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A B S T R A C T   

Rapid in-situ chemical analysis of flowing gas streams is of interest in a wide range of applications but requires 
deconvolution of the time-scales associated with the analyte source concentration, its accumulation within a 
sampling chamber, and its detection by a sensor. A mathematical analysis is presented on the use of a flow- 
through sample chamber for rapid, in-situ breath analysis utilizing analyte diffusion through a Nafion membrane 
optode. We show that this approach yields apparently non-Fickian (anomalous or Case II) transport that varies 
from t1/2 to t as t → 0 with constant inlet concentration. Such behavior arises due to the transition from 
membrane-limited to sample chamber-limited transport dynamics depending on test conditions. The model is 
validated utilizing experimental data obtained from the color response associated with the Friedel-Craft acy
lation of acetone vapor with resorcinol reagent immobilized in Nafion membrane solid-state catalyst. Reduction 
of optode membrane thickness and increase in membrane humidification yield an optical response limited only 
by sample chamber material accumulation. At this limit, the exhaled breath signal for acetone obtained from a 
healthy individual is found to vary as t2 (apparently Super Case II transport). Utilizing a simplified material 
balance on the human lung, this observation is ascribed to a constant acetone exhalation rate as opposed to a 
constant exhaled acetone concentration. This conclusion is shown to have broad implications on the use of 
exhaled breath biomarkers for medical diagnosis, in particular, lung physiology and permeability.   

1. Introduction 

There is a growing need for rapid, real time (in-situ) chemical 
analysis of flowing gas streams in a broad range of applications in
cluding process control, material characterization, environmental ha
zard detection, and biomarker monitoring in exhaled breath. Practical 
measurements must take into account three dynamic processes that are 
associated with the overall signal that is observed: 1) the time-depen
dence of the analyte source stream, 2) the accumulation rate in the 
sampling chamber, and 3) the sensor response time. 

Many innovative approaches for portable detection and rapid sensor 
response have been developed [1–4]. These typically rely on the ana
lysis of a collected sample (i.e., an accumulated concentration) or have 

yet to be integrated into a practical sampling device. Without a-priori 
knowledge of the time-scales of these three dynamic processes, inter
pretation of the implications of the signal obtained can be deceptive. 
For example, the equilibrated sensor signal obtained ex-situ from a total 
amount of material collected in a bag at a given flow rate can be used to 
obtain the concentration of the source stream sans other information 
only if this concentration is constant (time-independent). By contrast, 
in-situ determination of the inlet concentration in real time, even if 
constant, will require evaluation of the dynamics of the individual 
processes involved. Until steady state is reached, the rate of material 
accumulation in the analysis chamber will convolute with the dynamics 
of the detection method being used (e.g., membrane diffusion) and the 
time dependence of the inlet concentration. Depending on the 
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application, steady-state may never be reached on the required time- 
scale of the measurement. This is particularly the case when the flow 
source is limited, as during human breath exhalation, or when rapid 
detection is desired due to the toxicity of the analyte in the ambient. 

In this paper, we demonstrate how the time scale of an chemical 
sensor response based on analyte diffusion into a membrane can be 
sufficiently reduced so as to probe sample chamber accumulation dy
namics for an inlet concentration that is either constant or has a linear 
time dependence. These cases are shown to be particularly relevant to 
analysis of exhaled breath acetone concentration. Exhaled acetone has 
been repeatedly correlated to blood biomarkers such acetoacetate and 
β-hydroxybutyrate that are associated with diabetes mellitus (DM) [5]. 
However, exhaled breath acetone correlation to blood glucose is often 
not as highly resolved [5–7]. We discuss how correlation of breath 
acetone measurements to blood glucose can potentially be improved 
through more careful consideration of the impact that mass transport 
parameters, such as lung physiology, have on the dynamic evolution of 
the sensor response. Given that a typical breath exhalation can be 
sustained no longer than ~40 s, acetone sensing methods require time 
resolution on the order of 1 s to be able to deconvolute the time-scales 
of the mass transport processes involved. Existing portable detection 
methods have yet to achieve such time resolution and rely on ex-situ 
analysis of a collected breath sample. Examples of such an approach 
include the pre-concentration of breath sample into an absorbate for 
subsequent elution to a sensor [8], trapping exhaled breath in gas 
analysis chamber to accommodate a delayed sensor response [9], as 
well as collection in a bag for subsequent analysis [5]. These methods 
cannot capture the dynamics of the source material. 

We have previously shown how the optical response arising from 
chemical reaction between reagent molecules immobilized within 
Nafion® membrane and volatile gases can be used for highly selective, 
sensitive (sub-ppb), and rapid detection suitable for in-situ measure
ment [10,11]. In the case of acetone, the specific sensing mechanism 
involves the condensation reaction of ambient acetone with membrane- 
immobilized resorcinol to produce a flavan with highly selective optical 
characteristics in the visible range of the electromagnetic waves. The 
product has a characteristic absorbance peak at 400.7 nm. The reaction 
is depicted in Scheme 1. A diffusion-limited time resolution within 1 s 
has been observed utilizing our membrane catalyst approach, opening 
the possibility of in-situ, real time chemical analysis of human breath. 
Acetone membrane diffusion in our previous investigations was found 
to be Fickian at ppm concentrations relevant to breath analysis [10,12]. 

Interferences from molecules such as ethanol and carbon monoxide 
have previously shown to be non-existent as they are incapable of un
dergoing an acid-catalyzed reaction with resorcinol. In addition, water 
interference due to de-protonation of the perflurosulfonic acid group 
has been eliminated through the immobilization of weak organic acids 
which create a mixed-solvent system when water is present. Other vo
latile organic breath components are found to be present at far lower 
concentrations and do not convolute the spectral response to acetone. 

Despite these scientific advances, practical application of the 
membrane catalyst approach to real-time, in-situ breath analysis re
quires that the membrane be incorporated into a macroscopic interface 
such as a flow-through sample chamber for patient use. The impact of 

chemical composition in a flow-through sample chamber on membrane 
diffusion has never been previously investigated. Such in-situ analysis is 
important not only to reduce the lag time associated with patient 
feedback but, on a more fundamental level, to determine the dynamics 
of acetone evolution in the lungs. Solution to this problem will find 
additional application in scenarios where an acute environmental ex
posure must be rapidly assessed as in the case of occupational hazards, 
process control scenarios, or chemical warfare agents. 

The objective of this investigation is to model the kinetics of species 
transport through a membrane confined inside a flow through sample 
cell typical of the system used in our studies. We will show that the 
observed optical response can, under appropriate system conditions, 
exhibit apparently non-Fickian transport behaviors [13,14]. The model 
will be confirmed through calibration experiments and key membrane 
parameters extracted in order to help with detection optimization and 
data interpretation. 

2. Experimental 

Nafion® membrane (The Fuel Cell Store, Nafion® 117, protonated, 
0.007 in. thickness, 1100 EW) was used as received and immersed in a 
12 g L−1 solution of resorcinol (Acros Organics, 98%) in ethanol (Acros 
Organics, ACS spectroscopic grade, > 95% purity) for 31 min as de
scribed in further detail in our previous work. The membranes were 
rinsed with deionized water and allowed to air dry. The membranes 
were then placed into a flask containing 50 g L−1 of tiglic acid (TA, 
Sigma-Aldrich, > 98%) in heated food grade mineral oil (Bayes, 100%). 

Mineral oil was utilized to avoid loss of the resorcinol in the 
membrane during the organic acid uptake. The membranes were 
soaked in the solution for 1 to 24 h depending on the rate of uptake 
observed and then the excess oil solution was rinsed off and the 
membrane allowed to air dry. Extraction of the organic acids in ethanol 
and Beer-Lambert's Law were used to quantify the amounts of the acids 
that had been imbibed into the membrane. 

To investigate the evolution of the optical signal in a flow-through 
sample chamber in real time, a custom-built system was developed as 
shown in Figs. 1 and 2. This system allowed us to control the volume of 
flow-through analysis chamber (13.5 mL) in place of the quartz cuvette 
utilized in our previous work (2.5 mL) [10]. As will be demonstrated in 
this study, reduction of analyte diffusion resistance in the membrane 
optode in favor of its accumulation in the sample chamber is essential to 
accurately model inlet stream dynamics. This system also employs a less 
expensive, more compact, and more durable color sensing technology 
to assess optode response instead of a UV/Vis Spectrophotometer. 

The membrane optode is placed onto a clamshell fixture which is 
then inserted into the sample chamber at the system casing opening 
shown in Fig. 1(a). The inlet flow tube is inserted into the position 
indicated in Fig. 1(a). The compact and durable system casing is con
venient for travel to and from clinical trials, as shown in Fig. 1(b). 
Custom software was prepared to monitor and save the optical response 
as well as provide a color eye-guide on a computer screen for patients to 
achieve control over their exhalation rate. The computer screen as 
viewed by patients is shown in Fig. 1(c). The exhalation rate which 
proved most comfortable with patients was between 1.5 and 
2.0 L min−1. This was monitored continuously during the experiment 
utilizing the flow meter which forms part of the internal system com
ponents as shown in Fig. 2. 

The color sensing approach is described schematic in Fig. 1(d) and 
achieved utilizing the commercial color reader shown in Fig. 2. A 
white-light LED provides the light source. An array of > 300,000 pixels 
records an image by collecting the reflected light in RGB. Each pixel on 
the sensor has a color filter that only lets in one color. The captured 
image records the brightness of each color separately. Only the blue 
absorbance is used for measurement of flavan product formation. 

Resistance heating and microprocessor control as shown in Fig. 2 
are used to bring the temperature of the sample cell to the 60 °C 

Scheme 1. Nafion®-catalyzed condensation reaction with resorcinol used for 
optical detection of acetone. 
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reaction temperature. A small pump provides a dry air purge which 
could be manually switched to go through a water bottle for humidi
fication as desired. 

Gas standards for device calibration were prepared by bubbling dry 
air over acetone and then diluting with another dry air stream to de
sired concentration prior to humidification (as desired). 

For the exhaled breath clinical trials performed for this work, the 
inlet flow tube was replaced by a straw at the position shown in  
Fig. 1(a). Subjects without a history of physician diagnosed DM or 
chronic respiratory disease (i.e., asthma) were randomly recruited from 
a large community medical practice, as shown in Fig. 1(b). Subjects 
were tested as they became available throughout the day. After signing 

an informed consent approved by the University of Cincinnati Institu
tional Review Board, each subject was asked to clear their lungs with a 
deep inhale and exhale and then, after taking a deep breath, exhale into 
the straw for as long as possible. The subjects were asked to maintain an 
exhalation rate of 2 L min−1 utilizing the eye-guide on the computer 
screen shown in Fig. 1(c). Flow rate was monitored and recorded by the 
meter indicated in Fig. 2. Subjects were allowed one or two practice 
trials to control their exhalation rate before the optode was inserted. 
Blood glucose measurements were obtained by the nursing staff both 
before and after at least two trials conducted in this manner. All pa
tients who participated were in a nonfasting state but had not eaten 
within an hour prior to testing. 

Fig. 1. Flow-through sampling system. (a) Durable casing used to transport system to and from clinical trials. (b) System set-up at clinician's office. (c) Software 
interface for patients and operator. (d) Color measurement scheme. 

Fig. 2. Internal view of flow sampling system.  
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3. Results and discussion 

3.1. Theory with constant inlet concentration 

3.1.1. Sample chamber accumulation 
Fig. 3 depicts the basic flow through sample-cell arrangement and 

associated parameters of interest. 
In Fig. 3, Cin is the initial inlet concentration, Cout is outlet con

centration, νin and νout are the corresponding inlet and outlet volumetric 
flow rates, and Vs is the sample chamber volume. 

Assuming that there is no leak in the sample chamber, the corre
sponding sample chamber volume Vs remains constant for the entire 
path, and that the chamber is well-mixed at a uniform species con
centration C=Cout, a mass balance of the system yields: 

=V dC
dt

C Cs in in out (1)  

Accumulation of material in the sample chamber will provide the 
membrane boundary conditions required for mathematical determina
tion of species uptake in the membrane located inside the chamber. We 
note that νout in Eq. (1) will be time-dependent due to the development 
of a pressure drop to drive flow. The precise functional form of νout will 
depend on the details of the sample chamber design, including mate
rials of construction. To generalize our approach, we recognize that 
during the taking of initial measurements, the last term on the right in 
the material balance will be negligible. In other words, to O(Cνout/ 
C0νin) → 0, the solution of Eq. (1) becomes, where we set ν = νin: 

=C C
V

t
s

0

(2)  

For the sampling system employed in this work, parameter ν/Vs has 
a value of 2.46 s−1 at a flow of 2 L min−1 versus a value of 13.1 s−1 for 
the quartz cuvette flow through system previously found to exhibit an 
optical response limited by Fickian transport through the optode [10]. 

For the given concentration accumulation in the sample chamber 
given by Eq. (2), the time dependence of the optical signal will be 
convoluted by partitioning of acetone into the membrane optode. The 
two limiting cases where optical detection is limited by sample chamber 
dynamics or membrane resistance are discussed. 

3.1.2. Membrane transport as rate-limiting step 
If transport through the membrane at early times limits transport, 

then the sample chamber will reach a uniform concentration of C0 prior 
to optical signal detection. In this case, then the solution for the weight 
uptake per unit area, Mt, at early times is given by [15]: 

=M C Dt4 Ht 0
1/2

(3) 

where D is the (constant) acetone diffusion in the membrane and H is 
the membrane partition coefficient. The concentration, Cm, in the 
membrane at any time may be expressed according to: Cm,t = Mt/L, 
where L is the membrane thickness. 

We next apply the Beer-Lambert Law to relate the membrane con
centration to the absorbance signal, At, according to: 

=A L Ct m,t (4) 

where ε is the extinction coefficient. 

Eq. (3) may therefore be re-written as: 

= C DtA 4 Ht 0
1/2

(5)  

Such behavior is categorized as Fickian diffusion [13]. 

3.1.3. Sample chamber accumulation as rate limiting step 
In the case where membrane transport is much more rapid than 

sample chamber dynamics, then we can write directly from Eqs. (2) and 
(4) that: 

= L H C
V

tAt
s

0

(6)  

Such behavior is categorized as Case II sorption [13,14] but is here 
only apparently so because it arises due to sample chamber-limited 
accumulation. 

3.1.4. Analysis of experimental data 
If independently-determined solubility, H, and diffusivity, D, data is 

not available, then the product of membrane parameters observed in 
Eqs. (5) and (6) cannot be de-convoluted and quantitative chemical 
sensing must be achieved through calibration measurements. In this 
case, we re-write Eqs. (5) and (6) according to: 

=A B C tt n 0
n (7) 

where n takes on the value of ½ (Fickian diffusion) or 1 (apparently 
Case II sorption), respectively, and Bn has the corresponding convoluted 
product of membrane and system parameters. 

To evaluate experimental data, Eq. (7) may be recast in the form: 

= + tln(A ) ln (B C ) nlnt n 0 (8)  

Which limiting case is operative for a given set of operating con
ditions can therefore be inferred from the value of n obtained by 
plotting ln (At) versus ln t. The value of BnC0 for a given inlet chamber 
concentration C0 is obtained from the intercept of such a plot. 
Therefore, calibration consists of plotting this value for various known 
concentrations, C0 (including At = 0 at C0 = 0) to extract the con
voluted parameter product, Bn. Measured absorbance dynamics may 
then be used to extract an unknown concentration C0. 

In addition to being essential for point-of-care applications, such an 
early time approach avoids the need for separate ex-situ (off-site) ex
periments to obtain extinction coefficient, membrane optode, or system 
configuration parameter data. 

Intermediate values of n between ½ and 1 are anticipated from Eq.  
(8) when the limiting cases are not fully satisfied in the experimental 
data collected. Such behavior is typically categorized as anomalous 
diffusion but here arises due to the convolution of membrane-limited 
and sample-chamber limited transport [13,14]. While n may remain 
stable and permit system calibration under a given set of operating 
conditions, it is important to note that the relationship between Bn and 
system parameters is uncertain in those situations. 

The applicability of this approach hinges on both the Fickian nature 
of transport through the membrane at early times as well as whether 
parameter Cνout/C0νin is sufficiently small so that Eq. (2) applies. 

We will illustrate application of these concepts to experimental data 
in the following section. 

3.2. Experimental UV–vis measurements 

3.2.1. Calibration data 
We have previously noted that the condensation reaction shown in  

Scheme 1 readily equilibrates in homogeneous aqueous solution in a 
matter of seconds. Consequently, the optical response in Nafion® 
membrane is limited by diffusion of acetone to the immobilized re
agent/catalytic sites. 

In Fig. 4, we show dynamic response data obtained with a 7 mil Fig. 3. Sample chamber model illustrating material balance terms.  
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Nafion membrane purged with dry air both before and after exposure to 
fully humidified acetone at the indicated constant exposure levels at the 
indicated volumetric flow rates at the inlet of the sample chamber. 
These are plotted according to Eq. (8). 

From Fig. 4, we obtained a value of 0.75 for n with a standard de
viation of +/− 0.011 for every exposure and flow rate, indicating an 
intermediate case between membrane control and sample chamber 
control for this system. This suggests that neither membrane transport 
nor sample chamber accumulation is rate limiting. 

A plot of BC0 versus C0 from this data is shown in Fig. 5 and yields 
B0.75 values of 0.0633 +/− 0.0010 ppm−1 s-0.75 at 2 L min−1 and 
0.0473+/− 0.0045 ppm−1 s-0.75 at 1.5 L min−1. Although the ratio of 
these two values is consistent with that expected from the flow rates, 
the linear fit to the 1.5 L min−1 data is very poor, with a correlation 
coefficient of r2 = 0.73. This is shown in Fig. 5(a). 

We next investigated the impact of humidifying the membrane prior 
to exposure by first injecting a fully humidified purge stream for 5 min. 
Note that while both the purge and exposure streams are fully humi
dified at ambient laboratory temperature, the humidification is reduced 
to about 16% at the 60 °C reacting temperature of the sample chamber. 
Furthermore, the high solubility of acetone in water would mitigate 
transport resistance due to the presence of a condensed layer. The im
pact of this change is shown in Fig. 6. 

Fig. 6 indicates that pre-humidifying the sample chamber has the 
effect of reducing membrane resistance. This is noted from the reduced 
slope on the data relative to the dry purge employed in Fig. 4. The value 
of n for all lines in Fig. 6 is 0.89 +/− 0.027. The slope B0.89 has a value 
of 0.0428 +/− 0.0026 ppm−1 s-0.89 at a flow of 2 L min−1 and 0.0282 
+/− 0.0012 ppm−1 s-0.89 at a flow of 1.5 L min−1, as shown in Fig. 5. 
While the correlation coefficients for this calibration are improved, the 
ratios at the two flow rates are not consistent with sample chamber- 
limited transport. 

To further reduce membrane resistance, we prepared optodes uti
lizing a 1 mil membrane. We maintained a fully humidified purge 
stream at ambient prior to exposure and obtained the data shown in  
Fig. 7. 

The value of n obtained from each linear fit in Fig. 7 is 1.0 +/− 
0.017. This value suggests that the optical response is being driven by 
the dynamics of sample chamber accumulation. The slope B1.0 has a 
value of 0.0442 +/− 0.0015 ppm−1 s−1 at a flow of 2 L min−1 and 

0.0254 +/− 0.0012 ppm−1 s−1 at a flow of 1.5 L min−1, as shown in  
Fig. 5. The ratio of these values is even less consistent with the flow 
rates than those obtained with the thicker membrane, despite being 
obtained from excellent fitting (see Fig. 5). This observation suggests 
that the level of membrane humidification in the 60 °C flow chamber is 
flow-rate dependent, particularly with the thinner membranes, and will 
therefore impact the extent of acetone partitioning into the membrane 

Fig. 4. Natural logarithm plot of the absorbance versus time in seconds ob
tained at the indicated inlet concentration in ppm and the indicated flow rate in 
L min−1, either 1.5 or 2.0. Dry purge and 7 mil optode test conditions. A slope 
of 0.75 +/− 0.011 is obtained from all lines, indicating an intermediate case of 
mass transport where neither membrane diffusion nor sample chamber accu
mulation is rate limiting. 

Fig. 5. BC0 versus C0 for dry purge condition and 7 mil membrane (squares), 
humid purge condition and 7 mil membrane (circles), and humid purge con
dition and 1 mil membrane (triangles). Force-fit through origin. (a) 
1.5 L min−1. (b) 2.0 L min−1. 

Fig. 6. Natural logarithm plot of the absorbance versus time in seconds ob
tained at the indicated inlet concentration in ppm and the indicated flow rate in 
L min−1, either 1.5 or 2.0. Humidified purge and 7 mil optode test conditions. A 
slope of 0.89 +/− 0.027 is obtained from all lines, indicating a reduction in 
membrane mass transport resistance due to increased humidification. 
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(parameter H in Eq. (6)). This result emphasizes the importance of 
maintaining constant test conditions for appropriate calibration uti
lizing this optode approach. Nevertheless, humidification is sufficient to 
ensure that sample chamber rather than membrane dynamics are being 
sampled. The statistics indicate good reproducibility as long as con
sistent humidification conditions are maintained. Ideally, the effect of 
flow should be eliminated and we are investigating the use of a heated 
inlet purge to achieve this by increasing the humidification level in the 
sample chamber. 

Our theoretical model for early time behavior predicts that the 
calculated calibration parameter Bn should be proportional to the flow 
rate (see Eq. (6)). However, this dependence presumes that membrane 
parameters remain constant as flow rate changes. The calibration plots 
in Fig. 5 demonstrate that, even if sample chamber accumulation were 
rate limiting (n = 1), acetone partitioning in the membrane can still 
exert a subtle influence on the signal that is observed. While the in
fluence of acetone partitioning can never be eliminated, its alteration 
by sampling conditions can be mitigated by ensuring that the mem
brane is always fully humidified. 

3.2.2. In-situ measurement of exhaled acetone concentration 
The advantage of monitoring sample chamber dynamics rather than 

optode resistance is next illustrated during the in-situ measurement of 
exhaled breath concentration. 

A 34 year-old female subject with an average blood glucose reading 
of 107 mg dL−1 and no health issues was instructed to blow into the 
sample chamber at a steady rate of 2 L min−1 as described in the 
Experimental Section. The patient achieved a minimum of 25 s of ex
halation for each of the final 2 trials. The membrane optode was purged 
with humidified air for 5 min prior to exhalation and a 1 mil thick 
optode was used. Results are shown in Fig. 8, linearized according to 
Eq. (8). 

From Fig. 8, we obtained the unexpected result that n = 1.9 +/− 
0.029. To understand such unusual behavior, we explored the impact of 
acetone accumulation in the lungs on the time dependence of exhaled 
acetone concentration. The importance of limiting optical response to 
sample chamber dynamics is well-illustrated during the in-situ mea
surement of exhaled breath concentration. The following section pro
vides a lung model analysis to better explain the data presented in this 
section. 

3.3. Theoretical lung model 

A simple model of exhaled breath time dependence can be obtained 
by considering steady-state transport through the capillaries in the 
lungs as shown in Fig. 9 according to: 

= CN k (C )c c ex0 (9)  

Where Nc is the acetone mass (or molar) flow rate through the ca
pillary wall into the lung volume on a gas concentration basis, con
sidered to contain a well-mixed concentration Cex, which is the con
centration of acetone in exhaled breath entering the sample analysis 
chamber shown in Fig. 3. C0 is the concentration of acetone in the gas 
phase in equilibrium with blood-acetone concentration, CB, as ex
pressed by a Henry's Law type of relationship shown below: 

= H CCB GB 0 (10) 

where HGB is the gas-blood acetone partition coefficient. 
Parameter kc in Eq. (9) is a generalized blood capillary wall/lung 

tissue mass transport coefficient expressed in its simplest form as: 

= D A H H
L

kc
c c Bc GB

c (11) 

where Dc is the diffusion coefficient of acetone through a tissue wall of 
thickness Lc and average transport area Ac. Parameter HBc is the acetone 
partitioning coefficient between the blood and the capillary wall/lung 
tissue. At equilibrium, it links the concentration of acetone in the ca
pillary, Cc to that in the blood phase: 

Fig. 7. Natural logarithm plot of the absorbance versus time in seconds ob
tained at the indicated inlet concentration in ppm and the indicated flow rate in 
L min−1, either 1.5 or 2.0. Humidified purge and 1 mil optode test conditions. A 
slope of 1.0 +/− 0.017 is obtained from all lines, indicating the mass transfer 
is controlled by sample chamber accumulation. 

Fig. 8. Natural logarithm plot of the absorbance versus time in seconds ob
tained from a 34 year old female subject with 107 mg dL−1 average blood 
glucose and no health issues exhaling at 2.0 L min−1. Humidified purge and 1 
mil optode test conditions. A slope of 1.9 +/− 0.029, indicative of a linear 
time dependence in the inlet concentration to the sample chamber. 

Fig. 9. Schematic of theoretical steady-state lung tissue permeation model. 
Parameters are defined in text. 
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= H CCc Bc B (12)  

The material balance around the well mixed lung volume shown in  
Fig. 5 under forced exhalation, taking account the change in volume 
with exhalation rate, ν, is given by: 

=V t dC
dt

C( ) k (C )ex
c ex0 0 (13) 

where V0 is the initial lung volume prior to exhalation and ν is the 
volumetric exhalation rate, identical to the volumetric rate input to the 
analysis chamber. 

To both O(νt/V0 → 0) and O (kct/V0 → 0), Eq. (13) has the early 
time solution: 

= k
V

CC tex
c

0
0 (14)  

Such a linear dependence in exhaled breath concentration has not 
been previously reported. Employing Cin = Cex in Eq. (2) and solving at 
early exhalation times when: 

C
C

V
k

tout

c0

0

(15)  

We obtain: 

=
V

k
V

CC 1
2

t
s

c

0
0

2
(16)  

A t2 time dependence is therefore expected from the optical re
sponse of breath exhalation in a system which is limited by accumu
lation in a sample chamber. Such behavior is categorized as Super Case 
II Sorption [13,14] but here arises from sample chamber-limited 
transport and a time-dependent inlet concentration. Had the system 
been membrane transport limited, then the physiological lung proper
ties responsible for the dynamic behavior could not be captured. 

Applying Eq. (4) to Eq. (16) yields: 

= LH
V

k
V

CA
2

tt
s

c

0
0

2
(17)  

Eq. (17) indicates that linearizing experimental data for exhaled 
breath according to the log-log plot given by Eq. (8) will yield n = 2 if 
the sample chamber dynamics are rate limiting, which corroborates the 
results shown in the previous section and Fig. 8 (i.e., n ≈ 1.9). 

Knowledge of the sample chamber dynamics dependence is not re
quired to obtain the average exhaled acetone concentration over a fixed 
period of time. However, failure to recognize differences in lung phy
siology among patients can yield hopelessly convoluted results and is 
one likely source of discrepancies among conclusions reported in the 
literature. This is particularly the case with respect to correlations be
tween exhaled breath acetone concentration and blood glucose. 

3.4. Experimentally determined lung tissue permeability 

From our experimental results in Fig. 8, we obtain a value of B1.9 

C0 = 0.0137 +/− 0.0034 s-1.9. We noticed during these patient trials 
that the theoretical value of n = 2 and more highly reproducible values 
for Bn were approached with repeated trials, suggesting improved 
sample chamber humidification. For a healthy patient with normal 
blood glucose levels, a breath acetone concentration of about 1 ppm is 
frequently reported [5]. Using this value for C0, we write that 
B1.9 = 0.0137 +/− 0.0034 ppm−1 s-1.9. 

We employ the value of B1 obtained for calibration experiments 
conducted under similar test conditions (ν = 2 L min−1, humidified 
purge, 1 mil membrane) and write: 

= B k
V

B 1
2

c
2 1

0 (18)  

Taking B1.9 ~ B2 in Eq. (17) yields a value of 0.310 +/− 
0.0037 s−1 for kc/V0 with propagation of error for the patient tested. 

Assessment of the validity of this number is difficult given that 
diffusivity and solubility data for acetone in animal tissue is not readily 
available. We will instead develop a correlation based on reported 
permeation data for various model drugs through Sprague Dawley rat 
skin [16]. Fig. 9 plots the permeability of Nicorandil (NR), isosorbide 
dinitrate (ISDN), and flurbiprofen (FP) through SD rat skin from water 
versus their solubility in water at RT. The dotted circle in the figure 
indicates our correlated acetone permeability as a basis for comparison. 

We write the acetone permeability through the blood capillary wall/ 
lung tissue resistance from water, Pwc, as: 

= D H
L

Pwc
c wc

c (19) 

where Hwc is analogous to parameter HBc in Eq. (11) but accounted for 
acetone partitioning in water instead of blood. A comparable expression 
can be written for acetone permeability through the capillary wall re
sistance from blood, PBc, as: 

= D H
L

PBc
c Bc

c (20)  

We use the correlation in Fig. 10 to obtain Pwc ~ 10−7 cm s−1. 
Given that the solubility of acetone in PDMS at RT is three orders of 
magnitude greater than that of water [17] we write: HBc ~ 103 Hwc and 
so PBc = ~ 10−4 cm s−1 at RT. We also know that acetone blood 
partitioning from air, HGB, is ~260 at RT. Next, we use a spherical lung 
volume approximation and an average lung capacity of 6 L to estimate 
that Ac/V0 ~ 0.266 cm−1. Combining these approximations yields kc/ 
V0 ~ 0.01 s−1 at RT or ~ 0.1 s−1 at the 60 °C optode temperature. That 
this value is about one-third that which we obtained from exhaled 
breath measurements is remarkable given the approximations em
ployed. Such correspondence suggests the possibility of using this ap
proach to discriminate both longitudinal and cross-sectional changes in 
lung physiology due to disease. 

3.5. Preliminary data on the effect of age 

A small-scale study was conducted with a random cross-section of 
subjects who had normal blood glucose levels (< 120 mg dL−1) and no 
underlying conditions as described in the Experimental Section. A hu
midified purge was employed both before and after each trial. In ad
dition, a 7 mil thick membrane optode was used for convenience given 
the comparable value of Bn that were obtained with a humidified purge 
and a 1 mil sample in the calibration study. Nevertheless, we found it 
difficult to maintain sufficient membrane humidification so as to 
achieve n ~ 2 in the plotted data with our current humidification 
scheme. More extensive trials with a heated humidifier are planned in 
the future. 

To illustrate the type of real-time exhaled breath data that can be 
collected in a clinical setting as well as complications associated with its 

Fig. 10. Correlation of model drug permeability in Sprague Dawley rat skin and 
water solubility. Acetone estimate given by dotted circle. 
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interpretation, we provide preliminary results from these trials in  
Fig. 11. Only those trials for which n ~ 2 was achieved are included. In 
addition to the 34 year old female subject from whom Fig. 8 was 
generated, we obtained satisfactory results for three other subjects: a 
54 year old male, a 73 year old female, and a 70 year old male. For 
comparison purposes, C0 may be set to 1 ppm for this non-diabetic set of 
subjects. 

Fig. 11 suggests that the two older subjects group together with an 
intercept, ln(BnC0), that differs from that of the two younger subjects. 
The physiological implication of this data requires careful investigation 
of differences in parameters kc and V0 found in Eq. (18). While kc is 
associated with capillary permeability, V0 is associated with the ana
tomical conditions of the subjects. For example, the internal pressure 
required to maintain a forced exalation of 2 L min−1 may result in 
changes to the anatomical dead space (comprised of the nose, trachea, 
and bronchi) that differ from one group to the other due to, for ex
ample, tissue elasticity. The total lung volume, V0, consists of both this 
dead space and the respiratory zone (comprised of respiratory 
bronchioles, alveolar duct, alveolar sac, and alveoli). Thus, before any 
assertions can be made regarding tissue permeability, an independent 
method of assessing total lung volume during forced exhalation is 
needed. One approach we are currently investigating is to use a second 
exhaled VOC (e.g., formaldehyde [18]) to normalize the response and 
factor out lung volume. 

4. Conclusions 

This work reports on the construction and operational character
istics of a device capable of measuring the time-dependence of exhaled 
breath acetone concentration in real time. Acetone sensing is achieved 
utilizing a catalytically-driven membrane reaction with acetone to 
produce a color which is then read by measuring reflected light in RGB. 
The highly sensitive sub-ppm optode response has sufficiently fast time 
resolution (~1 s) to permit in-situ measurement of the accumulation of 
acetone in a flow-through sample chamber during the brief time period 
(~40 s) that is typical of breath exhalation. The use of this flow-through 
sample chamber for in-situ chemical analysis of an acetone flow stream 
having constant inlet concentration yields a time dependence in the 
optical response that varies from t1/2 to t for at least 40 s. The precise 
power law is shown to depend on whether acetone accumulation is 
limited by the sample chamber or the membrane as well as on the time- 

dependence of the inlet concentration. A t2 dependence is observed in 
the absence of membrane mass transport resistance that is correlated to 
a linear increase in breath acetone concentration during forced ex
halation. This behavior has never previously been reported and is here 
attributed to lung physiology through a material balance entailing 
blood acetone partitioning into and through the capillary wall/lung 
tissue structure. Such partitioning in the respiratory zone is more rapid 
than the forced acetone exhalation rate and results in a linear time- 
dependent increase in the average concentration in the total lung vo
lume, which includes the anatomical dead space. Lung tissue perme
ability results are shown to be consistent with independent material 
parameter data. A preliminary assessment is presented on the impact of 
age on lung physiology. 
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