro and in vivo testing conditions.145 Since semi-solid and liquid dermal products are un-

occluded and open to the environment, harmonization becomes a challenge. Not only can 

application site impact absorption, but so can temperature, humidity and contact transfer, 

which are all typically left uncontrolled during in vivo clinical testing.77, 81, 82, 98 Baseline 



81 
 

skin temperature is typically 32 ± 1⁰C according to the “Transdermal and Topical Delivery 

Systems – Product Development and Quality Considerations” Guidance released by the 

FDA while baseline relative humidity (RH) for in vivo testing and long term stability 

testing of topicals is 50 ± 10%.158-161 The maintenance of baseline skin temperature 

(~32⁰C), ideal RH (~45%) and avoidance of residual formulation removal without 

occlusive coverings are essential variables that, without precise control during in vivo 

testing, can drastically impact the absorptive potential of each formulation and produce 

high variability in resultant serum concentration measurements.1, 4-6, 45  

Since 1997, there has been a published guidance by FDA detailing the 

harmonization techniques needed to develop a successful IVIVC for extended-release oral 

dosage forms which includes recommendations for: number of subjects during in vivo 

testing, type of allowable reference formulations, fasted versus fed state considerations, 

preferred dissolution apparatuses and buffer media for in vitro studies.116 There is currently 

no guidance specifying the degree of harmonization needed to develop a successful IVIVC 

model for semi-solid and liquid dermal products; especially when MUsT studies are needed 

for products intended for full body application.  

 In the work presented, sunscreens were chosen as a model due to the wide variety 

of marketed formulations and similarity of active ultraviolet (UV) filter levels. 

Oxybenzone, a lipophilic broad-spectrum UV filter, is incorporated into a multitude of 

sunscreen products with a 6% inclusion limit.68 There have been ample reports on its high 

absorptive potential.33, 44, 45, 55, 56, 58, 60-62, 64, 143 The objective of this work was to use four 

distinctly different marketed sunscreen products (cream emulsion, solid stick, lotion, 

continuous spray), that all contain 6% oxybenzone, and develop an in vivo testing 



82 
 

environment to control skin temperature and environmental relative humidity with 

sunscreen reapplication under un-occluded conditions. Under strict harmonization of 

experimental conditions, the variability from in vivo PK absorption for complex dermal 

formulations, previously proven difficult to predict from IVPT, can decrease and provide 

valuable maximal exposure predictions of full body application serum levels without the 

risk of full body exposure to healthy subjects. We hypothesize that when the experimental 

variables of temperature and humidity are highly controlled in vivo and harmonized to 

IVPT studies, predictive IVIVC models of multiple complex topical formulations can be 

achieved providing product innovators a way to generate reliable in vivo exposure 

estimates from in vitro studies. 

4.2 Materials and Methods 

4.2.1 Materials and Study Products 

Four commercially available sunscreen products: Coppertone® ULTRA GUARD® 

SPF 70 (cream emulsion), Coppertone® Stick Kids SPF 50 (solid stick), Neutrogena® Age 

Shield® Face Oil-Free SPF 110 (lotion) and Banana Boat® Kids Clear UltraMist® SPF 100 

(continuous spray) were purchased from Amazon.com, Inc. (Seattle, WA) and all contained 

6% oxybenzone as one of the UV filters. Oxybenzone-d5 internal standard (98+%), 

acetonitrile (99.9+%, HPLC grade) and methanol (99.9+%, HPLC grade) were purchased 

from Sigma-Aldrich (St. Louis, MO). Oxybenzone standard (98+%) was a gift from 

Sigma-Aldrich (St. Louis, MO). Glacial acetic acid (99.7+%) was purchased from 

AmericanBio, Inc. (Natick, MA). Acetonitrile (LC-MS grade), methanol (LC-MS grade), 

water (LC-MS grade), methyl tert-butyl ether, formic acid (OPTIMA LC-MS grade), Brij® 

98, potassium phosphate monobasic and dibasic salts were purchased from Fisher 
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Scientific, Inc (Fair Lawn, NJ). All reagents were analytical grade. Nanopure water from 

an in-house Milli-Q system (EMD Millipore; Billerica, MA) was sourced for buffers.  

Table 4.1 Characteristics of sunscreen products used in the study 

 

   
 

 Cream 

Emulsion 

Solid Stick Lotion Continuous 

Spray 

Active 

Ingredients 

(UV Filters) 

Oxybenzone 6% 

Avobenzone 3% 

Homosalate 15% 

Octisalate     5% 

Octocrylene 10% 

Oxybenzone 6% 

Avobenzone 3% 

Homosalate 15% 

Octisalate     5% 

Octocrylene 10% 

Oxybenzone 6% 

Avobenzone 3% 

Homosalate 15% 

Octisalate     5% 

Octocrylene 10% 

Oxybenzone 6% 

Avobenzone 3% 

Homosalate 10% 

Octisalate     5% 

Octocrylene 10% 

Inactive 

Ingredients 

Water, butylene 

glycol, 

microcrystalline 

cellulose, glyceryl 

stearate, behenyl 

alcohol, benzyl 

alcohol, 

diethylhexyl 

syringylidenemalo-

nate, tocopherol 

(vitamin E), retinyl 

palmitate (vitamin 

A), sodium 

ascorbyl phosphate, 

stearic acid, 

palmitic acid, lauryl 

alcohol, myristyl 

alcohol, cetyl 

alcohol, lecithin, 

caprylic/capric 

triglyceride, 

chlorphenesin, 

cellulose gum, 

butylated PVP, 

disodium EDTA 

Ozokerite, 

caprylic/capric 

triglyceride, C12-

15 alkyl benzoate, 

lauryl laurate, 

behenyl alcohol, 

bis-PEG-12 

dimethicone 

beeswax, isopropyl 

myristate, C20-40 

alkyl stearate, 

synthetic beeswax, 

tocopherol (vitamin 

E), polyethylene, 

sorbitan oleate, 

VP/hexadecene 

copolymer, aloe 

barbadensis leaf 

extract, stearoxy 

dimethicone, 

helianthus annuus 

(sunflower) seed 

oil 

 

Water, 

styrene/acrylates 

copolymer, silica, 

beeswax, 

cyclopentasiloxane, 

ethylhexylglycerin, 

glyceryl stearate, 

PEG-100 stearate, 

acrylates/dimethic-

one copolymer, 

acrylates/c10-30 

alkyl acrylate 

crosspolymer, 

chlorphenesin, 

disodium EDTA, 

triethanolamine, 

dipotassium 

glycyrrhizate, 

BHT, 

methylisothiazoli-

none, diethylhexyl 

2,6-naphthalate, 

fragrance 

 

Alcohol denatured, 

isobutane, 

acrylates/octylacryl

amide co-polymer, 

diethylhexyl 

syringylidenemal-

onate, 

caprylic/capric 

triglyceride, 

caprylyl glycol, 

tocopheryl acetate, 

mineral oil, aloe 

barbadensis leaf 

extract, fragrance 

 

 



84 
 

4.2.2 Skin Preparation 

Ex vivo surgical-waste abdominal skin from four consenting human donors were 

provided by the NCI funded Cooperative Human Tissue Network (CHTN) skin repository 

(Charlottesville, VA). All skin samples were deidentified prior to next day delivery on ice 

to the University of Maryland, Baltimore where the stratum corneum (SC), viable 

epidermis and a small portion of the dermis were removed by dermatome to a resulting 

skin thickness of 295 ± 35 µm. Table 4.2 contains a summary of the demographic features 

for donors used for IVPT. All skin samples were stored at -20⁰C in aluminum foil and a 

sealed Ziploc bag until the morning of each experiment when it was thawed to room 

temperature, cut into 4.84 cm2 squares and placed into an In-Line cell between the donor 

and receiver chambers with the epidermal side facing up. Prior to dosing, each skin piece 

was allowed to equilibrate for 30 min as receiver solution flowed under the dermis side. A 

heated circulating water bath maintained skin temperature at a baseline of 32 ± 1⁰C. Skin 

integrity was confirmed by measuring transepidermal water loss (TEWL) with a 

cyberDERM RG-1 open chamber evaporator (cyberDERM, Inc.; Broomall, PA). Any 

TEWL reading above 15 g/m2/h is outside the range reported for healthy skin and indicates 

a disruption of the skin barrier.136 Any skin piece deemed unacceptable was removed, 

replaced and allowed to equilibrate again prior to reevaluating TEWL and dosing. 
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Table 4.2 Demographic information for in vitro study donors and in vivo PK study 

subjects 

 In Vitro Donors (n=4) In Vivo Subjects (n=10) 

Age in years 

          Mean (SD) 

          Range 

 

47.5 (23.9) 

39 – 57 

 

30.0 (5.5) 

24 – 42 

Sex, n (%) 

          Male 

          Female 

 

- 

4 (100) 

 

3 (30) 

7 (70) 

Ethnicity, n (%) 

          Black 

          Caucasian 

          Asian 

          Hispanic 

 

- 

4 (100) 

- 

- 

 

1 (10) 

5 (50) 

3 (30) 

1 (10) 

BMI (kg/m2) 

          Mean (SD) 

          Range 

 

Unknown 

 

25.2 (2.5) 

21.2 – 29.5 

 

4.2.3 IVPT Studies 

IVPT Method and Experimental Design 

A PermeGear® flow-through In-Line diffusion system (Hellertown, PA) with cell 

membrane supports that offered a 0.95 cm2 permeation area was used for all IVPT 

experiments. The receiver solution was phosphate buffered saline at pH 7.4 with 0.1% Brij 

98® as a surfactant. Surfactants are added at a low concentration to maintain the solubility 

of highly lipophilic compounds, like oxybenzone, in the receiver solution and preserve sink 

conditions throughout the 12 h study duration. Flow rate was set to 1 mL/h. After successful 

skin integrity verification, the semi-solid sunscreens were dosed by gently rubbing onto 

the skin surface using the flat bottom of a high-performance liquid chromatography 

(HPLC) vial in a circular motion while the continuous spray sunscreen was dosed using a 

positive displacement pipette. Dosing occurred three times to mimic the harmonized in 
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vivo protocol and simulate maximal dosing according to product labeling; once at 0 min 

and again at 80 min and 160 min. At each dosing time point, approximately 10 mg/cm2 of 

sunscreen was applied. Samples were collected at 1:00, 2:00, 3:00, 3:30, 4:00, 4:30, 5:00, 

5:30, 6:00, 6:30, 7:00, 7:30, 8:00, 8:30, 9:00, 9:30, 10:00 and 12:00 h post sunscreen 

application. The resulting samples were diluted 1:1 with HPLC mobile phase and analyzed 

using a validated HPLC method. Skin was maintained at a temperature of 32 ± 1⁰C for the 

12 h experiment with temperature monitoring conducted prior to dosing and at 2:00, 4:00 

and 6:00 h post sunscreen application using a Traceable™ infrared thermometer 

(Fisherbrand™; Fair Lawn, NJ).  

Oxybenzone Skin Extraction 

At the end of the study, each skin piece was wiped clean with an alcohol swab, 

removed from the IVPT cells and sliced into small pieces using a scalpel. The alcohol swab 

was placed in a 15 mL conical tube while the skin pieces and scalpel blade were placed in 

a separate 15 mL conical tube. Four mL of methanol was added to each conical tube to 

extract residual oxybenzone remaining on and within the skin at the end of the study. 

Conical tubes were capped, wrapped with Parafilm® and centrifuged at 4000 rpm for 10 

min. After centrifugation, all samples were sonicated for 10 min and then placed on a 

shaker at 200 rpm for 24 h before an aliquot was removed for HPLC analysis. 

HPLC Analysis of In Vitro Samples 

The HPLC system was comprised of a Waters® Alliance e2695 separations module 

connected to a Waters® 2489 dual-wavelength absorbance detector and Waters® Empower 

software (Milford, MA). A Waters® Symmetry C18 column (5 µm, 4.6 x 150 mm) with 

Phenomenex SecurityGuard™ C18 cartridge guard column (5 μm, 4 x 3.0 mm) (Torrance, 
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CA) was used for oxybenzone separation from other interferants in each sample. The 

mobile phase was a mixture of acetonitrile, methanol and acidified water adjusted to pH 

3.0 with glacial acetic acid at a ratio of 65:20:15 (v/v/v) under constant flow of 1 mL/min. 

All IVPT samples were diluted 1:1 with mobile phase prior to analysis and standards were 

created similarly in a 1:1 mixture of mobile phase and receiver solution prior to analysis. 

Oxybenzone elution occurred at 3.1 min with maximum UV detection at 287 nm. There 

were no interferences from any excipients or other UV filters from the commercial products 

or skin samples. The skin extraction and residual swab samples were diluted 4x and 50x, 

respectively, with a 1:1 mixture of methanol and mobile phase prior to HPLC analysis. 

Oxybenzone elution occurred at 4.5 min with maximum UV detection at 326 nm. The 

concentration of oxybenzone standards ranged from 0.05 to 10 µg/mL. All IVPT, 

extraction and quality control (QC) standards (20 µL) were injected in duplicate. The 

developed method had a limit of detection (LOD) at 0.025 µg/mL with a linearity range of 

0.05 to 25 µg/mL. All QCs, including the lower limit of quantitation (LLOQ), showed 

inter-day precision within 5% of the calculated nominal value and accuracy between 99 to 

102%. 

4.2.4 In Vivo PK Study in Healthy Human Subjects 

 The in vivo PK study was approved by the University of Maryland, Baltimore 

Institutional Review Board and carried out in compliance with the ethical and scientific 

principles of the International Conference on Harmonization Good Clinical Practice E6 

(ICH-GCP) at the General Clinical Research Center within the University of Maryland 

Hospital. 
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Clinical Study Subjects 

 An open-label, randomized, four-way crossover study was completed by ten 

healthy adult subjects. Table 4.2 provides a summary of the demographic information. 

Study enrollment was open to both men and non-pregnant women from September 2020 

to April 2021. Subject ethnicity was self-reported and collected by clinical staff. Key 

eligibility criteria were ages 18 to 45 years with a body mass index (BMI) < 30 kg/m2, non-

smoker/tobacco user, negative test results for drugs of abuse (cannabinoids, amphetamines, 

barbiturates, benzodiazepine, cocaine, methadone, opiates, PCP), normal screening 

laboratory values (white blood cells, complete blood count, hemoglobin, platelets, sodium, 

potassium, chloride, bicarbonate, blood urea nitrogen, creatinine, alanine aminotransferase, 

aspartate aminotransferase, urine protein and urine glucose), mid thighs of  ≥ 42 cm in 

circumference, legs that measure ≥ 46 cm in length from the iliac crest to the top of the 

patella or large enough to accommodate the products to be tested at an area of 400 cm2 per 

thigh, normal electrocardiogram readings as determined by the medically accountable 

investigator, and normal vital signs (temperature 35–37.9⁰C, systolic blood pressure 90–

140 mmHg, diastolic blood pressure 60–90 mmHg, heart rate 55–100 beats per minute, 

respiration rate 12–20 breaths per minute). Major exclusion criteria were subjects with a 

positive pregnancy test, positive hepatitis B, C, and/or HIV serologies, donation or loss of 

greater than one pint of blood within the past 60 days prior to study entry, any prior allergies 

to oxybenzone or other ingredients commonly found in applied sunscreens, history of 

infectious disease, skin infection or chronic skin condition (psoriasis, atopic dermatitis), 

history of diabetes, history of significant dermatologic cancers except basal cell carcinomas 

that were superficial and did not involve the thighs, and obvious differences in skin color, 
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skin condition, excessive hair, sunburn, raised moles, scars, open sores, scar tissue, tattoos 

or discoloration that would interfere with product placement or skin assessment of both 

upper thighs. Additionally, subjects were instructed to refrain from using any products 

containing oxybenzone (makeup, lip balm, face creams, sunscreen, etc.) 0–7 days prior to 

the start of each procedure day as well as refrain from using any chronic prescription 

medications 0–30 days and over-the-counter (OTC) medications/short term prescription 

medications 0-3 days prior to the start of each procedure day with the exception of vitamins, 

herbal supplements and birth control.   

Randomization 

 There were 24 combinations of procedure day orders that could be assigned to 

subjects. After screening and conformation of eligibility, each subject was randomly 

assigned a different procedure day order to prevent any treatment bias. Once a procedure 

day order was used, it was not reassigned to any other subject.   

Clinical PK Study Design 

 The IVPT and clinical PK studies were harmonized to the maximum possible 

extent, replicating sunscreen products, temperature, humidity, dosing times, sampling time 

points and study length. The duration of each clinical PK procedure day was 12 h with 

sunscreen applied at 0, 80 and 160 min. A minimum of one-week washout period between 

procedure days was required to remove residual oxybenzone from systemic circulation.   

Clinical PK Study Procedures 

 At the beginning of each procedure day, female subjects were asked to provide a 

negative urine pregnancy test confirmed by a clinical staff member prior to dosing. Vital 
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signs were recorded, and the subject was asked questions pertaining to changes in medical 

history and adherence to instructions regarding oxybenzone as well as medication 

restrictions. Once continuance in eligibility was confirmed, both upper thighs were 

examined for any signs of skin irritation, abrasions or sunburn and a template measuring 

400 cm2 was marked as the dosing area on each thigh. An intravenous (IV) catheter was 

placed under sterile technique and approximately 4 mL of blood was drawn as a pre-dose 

blood sample. The application area on each thigh was cleaned with water, carefully dried 

and a temperature sensor (Novatemp® skin temperature sensors 400 series; NOVAMED 

USA; Elmsford, NY) was placed near the knee adjacent to the application area on one leg 

to measure skin temperature throughout the entire 12 h procedure day.  

 For each semi-solid sunscreen product (cream emulsion, lotion and solid stick), a 

teardrop silicone applicator (Qosmedix; Ronkonkoma, NY) covered by a XL nitrile finger 

cot was used to apply 800 mg of sunscreen onto the marked 400 cm2 location on each thigh 

simultaneously by two clinical staff until evenly distributed (~ 1 min). For the continuous 

spray product, approximately 3 mL was sprayed into a glass scintillation vial and left to sit 

for 15 min so the propellant could evaporate. After 15 min, two 1 mL topical syringes were 

used to draw up 0.95 mL of liquid sunscreen. Similar to the semi-solid products, dosing 

occurred by releasing the liquid from the syringe onto the marked 400 cm2 application area 

on each thigh and rubbed in using a teardrop silicone applicator covered by a XL nitrile 

finger cot. Approximately 800 mg (2 mg/cm2) of sunscreen product was applied 

simultaneously to each thigh repeatedly at two additional times (80 and 160 min) during 

each procedure day, representing maximal usage and reapplication recommendation as 

stated on the respective sunscreen labels.  
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 Before the scheduled dosing time of the first application, the environmental control 

chamber was set up and allowed to equilibrate for approximately 30 min so that the relative 

humidity (RH) within the chamber measured between 35–55%. The individual components 

as well as the setup procedure of the environmental chamber are depicted in Figure 4.1. 

The chamber consisted of a 3D printed dome (ARTLAB Virtual Studio; Lexington, KY) 

made of polyethylene terephthalate glycol filament with the dimensions 749.3 mm x 330.2 

mm x 539.8 mm, designed to provide ample space underneath for the subjects’ upper thighs 

without touching the application area. Velcro was used to attach a far infrared tourmaline 

heating pad (UTK® Technology Store; China) to the underside of the dome. The hose and 

humidity monitor of an ultrasonic humidifier (Nebula®, River Systems; Campodarsego, 

Italy) were attached at the base of the dome and angled inward towards the subjects’ thighs.  

The humidifier was set to 45% RH and self-regulated to reach the set target based on the 

connected mini-USB humidity sensor. RH within the environmental chamber was also 

externally measured with a wireless humidity monitor (TP-60S Digital Hygrometer, 

ThermoPro; Duluth, GA) attached under the dome near the subjects’ feet. The entire 3D 

dome was covered by a polyester disposable aluminized rescue blanket (Dynarex 

Corporation; Grainger; Lake Forest, IL) and a hospital provided bed sheet.  

 After the initial sunscreen dose at time 0 min, the subjects’ upper thighs were 

covered with the environmental control chamber. The environmental chamber was only 

removed for subsequent dosing at 80 and 160 min or if the subject needed to use the 

restroom. During either event, skin temperature and RH were recorded prior to chamber 

removal, after chamber replacement, 5 min post replacement and 10 min post replacement 

to verify that skin temperature and RH returned to 32 ± 2⁰C and 45 ± 10%, respectively. 
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The infrared heating pad was only turned on if subjects’ skin temperature fell below 30⁰C 

after the 10 min replacement window, otherwise it remained off.  

 At 12 h post initial application, the sunscreen was removed by clinical personnel.  

Each application site was wiped with a dry cotton gauze, followed by four alcohol swabs. 

Left and right application sites were processed separately for residual oxybenzone 

concentration. Alcohol swabs and gauze for each site were placed into 500 mL glass bottles 

containing 200 mL of methanol for extraction.  

 

 

Figure 4.1 Clinical setup of the environmental control chamber used during each procedure 

day to maintain skin temperature between 30–34⁰C and RH surrounding the thighs between 

35–55% 

 

Safety 

 Adverse events (AE) were recorded during each procedure day with vital sign 

monitoring (temperature, blood pressure, heart rate, respiratory rate) prior to initial 
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sunscreen application and periodically throughout the 12 h visit. Sunscreen application and 

temperature sensor sites were assessed subjectively on a scale of 0–4 (0: no evidence of 

irritation, 1: faint but definite erythema, 2: moderate erythema, 3: severe erythema, 4: 

generalized vesicles or eschar formations) by clinical staff for signs of erythema, itching, 

hyperpigmentation and edema prior to initial sunscreen application and at the end of the 12 

h study after sunscreen and temperature sensor removal. Subjects were asked about 

oxybenzone allergies prior to enrollment and to confirm that the heating pad within the 

environmental chamber was not in contact with the skin; therefore, sunscreen application 

was not anticipated to cause any health concerns. Any subject with ongoing AEs at the end 

of a procedure day was contacted by phone until resolution was reported.  

Serum Sample Collection 

 Collection of approximately 4 mL of whole blood with a vacutainer (BD 

Vacutainer® Plus plastic serum tube; BD; Franklin, NJ) from an IV catheter occurred prior 

to initial application of sunscreen, and at 1:00, 2:00, 3:00, 3:30, 4:00, 4:30, 5:00, 5:30, 6:00, 

6:30, 7:00, 7:30, 8:00, 8:30, 9:00, 9:30, 10:00 and 12:00 h post initial sunscreen application. 

The sample was allowed to clot for 30–60 min, centrifuged at 1300xg for 20 min at 4⁰C 

and supernatant serum was aliquoted into two identical cryovials. Cryovials were 

immediately placed in an ultralow (-80⁰C) freezer until analysis with a validated ultra-

performance liquid chromatography-tandem mass spectrometry (LC-MS/MS) method.  

4.2.5 LC-MS/MS Assay for Serum Oxybenzone Concentrations 

 For oxybenzone serum extraction, 200 µL of each sample was placed in a glass 

screw-top culture tube along with 50 µL of oxybenzone-d5 (50 ng/mL) as an internal 

standard (IS). Two mL of methyl tert-butyl ether were added to each culture tube with a 
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glass pipette as an extraction solvent. Samples were vortexed for 5 sec, placed on a high-

speed shaker (Fisher Scientific, Inc; Fair Lawn, NJ) at 2,500 rpm for 20 min and 

centrifuged at 4,000 rpm for 5 min. The upper organic layer (1.5 mL) was transferred to a 

clean glass culture tube while a second extraction was performed repeating the above 

procedure. After centrifuging the second extraction, 1.5 mL of the upper organic layer were 

combined with the previous extraction and the sample was evaporated to dryness under 

nitrogen gas (N-EVAP; Organomation Associates, Inc; Berlin, MA) at ambient 

temperature. Residue was reconstituted in 100 µL of mobile phase consisting of methanol 

and water with 0.1% formic acid (73:27 v/v), centrifuged for 5 min and 5 µL was injected 

into the LC-MS/MS for analysis.  

 Analysis was conducted on a Waters® LC-MS/MS system consisting of a Waters® 

Acquity H class UPLC connected to a Waters® Xevo TQ-XS mass spectrometer (Milford, 

MA). All samples were injected by an autosampler onto a Waters® BEH C18 column 130 

Å (1.7 µm, 100 x 2.1 mm) with a Waters® VanGuard™ BEH C18 guard column (1.7 µm, 

5 x 2.1 mm). Mobile phase was a mixture of methanol and water with 0.1% formic acid 

(73:27, v/v) held constant for 3 min at a flow rate of 0.3 mL/min. Each sample was 

proceeded by a gradient column wash. From 3–8 min, mobile phase was primarily organic 

(99:1, v/v). From 8–12.5 min, initial conditions (73:27, v/v) were reestablished allowing 

the column to return to equilibrium. Multiple reaction monitoring was carried out with the 

parent to daughter ion transition of 229.06→150.62 at a cone voltage of 4 V and collision 

energy of 20 eV for oxybenzone. The IS had similar monitoring with a parent to daughter 

ion transition of 234.06→150.75 at a cone voltage of 2 V and a collision energy of 18 eV. 

Calibration standards had a linearity range from 0.1 to 100 ng/mL. Method validation was 
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conducted according to the Bioanalytical Method Validation Guidance for Industry.162 All 

QCs, including the LLOQ, showed inter-day precision within 11% of the calculated 

nominal value and accuracy between 96 to 101%. Freeze-thaw, bench top, processed 

sample, stock solution and long-term stability (6 months) of both the low QC (0.3 ng/mL) 

and high QC (50 ng/mL) had accuracy between 90 to 103%. Recovery at all QC levels was 

high (91–94%) with minimal matrix effect. During clinical sample analysis, the deviation 

from nominal values did not exceed 15% for any standards or QCs except for the LLOQ 

with a maximum allowable error of 20%. 

4.2.6 IVIVC Approaches  

 A point-to-point (Level A) IVIVC was performed comparing the 0-12 h serum PK 

profile in vivo to the harmonized in vitro oxybenzone absorption data using a unit impulse 

response (UIR) based deconvolution method.107, 119 Clinical PK data was deconvoluted 

using previously calculated UIR values estimated from a simulated oxybenzone exposure 

profile following hypothetical IV administration to obtain in vivo fraction absorbed (Fa) 

systemic concentration estimates. Clinical PK parameters for the two-compartmental 

oxybenzone base model can be found in Chapter 3. According to Huh et al, allometric 

scaling presents an optimal approach for interspecies scaling of clearance at a fixed 

exponent of 0.65 with a high degree of prediction accuracy and an average-fold error (AFE) 

of 2.31 when scaling from rats to humans.147 The input of each individual subjects’ weight 

into an allometric scaling calculation of clearance from rats resulted in an arithmetic mean 

human systemic clearance estimate of 16.1 L/h [13.34–18.08 L/h] and an AFE of 0.67 

confirming an adequate model prediction of the absolute PK parameters of interest after 
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relative bioavailability adjustment.139, 147 UIR estimates were generated with the following 

bi-exponential equation where CT represents the concentration at time T: 

  Equation 1   𝐶𝑇 = (𝐴 ∗ 𝑒−𝛼𝑇) + (𝐵 ∗ 𝑒−𝛽𝑇) 

UIR estimates for deconvolution were as follows: 

• A = 5.92 (units: ng/mL) 

• B = 0.38 (units: ng/mL) 

• α = 0.29 (units: h-1) 

• β = 0.02 (units: h-1) 

The in vitro fraction permeated (Fp) for oxybenzone was obtained from IVPT 

studies carefully harmonized to the in vivo study design by dividing the cumulative amount 

of oxybenzone permeated at time (t) by the total amount of oxybenzone hypothetically on 

the skin surface at time (t). Due to sunscreen reapplication to the skin, there is an additive 

nature in total oxybenzone concentration on the skin surface for the first 160 min of the 

study, after which further additions of oxybenzone were ceased. Both linear as well as 

polynomial models were tested to relate Fa and Fp for IVIVC model construction using 

GraphPad Prism® software (version 6.01, La Jolla CA). The highest regression coefficient 

(R2) value was achieved with a polynomial equation correlation for all four formulations 

(Figure 4.2). 
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Figure 4.2 Level A correlation plot for Fa verses Fp 

  

To validate if the established correlation was predictive of the reported in vivo 

results, the respective correlations for each formulation were used to calculate a predicted 

Fa time-course. The predicted Fa values were convoluted using the Wagner-Nelson method 

and the same input parameters as the deconvolution step to obtain a predicted in vivo 

systemic oxybenzone concentration verses time PK profile for each formulation. The 

predictability of the developed IVIVC models were assessed by calculating the prediction 

error (%PE) for both oxybenzone AUC and Cmax. %PE represents the difference in the 

reported and the model predicted oxybenzone exposure estimates (Equation 2).116 

  Equation 2 % 𝑃𝐸 =
0𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

0𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑉𝑎𝑙𝑢𝑒
∗ 100 
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4.2.7 Data and Statistical Analysis 

 Statistical analysis was conducted with GraphPad Prism® software. All in vitro 

data is presented as arithmetic mean ± SD of the three replicates for each product. An 

ANOVA followed by Tukey’s post-hoc analysis was used to find significance among the 

four sunscreen formulations. Differences were considered statistically significant when p 

≤ 0.05 and are denoted as: * p ≤ 0.05, ** p ≤ 0.01, or *** p ≤ 0.001. In vivo oxybenzone 

exposure estimates (AUC and Cmax) for 0–12 h were calculated using NCA linear up, log 

down methodology on Phoenix® WinNonlin® software (Pharsight Corporation; San Diego, 

CA). Phoenix® WinNonlin® software was also used for numerical deconvolution and 

convolution procedures.  

 

4.3 Results 

4.3.1 Human Skin IVPT Study  

 Dermatomed ex vivo human abdominal skin was used to conduct pivotal studies for 

four sunscreen formulations under baseline skin temperature conditions (32 ± 1⁰C) with 

application occurring at 0, 80 and 160 min, simulating maximal product usage according 

to product labeling. Figure 4.3 shows the mean flux versus time profile as well as the mean 

total cumulative amount of oxybenzone permeated for all four formulations.  The cream 

emulsion formulation consistently demonstrated a significant (ANOVA with Tukey’s post 

hoc; p ≤ 0.001) increase in both maximum flux (Jmax) and cumulative amount of 

oxybenzone permeated compared to all other formulations. Not significantly different from 

each other, the solid stick and the lotion formulations had similar cumulative amount of 

oxybenzone permeation and Jmax values. These two formulations differed in the time to 
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reach Jmax with maximum flux occurring at 5 h for the lotion and 12 h for the solid stick. 

The continuous spray consistently resulted in the lowest Jmax and cumulative amount of 

oxybenzone permeation, although the difference between the continuous spray and lotion 

or solid stick formulation was not statistically significant. The rank order of the 

formulations from highest to lowest in regard to total oxybenzone permeation is cream 

emulsion > solid stick ≈ lotion > continuous spray. 

 

 

Figure 4.3 (a) Arithmetic mean flux (± SD) profiles for four sunscreen products containing 

oxybenzone over 12 h at baseline skin temperature (32 ± 1⁰C) with doses applied at 0, 80 

and 160 min (b) Cumulative amount of oxybenzone permeated (± SD) across ex vivo 

human skin after 12 h at baseline skin temperature (32 ± 1⁰C) with doses applied at 0, 80 

and 160 min (n = 4 donors, n = 3 replicates/product). Significance determined by ANOVA 

followed by Tukey’s post-hoc analysis; *** p ≤ 0.001 

 

4.3.2 In Vivo PK Study 

 Serum PK concentration versus time profiles for all study procedure days are shown 

in Figure 4.4 separated by formulation. The upper plots represent the arithmetic mean 

profile of each formulation with associated standard deviation at each sampling timepoint 
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(n=10 subjects) while the lower plots represent the individual concentration versus time 

profiles for each subject separated by formulation. There was not a significant difference 

in the mean Cmax values for any of the formulations. However, the rank order was similar 

to the in vitro study results with the highest oxybenzone absorption from the cream 

emulsion > solid stick > lotion ≈ continuous spray.  Since the recommended application 

area of sunscreens is full body coverage, maximal full body exposure estimates were made 

under the assumption that an average adult has a body surface area of 2 m2 (Table 4.3).10 

The calculated full body maximum exposure estimates were similar to previously reported 

Cmax values from full body reapplication studies conducted by the FDA in 2019.44, 45 

Differences are expected due to contrasting product formulation design, product 

oxybenzone concentration levels and time/number of reapplications performed.  However, 

because the mean Cmax values for each of the four formulations have a relatively low 

coefficient of variability (%CV), the full body estimates are assumed to have a high 

reliability. There were two subjects (OBENZ-08 & OBENZ-09) with outlier serum 

concentration measurements at 12 h for the continuous spray formulation. It was concluded 

that because these were the first two subjects receiving the continuous spray treatment, 

possible contamination at that timepoint occurred during sample processing and steps were 

taken to ensure contamination risk was mitigated for future subjects. No other outlier 

measurements were recorded. 

Safety 

 The ten subjects determined eligible were enrolled and completed all four 

procedure days without any serious or unexpected AEs. Nine out of ten subjects 

experienced at least one AE throughout the study. All AEs were reported as mild (Grade 
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1) with the most common being decreased heart rate (HR) (31%), erythema due to 

sunscreen or temperature sensor removal (26%) and decreased blood pressure (BP) (21%). 

Typically, erythema was attributed to sensitivity to alcohol wipes at the end of the study or 

flushed vasodilation of the legs after prolonged exposure to 45% RH, while decreases in 

BP and HR were attributed to spending 12 h sitting in a hospital bed. Any AE, other than 

erythema, was resolved prior to the subject leaving at the end of the day with resolution of 

erythema by the end of the following day as self-reported by the subjects. Other AEs (< 

10%) included headache, increased BP, dizziness, somnolence and lightheadedness.  
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Table 4.3 Arithmetic mean oxybenzone exposure (Cmax) in vivo for all four sunscreen 

formulations with associated coefficient of variability and estimation of full body Cmax 

(n=10 subjects) 

Formulation Mean Cmax, ng/mL 

(%CV) 

Mean Cmax, ng/mL 

Full Body Estimate 

Cream Emulsion 12.2 (41.3) 304.6 

Solid Stick 11.5 (27.0) 287.1 

Lotion 8.7 (33.7) 217.6 

Continuous Spray 9.0 (22.4) 225.4 

 

 

4.3.3 Room Temperature and Humidity Monitoring 

 Room temperature and humidity monitoring during each procedure day was 

conducted with a wireless temperature/humidity monitor (ThermoPro; Duluth, GA) set 

near the center of the room. Figure 4.5 plots both arithmetic mean (black lines) and 

individual (grey lines) temperature or humidity versus time profiles for all procedure days 

separated by formulation. Readings were recorded every hour from 0–12 h. The mean room 

temperature for each formulation was consistently around 22⁰C with a low %CV because 

the room temperature could be manually controlled within each room of the clinical testing 

facility (Table 4.4). The mean RH of the room had a high degree of variability for all 

formulations ranging from 10 to 52% RH and mean values all below our target range of 

35–55% (Table 4.4). The humidity was controlled by the building and not for each room: 

therefore, day to day humidity readings could fluctuate depending on weather.  
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Table 4.4 Arithmetic mean room temperature and RH for all four sunscreen formulations 

with associated %CV (n= 10 subjects) 

Formulation Mean Room Temp, ⁰C 

(% CV) 

Mean Room RH, % 

(% CV) 

Cream Emulsion 22.6 (4.5) 21.5 (42.0) 

Solid Stick 22.7 (3.2) 23.9 (44.3) 

Lotion 22.4 (4.7) 23.8 (41.4) 

Continuous Spray 22.8 (3.2) 23.7 (52.8) 

 

 

4.3.4 Skin Temperature and Environmental Chamber Humidity Monitoring 

 Skin temperature and RH readings under the environmental chamber were recorded 

every 30 min as well as 5 min and 10 min after each sunscreen application to confirm the 

target range for each measurement was re-achieved after chamber removal and 

replacement. Figure 4.6 plots the individual skin temperature or RH versus time profiles 

for all procedure days separated by formulation. The thick dashed lines represent the upper 

and lower target range while the thin dashed lines for the temperature profiles are the 

clinical range specified for each procedure day. A tighter window for temperature was 

utilized to maintain maximum harmonization between in vitro and in vivo study protocols. 

Only one subject had a single RH reading out of the target range (34%) due to clinical staff 

error removing the thermal blanket and sheet during the third sunscreen administration 

which released the equilibrated humidity environment within the chamber. Once dosing 

was completed and the coverings were replaced, RH quickly returned to the target range. 

All subjects began each procedure day with skin temperatures within the target range (28–

36⁰C). Any subject with skin temperature measurements below the clinically designated 

range (30–34⁰C) quickly achieved the target of 32 ± 2⁰C within 30 min of initial sunscreen 

application. No subject had skin temperature readings outside the target range and very few 
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had measurements outside the clinically designated range for extended periods of time. 

Skin temperature above 34⁰C was lowered by venting the cover of the environmental 

chamber, allowing the skin to slowly cool while maintaining humidity within the target 

range. Skin temperatures below 30⁰C were allowed to rise naturally by confirming that the 

covers were secure over the environmental chamber. This scenario typically only occurred 

when a measurement was recorded directly after the subject had returned from the 

restroom. Figure 4.7 shows the mean skin temperature and RH measurements versus time 

for all 10 subjects separated by formulation. All formulations maintained mean skin 

temperature within the clinically designated range (32 ± 2⁰C) and mean RH under the 

environmental chamber within the target range (35–55%) for the 12 h study duration. Mean 

skin temperature measurements were also highly correlated to in vitro testing conditions of 

32⁰C with low %CV for all formulations (Table 4.5). 
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Figure 4.7 Arithmetic mean (a) skin temperature versus time (b) RH under the 

environmental chamber versus time recorded for four sunscreen formulations over 12 h 

(n=10 subjects). Thin dashed lines represent the target range while thick dashed line 

represent the clinically acceptable range. Arrows designate when dosing occurred at 0, 80 

and 160 min 

Table 4.5 Arithmetic mean skin temperature and RH under the environmental chamber 

for all four sunscreen formulations with associated coefficient of variability (n=10 

subjects) 

Formulation Mean Skin Temp, ⁰C 

(% CV) 

Mean RH Under 

Environmental Chamber, % 

(% CV) 

Cream Emulsion 32.2 (2.0) 45.8 (8.0) 

Solid Stick 32.3 (2.9) 44.9 (6.4) 

Lotion 32.2 (2.9) 45.5 (5.4) 

Continuous Spray 32.2 (3.2) 44.8 (5.8) 

 

4.3.5 IVIVC 

 IVIVC by deconvolution was able to be achieved by a point-to-point prediction of 

serum concentration for all four formulations tested (Figure 4.8). There was a slight 

underprediction in Cmax and AUC estimates compared to the observed data. Based on 

predictability criteria set by the FDA for IVIVC model evaluation of extended-release oral 

dosage forms, this model successfully predicted oxybenzone exposure (Cmax and AUC) 
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from all four formulations with %PE less than 10% (Table 4.6).116 The cream emulsion 

had the highest %PE for oxybenzone Cmax and AUC, 8.71 and 5.27%, respectively (Table 

4.6). However, the cream emulsion also had the highest variability in the observed 

absorption data out of all the formulations likely attributing to the slight underprediction 

of both model-predicted exposure metrics (Table 4.3). 
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4.4 Discussion 

 Clinical studies to assess maximal exposure levels of dermal penetrants, especially 

those designed for full body application or reapplication, can be both expensive and time 

consuming while putting healthy subjects at risk of increased drug or other chemical 

exposure. Therefore, it is necessary to develop surrogate methods for accurate prediction 

of maximum exposure levels after dermal complex formulation application. The use of 

IVIVC to predict in vivo exposure estimates of oral extended-release products from in vitro 

dissolution testing is accepted by the FDA to assess bioequivalence, scale-up and post 

approval changes.116 The use of IVIVC models for dermal formulations has proven to be 

challenging with no formal guidance currently published by any regulatory agency for 

biowaiver claims. However, there have been successful demonstrations of IVIVC models 

using carefully harmonized IVPT and clinical PK studies.105, 107, 108, 117, 119, 131-134  

 Point-to-point (Level A) correlations represent the most robust level of prediction 

over then entire serum concentration versus time profile.116-118 It is the most predictive but 

also the most difficult to successfully develop without complete harmonization between in 

vitro and in vivo testing conditions. Level A IVIVC models for prediction of penetrants 

from patches at both baseline as well as elevated skin temperature conditions have been 

successfully developed previously with the first published model reported by Yang et al., 

who adapted a deconvolution approach typically used for oral formulations for prediction 

of estradiol exposure.119 Although successful point-to-point prediction models for other 

patch products have also been established since, there have been very few successful Level 

A IVIVC models for semi-solid or liquid dermal formulations.  
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 Unlike transdermal drug delivery systems, semi-solid and liquid dermal 

formulations remain un-occluded and absorption profiles can be greatly influenced by the 

surrounding environment, reapplication time and accidental removal.77, 80-82, 98 Although 

these variables are easily controlled in vitro, precise harmonization during clinical PK 

testing can pose challenging especially for MUsT studies where the recommendation from 

the current guidance is to apply the product to 75% of the total body surface area when full 

body application is recommended.130 Without precise harmonization between in vitro and 

in vivo protocol designs, attaining a successful and predictive IVIVC model from IVPT 

data is nearly impossible.  

 IVPT testing of dermal formulations have previously been used as a reliable tool 

for the establishment of predictive IVIVC models for patch products and therefore was also 

used for semi-solid and liquid dermal formulation testing in these studies. Selected IVPT 

study parameters offer precise control over skin selection, dosage time, sampling time and 

skin temperature while maintaining an un-occluded nature after product application. Along 

with the use of a flow-through system for maintenance of sink conditions of oxybenzone 

and continuous sampling at predetermined timepoints to match in vivo PK timepoints, 

dermatomed ex vivo human skin was selected as the skin source. Using dermatomed 

abdominal human skin provides the highest degree of harmonization to the absorption 

potential of the application site (thighs) during in vivo testing. The rate limiting barrier to 

absorption, SC, is maintained with similar follicular density to the thighs as well as TEWL 

readings in vitro.154-157 Along with harmonizing the absorptive potential of the skin site, 

skin temperature was also highly controlled at a representative in vivo baseline skin 

temperature with a Cell Warmer around each cell placed on the diffusion apparatus. 
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Increases in temperature have shown to amplify skin permeability through fluidization of 

the lipids within the skin, and prolonged solubility of the permeant within the 

formulation.70-77, 81 High temperatures have also slowed permeability of penetrants through 

the skin for un-occluded products by accelerating vehicle drying time leading to faster thin 

film formation and permeant precipitation out of the supersaturated residual layer on the 

skin surface. Although maintenance of precise control over environmental temperature, 

humidity and removal is easy with an IVPT apparatus, in vivo control is more challenging.  

 The environmental chamber design used during our in vivo PK studies offers the 

ability of testing semi-solid and liquid dermal formulations with the highest known degree 

of harmonization to IVPT studies. Previously in vivo semi-solid formulation absorption 

testing required the use of occlusive coverings to avoid product removal. However, 

occlusion has proven to impact dermal absorption by increasing skin hydration, delaying 

formulation drying rates and increasing humidity around the application site.79 With 

products that require full body testing, occlusive coverings are not an option and if left un-

occluded, the high degree of contact transfer can cause highly variable absorption profiles 

limiting the ability of IVIVC to be successful. To maximize harmonization between our in 

vitro and in vivo studies, the use of a smaller application area instead of full body coverage 

along with the use of our novel environmental chamber around the application site allowed 

for skin temperature to consistently remain within the clinical target of 32 ± 2⁰C, RH within 

45 ± 10% and avoidance of occlusive coverings. This high degree of harmonization has 

not previously been achieved and resulted in low variability in absorption profiles in vivo 

as well as an excellent Level A correlation for all four sunscreen formulations.  
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 Despite the relatively small sample size of skin donors in vitro (n = 4) and subjects 

in vivo (n = 10), a point-to-point correlative model was successfully established with 

prediction error (%PE) <10%. According to the FDA guidance for IVIVC development of 

oral extended-release dosage forms, a successful external prediction requires a %PE of 

<10% for both Cmax and AUC exposure metrics.116 The IVPT studies were able to 

discriminate between the flux profiles of each formulation with significantly more 

oxybenzone absorption occurring from the cream emulsion compared to the other three 

sunscreens tested. The same significance in vivo for the cream emulsion attributing to the 

highest permeation was not obtained; however, the rank order of absorptive potential of 

each formulation was confirmed to be similar with the highest permeation of oxybenzone 

from the cream emulsion > solid stick > lotion ≈ continuous spray. Although this study was 

not conducted under full body application, the low variability associated with absorption 

of each formulation denotes promising full body exposure estimations that are likely more 

representative of maximal exposure than actual full body assessment.   

4.5 Conclusions 

 The presented work was able to successfully establish a strong IVIVC model for 

the prediction of maximal oxybenzone exposure in healthy human subjects under 

reapplication conditions from four commonly marketed semi-solid and liquid dermal 

formulations. The mathematical model related IVPT studies using ex vivo human skin to 

observed in vivo PK profiles in healthy human subjects in a point-to-point manner for the 

entire 0–12 h study duration. The environmental chamber design during clinical testing 

allowed for a degree of harmonization between the in vitro and in vivo experimental 

parameters of temperature, humidity and contact transfer that were not previously possible. 
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The results illustrated that with a high degree of harmonization, IVPT studies accurately 

predict maximal exposure levels from complex semi-solid and liquid dermal formulations. 

Further expansion of this work can be performed to test the impact of altered temperature 

and humidity conditions on product absorption with increased precision. The low 

variability in the resultant absorption data in vivo present a proof-of-concept protocol 

design for testing of topical formulations in a more reliable than historic guidelines. 

Although full body application was not performed in this work, the reliability of the IVIVC 

model allows for the estimation of expectant penetrant serum levels under full body 

application without the increased risk MUsT studies can place on the enrolled subjects.    
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Chapter 5. Conclusions 

 The objective of this work was to evaluate IVIVC potential for semi-solid and 

liquid dermal formulations between IVPT and in vivo serum PK concentration 

measurements for four different formulations. Sunscreens were chosen as a model because 

of the broad degree of marketed formulations available with comparable levels of active 

UV filters. Specifically, this work focused on oxybenzone absorption, a broad-spectrum 

UV filter previously shown to absorb in quantifiable levels into systemic circulation. 

Formulation design, as well as heat and reapplication, were evaluated for the degree of 

impact on oxybenzone absorption with preliminary in vitro investigations on ex vivo human 

skin. Pivotal studies were designed to evaluate clinically relevant maximal usage scenarios 

of un-occluded sunscreen with reapplication. The in vitro study design was harmonized to 

an in vivo clinical study and the predictably of IVIVC for oxybenzone absorption was 

evaluated and compared to an IVIVC developed based on published oxybenzone 

absorption studies with variable levels of control over clinical environmental conditions.  

 In Chapter 2, IVPT studies on ex vivo human skin were able to demonstrate that 

when dosing techniques and replicative protocols are followed, IVPT systems offer a 

highly sensitive and reproducible way to measure individual, as well as combined 

differences formulation vehicle, temperature and reapplication can have on the absorption 

of a permeant like oxybenzone. Individually, both heat (37 ± 1⁰C) and reapplication can 

elicit enhancement effects on oxybenzone absorption. When combined, the effects can be 

additive in nature but are formulation dependent. The enhancement potential for absorption 

relies heavily on the concentration of volatile excipients within the formulation. The 

highest enhancement in absorption was from the cream emulsion and lowest from the 
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continuous spray. Continuous sprays contain a higher degree of volatile components and 

dry to form a thin film, slowing absorption, at a much faster rate than lipophilic vehicles 

like cream emulsions which will continue to solubilize oxybenzone for an extended time 

and be affected by heat and reapplication to a greater extent. It was verified that all three 

variables (formulation design, heat and reapplication) can alter the expectant absorption 

profile of oxybenzone. Since topical products undergo significant metamorphosis on the 

skin surface, a high degree of control over environmental conditions during both in vitro 

and in vivo absorption analysis will be imperative for generation of a predictive IVIVC that 

can give researchers more confidence in using IVPT for human exposure estimation. 

 In Chapter 3, the use of IVIVC modeling to predict in vivo oxybenzone absorption 

from a lotion and a continuous spray was assessed with harmonized IVPT studies. In vivo 

PK profiles were based on published sunscreen full body exposure plasma concentration 

data where the environmental conditions surrounding sunscreen application in vivo had an 

inconsistent degree of control. The clinical study did not record measurements of room 

temperature or humidity and allowed subjects to re-dress after application, likely causing 

product transfer and semi-occlusion. The limited dataset had a high degree of variability in 

the absorptive oxybenzone profiles which posed problematic for accurate IVIVC Level A 

modeling. Even after harmonizing dosing times, sampling times and formulations used in 

vivo; the present work was unsuccessful in establishing a predictable IVIVC model for 

oxybenzone for a lotion or continuous spray formulation. The high degree of variability of 

the in vivo plasma PK data ultimately led to the failure of the IVIVC model, and can be 

attributed to full body application as well as inconsistent clinical environmental conditions 

surrounding product application area. Although IVIVC modeling was unsuccessful at this 
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time, the published in vivo data was able to be utilized for successful compartmental 

modeling of oxybenzone and the establishment of human PK parameter estimates never 

previously reported. The use of these PK parameter estimates and oxybenzone IV 

simulation will be valuable for future IVIVC modeling attempts of oxybenzone under 

highly harmonized in vitro and in vivo conditions.  

 In Chapter 4, the use of IVIVC modeling to predict oxybenzone absorption from a 

cream emulsion, lotion, solid stick and continuous spray was assessed with harmonized 

IVPT studies. Instead of full body exposure, a 400 cm2 application area per thigh was used 

so skin temperature and RH around the application site could be highly controlled in vivo 

without occlusion. The presented work was able to successfully establish a strong IVIVC 

model for the prediction of maximal oxybenzone exposure in healthy human subjects under 

reapplication conditions. The results verify that with a high degree of harmonization, IVPT 

studies can be used to accurately predict maximal exposure levels of complex semi-solid 

and liquid dermal formulations with increased reliability compared to studies that do not 

control environmental conditions during in vivo testing. Table 5.1 offers a comparison of 

the correlated Fa versus Fp R
2 values for each formulation as well as the in vivo exposure 

%PE for both Cmax and AUC. The correlation between Fa and Fp was stronger for the 

University of Maryland, Baltimore conducted studies where environmental conditions 

were controlled, resulting in an exceptionally predictive IVIVC model for all tested 

formulations; whereas, the IVIVC generated using in vivo PK data from the FDA initiated 

studies with inconsistent environmental controls resulted in underprediction of both AUC 

and Cmax. The low variability in the in vivo absorption data presents a protocol design for 

testing of complex semi-solid and liquid topical formulations applied over a large surface 
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area in a more reliable manor than historic topical product testing. With validated IVIVC 

models, researchers will gain increased confidence in the reliability of IVPT for in vivo 

exposure estimation resulting in fewer human studies and decreasing the risk MUsT studies 

can place on the enrolled subjects. This work also presents the opportunity for expanded 

development of testing for the impact of altered temperature and humidity conditions on 

product absorption in vivo with a high degree of precision. 

Table 5.1 Comparison of IVIVC model correlation and %PE between the studies 

modeled without environmental control44, 45 and with environmental control in vivo (n = 

number of subjects in vivo) 

 Formulation Fa vs Fp R2 %PE for Cmax %PE for AUC 

FDA  

(Ch. 3) 

Lotion (n=6) 0.9679 -2.47 14.61 

Continuous Spray (n=6) 0.9644 28.51 31.51 

UMB 

(Ch. 4) 

Cream Emulsion (n=10) 0.9891 5.27 8.71 

Solid Stick (n=10) 0.9966 2.50 6.16 

Lotion (n=10) 0.9979 2.88 3.08 

Continuous Spray (n=10) 0.9949 -3.09 5.66 

 

 In conclusion, the results from this dissertation stress the importance of variable 

control and harmonization when attempting to generate IVIVC models for semi-solid and 

liquid dermal OTC and prescription formulations. Formulation design, temperature, 

humidity, product removal through contact transfer and product reapplication can all 

impact absorption; however, absorption enhancement will be dependent on the excipients 

within each formulation. The results demonstrate that Level A IVIVC for semi-solid and 

liquid dermal products can be successful when harmonization and careful thought is placed 

on the control of each variable able to impact penetrant absorption. When left uncontrolled 

in vivo, a high degree of variability in absorption can occur greatly impacting the ability of 

an IVIVC model to be established. 
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