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E
nd-stage renal disease (ESRD) is a
debilitating medical condition of
chronic renal failure (CRF), which re-

quires intensive and costly treatments

through dialysis or transplantation. Treat-

ment rates for ESRD have risen over the last

25 years in the western world.1 This is due

to increasing prevalence and incidence of

ESRD in all high-income countries for sev-

eral reasons, including the aging of the

population, increasing diabetes rates, im-

proved survival from heart disease, and

wider acceptance to dialysis therapy. Health

systems are grappling with how to allocate

resources within their ESRD programs while

balancing the competing objectives of cost

containment and achieving good out-

comes.2

The hitherto known methods for diag-

nosing renal failure include physical exami-

nation wherein symptoms such as oral ul-

cers and pallor may indicate kidney disorder

among other diseases and disorders.3 Blood

tests and urinalysis are commonly used,

wherein high levels of creatinine and blood

urea nitrogen (BUN) are usually attributed

to a decline in kidney filtration.3,4 However,

these tests tend to be highly inaccurate and

may remain within the normal range even

while 65�75% of kidney function is lost.

Urinary kidney injury molecule-1 (KIM-1) is

an important biomarker for the detection of

(early stages of) kidney disease. Several

sensing technologies have been proposed

to target this (KIM-1) biomarker,5�7 but

KIM-1 antibody functionalized AlGaN/GaN

high electron mobility transistors (HEMTs)7

seem to have clear technological advan-

tages. Imaging techniques are also applied

to detect changes in size, texture, and posi-

tion of the kidneys.4 These measurements

are performed using ultrasound and are

suitable only in patients suffering from pro-

gressive renal failure. Presently, renal bi-

opsy remains the most definitive test to

specifically diagnose chronic and acute re-

nal failure. This method is invasive and thus

comprises the risk of infections and bleed-

ing among other possible complications.8

Accurate interpretation of the renal biopsy

also demands the expertise of a pathologist

with extensive experience in analyzing a bi-

opsy sample for evidence of renal

dysfunction.4,8 Hence, there is an unmet

need for a noninvasive method for detec-

tion of renal failure of various etiologies.

Furthermore, the challenge remains to diag-

nose renal disorders with sufficient sensitiv-

ity and specificity to provide a large-scale

screening technique, feasible for clinical
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ABSTRACT In this study, we use an experimental model of bilateral nephrectomy in rats to identify an

advanced, yet simple nanoscale-based approach to discriminate between exhaled breath of healthy states and of

chronic renal failure (CRF) states. Gas chromatography/mass spectroscopy (GC�MS) in conjugation with solid-

phase microextraction (SPME) of healthy and CRF breath, collected directly from the trachea of the rats, identified

15 common volatile organic compounds (VOCs) in all samples of healthy and CRF states and 27 VOCs that appear

in CRF but not in healthy states. Online breath analysis via an array of chemiresistive random network of single-

walled carbon nanotubes (SWCNTs) coated with organic materials showed excellent discrimination between the

various breath states. Stepwise discriminate analysis showed that enhanced discrimination capacity could be

achieved by decreasing the humidity prior to their analysis with the sensors’ array. Furthermore, the analysis

showed the adequacy of using representative simulated VOCs to imitate the breath of healthy and CRF states

and, therefore, to train the sensors’ array the pertinent breath signatures. The excellent discrimination between

the various breath states obtained in this study provides expectations for future capabilities for diagnosis,

detection, and screening various stages of kidney disease, especially in the early stages of the disease, where it

is possible to control blood pressure and protein intake to slow the progression.
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practice, for people at increased risk of developing re-
nal dysfunction.

Using an array of quartz crystal microbalance (QCM)
sensors in conjugation with pattern recognition meth-
ods, kidney disorders were detected by analyzing vola-
tile biomarkers in the headspace of urine samples con-
taining blood residues of kidney patients.9 However,
the analytes actually being detected by that system are
currently unknown, and no information is available
about whether this signature was independent of stage
or was associated with the type of kidney disease. In an-
other study, headspace of blood samples was analyzed
using an array of 14 conducting polymer sensors and
compared to traditional biochemistry tests.10 Pattern
recognition and hierarchical cluster analysis were ap-
plied to evaluate the data and demonstrated the abil-
ity to distinguish between predialysis blood from post-
dialysis blood. In certain instances, however, using
blood has several disadvantages, such as (a) blood sam-
plings are invasive; (b) blood contains complicated mix-
tures of compounds that could screen important vola-
tile biomarkers of the disease; and (c) blood samples
require time-consuming adaptations prior to their
analysis (e.g., agitation, incubation, etc.) to enhance the
presence of volatile biomarkers in the headspace of
blood.

In 1977, Simenhoffet et al. showed, using low-
resolution electron-impact gas chromatography/mass
spectroscopy (GC�MS), that dimethylamine and tri-
methylamine appear to be elevated in exhaled breath
of ESRD instances, with subsequent reduction after he-
modialysis.11 On the basis of these observations, an ar-
ray of QCM sensors coated with simulated olfactory re-
ceptor proteins was used to detect kidney diseases via
breath samples.12 In clinical tests, this module discrimi-
nated the normal subjects properly from patients but
could not provide reliable discrimination between pa-
tients with uremia, chronic renal insufficiency, or
chronic renal failure.12 Furthermore, the collection pro-
cess of breath samples in this study was uncontrolled
and suboptimal. For instance, the exhaled breath of
ESRD patients was collected directly from the mouth,
where exogenic volatile metabolites of oral origin can
contribute to the “uremic breath”, thus interfering with

the interpretation of the results. In addition, the speed
of the expiration and other collection conditions that
might affect the content of the volatile metabolites
were not standardized.

In this study, we use an experimental model of bilat-
eral nephrectomy in rats to identify advanced, yet
simple nanoscale-based approach to discriminate be-
tween exhaled breath of healthy states and of chronic
renal failure (CRF) states. A technology, in which a
(semi-) conductive random network of single-walled
carbon nanotubes (SWCNTs) and insulating nonpoly-
meric organic materials provides arrays of chemically
sensitive resistive vapor detectors, forms the basis for
our approach (see ref 13).14�16 Using SWCNT networks
circumvents the requirement of position and structural
control (as is the case in devices based on individual
SWCNT) because the devices display the averaged usual
properties of many randomly distributed SWCNTs.14�16

An additional feature of SWCNT networks is that they
can be processed into devices of arbitrary size using
conventional microfabrication technology. Using a rat
model rather than human breath at this stage would al-
low better control over the experimental conditions
and, subsequently, more reliable and valid results. For
example, in the applied rat model, pure ESRD can be
produced without any background metabolic or sys-
temic diseases (e.g., diabetes mellitus, hypertension,
etc.) that may be responsible for the generation of vola-
tile metabolites unrelated to kidney disease. In addi-
tion, this model of ESRD is fast and reaches its maxi-
mal severity within 48 h, allowing the accumulation of
only renal-failure-related compounds (Figure 1). More-
over, in this animal model, the breath samples are col-
lected directly from the trachea rather than the mouth,
thus minimizing oral or nasal contaminations (see ref
17). Finally, bilateral nephrectomy in rats enables induc-
ing consistent ESRD where all rats have zero renal func-
tion, as compared with human ESRD, where remnant
renal function of variable extent still persists.

RESULTS AND DISCUSSION
Breath Analysis Using GC�MS. Classic chemical analysis

of blood samples for creatinine and urea concentra-
tions revealed that rats that underwent bilateral ne-

Figure 1. Schematic illustration of the experimental system used to collect breath normal rats and animals that underwent
bilateral nephrectomy (see ref 17).
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phrectomy displayed remarkable elevation of creati-

nine (8.73 � 0.73 vs 0.42 � 049 mg%, P � 0.001) and

BUN (218.0 � 13.74 vs 19.8 � 2.2 mg%, p � 0.001) as

compared with sham controls. The obtained levels of

both urea and creatinine in the nephrectomized rats are

extremely high and corresponding to the values usu-

ally measured in clinical ESRD. It should be emphasized

that, by using this radical experimental model, we pro-

duced explicit ESRD, where plasma levels of creatinine

and urea reflect complete, convincing loss of kidney

function. In contrast, using mild or moderate CRF at this

stage of assessing the validity of our sensing ap-

proaches may yield marginal circulatory levels of these

metabolites and give false negative and false positive
results.

Compared with the previous low-resolution GC�MS
experiments, which identified limited (2�4) VOCs,11 the
current GC�MS analysis of breath samples identified
100�180 different VOCs that had been either synthe-
sized or catabolized in at least one healthy state or in
one CRF state. However, forward stepwise discriminant
analysis identified 15 common VOCs that appear in all
samples of healthy and CRF states, with �90% confi-
dence. As shown Figure 2a and Table 1, the common
compounds are mostly phenol, oxalic acid, and deriva-
tives of C3�C11 alkanes. Excluding 4-methyloctane
(VOC-9), 3,5-dimethyloctane (VOC-11), and propane
(VOC-13), all other VOCs appear to be elevated in in-
stances of CRF, as compared to healthy states. Further
forward stepwise discriminant analysis revealed 27
VOCs that appear in CRF states but not in healthy states
(Figure 2b). Generally speaking, these compounds
could be classified into derivatives of amines, alkenes,
acids, and alcohols. Among all of these 27 VOCs, dime-
thylamine (VOC-20) and trimethylamine (VOC-32) ex-
hibited the highest concentration levels. The observa-
tion of 42 CRF VOCs in our study, rather than 2�4 VOCs
as reported earlier,11 could be attributed to the effect
of SPME fibers on the VOCs extraction (in general, po-
lar fibers are used for polar analytes and nonpolar types
for nonpolar analytes).18,19 For example, PDMS fiber ex-
tracts via absorption with analytes dissolving and dif-
fusing into the bulk of the coating. The remaining types
(PDMS/DVB and PDMS/carboxen) are mixed coatings
and extract via adsorption of analytes staying on the fi-
ber’s surface, which, for the most part, could be as-
cribed to highly volatile solvents and gases. Further-
more, the GC�MS detector used in the current study
has detection capabilities and resolution significantly
higher than that reported previously.11

The saturated hydrocarbons (e.g., C3�C11) obtained
in the breath of studied samples can reasonably be at-

Figure 2. Abundance of (a) common VOCs appear in both healthy and CRF states, and (b) VOCs appear in CRF but not in
healthy states. The abbreviation of each VOC is presented in Table 1.

TABLE 1. Abbreviations of the Volatile Organic
Compounds (VOCs) Detected by the GC�MS Analysis for
Health and CRF Breath Statesa

VOC # Chemical VOC# Chemical

1 phenol 23 ethyloxirane
2 decane 24 toluene
3 N,N-dimethyl acetamide 25 2-methyl-1-propene
4 3-ethylhexane 26 isopropyl palmitate
5 undecane 27 acetic acid
6 4-ethyl-5-methylnonane 28 2,3,3-trimethylpentane
7 2-bromoheptane 29 2-ethyl hexanol
8 2,4-dimethylheptane 30 2-propyl-1-heptanol
9 4-methyloctane 31 1,2-benzenedicarboxylic acid

10 2-methylundecane 32 trimethylamine
11 3,5-dimethyloctane 33 6-nitro-2-picoline
12 5,7-dimethylundecane 34 6-undecylamine
13 propane 35 phenethylbenzonitrile
14 3-methyl-4-nonene 36 2H-pyran
15 oxalic acid 37 N-morpholinomethylisopropylsulfide
16 ethanol 38 N-dimethylaminomethyl
17 acetic acid 39 9-decyl-9-borabicyclononane
18 isopropyl alcohol 40 2-phenylacenaphthenopyrrole
19 acetone 41 cyclobutane
20 dimethylamine 42 sclareoloxide
21 dibutyl phthalate
22 diphenyl ether

aThe abundance of the listed VOCs is shown in Figure 2.
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tributed to lipid peroxidation of fatty acid components
of cell membranes, triggered by reactive oxygen
species.20�22 In vitro studies have shown that the evo-
lution of hydrocarbon as the end products of polyun-
saturated fatty acids correlates very well with other
markers of lipid preoxidation.20 Although there are
other sources of hydrocarbons in the body, such as pro-
tein oxidation and colonic bacterial metabolism,20

these apparently are of limited importance and do not
interfere with the interpretation of the hydrocarbon
breath test because they appear in smaller quantities.
They have a low solubility in the blood and hence are
excreted in the breath within minutes of their forma-
tion. Propane (VOC-13) is mainly derived from protein
oxidation and fecal flora, and their role as markers of
lipid peroxidation is doubtful. Methylated hydrocarbons
have also been described as lipid peroxidation
markers.23,24 However, the biochemical pathways of
generation and the physiological meaning of these
compounds have not yet been elucidated in sufficient
depth.25

Oxygen-containing compounds such as ethanol
(VOC-16) and acetone (VOC-19) were found in the
breath of CRF states only. The detection of the ethanol
content of exhaled breath is not directly connected to a
disease.26 Still, the potential source of endogenous eth-
anol is the intestinal bacterial flora.27 As for acetalde-
hyde, concentrations of ethanol in humans are always
lower than acetone, which produced by decarboxyla-
tion of acetoacetate which is derived from lipolysis or
lipid peroxidation.28 Usually, breath acetone concentra-
tions are increased in patients with (uncontrolled) dia-
betes mellitus.29 However, in our case, it is more likely
that acetone emerges from fasting, starvation, or he-
patic disturbance concomitant with renal disease.30,31

The N-morpholinomethylisopropylsulfide (VOC-37),
which was observed in CRF states only, can be gener-
ated by incomplete metabolism of methionine in the
transamination pathway.32 Under normal conditions,
concentrations of sulfur-containing compounds in hu-
man blood and breath are very low. Impairment of liver
function increases the level of sulfur-containing
compounds.33,34 Simple nitrogen-containing solutes
that accumulate in uremia include the aliphatic amines,
monomethylamine, dimethylamine, and trimethyl-
amine. These compounds are produced by both gut
bacteria and mammalian cells. They are positively
charged at physiologic pH, and their removal during in-
termittent hemodialysis may be limited by their prefer-
ential distribution within the relatively acidic intracellu-
lar compartment.35 The existence of these compounds
exclusively in breath of CRF rats indicates that these
compounds emit from blood to breath. The phenol
(VOC-1) amounts detected in breath can be derived
from the amino acids tyrosine and phenylalanine and
from aromatic compounds, similar to the way aromatic
rings exist in uremic solutes.36 In this context, it should

be mentioned that significant correlations between uri-
nary phenols (p-cresol, phenol) and certain groups of
mucosal flora (staphylococci, bacteroides) of the small
intestine of normal rats has been reported.37 In this
case, metabolism of parent compounds by methyla-
tion, dehydroxylation, oxidation, reduction, or conjuga-
tion produces a bewildering array of solutes. The struc-
tural similarity of waste phenols to neurotransmitters
has encouraged speculation that these compounds in-
terfere with the function of the central nervous system,
but evidence of the toxicity of individual compounds
is weak.38 The origin of the other VOCs is not known.
Additional investigations are needed to learn about the
important biochemical pathways for all of the volatiles
that can be detected.22

Despite the progress that has been achieved with
GC�MS, this method has not been accepted as an ac-
credited diagnostic tool. Apart from the cost of the
equipment, the main reason is the complexity of its
use. Because of the measurement time and the need
for qualified labor in its operation, it is not used either
in diagnosis or for health monitoring. Therefore, the in-
troduction of an easy-to-use diagnostic device, based
on an array of sensors, would open up new fields of
application.

Sniffing CRF by SWCNT Sensors. In contrast to the “lock-
and-key”-based devices,39,40 wherein each sensor pro-
duces an electronic response from a single analyte, in
the sensors’ array approach, each sensor is widely re-
sponsive to a variety of odorants.41,42 In this architec-
ture, each analyte produces a distinct signature from
the array of broadly cross-reactive sensors (a widely
used terminology of this architecture can be electronic
nose).41,42 This configuration allows considerably wid-
ening the variety of compounds to which a given ma-
trix is sensitive, increasing the degree of component
identification and, in specific cases, performing an
analysis of individual components in complex multi-
component mixtures. Pattern recognition algorithms
can then be applied to the entire set of signals, ob-
tained simultaneously from all the sensors in the array,
in order to glean information on the identity, properties,
and concentration of the vapor exposed to the sensor
array.

In this study, an array of SWCNT sensors was used
to distinguish between the overall breath pattern of
healthy and CRF states, and the corrected sensor sig-
nals were analyzed using principal component analysis
(PCA).43,44 PCA is an effective method to reduce our
multidimensional data space (10 sensors) to its main
components and therefore improves the human per-
ception ability of the data. PCA determines the linear
combinations of the sensor values such that the maxi-
mum variance between all data points can be obtained
in mutually orthogonal dimensions. This results in the
largest variance between sensor values from the first
principal component and produces decreasing magni-
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tudes of variance from the second to the third prin-
ciple components and so on.

The first and second principal components for each
subject accounted for �92% variance and are drawn
in Figure 3. The cluster of healthy controls that con-
tained �80% RH (green, filled circular points, sur-
rounded by solid circle) was separated from all CRF
breath at the same level of RH (red, filled square points,
surrounded by solid oval) by 100% success. No overlap-
ping area was obtained between the PCA of these cat-
egories. From Figure 3, it is obvious that principle com-
ponents differ between breath at �80% RH and breath
at 10% RH. Furthermore, it is obvious that the lower
the humidity, which was achieved by using a dehumidi-
fier before the sensors’ array, the better the discrimina-
tion between the healthy and CRF breath states. The
overlapping area between the healthy breath at �80
and �10% RH indicates that the effect of humidity on
healthy breath is relatively small. In contrast, no over-
lapping area was observed between the PCA clusters at
�80 and �10% RH in the CRF breath, indicating the sig-
nificant effect of the humidity in the analysis of the
CRF states. The different effect of the humidity of the
samples studied is expressed also in the cluster distribu-
tion. As observed in Figure 3, the cluster distribution of
healthy states remained almost the same at low and
high RH values. In contrast, the cluster distribution of
the CRF states increased slightly after lowering the hu-
midity level of the measured samples. Overall, in com-
parison with a previous study that targeted the discrimi-
nation between healthy and lung cancer states via
breath samples,15 the effect of the humidity on the dis-
crimination between healthy and CRF states in the cur-
rent study was less critical. This could be attributed to
the VOCs in lung cancer states appear at concentration
levels that are 50�120-fold lower than that of the CRF
states.

Clinical trials for validating the efficiency of an array
of sensors in diagnosing CRF or other kidney-related
disease in a subject include the following aspects: (a)
providing a system comprising a plurality of chemically

sensitive sensors and a processing unit comprising pat-

tern recognition algorithms wherein said pattern recog-

nition algorithms receive sensor signal outputs from

the electronic device and compares them to stored

data; (b) exposing the sensor array of said electronic de-

vice to an actual breath of a subject; and (c) using pat-

tern recognition algorithms to detect VOCs in the

sample indicative of a kidney-related disease in the sub-

ject. While clinical studies are a straightforward ap-

proach for validating the efficiency of the sensors’ ar-

ray for CRF detection, these studies are time-consuming

and expensive, so simpler approaches are called for. A

promising way to achieve this objective detection is by

using “artificial” mixtures of VOCs that simulate the CRF

and healthy states, based on the GC�MS observation

for the same cases studied.15,16 This approach provides

three main advantages over the clinical studies during

the development and/or adaptation of an array of sen-

sors because it can determine precisely15,16 (I) the sig-

nature of each individual CRF volatile biomarker on the

developed array; (II) the correlation between the sen-

sor’s sensitivity and specificity of the individual VOC

biomarkers to its existence in a pattern (or mixture) of

other compounds; and (III) the necessary iterative feed-

back on sensors viability without the intervention of

(disruptive) parametersOfor example, patients’ diet,

metabolic state, genetics, etc.

With this in mind, representative VOCs that were de-

tected in most CRF samples at the highest concentra-

tion levels were simulated via a homemade system and

exposed to the sensors’ array. The VOCs phenol, 2-ethyl

hexanol, acetic acid, and undecane were chosen. In ad-

dition to these representative VOCs, water was used to

simulate the saturated humidity in the exhaled breath.

The response (�R/Rb, where Rb is the baseline resistance

of the sensor in the absence of analyte, and �R is the

baseline-corrected steady-state resistance change upon

exposure of the sensor to analyte) of the sensors’ array

to the different CRF VOCs at concentrations between

0.5 and 100 ppm was first examined. The sensors’ re-

sponses were rapid upon exposure to vapor analyte,

fully reversible upon switching back to zero vapor ana-

lyte (purified, dry air), responsive to a wide variety of

concentrations, and showed a satisfying signal-to-noise

ratio (not shown). Representative response patterns

for the chosen VOC biomarkers at a given P/P0 (�0.05)

are shown in Figure 4. As observed in the figure, each of

the developed sensors is broadly responsive to a vari-

ety of biomarkers and each biomarker produces a dis-

tinct fingerprint from the array of broadly cross-reactive

sensors. In general, sorption of biomarkers showed

change in resistance with exposure to an analyte, due

to one or more of the following mechanisms: (I) charge

transfer from adsorbed species to the carbon nano-

tubes;45 (II) modifications of contact work functions;46

and (III) carrier scattering by adsorbed species.16,47

Figure 3. Principal component analysis plot of �R/Rb re-
sponse of 10 sensors upon exposure to breath of healthy
and CRF rats (with �80% RH), before and after passing the
breath in the dehumidifier that preceded introduction to the
sensors’ array.
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On the basis of the GC�MS analysis of real breath
samples (Figure 2), we prepared simulated healthy and
CRF breath patterns. The simulated breath patterns
were prepared in 80 � 1% RH background to simulate
the background water vapor content in real human
breath. As a simulated CRF breath, we took a mixture
of 886 � 31.9 ppb phenol (VOC-1), 58.4 � 4.4 ppb un-
decane (VOC-5), 32.2 � 4.6 ppb acetic acid (VOC-27),
and 8.4 � 1.8 ppb 2-ethyl hexanol (VOC-29) with 80 �

1% RH, 16 � 1% O2, 77�79 � 1% N2, 5 � 1% CO2, and
1.0 � 0.2 ppm CO. As a simulated healthy state, we took
549.9 � 24.3 ppb phenol (VOC-1) and 6.3 � 1.2 ppb
3-ethyl hexane (VOC-4) with 80 � 1% RH, 16 � 1% O2,
77�79 � 1% N2, 5 � 1% CO2, and 1.0 � 0.2 ppm CO.48

Multiple exposures to each mixture were carried out,
and data were obtained for the array of sensors. As ob-
served in Figure 5a, the cluster of simulated healthy
controls was separated from all simulated CRF breath
by 100% success; no overlapping areas were obtained
between the PCA of these categories. Preparing the
same VOC mixtures in 10 � 1% RH background resulted
in better separation (or discrimination) between the
healthy and CRF clusters (Figure 5b).

The overlapping area between the clusters of simu-
lated and real breath samples indicates that the simula-
tion approach is quite robust for purposes of “training”
the sensors’ array. The higher distribution of the simu-
lated clusters, compared with the real ones, could be at-
tributed to the low number (4 VOCs for simulating CRF
states and 2 VOCs for simulating healthy states) of com-
pounds used to produce the required mixtures, com-
pared to those detected in the real breath (15 VOCs in
healthy breath and 42 VOCs in CRF breath). Comple-
mentary to this argument, it is obvious that principle
components also differ between �80 and 10% RH and
that the lower the humidity (i.e., 10% RH vs 80% RH) the
better the discrimination. Indeed, the cluster distribu-
tion at 10% RH was significantly lower than that at 80%
RH. This observation could be attributed to the screen-
ing effect of the water molecules. At 80% RH, the water
molecules appear at equivalent concentration level to
the targeted VOCs. The different interaction and/or ab-
sorption of the water molecules with the different or-
ganic films of the sensing composites, however, causes
different signals from the various sensors. In contrast to
these observations, at 10% RH, the concentration of wa-
ter is lower than targeted VOCs and, therefore, the ef-
fect of the latter is (more) perceivable.

SUMMARY AND CONCLUSIONS
In this study, we used an experimental model of bi-

lateral nephrectomy in rats to identify advanced, yet
simple approaches to discriminate between exhaled
breath of healthy states and of CRF states. Using rat
model rather than human breath allows better control
of the experimental conditions and subsequently yields
more reliable and valid results. GC�MS/SPME analysis

of healthy and CRF breath, collected directly from the

trachea of the rats, identified 15 common VOCs that ap-

pear in all samples of healthy and CRF states and 27

VOCs that appear in CRF states but not in healthy states.

An important implication of these findings, besides

the detection of diseases directly related to the respira-

tory tract, is the fact that VOCs are mainly blood borne

and the concentration of biologically relevant sub-

stances in exhaled breath closely reflects that in the ar-

terial system. Therefore, breath is predestined for moni-

toring different processes in the body.49 Apart from

the odor impression of CRF, much about the biochemi-

cal processes and the formation of marker substances

is already known.22 Analysis of the various breath

Figure 4. Response patterns for the representative CRF VOCs
at P/P0 � 0.05

Figure 5. Real and simulated healthy and CRF patterns with
(a) 80% RH and (b) 10% RH. Note: all data (real and simulated
breath, at both given humidities) were run through PCA at
the same time.
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samples by an array of chemiresistive random network
of SWCNTs showed excellent discrimination between
the various breath states, while revealing significantly
enhanced discriminations at lower humidity levels in
the breath. Furthermore, we show that it is enough to
use selected number of simulated VOCs to “train” the
sensors’ array system to discriminate between the elec-
tronic patterns of healthy states and CRF states. Experi-
ments to distinguish less severe kidney failure (e.g.,
35�70% reduction in kidney function) and to distin-
guish CRF from other disease (or patho-physiological)
states that have a potential to produce a distorted pro-
file of breath VOCs (e.g., liver failure, systemic infection,
pneumonia, heart failure, etc.) are underway and will be
published elsewhere.

Diagnosing CRF via breath samples has the po-
tential for a noninvasive and easily repeatable test

that is not disagreeable or embarrassing for the pa-
tient compared to blood or urine tests. In spite of the
ease of the sampling procedure, special care should
be taken to carry out the measurements in a repro-
ducible way with human breath. Monitoring the ni-
tric oxide (NO),50 carbon monoxide (CO),50 and am-
monia (NH3)51 levels simultaneously during the
measurements by, for example, electrochemical sen-
sors, could contribute further to the accuracy of
these measurements. The results presented in this
study raise expectations for future capabilities for di-
agnosis, detection, and screening various stages of
the kidney disease. Given the impact of rising inci-
dence of kidney disease on health budgets world-
wide, the proposed technology will be a significant
saving for both private and public health
expenditures.

MATERIALS AND METHODS
Animals. Studies were conducted on male Sprague�Dawley

rats (Harlan Laboratories Ltd., Jerusalem, Israel), weighing
290�330 g. The animals were kept in a temperature-controlled
room and fed standard rat chow containing 0.5% NaCl and tap
water ad libitum. All experiments were performed according to
the guidelines of the Technion’s committee for supervision of
animal experiments (Haifa, Israel).

Induction of ESRD. To resemble the clinical ESRD characterized
by complete loss of kidney function, bilateral nephrectomy was
performed. For this purpose, the animals were anesthetized with
intraperitoneal injection of (a combination of) Nembutal (40 mg/
kg) and placed on a temperature-regulated table (37 °C) to main-
tain the body temperature. For bilateral nephrectomy, the left
and right renal arteries were exposed through a midabdominal
incision and ligated with silk suture (4-0, Ethicon Ltd.) and both
kidneys were removed. Sham operated rats served as controls.
Following the surgical procedure, the animals were allowed to
recover and then returned to their cages.

Blood Collection for Biochemical Analysis. Blood samples were col-
lected either from rats with ESRD or healthy animals via the ca-
rotid arteries. Blood specimens were collected into tubes for de-
termination of urea and creatinine levels by the classic
colorimetric method (Rambam Biochemical Laboratories, Haifa,
Israel).

Collecting Breath from Healthy and Operated Rats. Forty-eight hours
after operation, sham rats or animals with bilateralnephrectomy
(ESRD) were anesthetized by intraperitoneal injection of a com-
bination of Nembutal (40 mg/kg; ip), placed on a temperature-
regulated table (37 °C) to maintain the body temperature, and
tracheostomy was performed for breath sampling within 2 h. The
carotid artery was annulated for blood collection for measure-
ment of urea, creatinine, and other waste products by classic
methods.

For collecting breath samples, the trachea of rats was con-
nected to a tube that split into inlet and outlet tubes, each con-
nected to a one-way valve (Figure 1).17 The outlet tube con-
nected the rat to the sensors’ array for breath analysis while the
inlet tube enabled the rat to inhale air from the room. The experi-
ments using sensor’s array were done online, meaning that the
rats breathed directly into the device and the diagnosis was
achieved in real-time. In parallel to these experiments, 100�500
cm3 breath samples were collected in Tedlar bags for off-line
GC�MS analysis. Breath samples were collected from seven
healthy rats and seven rats that had undergone the operation,
during a period extending 6 months.

Analysis of Breath with GC�MS. The collected breath samples
from healthy and operated rats were analyzed by GC�MS com-
bined with solid-phase microextraction (SPME).18,19,52 For our

applications in breath tests, SPME can be thought of as a fiber
coated with a solid phase that extracts different kinds of analytes
from the gas phase.18,19 The quantity of analyte extracted by
the fiber is proportional to its concentration in the sample as
equilibrium is reached after a relatively long time or, as pre-
equilibrium is reached, after a relatively short time with help of
convection or agitation. After extraction, the SPME fiber is trans-
ferred to the injection port of GC�MS, where desorption of the
analyte takes place and analysis is carried out. The attraction of
SPME is that the detection limits can reach parts per trillion (ppt)
levels for certain compounds, while GC�MS per se can reach a
detection limit of part per million (ppm) only.

A manual SPME holder with an extraction fiber of 100 �m
polydimethylsiloxane (PDMS), 65 �m polydimethylsiloxane/
divinylbenzene (PDMS/DVB), and 75 �m polydimethylsiloxane/
carboxen (PDMS/carboxen) (all purchased from Sigma-Aldrich)
was inserted into the Tedlar bag containing breath samples. Be-
tween 100 and 500 cm3 of breath sample was concentrated via
SPME method for 2 h, after which the SPME was inserted into the
injector of GC�MS, which worked using the splitless model.
The oven temperature profile was 60 °C, 2 min. A capillary col-
umn HP-5MS 5% phenyl methyl siloxane (30 m length, 250 �m
diameter, 0.25 �m thickness) was used. The column pressure was
set to 8.22 psi, and the initial flow was 1 mL/min. The VOCs were
determined using automated mass spectral deconvolution and
identification system (AMDIS) software which was developed for
spectral extraction and compound identification by GC�MS.
Eventually, the molecular structures of the VOCs were deter-
mined via the standard modular set.

Sniffing Real Breath Using an Array of SWCNT Sensors. Exhaled breath
samples were analyzed by an array of 10 chemiresistive random
network of single-walled carbon nanotubes (SWCNTs) coated
with organic materials, in conjugation with pattern recognition
methods, as described elsewhere.14�16 The sampling system de-
livers ambient air and the sample vapor to the sensors in se-
quence. Each sensor of the array undergoes a reversible change
in electrical resistance when exposed to a vapor or analyte. Fur-
thermore, resistance change of each sensor is unique because of
chemical diversity of the sensor materials. Consequently, a pat-
tern of resistance changes is obtained from the sensor array to a
given vapor. Five analyses, at minimum, were performed on the
exhaled breath of each sample.

Sniffing Simulated Breath with an Array of SWCNT Sensors. A
computer-controlled automated flow system delivered pulses
of representative biomarker(s) of VOCs, which were determined
earlier by GC�MS analysis, at a controlled fraction of the biom-
arker(s) vapor pressure(s) to the detectors.15 Oil-free air, obtained
from a compressed air source, was used as a carrying gas for
the VOC biomarkers. In a typical experiment, signals of sensor ar-
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ray elements were collected for 2 min of clean air, followed by
3 min of analyte vapor in air, and then followed by another 2 min
of clean air to purge the system. Data analysis of the signals
that were collected from all the sensors in the array was per-
formed using standard principal component and cluster analysis.
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