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ABSTRACT

Breath monitoring is a non-invasive, safe, and repeat-
able approach to determining the respiratory, gas-
trointestinal, and general health status of humans and
other mammals. Breath samples could be detected in
two ways—directly sensing exhaled breath (EB) or
chilling the EB to obtaining the exhaled breath con-
densate (EBC). Each has its advantages and disad-
vantages but they are both affected by different sam-
pling conditions. The dearth of information on how
sampling conditions affect the intrinsic properties of
biomarkers in breath hinders the use of breath moni-
toring in clinical use. In this study, ethanol, a poten-
tial biomarker of liver function, was chosen as a mo-
del biomarker to demonstrate the effect of sampling
conditions on different phases and how breath sam-
pling could be standardized by developing predictive
models. EB and EBC samples were determined under
three simulated breath temperatures, two breath
rates, and two condensing temperatures for develop-
ing predictive models. Results showed EB samples
were affected by breath temperatures and EBC sam-
ples were affected by condensing temperatures. Flow
rate changes did not have a significant influence on
both EB and EBC samples. Final predictive models
based on 5 minute sensing time were developed for
EB (R? = 0.8261) and EBC (R? = 0.9471).

Keywords: Simulated Breath; Exhaled Breath
Condensate; Ethanol; Modeling

1. INTRODUCTION

Exhaled breath contains hundreds of metabolic products
that may be biomarkers of animal well-being, physio-
logical and enzyme reactions, and the onset of disease.
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Compared to clinical blood and urine tests, breath moni-
toring offers several advantages—it is noninvasive, of-
fers a low risk of infection, repeatable, and convenient
for long-term clinical monitoring. Breath monitoring is
carried out by sensing exhaled breath (EB) in the gas
phase directly or passing the EB through a chilled con-
denser to obtain the exhaled breath condensate (EBC)
sample in aqueous phase for further sensing. EB repre-
sents the first-hand information in breath and avoids fur-
ther dilution by water vapor, but it has the difficulties in
storage. Hence, immediate sensing is necessary for pre-
venting possible decomposition or contamination reac-
tion. In terms of EBC, researchers have argued that EBC
provides better storage options and off-line detection
than EB, because both non-volatile organic compounds
(non-VOCs) and water-soluble volatile organic com-
pounds (VOCs) are more stable in liquid phase. EBC
usually preserves non-VOCs and water-soluble VOCs at
trace concentrations, nmol/l to pmol/l (ppbv to pptv) [1].
In clinical studies, 1 - 3 ml of EBC is collected from pa-
tients, which takes, on average, 10 - 30 minutes of sam-
pling time [2]. The long sampling time impedes practical
application for clinical diagnosis. Generally, a precon-
centration step is needed to reach the detection limit of
the instrument by removing excess water vapor in the
breath sample. Solid-phase extraction (SPE), solid-phase
microextraction (SPME) or direct cryofocusing are widely
used preconcentration techniques in EBC detection [3,4].

In general, factors that could influence breath bio-
marker concentrations can be classified into three cate-
gories—conditions of subject, sampling conditions, and
post analytical processes. Conditions of subject include
temperature and pH of airway lining fluid, breathing rate,
contamination by upper airways and mouth, and intra-
subject diurnal activities [5,6]. Temperature and pH lead
to changes in intrinsic properties of biomarkers, such as
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its volatility and solubility [7]. Bell and Flack [8,9] re-
ported breath alcohol levels can vary with EB tempera-
tures. Reinhold ef al. [10] measured breath pH and car-
bon dioxide levels and found them to be affected by air-
flow rate during EBC collection. Schleiss et al. [11]
noted hydrogen peroxide concentrations were also flow-
dependent, while others reported malondialdehyde and
adenosine levels in breath were flow-independent [12,
13].

Sampling conditions are related to condensing tem-
peratures, collection device materials, collection time, di-
lution, pH of EBC, contamination from ambient air, and
cross reactions in EBC matrix [5-7]. Horvath ef al. [1]
found that lower condensing temperatures stabilized un-
stable mediators, such as leukotrienes and purines, and
the solubility of ammonia was proportional to the sam-
pling temperature. Higher acetone concentrations were
found in condensate when a lower condensing tempera-
ture (—50°C, —20°C, and 0°C) was applied [14]. For var-
ied sampling times (3 - 20 min), no significant difference
was found between pH, concentrations of H,O,, 8-iso-
prostane,adenosine, nitrite/nitrate, and malondialdehyde
[1,15]. Post analytical processes cover possible pretreat-
ment procedure (e.g. preconcentration, separation), ref-
erence standard using in quantification device (e.g. mass
spectrometry), and validation method [5].

The objectives of this study were to determine the ef-
fects of varied sampling conditions, such as breath tem-
peratures, flow rates and condensing temperatures, in EB
and EBC sensing and to develop the predictive models.
Ethanol was chosen as the model biomarker in this study.
Ethanol levels in breath are associated with intake of
carbohydrate (e.g., glucose) and overgrowth of bacteria
or yeast in the digestive system. Ethanol and acetone are

789

also presumed biomarkers to determine blood glucose
level [16]. Risby [17] and Cope et al. [18] determined
that the regulation of gut bacteria and obesity in mice
were correlated to breath ethanol.

2. MATERIALS AND METHOD
2.1. Reagents

Alcohol oxidase (AOX, E.C. 1.1.3.13, 30 U/mg protein)
from Pichiapastoris was purchased from Sigma Aldrich
(St. Louis, MO). Bovine serum albumin (BSA, 96%
w/w), glutaraldehyde (25% w/w), potassium phosphate
monobasic, methanol (99.8% w/w) and ethanol (99.5%
w/w) were of analytical reagent grade and purchased
from Sigma-Aldrich (St. Louis, MO). Potassium phos-
phate buffer solutions (100 mM, pH 7.4) were prepared
using deionized water and stored at 4°C until use. Imme-
diately before testing, ethanol solutions were prepared in
potassium phosphate buffer solution to hold a neutral pH
condition.

2.2. Breath Output Simulator

A breath output simulator (Figure 1) was designed and
built to simulate the expiration of breath biomarkers [19].
A volume of compressed air was humidified by bubbling
it through an aqueous solution containing one of the
chosen biomarker. The humidified air exiting the bubbler
was considered as the simulated exhaled breath.

Flow rate (¥ ) was manually controlled using a valve
and measured using a shielded flow meter (GF-1260 and
GF-1360, Gilmont, Barrington, IL). In general, exhaled
breath flows through the trachea of a healthy person un-
der laminar conditions and the Reynolds number is esti-
mated to be around 1600 to 2000 [20,21]. The Reynolds
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Figure 1. The breath output simulator was used to simulate exhaled breath by humidifying compressed air using an aqueous so-
lution of a biomarker. The concentrations of the biomarkers in the simulated exhaled breath sample were measured amperomet-
rically at the gas phase and condensed (liquid) using enzyme-coated electrodes.
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number of the simulated exhaled breathin this study was
set at 957 and 1833 to simulate laminar conditions for
average, healthy individuals. The simulated breath was
maintained at saturated conditions (>95% relative hu-
midity) through the bubbler, which was monitored using
a humidity sensor (HIH-4000, Honeywell Sensing and
Control, Valley, MN). The bubbler was submerged in a
water bath (Digital One, Thermo Scientific, Newington,
NH) and the temperature (7},) was adjustable to 295, 307,
310, and 315 K. The temperature of the humidified air
was monitored using a datalogging thermometer (HH3
09A, MEGA Engineering, INC., Stamford, CT). These
temperatures corresponded to room temperature, exhaled
breath temperature from the mouth, blood and alveolar
air temperature, and extremely high fever temperature
that can cause brain damage [22-24]. The simulated ex-
haled breath either passed through a chamber for vapor
phase sensing or was delivered to a condenser to cool it
down to 274 K or 256 K in an ice bath. The latter condi-
tion was achieved using a condenser bath containing 1:8
weight ratio of sodium chloride and ice mixture. Sodium
chloride was purchased from Sigma-Aldrich (St. Louis,
MO). The condensate was collected in 10 minutes to ob-
tain 105 - 700 pl samples depending on the simulated
exhaled breath temperature. Aqueous solutions of etha-
nol were prepared to deliver 4, 5, and 7.5 ppm of ethanol
vapor in the simulated breath output of the bubbler.

2.3. Henry’s Law

The vapor concentrations of the biomarkers in the simu-
lated exhaled breath can be calculated using Henry’s law.
Henry’s law describes the solubility of a compound at a
constant temperature. The amount of gas dissolved in an
aqueous solution is directly proportional to the partial
pressure of that gas in equilibrium with the aqueous so-
lution:

ky = (1)

where ky is Henry’s law constant for a given solute
(mol/L-atm); ¢ is the concentration of the solute (mol/L);
and P is the partial pressure of the solute in the gas above
the solution (atm). ky is used for describing the solubility
of the solute in water and it is related to the solute vola-
tility, &/, , by

= P _ Pu,o ?)

H ,inv >
X
x My, xky

where x, is the molar mixing ratio in aqueous phase;
Pu,o 18 the density of water; M, . is the molar mass
of water. When applying Henry’s law, certain assump-
tions need to be met for the compound to behave ideally
and the chemical form is identical in both gas and aque-
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ous phases [25]. Henry’s law constant kj; also varies with
temperature:

Al (11
kH,T2 = kH,Tl Xexp{ }? {E‘E]} s 3)

where Ag,, H is the enthalpy of solution; R is the univer-
sal gas constant, 8.314 J/K-mol; 7; is the temperature
under standard condition (298.15 K); and 75 is the sam-
ple temperature. From empirical results [26], k, . is
184 M/atm and A_,, H/R is 6500 K at 298.15 K for
cthanol, respectively. Based on the k,; and A,
H/R values, aqueous ethanol was prepared and used as
stock solutions in the bubbler to produce expected
amount of concentrations of biomarkers. The conversion
between aqueous phase and gas phase were calculated
under standard conditions (298.15 K, 1 atm).

2.4. Sensor Preparation and Amperometric
Measurements

The Screen-printed carbon electrode (SPCE), DRP-410,
purchased from Metrohm USA Inc. (Riverview, FL), was
composed of three parts a carbon-based working elec-
trode containing cobalt phthalocyanine (CoPC) (12.56
mm?) as electrochemical mediator, a counter electrode
made of carbon paste (1.45 mm?), and a reference elec-
trode (2.2 mm” area) made of silver paste (Figure 2).
AOX was immobilized on the cell by dropcoating a 2 pl
aliquot of mixture containing 0.2 ul BSA (40 mg/ml), 0.6
plglutaraldehyde (1.5% (v/v)) and 1.2 pl AOX (400
units/ml) on the working electrode of a CoPC SPCE. The
mixture was allowed to dry for 2 to 2.5 h at room tem-
perature. H,O, was the byproduct from ethanol oxidation
reaction and it was oxidized and measured through the
oxidation of 2Co" to Co2" (Figure 2).

A portable USB potentiostat (WaveNow, Pine Re-
search Instrumentation, Raleigh, NC) was used to meas-

Alcohol oxidase

; C,HsOH
mixture Working CH:CHO
Reference Electrode )
Electrode (CoPC) Ol_r_,_, +400 mV
(silver) ¥ - H0: i vs. Ag/AgCl

Sl / " 2Co%
Counter
2

Electrode
(carbon)

: AOX 2
®  [Ethanol + O, ———> Acetaldehyde + H,0,

® 2007+ H,0, == 200"+ O+ 2H"

Figure 2. The sensor preparation and sensing process were in-
volved dropcoating enzyme solutions on the working electrodes
of the screen printed carbon electrodes.
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ure the redox reaction occurring on the sensor surface. In
preliminary tests, H,O, showed a cathodic (reduced)
peak around +400 mV vs. Ag (reference electrode), re-
sulting in a linear response to increasing concentrations
(Figure 3). For vapor phase measurements, the electrode
was exposed to ambient air for a period of 30 s prior to
coating the electrode with 20 pl of 100 mM potassium
phosphate buffer. After an additional 30 s, the electrode
was inserted into the sensing chamber and the ampero-
metric response for the simulated exhaled breath sample
was recorded in 10 min. Similarly, for condensate phase
measurements, the electrode was exposed to ambient air
for 30 s prior to coating the electrode with 50 pl of con-
densate sample. The signal was processed according to
the procedure described earlier by Chen and Danao [19].

2.5. Predictive Model Selection

Current responses were determined to be a function of
biomarker’s concentration from source and sampling
condition variables (Equation (4)).

IC,tmin - f(CV‘source’T;ﬂ VaTC) > “)

initial models, which included each sampling parameters
and the two-way interaction terms, were tested through a
model selection process using Akaike’s information cri-
terion (AIC) or cross validation (CV). AIC, which was
first published by Hirotsugu Akaike in 1974, is used for
comparing nested model and provided a criterion to
choose the best compromised model between the good-
ness of fit and the numbers of parameters included in the
model based on the theories of maximum likelihood,
information and entropy [27]. AIC is calculated as:

AIC:—21n(L)+2k, (5)
where L is the maximized likelihood of the estimated

model; k& is the number of parameters in the model. Cross
validation, which was also one means of prediction error
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Figure 3. The amperometric response increased linearly with
increasing levels of the byproduct, H,O,, from ethanol oxida-
tion.
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estimation, was carried out by the k-fold validation,
which was also one means of prediction error estimation,
was carried out by the k-fold cross validation. The origi-
nal dataset was partitioned into k fold nearly equally and
k = 10 was commonly used in the field of data mining
[28]. (k — 1) fold was randomly chosen in a certain times
of iterations to serve as a training set to develop a predic-
tive model and the remaining one fold was used as a test
set for validating the predictive model. In each iteration,
the sum of mean squared error in the test set was calcu-
lated. By comparing the values, the model with a mini-
mum sum of mean squared error was pursued further in
developing the predictive models.

Models selected by AIC and CV were subjected to a
multifactor analysis of variance (or factorial ANOVA)
that contained factors of vapor concentrations of ethanol
(Cy, ppm), temperatures of the simulated exhaled breath
from the bubbler (7}, K), breath rates (V, liter per min-
ute (LPM)), condensing temperatures (7., K) in conden-
sate sensing. In each case, three replications were taken
in each test. The sensing duration was 5 minutes. All the
statistical analyses were computed in R environment
(version 2.11). The final predictive models were chosen
in consideration of a shorter sensing duration and a big-
ger R* (Figure 4).

3. RESULTS AND DISCUSSION
3.1. Breath Temperatures (Ty)

Current measurements due to ethanol vapor and conden-
sate typically increased linearly as Cy increased (Figure

Initial Model )

Ic  min =ACy, sampling conditions)
T
_ v
( Model Selection

. Akaike’s information criterion (AIC)
. Cross Validation (CV)
[

e Multi-factor analysis of variance \
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sensing duration and a higher R’

Y

Test the significance of each variables in
the model using cut-off value o= 0.05

v

e I

\\ Predictive Models /\
Figure 4. Compromised models
between the goodness of fit and the
numbers of parameters included in
predictive models were chosen th-
rough AIC and CV model selection
processes.
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5). Flow rate in this test was set at 3.438 LPM (Reynolds
number = 957) and the condensing temperature was 274
K. Three replications were measured for each condition
of vapor and condensate samples. One replication was
conducted for stock solution. Error bars and dashed lines
represent + one standard error (S.E) and linear regression
results, respectively. In general, the higher the 7}, the
lower the current response derived for the same Cj. The
results were possibly due to further water condensation
with increasing 7j. Moreover, higher current responses
were found in the results from 10 min sensing duration
compared to 5 min sensing duration for vapor samples,
but the effect was notseen with condensate samples. Ad-
ditionally, current responses for condensate samples were
higher than the current responses for vapor and stock
solution after 5 min of sensing (Figure 5). When the sen-
sing time was extended to 10 min, vapor samples had the
highest current responses, followed by condensate and
stock solution, respectively.

Ethanol molecules in the vapor were present as aerosol
particles that randomly deposited on the sensor surface.
As sensing duration increased, the chances of aerosol
deposition increased. With the condensate sample, the
composition was fixed after collection by directly drop-
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Figure 5. Current measurements due to the level of
ethanol present in vapor, condensate, and stock so-
lution samples were affected by sensing durations.
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coating the sensor with the condensate sample. Hence, a
shorter sensing duration was needed in condensate sens-
ing.

The current responses for the stock solution were low-
er than those for vapor and condensate samples. Since
the boiling point of ethanol is 78.4°C, which is lower
than the boiling point of water and water-based solvents
(100°C), ethanol readily evaporated in the bubbler than
water and higher levels of ethanol were detected in both
vapor and condensate samples.

3.2. Breath Rates (V )

The breath temperature in this test was set at 310 K and
the condensing temperature was 274 K. Whether the
sensing durations or flow rate changed, current responses
presented comparable values in condensate samples. Al-
though higher current responses were measured at the
higher flow rate for vapor samples (Figure 6), but the
responses were not statistically different (ps y, = 0.355,
P10 min O 5 1 8)

3.3. Condensing Temperatures (T¢)

The breath temperature in this test was set at 310 K and
the flow rate in this test was set at 3.438 LPM (Reynolds
number = 957). In condensate sensing, lower current res-
ponses were measured for samples collected from lower
condensing temperature at 7¢ = 256 K (-17°C) (Figure
7). The melting point of ethanol is —114°C which is
much lower than 0°C, the melting point of water. There-
fore more water was condensed than ethanol and a diluted
sample was collected. However, no statistically signifi-
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Figure 6. Current measurements due to the level of ethanol
present in vapor and condensate samples were compared with
changing flow rate in 5 min or 10 min sensing.
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Figure 7. Condensate sampled from 7¢ = 256 K had a lower
current response than it sampled from 7 =274 K.

cant difference was found (ps i = 0.522, p1o min = 0.540).

3.4. Predictive Model Development

Breath sampling and measurement could be viewed as a
three-part process (Figure 8). First, the breath output
simulator produced the selected concentrations of etha-
nol in the simulated breath, Cy e, that were estimated
from Henry’s law. Cy source, could be expressed as a func-
tion of Henry’s law constant, k, ;. , and the partial pres-
sure of the solute in the gas above the solution, P. ky ;.
is a function of &, ;s 5> Ay , and 1/T, (Equa—
tion (3)). Since ky ;_y,5x and Ay H are empirical
values from previous studies (Sandy, 1999), k, .
could be simplified to be the function of 1/7, only
while P is directly proportional to flow rate 7 . Conse-
quently, Cy source 15 €Xxpressed as

1 ..
CV,source f[T;) > VJ s (6)
secondly, the sampling conditions, which are of great
importance for solubility of biomarkers, were affected by
the concentrations (C, .. ) and the temperature (73) of
samples from the source. 7, was found to have a negative
correlation with sample concentration (C¢ gample). Ahigher
flow rate (V ) resulted in a higher pressure that increased
the solubility of the sample in general. A direct propor-
tion was assumed between V and Ccsample- The tem-
perature drop (A7) between the simulated breath and the
vapor sensing chamber in vapor sampling, and the con-
densing temperature (7¢) also contributed to Cp/c mpe
by the varying condensing conditions. Large AT favored
water vapor condensation and caused further dilution to
Cy/csampie - Hence, AT was inversely proportional to
Cy/c sampie - Accordingly, the functions of Cycsample Were
derived as.

. V’J NG

ﬂlid

Vapor: CV,sample ~ f(CV,SOUfce’ AT

Condensate: C

C,sample

Nf{ Viourcc’ TC’ J’ (8)
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Figure 8. Concept diagram of predictive model development
presents sampling and sensing system could be broken down
into three subsystems.

Lastly, in consideration of sensing system (mainly bio-
sensors), output signals were directly proportional to
concentrations of the analyte. When an enzyme was in-
volved in the reaction, it was necessary to control the
effect of enzyme loading, enzyme kinetics, the thickness
of enzyme layers (a key factor in the rate of mass trans-
fer), and the conditions of enzyme immobilization proc-
esses that affect the retention of enzymatic activity. Fur-
thermore, manufacturing errors—the uniformity of the
sensor coating (e.g. the percentage of each reagent ele-
ment in the paste), the thickness of the layer, and the size
of reaction area were possible sources of signal noise and
instability of the amperometric signals fromthe SPCEs.
In this project, errors due to enzymeimmobilization and
electrode were minimized by preparing all biosensors
similarly. The SPCE from Metrohm USA Inc. (River-
view, FL) were assumed to hold a good uniformity. As a
result, sensor responses which were current responses,
Icample; Were only affected by the concentrations of the
collectedsamples Cc sample:

1 V/Csample f (CV/C,samplc) > ©)

Final models (Table 1) were developed for specific
sensing time in 5 min and the full sensing duration in 3 -
10 min. In specific sensing time (5 min), Ethanol con-
centrations in EB samples were only affected by the 7,
negatively. For EBC samples, only 7¢ had significantly
positive influence on the concentrations and the changes
of T, and V were not made significant differences. For
full time (3 - 10 min) models, additional parameters and
interaction terms were included in the models to better
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Table 1. Predictive models for EB and EBC.

S.-F. Chen, M.-G. C. Danao / J. Biomedical Science and Engineering 6 (2013) 788-795

Type of Analyte Model Selection R? Predictive Model
Ethanol in EB AIC 0.8261 s = 207 0.7213C, + 267425
5 min ; 4
Iy omin = 14.03—1.16;—%—ﬂ—0.221i—0.9gq 1+348.8-110.0361xC, + T”44A°T
. X
Ethanol'in EB AIC 0.6706 ' ’ ’
3 - 10 min C, vV .
+315.8— +1.39—+0.0403V xC,
] AT
Ethanol in EBC AIC/CV 0.9471 I 4. =0.00000217, —0.00264C,, +0.00001257. x C,
5 min
Eﬂ;af_“iloif; ‘iEHBC AIC/CV 08878 ... =0.003+222 0.00001357. —0.00162" +0.0016C, —0.0000113¢ T, —0.000143¢x C,

b

explain the change of current response with different
time period Higher complexities in full time models re-
sulted in lower R* values (R*>= 0.6706 in ethanol EB,
0.8878 in ethanol EBC) compared to models based on
specific sensing times (R*= 0.8261 in ethanol EB, 0.9471
in ethanol EBC). In addition, EB models were less accu-
rate than the EBC models, respectively. It also demon-
strated that vapor sensing was more unstable and more
challenging than condensate sensing.

4. CONCLUSION

Ethanol can be successfully detected by using a mediated
SPCE and cooperating with immobilized alcohol oxidase
in amperometric measurements. Three sampling condi-
tions—breath temperatures, breath rates and condensing
temperatures were tested. In both EB and EBC, the con-
centration of collected ethanol samples were more con-
centrated than the concentration from the source because
the boiling point of ethanol was lower than that of water
in the breather and was easier to vaporize. Higher 7}, and
lower T had lower current responses, which indicated
less concentration of ethanol was detected, due to the
water vaporization and condensation. Increasing flow
rate and sensing duration did not significantly affect the
ethanol concentration in condensate, but increased the
ethanol concentration in vapor sensing. Higher regres-
sion results were shown in EBC predictive models (R* =
0.9471 in 5 min and R* = 0.8878 in full time) than EB
predictive models (R* = 0.8261 in 5 min and R* = 0.6706
in full time).
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