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Abstract: 

In vitro testing of pharmaceutical formulations is an integral part of development of new 

drugs and formulations.  The use of in vitro tests, which have a better in vitro-in vivo 

correlation, allows for a more efficient transition from in vitro testing to animal studies.  

Current testing protocol ignores the method of application opting instead for one-size-

fits-all testing.  In the case of topical spray formulations this may result in ignoring 

physical changes to a formulation that occur during application.  The purpose of this 

study was to develop a diffusion chamber which is capable of receiving a direct spray 

application onto a model membrane for the in vitro evaluation of the diffusion of agents 

from topical spray formulations.  This diffusion chamber, as developed in this 

investigation was coined the Munt/Dash chamber, was validated using two model 

drugs, diclofenac sodium and lidocaine hydrochloride.  Shed snake skin was used as a 

model for human stratum corneum in these studies.  Paired in vitro diffusion studies 

were performed using commercial and lab generated formulas for each drug in both 

Munt/Dash and Franz diffusion chambers.  Diffusion data from the Munt/Dash chamber 

was compared with Franz diffusion chambers and with literature data for in vivo topical 

permeability. For diclofenac sodium the Munt/Dash chamber showed steady state flux 

of 0.22±0.02 and 1.53±0.15 μg/cm2*hour for lab and commercial formulations 

respectively where Franz chambers showed flux of 1.23±0.04 and 0.96±0.08 

μg/cm2*hour respectively for the same solutions.  Significant (p>0.05) differences were 

observed in the permeability and steady state flux of diclofenac and lidocaine.  The 

Munt/Dash chamber produced similar standard error to Franz chambers.  Changes in 
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the concentration of formula components due to drying and changes to the membrane 

due to submersion are likely sources for the observed differences.  Comparisons with 

previously reported in vivo studies were inconclusive suggesting that further paired in 

vivo and in vitro studies would be required to determine if this device does improve the 

in vitro-in vivo correlation.  This study is a first step in the improvement of the in vitro 

evaluation of topical sprays which will reduce development time and increase accuracy 

of early studies. 

Keywords: Topical permeability, Transdermal, Snakeskin, Diffusion Chamber, In vitro 
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Introduction 
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Pharmaceutical remedies have existed since before recorded history, as human society 

has evolved so has our understanding of the complexities of pharmaceuticals.  Today, 

pharmaceuticals have grown to an over one trillion dollar industry worldwide with 

around $450 billion spent on medications in the US alone.  As the Swiss physician 

Paracelsus stated, “Alle Dinge sind Gift, und nichts ist ohne Gift, allein die Dosis macht 

dass ein Ding kein Gift ist.”  Essentially, all things are poison, and nothing is without 

poison, the dosage alone makes it so a thing is not a poison.  We have learned that the 

dose not only makes the poison, but it is also what makes the remedy. In the time since 

Paracelsus we have developed not only an array of drugs and drug delivery systems but 

complicated testing methods to determine how effective a drug or formulation will be 

before it is placed into use.  Testing for the in vitro permeability through biological 

membranes provides us with information on how much of an extra-vascular drug dose 

will reach the site of action or become available for the body to use.    

The concept of testing of in vitro permeability relies on our ability to correlate the data 

obtained using a model system to the actual permeability in a live patient.  Ideally the 

closest matched data would be collected from live human organs or tissues with the 

drug presented just as it would be in vivo.  This however, is often not possible or feasible 

due to the complexity of the system, the expense of obtaining and maintaining live 

tissue, and the lack of availability of live testing platforms.  The continued need for this 

testing has resulted in the development of a number of models to simplify the system 

and to replace live human tissue barriers with alternative barriers based on cultured 

cells, animal tissues, or synthetic barriers.  These models must mimic to a degree the 
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presentation of the drug to the tissue, the barrier of the tissue itself, and the area the 

drug is intended to be delivered to.  In many cases these models have been refined for 

many decades and provide relevant data that correlates well with in vivo data.  

Previous work in our lab involved the development and testing of a topical binary 

sunscreen containing the compounds lawsone (found in red henna), and 

dihydroxyacetone (DHA) (the primary ingredient in most sunless tanning agents)1.  

These chemicals react with each other in solution and need to be either mixed at the 

time of application or applied separately.  As part of this work the production of a binary 

spray application was examined.  In the development of this formulation industry 

guidance was examined for the in vitro testing techniques for topical aerosol or spray 

formulations. 

The United States Pharmacopia (USP) defines an aerosol as a preparation packaged 

under pressure and containing therapeutic agent(s) and a propellant that are released 

upon actuation of an appropriate valve system to produce a fine mist of droplets or 

particles2.  This does not include dosage forms which are not packaged under pressure.  

USP defines a spray as a “preparation containing drug substances in the liquid state 

intended for administration as a fine mist, generated by means other than the use of a 

volatile propellant.”2 The American society for testing and materials (ASTM) defines a 

spray as “a dynamic collection of liquid drops dispersed in gas.”3  For the purposes of 

this project we will be examining application in the context of ASTM’s definition which 

covers both aerosols and sprays as per USP.  Pharmaceutical testing of sprayed 
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formulations provides for a number of tests involving the device, dosage delivery rate, 

and propellant content. Such tests include repeatability of actuations, plume shape, 

flame projection, drug content, propellant purity, moisture content, particle size, spray 

pattern testing, and others3. These tests are focused on finished products as quality 

control tests.  Spray specific guidance, however, is not provided for the early stages of 

formula development where in vitro testing of parameters such as membrane 

permeability would first be tested.  Although formulation and application methods vary 

greatly, all topical formulas receive similar in vitro testing guidance.   

The USP defines a topical medication as any route of administration characterized by 

application to the outer surface of the body.2  Topical formulations are among the 

earliest dosage forms predating recorded history in the form of salves, balms, ointments 

and poultices.  Currently topical formulations make up a growing segment of the 

pharmaceutical industry worth $92.4 billion globally in 2016 and estimated to grow to 

$134.6 billion by the year 20224.  It is of note however, that growth in this sector has 

been so rapid that predictions of industry growth have vastly underestimated the 

growth, a 2010 examination of the market share found that it was valued at just $24 

billion in 2009 and was estimated to grow to only $37.8 billion by the year 20255.  

Although topical formulas predate modern pharmaceutical testing by more than 1000 

years and represent an important portion of the industry, in vitro performance testing 

for these drugs has developed little since the 1980’s when the Franz diffusion chamber 

came into common use and the Bronaugh chamber (a flow through version of the Franz 

chamber) was introduced5,6.   
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Although topical medication can 

include direct application to the 

skin, cornea, or mucosa this thesis 

is aimed primarily at topical 

medications applied to the surface 

of the skin in the form of a 

spray/aerosol. 

Human skin (Figure 1.1) is a 

stratified structure of living and 

dead cells. This structure provides 

one of our primary defenses 

against external changes and 

infection. Human skin consists of 

the primary layers of the epidermis, dermis, and hypodermis.  The stratum corneum, the 

outermost layer of the epidermis, is a layer of dead keratinized cells tightly bound 

together which is shed on a regular basis and acts as the main barrier for many topical 

formulations. The epidermis contains the cells that grow to become the stratum 

corneum as well as pigment cells, hair follicles, and glandular ducting.  The dermis is a 

layer primarily consisting of a fibrous matrix of collagen and elastin.  The dermis is also 

the area of the skin that contains the last vasculature.  In order for a drug to reach 

systemic circulation from the surface of intact skin it must diffuse through the stratum 

corneum and epidermis then into the dermis.  Not all topical drugs require systemic 

 

Figure 1.1.  Schematic of the structure of human 

skin, adapted from Ross M, Pawlina W 

(2011). Histology: A Text and Atlas (6th ed.). 

Lippincott Williams & Wilkins. 



 

6 
 

effect and often due to potential side effects systemic circulation may be undesirable in 

some instances. 

There are a number of different testing methods employed for examining absorption of 

topical formulations through the skin, which is known as percutaneous absorption.  

These methods can be broken down into in vivo, ex vivo, and in vitro methods.  In vivo 

methodology, typically involves the collection of drug samples from the desired layer of 

skin using micro-dialysis (Figure 1.2a) or open flow perfusion (Figure 1.2b).  In both 

methods a receiver buffer is pumped through tubing embedded in a layer or layers of 

the skin.  In micro-dialysis fluid is pumped through a semi-permeable section of dialysis 

tubing and collected.  In open-flow perfusion the buffer is allowed to flow into the 

intercellular and interstitial space before being collected in a second open tube, 

effectively collecting the sample with no barrier.  A third commonly used in vivo 

technique for sampling absorption of topical formulations in the skin is the method of 

 

Figure 1.2.  Schematic representations of common in vivo methods for determining 

percutaneous absorption, a) micro-dialysis of the epidermis and dermis, b) open flow 

perfusion of the epidermis and dermis, c) tape stripping of the stratum corneum.  The 

arrows in a&b represent movement of fluid and drug in the system.   

 a b c 
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tape stripping (Figure 1.2c).  This method involves applying an adhesive strip to the 

surface of the skin and pulling it away with a portion of the stratum corneum intact, 

which may then be collected and drug content determined.  Blood and urine may also 

be collected in vivo for drugs with expected systemic circulation, and in animals, less 

commonly in humans, tissue samples may be directly taken for measurement of drug 

content at each level of the skin.  In vivo studies are considered the gold standard in 

absorption studies but tend to be costly and complicated.  Ex vivo studies utilize live 

tissue removed from a human or animal in much the same way as an in vivo study is 

done.  The full depth skin is most often subjected to micro-dialysis or open-flow 

perfusion and following the study the tissue may be dissected and individual parts of the 

skin examined for drug content.  Ex vivo studies are generally considered more accurate 

than in vitro models as they provide full thickness tissue level perfusion and take 

advantage of microcirculation and other live processes that would be missed in vitro 

models.  Ex vivo studies are again more complicated and expensive to perform than in 

vitro studies as live tissue may be difficult to procure and has a relatively short time 

when it is suitable for use.  In vitro studies are commonly used at early stages of 

formulation development; they have the primary benefit of being inexpensive, easy to 

perform, and allowing high throughput.  Methods for in vitro studies typically consist of 

the use of a donor compartment with test sample, a biological or synthetic barrier 

membrane, and a receiver compartment which may be sampled.  The Franz chamber 

(Figure 1.3a), flow through Bronaugh chamber (Figure 1.3b), and side by side diffusion 
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chamber (Figure 1.3c) are typical in vitro apparatus for determining permeability of a 

compound through a membrane. 

  

The current in vitro testing method for topical formulations which is recommended by 

the United States Pharmacopeia, the Food and Drug Administration, the Organization 

for Economic Co-operation and Development, the European Commission: Scientific 

Committee on Consumer Products, and Colipa - The European Cosmetic and Perfumery 

Association is the Franz diffusion chamber (Figure 1.3) which was introduced by TJ Franz 

 

Figure 1.3.  Schematic representations of common apparatus for in vitro diffusion study 

in cross section: a) static Franz type diffusion chamber, b) flow through Bronaugh type 

chamber, c) side-by-side infinite dose diffusion chamber.  Numeric labels represent 

common features of these chambers including: 1) a donor chamber where donor 

solution is stored, 2) a barrier membrane, 3) a receiver compartment, and  4) a 

sampling port.  Water jacketing is common in in vitro apparatus and is represented in 

the Franz and side-by-side chambers 5).  A minimum pipetted volume to produce even 

coverage is represented in the Franz and Bronaugh chambers 6). 
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in 1978 as a finite dose technique for examining the percutaneous absorption of topical 

medication5-13.  Guidance suggests the even application of 10-12μl per square 

centimeter of barrier, based on the average amount delivered in vivo5-13.  In practice the 

even application of a known volume of 10-12μl per square centimeter to a biological or 

synthetic membrane is a difficult if not impossible task.  Although industry and 

regulatory agencies suggest a biologically relevant volume no guidance is given for the 

application of this volume, or the measurement once applied.  As a result researchers 

have used a number of methods for performing these tests.  The application may be 

rubbed on using a swab, spatula, or gloved finger producing a thin and relatively even 

layer of an unknown quantity.  This option produces a thin layer of an unknown quantity 

which may either not completely cover the diffusion area (if applied while the 

membrane is clamped in the diffusion chamber) or may provide additional material in 

diffusible areas along the edge (if the membrane is coated prior to clamping).  Total 

drug applied to the membrane may be determined by collecting and subtracting the 

drug remaining on the spreading device and subtracting it from the total drug applied.14 

Another option frequently used in testing is the application of a larger volume of 

treatment, either the minimum volume to produce even coverage, as shown in figure 3, 

or an arbitrary larger volume.  Typically, the use of a minimum coverage volume results 

in the use of approximately 100μl or more per square centimeter, roughly 10 times the 

total amount of drug formulation recommended15,16.  

Although there has been a great deal of scrutiny on the in vitro testing of topical 

formulations using Franz and Bronaugh chambers, opinions vary on how best to 
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improve the correlation between in vitro and in vivo data.  However, there is not any 

guidance issued by regulatory agencies for the in vitro-in vivo correlation of data from 

non-oral complex drug formulations17.  In vitro-in vivo correlation for flux through Franz 

chambers is generally assumed to be on a 1:1 ratio with in vivo micro-dialysis 

studies17,18.  Lehman et al. provided a meta-analysis of in vitro and in vivo data which 

showed ratios were seldom 1:1 and ranged from as little as 0.18:1 to as much as 19.7:1.  

Between laboratories in the same study (for multi-center studies) ratios varied from 0.2-

2.1:1 for caffeine and 0.21-2.9:1 for testosterone18.  Lehman did find the average in 

vitro:in vivo ratio to be approximately 1.6, and suggested that studies were skewed by 

unmatched tissue, unmatched concentrations, and lack of study harmonization.  Some 

researchers suggest that accurate results need only to be calculated with receiver 

compartment accumulation taken into account, suggesting that the current testing 

method is less the problem than analytical methods to correlate the data19.  Petró et al. 

suggested that although in vitro Franz studies are an important step in the process for 

formula evaluation that these studies are not acceptable without in vivo backing20.  

Petró owned the difficulties in this to the complicated nature of topical dosage forms 

and the nature of the membranes used in the study. On the extreme end of the 

spectrum, some researchers find that even in vivo micro-dialysis analysis may produce 

misleading data.  Joanneum research group found that standard micro-dialysis provided 

an additional barrier distorting results suggesting open-flow microperfusion as a more 

accurate in vivo or ex vivo technique for determining percutaneous absorption21, 22.  

Other groups find that ex vivo use of micro-dialysis and open flow perfusion both 
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produce similar results23.  Beyond in vitro-in vivo correlation, concerns about inter-

sample and inter-laboratory variability in Franz type chambers have been raised even 

when synthetic membranes are used removing inter-sample variability from biological 

membranes24.  A 2010 study by Ng et al. has attributed this to a number of factors 

including inter-manufacturer variability, evaporation from the donor area, bubble 

formation during sampling, loss of receiver solution, failure to maintain sink conditions, 

variability in stirring efficiency, and incomplete membrane equilibration24.  Ng found 

that prior to equipment validation and correction of variability producing errors, the 

Franz chambers showed a coefficient of variability (standard deviation/mean*100%) of 

25.7%.  Following equipment validation and correction of variability producing errors, 

the Franz chambers showed a coefficient of variability which was reduced to 5.3%. 

Reifenrath et al. suggested in 1994 that the use of a low-volume flow-through diffusion 

chamber can eliminate problems with bubble formation, sink conditions, and excessive 

diffusion of penetrants25. 

In the use of a model system it can be argued that the closer the model is to what it is 

being modeled the closer the data collected will be to the system being modeled.  In the 

modeling of tumor systems processes the gold standard for animal modeling is the use 

of live human explants tumors.  The same may be said of in vitro percutaneous 

permeability studies.  The gold standard being in vivo human studies followed by animal 

models, ex vivo studies, in vitro studies with human tissue, and at the far end of the 

spectrum in vitro studies using simple reconstituted membranes. For the modeling of 

drug delivery through a membrane, although the membrane is important, the process 
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involved in a specific drug dosage form is also an important part of the model.  In the 

case of an aerosol/spray, the application of fine mist to a membrane would theoretically 

provide a thin even coating of drug.  In the Franz chamber specific parts of the process 

are often not modeled.  In particular the effect of the desolvation/drying of a low 

volume of formulation on a membrane barrier is not modeled.  This desolvation could 

result in reduced permeability for some drugs if the solvent is the only available carrier 

for the drug. Because permeability enhancers are sometimes added to topical 

formulations, as the solvent evaporates the drug may be provided with a more 

appropriate carrier for permeation and thus have enhanced permeability.  As previously 

noted, one of the sources of inter-sample variability in Franz chambers is inconsistency 

in desolvation/drying24.  In addition to the behavior of the drug formulation upon drying 

in the case of topical spray delivery to the skin the biological membrane of the stratum 

corneum is involved.  Under in vivo topical delivery the volume delivered is negligible 

and does not result in swelling of the skin.  However, the submerged stratum corneum 

can swell 200-400% from its initial 9-200um dry thickness (depending upon the site and 

exposure time) 26, 27 in the case of Franz diffusion studies.  This swelling can theoretically 

increase permeability by providing a solvent path through the tissue and by interrupting 

the integrity of the barrier; Warner et al. showed in 2003 that the ultra-structure of the 

stratum corneum is disrupted by swelling28, 29.  Swelling of the stratum corneum with 

aqueous solvent may also reduce the permeability of some drugs by simply increasing 

the distance the drug must travel to penetrate the barrier29.  Finally, in the design of the 

chamber itself the use of a horizontally placed membrane may result in the trapping of 
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air bubbles next to the diffusion surface during sampling or as a result of bubbles 

passing through a flow through apparatus.  In the existing diffusion chambers using 

vertically placed membranes bubbles tend to aggregate at the sampling port rather than 

near the membrane.  If bubbles do collect or form near the membrane when placed 

vertically they can be easily removed by slightly tilting the chamber. 

Based upon the review of the industry guidance, literature, and information on other 

modeling systems it can be said that the use of in vitro models is an important part of 

early formulation development where costs must be kept down and where ease of use 

and a high throughput are essential.  An ideal in vitro device would lend itself to 

mimicking the physical aspects of topical drug application to make the even application 

of a small volume of sample a simpler task.  The device should have a vertically mounted 

membrane to prevent the formation of bubbles at the barrier interface. The device 

should be versatile enough to accept any biological or synthetic test membrane.  The 

use of an ideal device will provide more regular data that more closely correlates to in 

vivo data than that of the recommended Franz diffusion chamber without compromising 

ease of use or availability.    
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2.1 Introduction 

In the testing of a topical spray formulation such as a binary spray sunscreen previously 

in development in our lab, the permeability of the components is of particular interest.  

Where drying occurs the chemicals undergo a modified Maillard reaction to produce a 

deep coloration with broad spectrum UV absorbance.  If the formulation penetrates too 

deep oxidative stress and the formation of advanced glycation end-products may occur.  

For these formulations lab scale testing needed to be done to examine the physical 

characteristics (such as particle size, particle count, and percentage mixing) of the 

experimental spray.  Due to the nature of the reaction being examined it also became 

apparent that in order to accurately determine penetration of a formulation that 

requires drying as part of its action to a method for delivering a known volume in a thin 

even layer would also to be developed.  

2.2 Syringe pump sprayer development. 

Previous work in our lab involved the reformulation of a binary sunscreen with lawsone 

and dihydroxy acetone (DHA) as the active ingredients to be combined at the time of 

application.  One proposed method for application was the use of a binary spray system.  

In the process of the preparation of this spray the following questions were taken into 

consideration: 

1. How to deliver a regular fixed dose of a sprayed formulation? 

2. How to physically evaluate a sprayed formulation? 

3. How to evaluate the permeability characteristics of a sprayed dosage form? 
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2.2.1  How to deliver a regular fixed dose of a sprayed formulation? 

The dosing required for this dual component sunscreen required the components to be 

mixed either immediately prior to, during, or following the application as the 

components begin to react with each other in solution.  For a spray dosage form the 

obvious options were to have 2 distinct applications, to have a formula that must be 

mixed immediately prior to use, or to use an applicator that applied both substances 

simultaneously.  As patient compliance was a concern even at this early stage 

simultaneous application was considered.  In order to avoid potential variability in 

sprayed volume we examined systems in which we could control as many factors as 

possible.  To get a spray at a fixed rate, volume, and distance using this system we 

elected to examine a number of dual syringe based spraying systems (Figure 2.1 

Nordson Micromedics, Westlake, OH) driven by a modified variable speed high power 

syringe pump.   In brief the design was made as follows:  

A United Motor Co. Pulse Reverb 24v 

100W electric motor (MY6812) was 

given direct drive of 3 inch plate 

assembly with a linear geared base.  

Syringes were clipped into a fixed 

aluminum mount and plungers were 

clipped into a bracket on the drive 

plate of the pump.  A  RioRand 
Figure 2.1 Nordson Micromedics Fibrijet® 

Dual (A), Mixing (B), and Blending (C) spray 

nozzles. 

A B C 
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Adjustable DC motor Speed (pulse width modulation) PWM controller with reversing 

switch (X000JMKVGX) was used to set the pump speed and direction. This device as 

developed for early testing is shown in Figure 2.2.   The development of this variable 

speed high power syringe pump was a necessity as standard syringe pumps are not 

designed to produce fast movement even over a short distance.  A high powered motor 

with gear based drive was required to prevent any lag in the start of a spray and to 

provide a spraying rate/force that was not significantly impacted by the changes in 

pressure through the spraying process or through the use of different solvent systems. 

 

Figure 2.2  Spray assembly consisting of a 24v 100W electric motor (a), a plate 

assembly with a linear geared base (b), syringes clipped into a fixed aluminum mount 

(c), plungers clipped into a bracket on the drive plate (d), an adjustable DC motor 

Speed PWM controller (e) with reversing switch (f), and a regulated switching power 

supply (g).  
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2.2.2 How to physically evaluate a sprayed formulation? 

Pharmaceutical evaluation of aerosol/sprayed formulations involves testing number of 

factors related to the device, the propellant and the test solution3.  For our work in the 

early formulation stages we needed to examine the reliability of the spraying device, the 

spray pattern produced by the device, the particle/droplet size produced by the device, 

and the ability of the device to mix both the incompatible agents during the application 

process.  Moreover, at this early stage of development we needed to examine how 

changes in the physical properties of test solutions can affect the properties of a spray.  

The three physical properties tested included the density, viscosity, and surface tension 

of the solution.  We expected changes to these properties to impact the mixing, particle 

size, and spray coverage parameters30.  Additionally, we anticipated the distance of the 

spray may impact the above parameters. 

Typically the examination of spray pattern is done by spraying the final formulation onto 

an absorbent paper coated in powder containing dye which becomes wetted on impact 

and adsorbs into the paper.  This may then be quantities.  Although newer devices 

relying on pressure or capacitance do exist for this determination absorbent paper is still 

an acceptable method3, 31, 32.  The analysis of the particle/droplet size of a sprayed 

formulation is typically done using a pharmaceutical impactor (which delivers a rough 

aerodynamic diameter) or using a light scattering /diffraction technique3.  Some of the 

pressure and capacitance based devices for spray pattern determination also provide 

droplet size information31. Mixing of droplets from a dual spray nozzle could be 
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examined by HPLC or by using a visual indicator.  For the requirements of our 

experiments we elected to use the adsorbent paper test for all three measurements.  

Using dyed solutions rather than on paper dye we are able to determine the mixing as 

well as the spray pattern at the same time.  The use of 300# watercolor paper as an 

adsorbent sheet allowed nearly instant absorption of particles, that allowed a 

reasonably accurate determination of particle/droplet size in two dimensions. 

To examine the effects of surface tension, viscosity, density, and sprayed distance affect 

the mixing, droplet size, and total spray coverage, three solution sets were prepared 

with varying physical properties and sprayed from 6-12 inches spray distance in 1 inch 

increments (Figure 2.2).   FD&C dye solutions were prepared immediately prior to use in 

0.45 µm filtered deionized water(FD&C Blue #1 and FD&C Yellow #5), Methanol (FD&C 

Blue #1 and FD&C Red #3), or 1:1 (v:v) Propylene Glycol: Methanol solution (FD&C 

Green #3 and FD&C Red #3) at a concentration of 10mg/ml.  Solution density was 

determined at 20°C using a Mettler-Toledo DM50 densitometer. Surface tension 

measurements were made at 25°C using a Krüss K100 plate style automated 

tensiometer.  Viscosity measurements were made at 25°C using a Brookfield DV1 

viscometer using a #1 spindle at 30rpm.  All measurements were made in triplicate the 

mean testing results ± standard deviations are shown in table 2.1.    
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Table 2.1 Physical characteristics of solutions for spray testing 

 

Adsorbent sheets from spray testing were digitized at 1200dpi, separated into red, 

green, and blue layers (Figure 2.3), then analyzed using Metamorph® image analysis 

software at the Creighton University Integrative Biological Imaging Facility.  

Representative spray images from all nozzles and using all solutions at 6” are shown in 

figure 2.4.  The data produced was then analyzed by solution, distance, and nozzle type 

to provide information regarding mixing percentage (Figure 2.5), droplet count (Figure 

2.6), particle size (Figure 2.7).  

In the case of the dual spray nozzles particle/solution mixing had to be determined, 

however this mixing may occur at different ratios.  For these analysis droplets which 

  Density (g/ml) 
Surface Tension 

(mN/m) 
Viscosity 

(cps) 

Water 
Yellow #5 1.0031 ± 0.0001 72.307 ± 0.051 2.0 ± 0.0 

Blue #1 1.0018 ± 0.0000 67.021 ± 0.979 2.0 ± 0.0 

Methanol 
Blue #1 0.8005 ± 0.0000 22.575 ± 0.081 1.2 ± 0.0 

Red #3 0.8023 ± 0.0001 22.541 ± 0.220 1.2 ± 0.0 

Propylene Glycol And Methanol 
Green #3 0.9265 ± 0.0001 28.889 ± 0.047 4.1 ± 0.2 

Red #3 0.9256 ± 0.0002 28.848 ± 0.169 4.0 ± 0.0 

Figure 2.3.  Detail of digitized spray pattern (dual spray nozzle at 6” using dyed 

water) showing original scan (A) and red (B), green (C), and blue (D) separations used 

for data analysis. Droplets are shown to be roughly circular with little impact spatter.  
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displayed at least 10% of both solutions were considered to be mixed (i.e. from a 

10:90% mix to a 90:10% mix).  Droplets outside of that range were considered to be of 

the primary solution.  

 

 

Figure 2.4.  Representative spray blots for all solutions and nozzles.  All example blots 

represent 100 µl sprays of a selected solution (top) from 2 syringes (200 µl total 

spray)  using a selected nozzle (left) at a distance of 6” onto 300lb watercolor paper. 
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Figure 2.5. Percent mixing of dyes using various solvents.  The percentage mixing was 
calculated by dividing the total mixed area by the total covered area. Error bars 
represent standard deviation for each measure. PG (propylene glycol), N=3 
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Figure 2.6.  Particle count by nozzle type and solvent for the dual spray nozzle (A), 

the mixing nozzle (B) and the blending nozzle(C) for spray distances from 6 to 10 

inches. Error bars represent standard deviation for each measure. PG (propylene 

glycol), Met (methanol)  N=3 
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Figure 2.7.  Average cross sectional particle sizes by nozzle type and solvent for the 

dual spray nozzle (A), the mixing nozzle (B) and the blending nozzle(C) for spray 

distances from 6 to 10 inches. Error bars represent standard deviation for each 

measure. PG (propylene glycol), Met (methanol) N=3 
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From this analysis it was quite evident that with this solution set viscosity had a major 

effect on the spray parameters. Higher viscosity resulted in a significantly (p <0.05, 

Student’s T-test) lower particle size and significantly (p <0.05, Student’s T-test) higher 

particle count as compared to other solutions.  Lower viscosity resulted in a significantly 

(p <0.05, Student’s T-test) higher mixing as compared to other solutions.  Although 

these changes were not proportional to the change in viscosity, changes in particle size 

did show a trend to that effect.  Although the particle size and count was significantly (p 

<0.05, Student’s T-test) different between solvent sets, the overall surface area covered 

was not significantly different.  With these solvent sets, density and surface tension did 

not appear to have a major effect on particle size, count, mixing or area covered.  Spray 

distance showed a non-significant (p >0.05, Student’s T-test) trend to lower particle size 

at greater distance.  

2.2.3. How do we evaluate the permeability characteristics of a sprayed dosage form? 

Previously we have published data on the transdermal permeability of lawsone and DHA 

used in combination through pigskin in a side by side diffusion apparatus.  One 

reasonable comment from the reviewers was that the infinite dosage model that would 

be represented using a side by side diffusion chamber for this purpose would not truly 

represent a dosage form applied topically.   FDA, USP, and other regulatory agencies 

recommend the use of a Franz type diffusion chamber to examine transdermal 

permeability of substances.  Although they provide a guideline on the volume of test 

solution to be applied to a particular surface area (10-12 μl/cm2) there is not a great 
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deal of guidance in how to apply this volume.  Typically the way a Franz chamber is used 

is that either a sufficient volume to produce an even coverage of the membrane surface 

is placed into the donor chamber or a small volume is spread onto the surface of the 

membrane prior to mounting it in the chamber.  Each of these methods has significant 

drawbacks.   

In the spreading of material onto a pre-equilibrated membrane (as is required in most 

topical permeability studies), the membrane may be damaged while the solution is 

applied.  Additionally the exact volume (and thus the dose) applied to the donor portion 

may not be determined with precision, although it may be accurately weighed following 

application, a portion of the membrane may receive no coverage or portions outside of 

the donor surface may receive drug.  When spreading onto a membrane the dose may 

not be applied to the membrane in the test chamber introducing the risk of 

contaminating the receiver surface with donor solution.  Finally, the lag time as the drug 

penetrates the membrane may be significantly altered due to the time between 

application and the introduction of the membrane to the test chamber.   

In the application of a sufficient volume to produce even coverage of the donor surface 

an essentially infinite dosage model is again created.  Additionally if a test solution has 

properties dependent upon drying or exposure of the test surface to air this would 

either not be present or may be substantially altered in this model.  Loss of solvent from 

the test formulation during and after application may hinder permeation if the drug is 

no longer in solution, or it may enhance permeation if the solvent system is 
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concentrated into a more appropriate carrier solvent (such as by the use of penetration 

enhancers) as solvent is lost. 

The lawsone DHA sunscreen being examined in a previous study in our laboratory, 

would be a topical spray and would experience solvent drying following application.  

Additionally this sunscreen relied on a Milliard type reaction and was dependent upon 

exposure to oxygen following the permeation both drugs through the stratum corneum.  

This suggested that the use of a Franz chamber may not be an ideal model for use in the 

development of this topical spray formulation.  

In consideration of these drawbacks of the Franz chamber in the testing of a topical 

spray formulation we considered that it may be possible to spray dosed test solutions 

directly onto a diffusion chamber using the syringe pump sprayer developed previously. 

To produce useful data for a biological system the new chamber would have to be water 

jacketed (or capable of being made water jacketed) so that it could maintain a 

temperature of 32°C.  It would need to be able to be sampled while maintaining the 

integrity of an air interfaced membrane.  The chamber would need to be able to hold a 

membrane vertically without leaking, causing sprayed solution to gather on the 

membrane, and without interfering with the spraying process.  Finally, for this chamber 

to provide useful biological data when the test solution is applied the volume should be 

applied evenly, the dose should be fixed, and the dose should be within the 

recommended guideline of 10-12μl/cm2. 
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Presented with this challenge a prototype chamber was constructed using a 50ml 

polypropylene conical tube, a 15ml polypropylene conical tube, 1ml polypropylene 

syringes, sheet acrylic, silicone caulk, and fusible plastic epoxy resin. Briefly the 15ml 

conical tube was cut to produce a 4ml receiver chamber which was fitted to hole on one 

acrylic sheet.  A 50ml conical tube was cut and fitted to provide a water jacketing area 

for the device.  A hole was drilled through the 50ml and 15ml tubes while assembled.  A 

segment of syringe was fitted to this hole for use as a sample port.  Two additional holes 

were drilled into only the 50ml tube to serve as a flow path for the water jacketing 

system with two more segments of syringe used as ports for flow.  All tubes were then 

epoxied together and to the first acrylic sheet to produce the completed receiver 

chamber.  The second acrylic sheet was drilled to produce a hole to match the 15ml 

tube opening and holes were drilled into each corner to allow the assembly to be bolted 

together.  Finally a thin layer of silicone caulk was applied to the interface surface on 

both the donor and receiver plates to serve as a gasket.  The completed chamber (with 

dyed solutions added for contrast) is shown in figure 2.8. 
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This prototype device was needed to test the feasibility of this chamber design.  To test 

this device both the volume sprayed onto the donor surface and the diffusion of FD&C 

dye through a dialysis membrane were carried out.   

To examine the volume sprayed onto the diffusion area of the chamber, 100 µl of water 

from each of 2 syringes onto pre-weighed ¾” square sections of 100# watercolor paper 

placed into the prototype diffusion chamber from a distance of 8” (as determined by the 

spray testing).  The weight of the paper before and after the spray was used to 

determine the volume sprayed.  To account for the high variability observed in the spray 

pattern testing this experiment was done at an N of 10.  Sprays resulted in a spray 

volume of 3.1±0.92 µl/cm2 (4.125±1.22 µl total volume). Although these values were 

outside of the recommended volume it was suggestive that the sprayed volume could 

be adjusted to produce a spray within the guidelines.  Although the standard deviation 

produced was a concern there were also a number of points of error noted during these 

experiments.  First, although the donor chamber was very small it still extended 

Figure 2.8.  Prototype diffusion chamber (A) and schematic (B), representing the 
sample port (a), receiver chamber (b), water jacketing in and out ports (c and d), 
donor chamber (e), silicon gaskets (f), and donor plate (g). 
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approximately 5mm from the surface of the membrane and did cause slight interference 

with the spray.  It was also noted that the design of the sprayer allowed for variability in 

the spray at the end of the spray.  These studies suggested that design changes were 

necessary for both the chamber and the sprayer. 

For the initial diffusion study a ¾” square section of 2kd regenerated cellulose dialysis 

membrane that had been equilibrated in water for 1 hour was placed between the 

gasket of the receiver chamber and the donor plate.  The receiver chamber of the 

prototype diffusion chamber was filled with water (4ml).  The diffusion chamber was 

then placed 8” away from the spray apparatus in the center of the spray zone and 100 µl 

of colored dye (10 mg/ml FD&C Blue #1) was sprayed from each of 2 syringes onto the 

membrane (~5 µl total test solution delivered to the diffusion zone) using the dual spray 

nozzle.  Every 30 minutes, 100 µl of sample was removed from the receiver chamber 

and replaced with 100 µl of water.  The diffusion studies were carried out over 3 hours.  

Test samples were analyzed at 630nm on a Synergy H1 plate reader.  This experiment 

was carried out in triplicate, results ± standard deviations are shown in figure 2.9.  
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High standard deviation was observed in this diffusion study.  However, in addition to 

the expected errors noted in the spray volume study this study also showed the need 

for a guard plate to prevent overspray and facilitate the removal of test solution that 

would have sprayed onto the surface of the donor plate.  Despite this error, the device 

showed a diffusion profile consistent with the simple concentration driven diffusion of a 

hydrophilic drug through a hydrophilic membrane.  There were no leaks detected and 

the outer surface remained stable and dry throughout the experiment.  Diffusion studies 

showed nearly 100% theoretical delivery by 3 hours (29±13 µg total delivery, theoretical 

100% delivery = 41.25 µg). 

Together these data suggested that the device with procedure refinement would be a 

viable model for measuring the permeation of a substance across a membrane from a 

 

Figure 2.9. Diffusion of FD&C Blue #1 through 2kd dialysis membrane using prototype 

spray chamber.  Error bars represent standard deviation for each measure.  N=3 
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spray formulation.  The generation of this refinement and the validation of the 

subsequent second stage prototype is the focus of the remainder of the work of this 

thesis.   

2.3 Objective, Hypothesis, and Specific Aims 

This thesis proposes that a diffusion chamber developed to accept a metered dose of a 

topically sprayed formulation which may then dry onto the membrane may produce a 

better in vitro-in vivo correlation than that seen in the use of a Franz chamber using a 

minimum volume of drug solution without the use of complicated mathematical 

algorithms to fit the data.   

The objectives of the work in this thesis were threefold.  First, to refine the Munt/Dash 

chamber and syringe pump sprayer to produce sprayed volumes of 10-12 µl/cm2 and 

with comparable standard error to Franz chambers.  Second, to compare and contrast 

Munt/Dash chamber versus Franz chambers in topical permeability studies using well 

studied test drugs.  Third to validate the Munt/Dash chamber by comparison of data 

obtained during topical permeability studies versus previously published in vivo data.   

The hypothesis of these studies was: 

The Munt/Dash chamber models in vitro permeability through the skin for topical spray 

applications more accurately than the Franz diffusion chamber.  

To test this hypothesis we will examined the following three aims: 
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Aim 1: Develop a refined prototype air interface diffusion chamber (Munt/Dash 

chamber) and sprayer. 

Aim 2: Contrast differences and compare the observed variance in data obtained using 

Munt/Dash and Franz chambers. 

Aim 3: Validate Munt/Dash results via comparison with published in vivo data.  

Aim 1: Develop a refined prototype air interface diffusion chamber (Munt/Dash 

chamber) and sprayer 

In the preliminary work a number of refinements that could improve the functionality of 

both the syringe pump sprayer and the prototype diffusion chamber were noted.  With 

regards to the sprayer the following improvable points were noticed: 

• The force of the motor would occasionally twist the sprayer causing the spray to 

move off target.   

• The friction based coupling had a certain amount of elasticity to causing variable 

inertia at the end of the spray. 

• The rubber bumper used to stop the motion of the syringe carriage would 

compress to different degrees between sprays that resulted in varying inertia of 

the carriage. 

• The motor remained on following the spray contributing to the inertia and 

twisting problems.  This also threatened damage to the motor and mounts. 
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In addition to the sprayer factors that may have contributed to high variability noticed in 

the preliminary studies, there were also several points of improvement noted for the 

chamber itself. 

• The use of a permanent gasket made the device difficult to clean and lacked 

durability. 

• Long sample ports created potential dead volume. 

• The donor area, although small, was approximately 5mm deep and may have 

interfered with sprays or resulted in pooling. 

• The face of the donor plate was covered in spray which could add to the sample 

in the donor area by flowing into it.  

• The materials used were inappropriate due to both durability and potential 

interactions with test solutions. 

Aim 2: Contrast differences and compare the observed variance in data obtained using 

Munt/Dash and Franz chambers 

and 

Aim 3: Validate Munt/Dash results via comparison with published in vivo data 

 To examine the second and third aims a number of commercial formulations with 

varying physical/chemical properties as well as varying ‘intended’ diffusion patterns 

were tested for membrane permeability.  Diclofenac sodium and lidocaine 

hydrochloride are commonly used in topical formulations and commercial spray 
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formulations are available for both drugs.  These drugs have also been well described in 

literature through in vitro and in vivo experimentation. In addition to established 

commercial formulations, simplified formulations were also examined by selectively 

removing the ingredients designed to control or enhance permeability while 

maintaining the relative solvent content of the formulation.  These lab formulas will 

provided similar overall solubility for the drug but changed the way the formulation 

behaved as the solvent is evaporated.   Commercial drug formulations were contrasted 

with Franz chamber data as well as data obtained using simplified formulations at both 

room (25°C) and skin (32°C) temperatures.    Testing of these drugs in both commercial 

formulations and altered/simplified formulations allowed us to distinguish how changes 

in the formulation impacting the diffusion data in the Munt/Dash chamber as compared 

to the Franz chamber. The goal of aim 2 was to determine if and under what conditions 

the Franz chambers and the spray chamber were able to discern differences between 

formulations, and if different conclusions would be drawn from permeability studies 

based upon the chamber used. The goal of aim 3 was to correlate these data with 

previously published in vitro and in vivo data.   
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Chapter 3 

Refinement of Munt/Dash 

chamber and syringe pump 

sprayer 
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3.1. Introduction 

The first specific aim involved refinements to the early stage prototype high speed 

electric syringe pump and the spray chamber to improve the repeatability of the device.  

This chapter will address the changes made to each device.  The proof of concept 

studies (Chapter 2) suggested that the devices could be used to study the in vitro 

permeability of a substance across a membrane exposed to an air/liquid interface.  The 

first prototype chamber described in Chapter 2, however, produced high standard 

deviations in the diffusion studies.  During the initial testing a number of potential 

improvements were noticed.   

• The motor twisted the sprayer causing the spray to move off target.   

• The coupling between the motor and syringe carriage was too elastic. 

• The syringe carriage would variably compress the rubber bumper stop. 

• The motor remained on following the spray.   

• The permanent gasket was not durable and a potential source of contamination. 

• Dead volume was noticed in long sample ports. 

• The receiver chamber was not mixed. 

• The donor “chamber” was too deep causing spray interference and/or sample 

pooling. 

• The exposed donor plate was a source of contamination. 

• The exposed sample port was a source of contamination.  
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• Chamber materials needed to be changed to improve durability and 

compatibility. 

This chapter focuses on addressing these upgrades and the production of a second stage 

refined sprayer. 

3.2 Syringe pump sprayer refinement 

 

 A schematic representation of the syringe pump sprayer is seen in figure 3.1.  Because 

spray-able formulations have a limited range of viscosities in the application of a spray, 

force is less important than speed.  The use of a linear geared plate, to depress the 

syringe plunger, provides greater speed than the standard screw type drive seen on 

most syringe pumps which provide a great deal of force at a very slow rate.   This allows 

the production of a syringe metered volume of liquid through a spray nozzle with an 

 

Figure 3.1.  Schematic representations of conceptual syringe pump spray apparatus, 

demonstrating a fixed position holder for the syringe body with a linear gear driven 

presser for the plunger. The gear a) coupled to an adjustable speed electric motor (not 

shown) can quickly drive a fixed volume of sample through the commercially available 

spray nozzle b) at a repeatable and adjustable rate. 

b 

a 



 

39 
 

adjustable speed to account for any differences in spray properties caused by density, 

viscosity, or surface tension.  The original design of this device had a number of flaws 

resulting in an unacceptably high standard deviation in sprayed volumes. The gear 

(Figure 3.1 a) was coupled to the motor using a friction-based connection. A friction-

based connection was used to reduce the strain on the mounts for the syringe carriage 

causing it to twist and on more than one occasion to break.  The friction based 

connection, however, would flex at the end of the actuation.  This flexion caused 

changes in the rate and extent of the spray.  Additionally, the motor was physically 

stopped by a stiff rubber pad and the power to the motor was not automatically 

stopped.  With the motor running the pad would compress to varying levels again 

contributing to variability in the rate and extent of the spray.  To rectify this problem the 

friction-based coupling was replaced with a stiff aluminum coupling and an electronic 

cut off was added in addition to the rubber stop (Figure 3.2). 

 

 

Figure 3.2 Improvements to the syringe pump sprayer stops (A) and coupling (B).  

Electronic cut off switches (a) were added to the carriage mount to remove power to 

the motor when the carriage hits the rubber stop (b) or when it is pulled too far back.  

A machined aluminum coupling (c) was added with a floating joint to prevent wobble 

from any misalignment. 
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By doing this the rubber stop will only be 

required to overcome the inertia of the non-

running motor.  Another problem noted during 

preliminary studies was that the force of the 

electric motor when it hits the stop would cause 

the device to twist.  Although the addition of the 

cutoff switches would help with this problem, in 

order to fully correct the twisting problem the 

motor, syringe, and carriage mounts would need 

to be improved such that the motor could not 

twist the device.  To prevent the motor from 

twisting, it was mounted directly to a reinforced 

device casing (Figure 3.2 B and Figure 3.3 A).   To 

prevent the sprayer from twisting, the plastic 

syringe mounts were fixed to a machined aluminum mount which was then fixed to the 

carriage (Figure 3.3 C).  The carriage mount was updated to a machined aluminum 

mount which was attached to a reinforced base holding the entire device (3.3 B).  

Finally, electronic components were compartmentalized into a thick walled reinforced 

plastic container to improve the structural stability of the device and to reduce chances 

of electrical shock (Figure 3.4). 

 

Figure 3.3 Improvements made to 

the motor mount (A) syringe mount 

(B) and carriage mount (C). 
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Figure 3.5 Schematic representation of the refined 

chamber for in vitro diffusion study in cross section 

(A) and front view (B).  Numeric labels represent 

common features shared with other chambers: 1) 

a donor chamber where donor solution is stored, 

2) a barrier membrane, 3) a receiver compartment, 

4) a sampling port, and 5) water jacketing. 

 

 

3.3 Spray chamber refinement 

In addition to the refinements in 

the syringe pump sprayer, a refined 

secondary prototype may be made 

to produce more reliable data in 

the permeability sprayed solutions.  

The second stage concept device 

also uses a vertically mounted 

membrane which is clamped into 

place using screw type fittings 

(Figure 3.5).  Functional changes to the second stage prototype involved changing the 

donor chamber from an acrylic plate to a stainless steel plate and beveling the edges of 

 

Figure 3.4 Improved device casing from the side (A), front (B), detail of control panel 

(C) and internals (D).  In addition to the reinforced casing that completely surrounds 

the device electronics and acts as attachment points for the motor and sprayer (A 

and B) a control panel was added (C) with controls (from left to right) for direction, 

power level, and a power switch.  All electronics were secured inside of the device 

(D) to prevent any risk of electric shock. 
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the donor area to prevent interference with the sprayed solution, and to direct any 

surface drips away from the opening.    

Additionally, the use of stainless steel and glass are less likely to adsorb or react with 

any test chemicals. Silicon on-chamber gaskets were replaced with removable Teflon 

foam gaskets which will make the device easier to clean and make it easier to mount 

membranes.  The use of a steel clamping plate and Teflon foam gaskets will allow the 

use of thin synthetic membranes to full thickness skin as required by the scenario 

without sacrificing the water tight seal. The device may use a single overhead sampling 

port, when the maintenance of drug sink conditions is not an issue, at the rear center of 

the chamber to prevent the collection of bubbles at the membrane interface.  In the 

case of poorly soluble drugs where sink conditions may be an issue the new prototype is 

also equipped with multiple ports to allow flow-through collection of sample.   To 

ensure proper dispersion of the drug in the receiver chamber, a magnetic stirrer was 

placed in this chamber.  To prevent stagnant areas that do not mix in sampling ports, 

these ports have been kept short having little to no volume of their own.  As 

percutaneous absorption studies are most frequently done at skin temperature 32°C or 

body temperature 37°C, the chamber was made water jacketed to maintain the needed 

temperature.  With the use of Autocad® this prototype design is formatted into a 

working schematic (Figure 3.6). 
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Following the conceptual design of the new spray chamber, PermeGear, Inc. was 

enlisted to build the refined spray chamber incorporating all of the design changes 

(Figure 3.7). Once the new chamber was built, in order to prevent contamination due to 

accumulation of spray on the donor plate and overspray that may contaminate the 

sampling ports, the device needed to be fitted with a removable guard.  A number of 

different overspray protection guards were designed and tested.  After some trial and 

error a design that enveloped the entire chamber was chosen leaving the sides open to 

Figure 3.6  Schematic layout of second stage prototype diffusion chamber with details 

showing the diffusion area (a), receiver chamber (b), sample ports (c), water-jacketing 

in and out ports (d and e),  magnetic stir-bar recess (f), Teflon gaskets (g), and test 

membrane  (h). 
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allow water jacketing tubing to remain attached while the device was inserted (Figure 

3.8). 

 

 Due to the unusual shape of the chamber, 

magnetic stirrers designed for use with side-

by-side diffusion chambers had to be 

modified to accommodate the spray 

chambers (Figure 3.9).  One of the acrylic 

magnet covers was removed and resealed 

with clear tape to allow a flat area for the 

spray chamber to set.  Neodymium magnets 

were epoxied onto the existing magnetic 

rotor to account for height differences with side-by-side diffusion chamber.  A splash 

guard was also added to protect exposed electronics from spray. 

 

Figure 3.8 Final overspray guard plate design shown 

next to the spray chamber (A) and assembled with the 

spray chamber (B). This guard design covers the 

sampling ports and donor plate while allowing the 

donor opening to fit flush with the guard so sprays are 

not interfered with. 

 

Figure 3.7 Second stage 
prototype spray chamber built 
by PermeGear, inc.  
(Hellertown, PA). 

 

Figure 3.9 Modifications made to 

magnetic stirrer include the removal of 

the acrylic magnet cover (a), the addition 

of neodymium magnets (b), and the 

splash guard covering electronics (c). 
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3.4 Testing the refined spray chamber and syringe pump sprayer 

With the refined syringe pump sprayer and spray chamber completed, sprayer reliability 

of sprayed volume testing needed to be done prior to doing permeability testing.  For 

this experiment we used ¾ inch square pieces of 300# watercolor paper.  The squares 

were first weighed then clamped into the spray chamber.  Deionized water was then 

sprayed onto the paper.  Immediately following the spray the paper was removed and 

reweighed.  Because preliminary studies provided 3-6 μl/cm2 from 200 μl total spray 

(100 μl from each syringe) at 8” distance, spray volume testing was done using both 200 

μl (100 μl from each syringe) and 400 μl total spray (200 μl from each syringe) at 8”.   

In these studies delivered volume per surface area was calculated as follows: 

Delivered Volume/Surface area =    
(Paper Mass Final – Paper Mass Initial) 

Water density (0.9982 mg/μl)*Area (1.04 cm2) 
 

Scheme 3.1 Determination of delivered volume per surface area. 

Analysis of the sprayed volume showed 10.09±1.22 μl/cm2 (n=10)  and 5.06±1.87 μl/cm2 

(n=6) delivered when 400 μl or 200 μl respectively were sprayed.  This study shows the 

refinements to both the sprayer and the chamber have produced a delivery with an 

acceptable level of error.  Additionally, as the suggested test volume for topical 

permeability studies is 10-12 μl/cm2, these data suggest that spraying 400 μl total would 

produce an appropriate testing spray for further validation studies using drug 

substances. 
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In connection with device development we have filed for a US patent, the application 

has been accepted and as of this writing we are awaiting a final issue number.  Within 

the patent application the device has been named the Munt/Dash diffusion chamber. 
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Chapter 4 

Validation of the Munt/Dash 

chamber using diclofenac as 

the model drug 
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4.1 Introduction 

Diclofenac sodium (Figure 4.1) is an non-steroidal anti-inflammatory drug used for the 

treatment of pain and inflammation. Diclofenac is available in a wide range of dosage 

forms and may be dosed as oral, parenteral (intravenous, intramuscular, intraperitoneal, 

etc.), and topical.   As a topical medication diclofenac is available as creams, gels, 

patches, and sprays.    Diclofenac has a molecular weight of 296.1 Daltons, and is 

hydrophobic with a reported octanol/water logP of 4.51 and mildly acidic with a 

reported pKa of 4.15 33-35.  Diclofenac must penetrate through the epidermis and into 

underlying tissues to perform its action.  Voltaren® is a commercial topical spray 

formulation of diclofenac produced by Novartis Germany.  Although this formulation is 

not available on the US market it may be imported.  Importantly, human in vivo micro-

dialysis testing using this specific formulation has been previously published36.  

Diclofenac has an average flux through human skin in vivo of 0.12-2.1 μg/cm2/hr 

(1.04±0.9 μg/cm2/hr), and 4-

6.6 μg/cm2/hr in vitro through 

human skin36-44.  The specific 

case of diclofenac provides 

that the commercially 

available formulation has been  

Figure 4.1 Diclofenac sodium chemical structure. 
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tested in vivo allowing for a direct correlation of results obtained from these studies to 

those previously published36.  It is for these reasons that diclofenac was chosen as a test 

drug for the Munt/Dash diffusion chamber. 

For these studies, shed snakeskin was chosen as a test membrane. Previous studies have 

shown shed snakeskin to be a reasonable model for human stratum corneum37-41.  

Although thicker than most the stratum corneum on most surfaces of the human body, 

the keratin composition of the shed snakeskin is similar to that of human stratum 

corneum.  As the primary goal of these studies is to compare the permeability of 

diclofenac through shed snakeskin using both the Munt/Dash chamber and the Franz 

chamber our analysis will not be impacted by this difference.  Additionally shed 

snakeskin is abundantly available and can be easily prepared for permeability studies. 

4.2 Materials 

Methanol, Isopropanol, propylene glycol, Dibasic Sodium Phosphate, Monobasic Sodium 

Phosphate, and Diclofenac sodium were obtained commercially from Thermo Fisher 

Scientific (Pittsburg, PA). Dulbecco's phosphate-buffered saline was purchased from 

Sigma Aldritch (Burlington, MA).   Soy Lecithin (hlb 7) was obtained from The Herbarie 

(Prosperity, SC).  Voltaren® (Novartis, Germany).  Fibrijet® Blending Connector spray 

nozzles were obtained from Nordson Micromedics (Westlake, OH). Shed snakeskin was 

obtained from the Henry Doorly Zoo in Omaha Nebraska. 

4.2.1 Solutions 
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Lab formulation #1 was a diclofenac formulation consisting of diclofenac sodium 4% 

(w/v) dissolved in a solution of water (74.5% v/v),  isopropanol (25% v/v), propylene 

glycol (1.5%w/v), and soy lecithin (HLB 7, 1% w/v).  This formula was prepared by first 

dissolving soy lecithin into water; isopropanol and propylene glycol were then added to 

the solution and mixed using an overhead stirrer to homogeneity.  Diclofenac sodium 

was weighed into a volumetric flask and brought to volume using the soy lecithin 

solution.  This was then ultrasonicated in a bath sonicator (35 watt Fisher Scientific) for 

30 minutes to dissolve the diclofenac immediately prior to use. 

Lab formulation #2 was a minimal solution consisting of diclofenac sodium 4% (w/v) 

dissolved in a solution of water (80% v/v) and methanol (20% v/v).  To prepare this 

solution diclofenac sodium was weighed into a volumetric flask and brought to volume 

using the aqueous methanol solution.  This was then ultrasonicated in a bath sonicator 

(35 watt Fisher Scientific) for 30 minutes to dissolve the diclofenac immediately prior to 

use. 

For drug quantity matched Franz chamber samples all drug solutions were diluted with 

0.2μm filtered DI water by adding 100μl of the drug solution to 900μl of water and 

inverting 3-5 times to mix prior to application. 

4.3 Methods 

4.3.1 UPLC method 
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A UPLC method was developed and validated for diclofenac sodium using a Waters 

Acquity UPLC.  The various UPLC parameters used were a 2.1x50mm, 1.7μm Waters 

Acquity BEH C18 column, mobile phase consisted of 1:1 acetonitrile: ammonium acetate 

0.05 M pH 2.5, and a flow rate of 0.5 ml/min, and effluent monitoring at 254 nm. A 

standard curve that was generated was linear over 0.16 to 100 μg/ml 

4.3.2 Permeability study  

 Permeability studies were done in water 

jacketed Franz chambers and Munt/Dash 

chambers at room temperature (25°C) 

and skin temperature (32°C) using three 

formulations.  The first formulation was 

the commercially available Voltaren® 

spray (Novartis, Germany).  The second 

formulation was a lab formulation 

consisting of 4% (w/v) diclofenac sodium 

in a solution of water (74.5% v/v),  

isopropanol (25% v/v), propylene glycol 

(1.5%w/v), and soy lecithin (HLB 7, 1% 

w/v).  The final formulation was a minimal 

formulation consisting of 4% (w/v) diclofenac sodium dissolved in a solution of water 

(80% v/v) and methanol (20% v/v).  

 

Figure 4.2  Mounting of shed snake skin on 

foam gaskets. A) Floating the snake skin.  

B) Skin placed on teflon gasket. C) Skin 

mounted in gasket. 
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Shed snakeskin was first washed in de-ionized water to remove particulate matter.  

Following washing skins were cut along the length of the belly skin and dried flat on 

sheets of paper.  Dried skins were cut into approximately 1 inch circles and stored for 

future use.  Prior to use skin sections were soaked in 0.1 M Dulbecco's phosphate-

buffered saline (DPBS) overnight at 4°C.  For each experiment, skins were paired with 

skins from similar areas of the snake (similar scale density and size).  Skins were then 

removed from the paper backing and floated in 0.1 M DPBS (Figure 4.2 A).  This floating 

serves two purposes, to differentiate the exterior from the interior of the skin and to 

remove wrinkles and folds in the skin prior to use.  Skins were then placed onto a Teflon 

foam gasket (Figure 4.2 B). A second gasket was then placed on top of the skin (Figure 

4.2 C).   The gasket complex was placed into either a Franz chamber or a Munt/Dash 

chamber (Figure 4.3).  
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To prevent bubbles forming between the receiver chamber and the membrane in Franz 

chambers, the chamber was first filled with 0.1 M DPBS such that the meniscus 

extended above the top of the receiver chamber.  Stir bars were turned on for 10 

minutes and the chamber was tapped to remove bubbles trapped in the chamber.  

Membranes and gaskets were then slid onto the chamber to prevent capturing bubbles 

beneath it. Membranes were mounted into dry Munt/Dash chambers which were then 

filled with 0.1 M DPBS at an angle to prevent air bubbles at the membrane interface.  

After the membranes were mounted on Franz and Munt/Dash chambers that were filled 

with the receiver solution, chambers were allowed to equilibrate for 10 minutes and 

checked for leaks prior to initiating the experiment. 

 

Figure 4.3  Mounting of teflon foam gasket snake skin complexes onto Franz (A-D) and 

Munt/Dash (E-H) chambers.  Franz  chambers were first filled with a slight excess of water 

(A) gasket complex was then slid onto the meniscus to prevent trapping of air (B) Franz 

donor chamber was then centered onto the gasket (C) and the gasket was clamped in the 

Franz chamber (D).  The Munt/Dash reciever chamber was first placed vertically (E) the 

gasket complex was then placed onto the receiver chamber (F), the Munt/Dash donor 

chamber was then centered over the gasket (G) retaining nuts were then screwed on 

alternating sides to provide even pressure and clamping the gasket complex in the 

Munt/Dash chamber(H).  
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For Franz chambers, 100 μl of test solution was carefully pipetted into the donor 

chamber at time zero.  Franz chambers were tested both using the same test 

formulation as the Munt/Dash chambers and using a drug quantity matched solution, a 

solution that was diluted with water so the total amount of donor drug was the same as 

that applied to the Munt/Dash chamber. 



 

55 
 

 

For Munt/Dash chambers, 0.5 ml of test solution was loaded into each of two 3 ml 

syringes which were then attached to a Fibrijet® Blending Connector spray nozzle 

 

Figure 4.4  Preparation of the syringe pump sprayer (A) mounting of the Munt/Dash 

chamber (B) and test solution spraying (C).  Into each of two solutions 0.5ml of test 

sollution are placed with excess air removed, syringis are then locked onto the 

Fibrijet® blending nozzle and the syring and device are clamped into the syringe 

pump, finally  the nozzle is primed by expressing the syringes to 0.3ml (A).  The 

overspray guard was placed level with the syring pump with the opening on center 

and 8 inches away from the tip of the spray nozzle.  The Munt/Dash chamber was 

then placed inside of the spray guard (B).  After the chamber is mounted the fixed 

volume of sample is sprayed onto the chamber  as shown without the overspray 

guard in place(C). 
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(Nordson Micromedics) and mounted into the syringe pump (Figure 4.4). The spray 

chamber was then placed 8” away from the spray nozzle tip.  An aluminum guard was 

placed in front of the chamber to prevent overspray.  The syringe pump was then 

manually pushed forward such that 0.3 ml of test solution remained in the syringes to 

prime the spray nozzle.  The nozzle tip was subsequently wiped dry using a lint free 

tissue.  The syringe pump was then turned on at 50% power which pushed the syringes 

to 0.1ml remaining (a total of 0.2ml sprayed from each syringe).  The aluminum guard 

was removed from the chamber and the chamber was placed back onto the magnetic 

stirrer for the duration of the experiment. 

 Following the application of drug solutions to the donor side of membranes test 

samples were taken over 5 hours at 15, 30, 60, 90, 120, 180, 240, and 300 minutes post 

application.  Samples were filtered at 0.2μm and examined by UPLC for diclofenac 

content.   

4.4 Results  

A total of 12 tests were done for each experimental set up.  Samples were excluded 

from the final analysis if a leak was detected during the experiment or at the end of the 

experiment.  During the experiment a leak would be determined as a continuous flow of 

solution from the membrane in the case of Munt/Dash diffusion chambers.  Following 

the experiment a leak would be determined if the collected donor chamber volume was 

greater than 100 μl.  Data was also analyzed for statistical outliers using Grubs test.  A 
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minimum N of 6 was used for the generation of each data point.  Result graphs are set 

to the same scale to allow direct comparison between result sets. 
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4.4.1 Test solution 1: commercial formulation Voltaren® Novartis Germany  
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Figure 4.5 Average cumulative amount of diclofenac diffused through shed snake skin in 
Munt/Dash chambers and Franz chambers per surface area over 5 hours at room 
temperature (A) or at 32°C (B) for the commercial formulation Voltaren®.  Data points 
represent the mean and standard error for N = 6+ samples. 
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4.4.2 Test solution 2: lab formula #1 
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Figure 4.6 Average cumulative amount of diclofenac diffused through shed snake skin in 
Munt/Dash chambers and Franz chambers per surface area over 5 hours at room 
temperature (A) or at 32°C (B) for lab formula #1.  Values represent the mean and standard 
error for N=6+ samples. 
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4.4.3 Test solution 3: lab formula #2 
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Figure 4.7 Average cumulative amount of diclofenac diffused through shed snake skin in 
Munt/Dash chambers and Franz chambers per surface area over 5 hours at room 
temperature (A) or at 32°C (B) for lab formula #2.  Values represent the mean and standard 
error for N=6+ samples. 



 

61 
 

4.4.4 Steady state flux determination 

Steady state flux was determined using the formula shown in scheme 3.1 for the final 

three time points of each sample.  Flux values were determined for individual samples.  

The data shown represents the mean and standard error of 6-12 samples.  

 

Scheme 4.1  Steady state flux formula where Jss is the steady state flux, A is the 

diffusible area in square centimeters, Δc is the change in amount of drug (in 

micrograms) from 180 minutes to 300 minutes, and Δt is the change in time (in hours) 

from 180 minutes to 300 minutes.  
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Franz Concentration 

Matched  
(μg/cm2*hour) 

Franz Amount 
Matched 

(μg/cm2*hour) 

Munt/Dash 
Chamber 

(μg/cm2*hour) 

25°C Lab Formula #1  0.77 ± 0.04 0.11 ± 0.05 0.38 ± 0.19 

Lab Formula #2 0.12 ± 0.04 0.15 ± 0.01 0.14 ± 0.08 

Voltaren®  0.34 ± 0.06 0.03 ± 0.02 0.25 ± 0.04 
     

32°C Lab Formula #1 1.23 ± 0.04 0.14 ± 0.04 0.22 ± 0.02 

Lab Formula #2 0.29 ± 0.09 0.16 ± 0.02 0.12 ± 0.03 

Voltaren® 0.96 ± 0.08 0.08 ± 0.02 1.53 ± 0.15 

 

4.5 Discussion and Conclusions 

The drug diclofenac was chosen for this examination due to well established and 

published in vitro and in vivo studies of the associated permeability36,42-50.  For each 

formulation in these studies we used both solutions of the same concentration 

Figure 4.8 Steady state flux by of diclofenac from various formulations (Lab formulations 1, 2, 
and commercially available Voltaren) at room and skin temperatures using Franz as well as 
Munt/Dash chambers.  Values represent the mean and standard error for N=6+ samples. 
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Table 4.1 Steady state flux values (μg/cm2*hour) by solution and temperature. Values 
represent the mean and standard error for N=6+ samples. 
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(40mg/ml diclofenac) and the same total amount of drug was applied (4mg/ml 

diclofenac) as compared to the sprayed solution.  We did this because of the difference 

in the minimum volume to obtain even coverage in the Franz chambers (approximately 

100μl) and the amount applied to our horizontal chamber (approximately 10μl).  Flux 

values (Table 4.1) for the spray chamber with the commercial formula Voltaren® and 

Franz high chambers with lab formula #1 and Voltaren® were within the bio-equivalent 

range of 1.04±0.9 μg/cm2h.  Franz high chambers elevated permeation in both solutions 

with significantly greater (P<0.001) permeation in lab formula #1.   

Throughout these series of experiments the snakeskins used were monitored for 

membrane leakage as well as changes in the physical state of the donor solution.  Of 

particular note is the status of 

the drug solution on the 

surface of the skins.  For the 

both the Franz chamber and 

the Munt/Dash chamber at 

32°C crystals of diclofenac (as 

determined by UPLC) were 

observed to form from lab 

formula #2, the minimal 

solution, as the experiment 

progressed.  In lab formula 

 

Figure 4.9 Microscopic images of shed snakeskin 

following diclofenac spray studies. Dried sprays from lab 

formula #1 shown using transmitted light (A) and cross 

polarized light (B) and from Voltaren® using transmitted 

light (C) and cross polarized light (D). 
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#1, soy lecithin solution, no crystals were observed in the Franz chamber, however 

crystallization was observed on the Munt/Dash chamber (Figure 4.9 A and B).  With the 

commercial formulation no crystals were observed to form in either chamber (Figure 4.9 

C and D).  On the Munt/Dash chamber it was observed that a thin film had formed from 

the dehydrated spray.  However, in the Franz chambers the test solution remained a 

free flowing liquid. 

The increase in permeability observed in both lab formulation #1 and the commercial 

formulation in the Franz chambers but only in the commercial formulation in the 

Munt/Dash chamber may be explained when taken in context with the observed 

formation of diclofenac crystals. These physical changes in the solutions suggest that 

formula specific qualities (such as penetration enhancers) that could drive the uptake 

from a dried solution on the skin do not influence results in the Franz chamber.  In the 

Munt-Dash chamber the sample dries to the membrane and these formulation 

advantages become apparent in one formulation becoming crystalline.  The dried film 

shows a significant (P<0.05) increase in permeability and steady state flux over Franz 

samples, we speculate this is due to formulation changes during or after drying. 

  



 

65 
 

 

 

Chapter 5  

Validation of the Munt/Dash 

chamber using lidocaine 

hydrochloride as the model 

drug 
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5.1 Introduction 

Lidocaine hydrochloride (Figure 5.1) is an anesthetic with anti- arrhythmic properties 

which has a molecular weight of 270.8 Daltons, a reported logP of 1.64, and a reported 

pKa of 7.16 51, 52. Lidocaine is used clinically as a local anesthetic in surgical, therapeutic, 

and diagnostic procedures and as an anti-arrhythmic for severe ventricular 

arrhythmias53-56.  Lidocaine is also available over the counter as a topical medication as 

an analgesic applied topically as a pain killer to the site of wounds to reduce pain.  As a 

topical medication Lidocaine hydrochloride is available as creams, gels, patches, and 

sprays.  Lidocaine HCl used as a pain killer for wounds only needs to penetrate to 

aggravated nerves through a damaged skin barrier. Unlike diclofenac sodium, lidocaine 

hydrochloride has been reported to have poor permeability through intact skin. Topical 

lidocaine skin permeability has been well studied in a number of formulations in vitro 

and in vivo permeability of 0.02-0.2nmol/cm2/hr pig in vitro ,57 11-82μg/cm2/hr in vitro 

and 0.009-0.25μg/cm2/hr in vivo human, 58 502.21 ± 20.41 μg/cm2/hr in vitro mouse 

skin,59 14.5-21.8 μg/cm2/hr in vitro human 46 8.3μg/cm2/hr in vitro human excised skin60.  

Although the overall pharmacokinetics of lidocaine HCl absorption varies greatly 

depending upon the specific nature of 

the formulation and the area of 

application, this dependence should 

not affect the comparisons being 

made in this study as the conditions 
 

Figure 5.1 Lidocaine hydrochloride chemical 
structure. 
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are fixed for a given study and the comparison is being made primarily between 

diffusion chamber types.  The high inter-study variability may, however, complicate the 

final in vitro-in vivo correlation.  The commercial formulation Bactine®, Wellspring 

Pharmaceutical Corp., is available in the US as a liquid manual spray.  It is for these 

reasons that Lidocaine hydrochloride was chosen as a test drug for the Munt/Dash 

diffusion chamber. 

5.2 Materials 

Methanol, Isopropanol, propylene glycol, Dibasic Sodium Phosphate, Monobasic Sodium 

Phosphate, and Lidocaine hydrochloride were obtained commercially from Thermo 

Fisher Scientific (Pittsburg, PA). Dulbecco's phosphate-buffered saline was purchased 

from Sigma Aldrich (Burlington, MA).  Bactine® No Sting Pain Relieving Cleansing Spray 

(Wellspring Pharma, Sarasota Florida) was obtained from Amazon.com.  Fibrijet® 

Blending Connector spray nozzles were obtained from Nordson Micromedics (Westlake, 

OH).  Shed snakeskin was obtained from the Henry Doorly zoo in Omaha Nebraska. 

5.2.1 Preparation of lidocaine formulations 

Lab formula #1 was a solution consisting of lidocaine hydrochloride 2.5% (w/v) dissolved 

in a solution of water (90% v/v) and propylene glycol (10%w/v).   To prepare this 

solution lidocaine hydrochloride was weighed into a volumetric flask and brought to 

volume using the aqueous propylene glycol solution.  This was then ultrasonicated in a 

bath sonicator (35 watt Fisher Scientific) for 30 minutes to dissolve the lidocaine 

hydrochloride immediately prior to use. 
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Lab formula #2 was a solution consisting of lidocaine hydrochloride 2.5% (w/v) dissolved 

in a solution of methanol (80% v/v) and propylene glycol (20% v/v).  To prepare this 

solution lidocaine hydrochloride was weighed into a volumetric flask and brought to 

volume using the methanolic propylene glycol solution.  This was then ultrasonicated in 

a bath sonicator (35 watt Fisher Scientific) for 30 minutes to dissolve the Lidocaine 

hydrochloride immediately prior to use. 

For drug quantity matched Franz chamber samples the commercial formulation 

(Bactine®) was diluted with 0.2μm filtered deionized water by adding 100μl of the drug 

solution to 900μl of water and inverting 3-5 times to mix prior to application.  Lab 

formulas were diluted using the solvent for that formula (ex. lab formula #1 was diluted 

with 10% propylene glycol in water) by adding 100μl of the drug solution to 900μl of 

diluent. 

5.3 Methods 

5.3.1 UPLC method 

A UPLC method was developed and validated for lidocaine hydrochloride using a Waters 

Acquity UPLC.  A 2.1x100 mm, 1.7 μm Waters Acquity BEH C18 column, mobile phase 

consisted of 30% 0.016M Acetic Acid 60% methanol, 20% acetonitrile (v/v/v) and a flow 

rate of 0.5 ml/min were used.  Effluents were monitored at 210 nm. A standard curve 

that was generated was linear over 0.46 to 240 μg/ml. 

5.3.2 Permeability study  
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 Permeability studies were carried out in water jacketed Franz chambers and Munt/Dash 

chambers at room temperature (25°C) and skin temperature (32°C) using three 

formulations.  The first formulation was the commercially available Bactine® spray 

(Wellspring Pharma, Sarasota Florida).  The second formulation was lab formula #1, a 

solution of lidocaine hydrochloride 2.5% (w/v) dissolved in water (90% v/v) and 

propylene glycol (10%w/v).  The final formulation was lab formula #2, a solution 

consisting of lidocaine hydrochloride 2.5% (w/v) dissolved in methanol (80% v/v) and 

propylene glycol (20% v/v).   

 Shed snakeskin was prepared and mounted as previously described in chapter 4.  Franz 

chamber preparation, Munt/Dash chamber preparation and the spraying of the 

chambers was also performed as described in chapter 4. 

Following the application of drug solutions to the donor side of membranes, samples 

from the receiver side were taken over 5 hours at 15, 30, 60, 90, 120, 180, 240, and 300 

minutes post application.  Samples were filtered and examined by UPLC for lidocaine 

hydrochloride content.   

5.4 Results  

A total of 12 tests were done for each experimental set up.  Samples were excluded 

from the final analysis if a leak was detected during the experiment or at the end of the 

experiment.  During the experiment, a leak would be determined as a continuous flow 

of solution from the membrane in the case of Munt/Dash diffusion chambers.  For Franz 

diffusion chambers, following the experiment a leak would be determined as either a 
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collected donor chamber volume greater than 100μl.  Data was also examined for 

statistical outliers using Grubs test for outliers.  A minimum N of 6 was used for the 

generation of each data point.  Result graphs are set to the same scale to allow direct 

comparison between result sets. 
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5.4.1 Test solution 1: commercial formulation Bactine® (Wellspring Pharma, FL) 

  

Figure 5.2 Average cumulative amount of lidocaine hydrochloride diffused through 
shed snake skin in Munt/Dash chambers and Franz chambers per surface area over 5 
hours at room temperature (A) or at 32°C (B) for the commercial formulation Bactine®.  
Data points represent the mean and standard error for N=6+ samples. 
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5.4.2 Test solution 2: lab formula #1  

 

Figure 5.3 Average cumulative amount of Lidocaine hydrochloride diffused through 
shed snake skin in Munt/Dash chambers and Franz chambers per surface area over 5 
hours at room temperature (A) or at 32°C (B) for lab formula #1.  Values represent the 
mean and standard error for N=6+ samples. 
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5.4.3 Test solution 3: lab formula #2  

 

Figure 5.4 Average cumulative amount of lidocaine hydrochloride diffused through 
shed snake skin in Munt/Dash chambers and Franz chambers per surface area over 5 
hours at room temperature (A) or at 32°C (B) for lab formula #2.  Values represent 
the mean and standard error for N=6+ samples. 
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5.4.4 Steady state flux determination 

Steady state flux was determined using the last three points for each sample used in the 

permeability studies.  Steady state flux was determined using the formula shown in 

Scheme 4.1 (page61) for the final three time points of each sample.  Flux values were 

determined for individual samples, the data shown in table 5.1 represents the mean and 

standard error of 6-12 samples.  
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Figure 5.5 Steady state flux by solution and temperature. Values represent the mean 
and standard error for N=6+ samples. 
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Franz Concentration 

Matched 
(μMol/cm2*hour) 

Franz Amount 
Matched 

(μMol/cm2*hour) 

Munt/Dash 
Chamber 

(μMol/cm2*hour) 

25°C Bactine® 0.0698 ± 0.0042 0.0180 ± 0.0009 0.0068 ± 0.0012 

Lab Formula #1 0.0030 ± 0.0010 0.0028 ± 0.0006 0.0043 ± 0.0006 

Lab Formula #2 0.0060 ± 0.0012 0.0020 ± 0.0004 0.0023 ± 0.0004 
     

32°C Bactine® 0.1590 ± 0.0281 0.0440 ± 0.0051 0.0071 ± 0.0014 

Lab Formula #1 0.3446 ± 0.0574 0.0353 ± 0.0033 0.0059 ± 0.0009 

Lab Formula #2 0.0377 ± 0.0074 0.0165 ± 0.0058 0.0095 ± 0.0013 

 

5.5 Discussion and Conclusions 

The drug, lidocaine hydrochloride, was chosen for this study due to well established and 

published in vitro and in vivo studies of the associated permeability.  For these studies 

both solutions of the same concentration (25 mg/ml lidocaine hydrochloride) and the 

same total amount of drug was applied (2.5 mg/ml lidocaine hydrochloride, where the 

test solution is diluted 1:10 using filtered deionized water for Bactine® or the 

formulation solvent system for lab formulas 1 and 2) as compared to the sprayed 

solution.  This was done because of the difference in the minimum volume needed to 

obtain even coverage in the Franz chambers (approximately 100μl) and the amount 

applied to the Munt/Dash chamber (approximately 10μl).  

Lidocaine is a drug known to have poor transdermal permeability in the absence of 

penetration enhancers (0.000032 μMol/cm2*hour in vivo by microdialysis in rats, Xie 

2016)59. Although this value is significantly lower than that observed in these studies the 

Table 5.1 Steady state flux values (μMol/cm2*hour) by solution and temperature. 
Values represent the mean and standard error for N=6+ samples. 
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membrane and formulations used are also different.  Flux values (Table 4.1) for Franz 

chambers collected, however, agree well with previous in vitro Franz studies using 

commercial formulations (Kushla 1989) which showed a flux of approximately 0.11 -0.29 

μMol/cm2*hour through human stratum corneum using Franz chambers 62.   

The analysis of these data shows that Franz chambers and Munt/Dash chambers do 

produce significantly (P<0.01) different data.  This further suggests that the method of 

application and volume applied do result in significant changes in the permeability data 

collected.  Although higher than previously reported in vivo data the Munt/Dash 

chamber did produce data that was a closer match to this data than the Franz 

chambers. However, because no direct correlation was able to be made using previously 

published data these studies also suggest the importance of future paired in vitro and in 

vivo studies. 

Throughout these series of experiments the snakeskins used were monitored for leaks 

and changes to the applied formulation during and following the experiments.  Nothing 

of particular note was observed in any of the skins used in the lidocaine studies.  
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Chapter 6 

Summary and  

future directions 
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6.1 Summary 

6.1.1 Introduction 

From the examination of a binary topical spray sunscreen formulation a specially 

designed topical sprayer and diffusion chamber were created.  We have hypothesized 

that this chamber known as the Munt/Dash chamber more accurately models in vitro 

permeability through the skin for topical spray applications.   

To test this hypothesis we examined three specific aims: 

Aim 1: Develop a refined prototype air interface diffusion chamber (Munt/Dash 

chamber) and sprayer. 

Aim 2: Contrast differences and compare the observed variance in data obtained using 

Munt/Dash and Franz chambers. 

Aim 3: Validate Munt/Dash results via comparison with published in vivo data.  

6.1.2 Aim 1: Develop a refined prototype air interface diffusion chamber (Munt/Dash 

chamber) and sprayer 

The device design was refined in Aim 1 (Chapter 3) resulting in the improvement of 

sprayed volumes/standard deviations from 3.1±0.92 µl/cm2 (29.7% standard deviation) 

to 10.09±1.22 μl/cm2 (12.1% standard deviation) which is within the recommended 

guidelines for topical application (10-12 μl/cm2).  The data from chapter 3 in conjunction 

with the data from chapters 4 and 5 suggest that the refinements made to both the 
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sprayer and the chamber resulted in a device that produces permeability and flux data 

with a standard deviation that was not significantly different from that of the Franz 

chambers.  This device reliably produces and receives a dose that matches the 

recommendations of regulatory agencies for the testing of topical formulations.  This 

chamber design has lead to a US patent of Munt/Dash chambers. 

6.1.3 Aim 2 Contrast differences and compare the observed variance in data obtained 

using Munt/Dash and Franz chambers 

Aim 2 (Chapters 4 and 5) involved comparing permeability data obtained from Franz and 

Munt/Dash chambers in paired studies.  For both diclofenac sodium (Chapter 4) and 

lidocaine hydrochloride (Chapter 5) the Munt/Dash chamber produced significantly 

different permeability and steady state flux data as compared to Franz chamber.   

For diclofenac sodium the Munt/Dash chamber produced significantly (p>0.05) lower 

flux than the concentration matched Franz chambers for lab formula #1 at both 32 and 

25°C.  For the commercial formulation (Voltaren®) the Munt/Dash chamber produced 

significantly (p>0.05) higher steady state flux than the Franz chambers at 32°C.  

Additionally, for the Munt/Dash chamber only the 32°C Voltaren® was significantly 

(p>0.05) different from the other values.  Visual microscopic observation on the 

membrane of the Munt/Dash chamber revealed that the drying of lab formulas #1 and 

#2 produced crystals where the commercial formulation produced a thin uniform film.  

Although some crystals were observed in the Franz donor chamber in the lab formulas, 

most of the liquid remained homogenous at the end of the study for all formulations 
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tested.  With respect to the comparison of these two chambers the data shows that 

there is a significant difference in the in vitro test results which is formulation and 

temperature dependent.  The visual observations suggest that the commercial 

formulation concentrates the drug while maintaining and possibly enhancing 

thermodynamic activity of the drug.  The drying and subsequent film formation would 

not happen in the Franz chambers which would explain why lab formula #1 produced 

similar results to the commercial formulation in the Franz chamber. 

In the lidocaine hydrochloride tests, the Munt/Dash chamber produced significantly 

(p>0.05) lower steady state flux than the Franz chambers in all but lab formula #1 at 

25°C.  At 32°C the Munt/Dash chamber flux was only significantly (p>0.05) different 

from 25°C data in lab formula #2 where flux was significantly higher.  In the Franz 

chambers at 32°C flux was significantly (p>0.05) different for all formulations with lab 

formula #1 producing the highest flux and lab formula #2 producing the lowest flux.  No 

precipitate or crystal formation was observed on any of the test membranes in these 

studies. As with the diclofenac runs, the donor solution in the Franz chamber was still 

present at the end of the test.  These data again show that there are formula and 

temperature dependent differences in flux between the different chambers. Unlike with 

the diclofenac formulations the lidocaine formulations used in this study do not form 

thin films to enhance penetration when dried.  This would explain why the dried sprays 

on the Munt/Dash chamber did not show significant differences between temperatures 

in formula #1 or commercial formulation.  In lab formula #2, 20% of the formula was 

propylene glycol and would not evaporate allowing for a significant increase in flux 
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based upon temperature.  In this case the solution retained in the donor chambers of 

the Franz cells promoted permeability.  In lab formula #2, which showed the lowest flux 

for the Franz cells at 32°C the primary solvent was methanol resulting in more solvent 

loss by the end of the study and subsequently an overall lower flux.  

Taken together these data show in two very different systems that in vitro topical 

permeability is significantly impacted by the drying of the formulations applied.  This 

drying may result in significantly greater or lower permeability and is not apparent when 

a greater volume per square centimeter is used.  Flux differences in both test sets were 

formulation and temperature dependent.  

6.1.4  Aim 3: Validate Munt/Dash results via comparison with published in vivo data 

Aim 3 (chapters 4 and 5) involved comparing flux data obtained using Franz and 

Munt/Dash chambers with previously published in vitro and in vivo data.  In the case of 

diclofenac sodium despite significant differences observed between Franz and 

Munt/Dash flux data, the data from both chambers were within the previously reported 

range of in vitro and in vivo data.  Conversely in the case of lidocaine hydrochloride both 

Franz and Munt/Dash data were significantly higher than reported in vivo data.  Franz 

data, however, closely matched previously reported in vitro data using Franz chambers.   

In the case of diclofenac sodium previously reported in vivo data included the 

commercial formulation used in these studies as well as other similar formulations.  For 

lidocaine hydrochloride previous in vivo testing was done using lidocaine hydrochloride 
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in water was a formulation.  Although Munt/Dash flux was higher than reported in vivo 

flux it was still significantly (p>0.001) lower than the observed Franz flux.   

Taken together we can conclude from these studies that the Munt/Dash chamber 

produces data that better matched previously reported in vivo data as compared to the 

Franz chamber.  However, to produce a true in vitro-in vivo correlation it would be 

necessary to do paired in vitro and in vivo studies so that the same formulas can be 

measured across the same barrier in all systems.  As with these studies it would be 

necessary to test a number of different formulations so that any formula dependent 

differences become apparent. 

6.1.5 Conclusion 

Through the works described in this thesis it has been shown that the refined 

Munt/Dash chamber is capable of producing data with standard deviations similar to 

previously existing diffusion chambers and can be reliably dosed with a sprayed test 

formulation.  It has further been shown that the data produced using the Munt/Dash 

chamber is significantly different from the data produced using Franz chambers in a 

formulation and temperature dependent manner.  Differences observed in these studies 

would result in alternate conclusions in formulations testing.  However, it has not yet 

been concluded that the Munt/Dash chamber produces a better in vitro-in vivo 

correlation than Franz chambers.  Taken together the studies outlined in this thesis 

suggest that the Munt/Dash chamber merits further examination for use in the in vitro 
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testing of topical spray formulations and studies designed specifically to correlate the in 

vitro data obtained with the Munt/Dash chamber with in vivo data. 

6.2 Future Directions 

As with any project its completion is only the beginning of new phase. Future work for 

this project will include further modifications and improvements to the chamber and 

sprayer and   further validation with other drugs, studies focused on in vitro-in vivo 

correlation, and studies examining possible use of the chamber for atypical topical 

exposures. 

6.2.1 Device improvements 

Throughout these studies improvements have been made to both the Munt/Dash 

chamber and to the syringe pump sprayer to improve reliability and accuracy.  Although 

ease of use was not a focus of improvements, we have noted a number of 

improvements that could be made to these devices to improve ease of use.   

The current device arrangement does not allow the spraying of multiple chambers 

without moving the chambers.  This resulted in an extended time between sprays and 

would not be efficient for more than 3 chambers.  Additionally, the stirrers used were 

designed for side-by-side diffusion chambers and required frequent adjustment when 

the Munt/Dash chamber was attached to a water source.  Both of these problems could 

be improved by making a multi chamber stirrer designed specifically to hold the 
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Munt/Dash chambers and changing to a rail mounted sprayer that may be moved from 

chamber to chamber. 

Further, although the spray nozzles from Nordson Micromedics have worked well for 

these studies they are designed to be disposable and are poorly compatible with organic 

solvents.  For these purposes switching to a stainless steel permanent sprayer would 

improve compatibility and reduce the use of consumables. 

Finally, repeated sprays requires switching out syringes which adds a delay between 

sprays and increases the risk of damaging the spray nozzles as the syringes are changed.  

This could be improved by the addition of a syringe filling system to allow the syringes 

to be refilled in place.     

6.2.2 Continued validation 

In this thesis it has been shown differences in the permeability of formulations that 

were dependent upon the chamber design and type.  These differences make for a 

compelling argument that the in vitro testing of topical spray formulations should be 

done under conditions that provide for thin film formation and drying.  These data, 

however, do not complete the project.  For publication it would be desirable to have a 

third drug series tested.  A comparison of in vivo in vitro correlations between Franz and 

Munt/Dash chambers would best be done with paired studies between in vivo 

microdialysis, Franz chambers, and Munt/Dash chambers.  Finally, topical exposure goes 

beyond pharmaceutical applications. Daily we are exposed to chemicals incidentally in 

the form of gasses and/or aerosolized particles and radiation from natural and artificial 
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Figure 6.1 Tolnaftate chemical strucure 

sources.  These atypical exposures may be ideally suited to testing in a chamber with a 

membrane bounding an air-liquid interface.  Therefore it would be worth examining 

these types of exposure using the Munt/Dash Chamber.    

6.2.2.1 Tolnaftate 

In the continued validation of this system we have plans to examine one final drug prior 

to publication which was omitted from this thesis work due to time restrictions. The 

anti-fungal drug tolnaftate is drug used topically to treat surface fungal infections. Like 

the other drugs we have used in the 

testing of this device tolnaftate is well 

described in literature.   

Tolnaftate (Figure 6.1) is an over the 

counter anti-fungal commonly used in the treatment of athletes foot.  Tolnaftate has a 

molecular weight of 307.4 Daltons and is hydrophobic with an octanol/water logP value 

of 4.75.  Tolnaftate topical treatments must penetrate into the surface of the skin to 

destroy fungal rhizomes, but should not penetrate deeply to reduce toxicity.  Tolnaftate 

has been well described in a number of formulations, Kezutyte et al. found 

permeabilities of 0.04-0.07 μg/cm2/hr ex vivo in humans through epidermis and 0.09-

0.16 μg/cm2/hr ex vivo in humans through stratum corneum using multiple 

formulations63, 64.  Meghanna et al. found  significantly greater permeability in ex vivo 

studies using pig skin showing 66 μg/cm2/hr ex vivo through stratum corneum and 23 

μg/cm2/hr ex vivo through epidermis65.  Koboyashi found similar values to that of 
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Kezutyte at 0.05-0.22μg/cm2/hr ex vivo through human nail plate63, 64, 66.  Other work 

still suggests that permeability of tolnaftate is negligible or even non-detectable67-69.  As 

with lidocaine, variability between studies resulting from differences in formulation and 

membrane composition may complicate the final correlation of the data.  These 

differences will not, however, impact the direct comparisons with Franz chambers.  The 

commercial formulation Tinactine® (Bayer Pharmaceuticals, US) of tolnaftate is available 

in the US as a manual liquid spray and will be used for the future studies. 

6.2.2.2 In vitro to in vivo correlation 

Beyond the initial publication further validation using paired studies both in vitro and in 

vivo should be done.  This is no minor undertaking as ideally it would involve an 

examination of a number of drugs and multiple in vitro and in vivo methods.  Where the 

studies from this thesis have shown that there are differences between data obtained 

using the Munt/Dash chamber and the Franz chamber these experiments would allow a 

comprehensive evaluation of how these differences relate to in vivo data and if more 

accurate correlations can be made with one chamber or the other. 

6.2.2.3 Atypical topical exposures 

Finally, future studies of this device should include examining the ability of this device to 

measure other less typically examined forms of topical exposures.  Such forms of 

exposure may include topical exposure to radiation, gasses, and mists.  These forms of 

exposure are often encountered as environmental hazards and may be ideally suited to 

this system as the membrane bounds an air/liquid interface. 
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6.2.2.4 Global Impact  

The further development of the Munt/Dash chamber and its adoption by the scientific 

community has the potential to make the formulation of topical sprays more efficient.  

By providing more accurate in vitro data, development time will be reduced and fewer 

formulations that are not effective will move onto in vivo testing.  This will in turn 

reduce overall product development cost and time.   
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Afterword 

Associated abstracts of posters presented in international conferences:  

Abstract for AAPS 2014: San Diego, CA. November 3, 2014. 

Development and Evaluation of Spray Pattern Analysis for Topical Dual Spray 

Formulations 

Authors: Daniel Munt, Alekha Dash 

Purpose:  To develop a method for spray pattern testing of topical formulations that 

allows to examine the effect of formulation parameters on spray pattern diameter, 

particle size, density, and mixing for binary spray formulations with respect to distance 

of spray nozzle,  pressure and spray nozzle characteristics. 

Method:   A Pulse Reverb 24v 100W electric motor (MY6812; Unite Motor Co) was given 

direct drive of 3 inch plate assembly with a linear geared base.  Syringes were clipped 

into a fixed aluminum mount and plungers were clipped into a bracket on the drive 

plate of the pump.  A  RioRand Adjustable DC motor Speed PWM controller with 

reversing switch (X000JMKVGX) was used to set the pump speed and direction.  Power 

was provided by a Genssi regulated switching power supply (S-350-24).  Fibrijet® spray 

nozzles (Nordson Micromedics) were used in these tests (SA-3674, SA-3675, SA3660).  

Formulations of varying viscosity and density were dyed using FD&C dyes as indicators; 

100 l from each syringe attached to the pump was sprayed through the nozzle at a fixed 

rate.  In order to examine spray characteristics on a surface that would retain specimens 
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with minimal bleeding, 300# Aquarelle cold press watercolor paper was mounted to an 

adjustable vertical post on a variable distance rail capable of 0.5-13” distance from 

nozzle discharge point.  Spray patterns were tested 5-12” from nozzle discharge point in 

one inch increments.  Sample sheets were digitized and examined using ImageJ software 

to determine particle density, size, spray diameter and mixing characteristics. 

Results: This method provided even and constant pressure, speed, flow, and zero start 

lag using a dual syringe. The spray coverage with a standard deviation of 1.1% was 

achieved by this method. The spray pattern testing device produced spray patterns with 

an average by group standard deviation in spray diameter and coverage area of 4.92% 

across the three different nozzle types for 8 distances studied.   

Conclusion: The resulting patterns were clear and well grouped allowing for accurate 

droplet size, density, and mixing comparisons by nozzle, distance, and vehicle indicating 

the usefulness of this design for determination of spray properties for topical aerosol 

delivery of two incompatible liquids. 

 

Abstract for AAPS 2015: Orlando, FL.  October, 29, 2015. 

Development and Validation of a Novel Air Interface Diffusion Cell for Evaluating the 

Diffusion of Diclofenac from Topical Spray Formulations 

Authors: Daniel Munt, and Alekha Dash,  
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Purpose:  The diffusion testing of topical formulations has long been examined using 

Franz diffusion cells which require the use of relatively large volumes and lack the 

air/membrane interface representing the true in vivo conditions.  The purpose of this 

study is to develop a novel air interface diffusion cell that involves direct spray 

application onto the model membrane to evaluate the diffusion characteristics of 

diclofenac sodium from topical spray formulations. Diffusion data generated from the air 

interface cells were validated by comparing the data against the standard Franz diffusion 

chambers through a shed snakeskin as a model for stratum corneum. 

 

Methods: For spray application a Pulse Reverb 24v 100W electric motor (MY6812; Unite 

Motor Co) was given direct drive of 3 inch plate assembly with a linear geared base.  

Syringes containing formulation were clipped into a fixed aluminum mount and plungers 

were clipped into a bracket on the drive plate of the pump.  A  RioRand adjustable DC 

motor Speed PWM controller with reversing switch (X000JMKVGX) was used to set the 

pump speed and direction.  Power was provided by a Genssi regulated switching power 

supply (S-350-24).  Fibrijet® Blending Connector spray nozzles (Nordson Micromedics SA-

3674) were used in these experiments. Each syringe attached to the pump sprayed 200μl 

through the nozzle at a fixed rate (55% power, ~0.5 sec) onto the membrane from 8” 

(membrane to nozzle tip).  To prevent overspray from contaminating the sample area, an 

aluminum protector plate with a 14mm opening was placed in front of the membrane 

and removed immediately after spraying. The air-interface cell prototype was 

engineered by Permegear Inc. and consisted of a jacketed 3.5ml glass 3-port receiver 
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chamber, a membrane, and a stainless steel receiver plate with beveled donor area 

(14mm diam., 2mm deep), and 1.04cm2 membrane interface (11.5mm diameter).  Prior 

to experimentation the volume sprayed onto the membrane was determined by 

spraying the equivalent volume onto the chamber using weighed 140lb watercolor paper 

in place of the membrane and then re-weighing the paper to calculate the volume. 

Standard Franz diffusion cells (Permegear Inc.) with a 0.64cm2 membrane interface, 

~1ml Donor, and ~5.1ml receiver chamber, 100μl test volume was used for the validation 

comparison. For all experiments receiver solution was 0.1M phosphate buffer pH7.5.  

Experiments were performed at 25°C and at 32°C. For all experiments the formulation 

consisted of 4% diclofenac and was examined as the commercial solution (Voltaren® 

spray), a solution consisting only of diclofenac and water, and a formulation consisting of 

aqueous 4% (w/v) diclofenac sodium, 25% (v/v) isopropanol, 1.5%(w/v) propylene 

glycol, and 1% (w/v) Soy Lecithin (HLB 7).  Test solutions were also diluted to reflect the 

difference in required application volume in Franz cells. Samples were collected over the 

course of 5 hours at 15, 30, 60, 90, 120, 180, 240, and 300 minutes.  Receiver chambers 

in both instances were stirred using Teflon coated magnetic stir bars. Data was analyzed 

with a Waters Acquity UPLC using a 2.1x50mm, 1.7μm Waters Acquity BEH C18 column, 

mobile phase consisted of 1:1 Acetonitrile: Ammonium acetate 0.05M pH2.5, and a flow 

rate of 0.5ml/min.  Effluents were monitored at 254nm. A standard curve that was 

generated was linear from 0.16 to 100μg/ml. 
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Results:  Evaluation of spray volume showed a delivery of 10.1±1.2μl/cm2 for a 200μl 

spray from 8 inches (n=10).  The cells showed average cumulative diffusions (n≥6) of 

3.35±0.63μg/cm2, 26.47±1.97μg/cm2, and 91.25±21.08μg/cm2 for the spray chambers, 

Franz chambers using equivalent total drug, and Franz chambers using the undiluted 

formulation respectively. The cells showed an average flux of 0.35±0.06μg/cm2h, 

5.79±0.39μg/cm2h, and 15.26±4.22μg/cm2h for the spray chambers, Franz chambers 

using equivalent total drug, and Franz chambers using the undiluted formulation 

respectively. 

 

Conclusions:  Diffusion through the Franz cells was significantly higher (p<0.05 by 2 

tailed Students T-test) than diffusion through the air interface cell by 3 hours and 2 

hours when equivalent drug loaded and  the undiluted formulations respectively were 

used.  Both Franz variants showed significantly (p<0.05) higher flux over 5 hours. 

Previous in vivo studies examining topical diclofenac transdermal permeation showed an 

average flux of 1.04±0.9μg/cm2h similar to that demonstrated using the spray chamber.  

These data suggest that factors including concentration, volume, and wetting play a vital 

role in the permeation of topical substances and that this novel air interface cell may be 

a useful tool in the in vitro testing of topical spray formulations. 

 

Abstract for AAPS PharmSci 360 2019: San Antonio, TX. November, 6, 2019. 
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A comparison of the permeability of lidocaine formulations through a shed snakeskin 

model of stratum corneum using Franz diffusion chambers and a novel air interface 

chamber. 

Authors: Daniel J Munt, Alekha K Dash 

Purpose:  The diffusion testing of topical 

formulations has long been examined using 

vertical (Franz type) diffusion cells which 

require the use of relatively large volumes 

and lack the air/membrane interface 

representing the true in vivo conditions.  Previously our lab demonstrated differences in 

the permeability of the NSAID diclofenac sodium.  Here we examine the permeability of 

lidocaine hydrochloride formulations as demonstrated using Franz chambers and our 

novel air interface chamber the Munt/Dash diffusion chamber (Figure 1). 

Methods: Lidocaine was quantified using a Waters UPLC with phot0diode array (210 

nm).  Shed snakeskin obtained from the Henry Doorly zoo was dried, flattened, and cut 

to fit the diffusion chambers.  Prior to experimentation snakeskin was equilibrated 

overnight in DPBS.  To prevent leakage skins were clamped between Teflon foam 

gaskets on both Franz and spray chambers.  Permeability studies were carried out on 3 

formulations at room temperature and 32°C over the course of 5 hours.  All data 

represents the mean and standard error from N=6 samples.  

Figure 1.  Franz type diffusion chamber 

(A).  Munt/Dash diffusion chamber (B).  
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Results: At room temperature a commercial topical lidocaine formulation showed a 

steady state flux of 0.069 ± 0.003 μMol/cm2*hour using a Franz chamber and 0.006 ± 

0.002 μMol/cm2*hour using the Munt/Dash diffusion chamber.  At 32°C steady state 

fluxes of 0.113 ± 0.04 μMol/cm2*hour and 0.009 ± 0.003 μMol/cm2*hour were 

observed using Franz chambers and Munt/Dash diffusion chambers respectively (Figure 

2).  Other aqueous formulations showed similar trends in lidocaine flux through shed 

snakeskin. 

Conclusions:  Lidocaine is a drug known to have poor transdermal permeability in the 

absence of penetration enhancers (0.008μg/cm2*hour by microdialysis, Xie 2016). The 

Franz chamber data collected, however, agrees well with previous in vitro Franz studies 

using commercial formulations (Kushla 1989) which showed a flux of approximately 0.11 

-0.29 μMol/cm2*hour through human stratum corneum using Franz chambers. With 

high inter-patient and inter-formula variability the primary conclusion of these studies is 

that Franz chambers and Munt/Dash chambers do produce significantly (P<0.01) 

Figure 2.  Average cumulative amount of lidocaine HCl from commercial formulation 

diffused through shed snakeskin in Munt/Dash and Franz chambers per surface area 

over 5 hours at 32°C (left) and at room temperature (right). 
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different data.  Further paired in vitro and in vivo studies should be done to examine 

which data is more biologically relevant. 
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ALLOWED CLAIMS 

1. (Previously Presented)  A method of performing a diffusion test, comprising: 

clamping a membrane to a body of a diffusion cell such that the membrane is positioned 

along a plate of the diffusion cell, such that a first surface of the membrane is in fluid 

communication with an interior chamber of the body, and such that a second surface of 

the membrane is exposed to ambient air;  flowing a substance through the ambient air 

along a flow path that narrows towards the membrane through a tapered opening of the 

plate, such that a first portion of the substance lands on the second surface of the 

membrane and a second portion of the substance collects on the tapered opening of the 

plate while the membrane is vertically oriented; flowing the second portion of the 

substance away from the membrane and along the tapered opening to prevent the 

second portion of the substance from pooling on the membrane; and determining a 

concentration of the substance in the interior chamber after some of the substance has 

diffused through the membrane. 

2. (Cancelled)   

3. (Original)  The method of claim 1, further comprising arranging the body in a 

horizontal orientation prior to flowing the substance through ambient air. 
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4. (Original)  The method of claim 1, further comprising assembling a splash guard 

with the body to prevent an airborne flow of the substance from contacting the body. 

5. (Previously Presented)  The method of claim 1, wherein clamping the membrane 

to the body comprises providing an air-solid interface that is oriented perpendicular to a 

longitudinal axis of the body. 

6. (Previously Presented)  The method of claim 1, wherein flowing the substance 

through the ambient air comprises flowing the substance horizontally towards the 

membrane such that the first portion of the substance lands on the membrane in a 

substantially even distribution across the second surface of the membrane. 

7. (Original)  The method of claim 1, further comprising distributing a volume of 

about 2 µL/cm2 to about 20 µL/cm2 of the substance across the second surface of the 

membrane. 

8. (Original)  The method of claim 1, further comprising flowing a heat transfer fluid 

through an exterior chamber of the body that surrounds the interior chamber of the 

body. 

9. (Original)  The method of claim 1, further comprising delivering a fluid buffer to 

the interior chamber of the body. 

10. (Original)  The method of claim 9, further comprising introducing the fluid buffer 

into a port located above the interior chamber of the body. 

11. (Previously Presented)  The method of claim 9, further comprising withdrawing a 

sample of the fluid buffer from the interior chamber of the body at multiple 

predetermined times after the first portion of the substance has landed on the second 

surface of the membrane. 

12. (Original)  The method of claim 11, wherein determining the concentration of the 

substance in the interior chamber comprises determining respective concentrations of 

the substance in the fluid buffer following the multiple predetermined times. 
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13. (Original)  The method of claim 12, further comprising determining one or more 

diffusion parameters associated with one or both of the substance and the membrane 

based on the respective concentrations. 

14. (Original)  The method of claim 1, wherein flowing the substance through the 

ambient air comprises flowing an aerosolized substance towards the membrane. 

15. (Original)  The method of claim 1, wherein flowing the substance through the 

ambient air comprises spraying the substance towards the membrane. 

16. (Original)  The method of claim 1, wherein flowing the substance through the 

ambient air comprises flowing nanoparticles towards the membrane. 

17. (Original)  The method of claim 1, wherein flowing the substance through the 

ambient air comprises flowing a drug towards the membrane. 

18. (Original)  The method of claim 1, wherein flowing the substance through the 

ambient air comprises flowing a chemical that is toxic to animals towards the 

membrane.  

19. (Original)  The method of claim 1, wherein clamping the membrane to the body 

comprises securing a construct comprising one or both of an artificial tissue and a 

natural tissue to the body. 

20. (Previously Presented)  A diffusion cell, comprising:  a body defining an interior 

chamber; and an adjustable clamp configured to secure a membrane to the body across 

an open end of the interior chamber, wherein the adjustable clamp comprises a plate 

that defines a beveled edge, wherein the beveled edge is configured to narrow an 

airflow path of a substance towards the body, and wherein the beveled edge is 

configured to facilitate flow of the substance along the beveled edge and away from the 

membrane to prevent pooling of the substance on the membrane. 
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21. (Previously Presented)  The method of claim 1, further comprising: flowing the 

substance through the ambient air in a first direction along the flow path that narrows 

towards the membrane; and flowing the second portion of the substance away from the 

membrane and along the tapered opening in a second direction that is different from 

the first direction to prevent the second portion of the substance from pooling on the 

membrane.  




