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Abstract

Introduction: Novel sensors were developed to detect exhaled volatile organic com-

pounds to aid in the diagnosis of mild cognitive impairment associatedwith early stage

Alzheimer’s disease (AD). The sensors were sensitive to a rat model that combined the

human apolipoprotein E (APOE)4 genewith aging and theWestern diet.

Methods:Gas sensors fabricated frommolecularly imprinted polymer-graphene were

engineered to react with alkanes and small fatty acids associated with lipid peroxida-

tion. With a detection sensitivity in parts per trillion the sensors were tested against

the breath of wild-type and APOE4 male rats. Resting state BOLD functional connec-

tivity was used to assess hippocampal function.

Results:Only APOE4 rats, and not wild-type controls, tested positive to several small

hydrocarbons and presented with reduced functional coupling in hippocampal cir-

cuitry.

Discussion: These results are proof-of-concept toward the development of sensors

that can be used as breath detectors in the diagnosis, prognosis, and treatment of

presymptomatic AD.
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1 INTRODUCTION

Alzheimer’s disease (AD) is a progressive degenerative brain disorder

and the major cause of dementia in the world today.1 In the United

States alone, more than 5 million people have AD, a number expected

to exceed 14 million by 2060.2 AD is a contributing factor and a major

cause of death in the U.S. population that is 65 years of age or older.3

The cost for health care is staggering and projected to be>$500 billion

annually in the United States by the year 2040.4 The pathophysiology
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contributing to AD typically begins decades before any signs of cogni-

tive dysfunction.5 Amyloid beta (Aβ) plaques and neurofibrillary tan-

gles are the pathological hallmarks of late stage AD.6 Early diagnosis

for risk of AD during the prodromal phase has driven the development

ofmolecular biomarkers, many ofwhich have focused on the chemistry

of Aβ.7

Efforts to treat AD have also focused on molecular processes con-

tributing to the Aβ cascade hypothesis. This longstanding hypothe-

sis promotes the idea that AD is caused by plaques formed by the
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aggregation and deposition of Aβ protein in brain parenchyma and

the cascade of neuropathology that follows including tau hyperphos-

phorylation and formation of neurofibrillary tangles (NFTs), neuroin-

flammation, small vessel disease, neuronal death, and dementia.8 A

battery of biomarkers was developed for this cascade to assess key

molecules in blood and cerebrospinal fluid together with cognitive and

neuroimaging measures to follow disease progression and efficacy of

new therapeutics.9 Indeed, amyloid biomarkers are entry criterion in

most late phase disease modifying clinical trials.10 Unfortunately, the

Aβ cascade hypothesis and the many attempted treatments thereof

have failed the public. The fundamental premise of the cascade hypoth-

esis is in question as there have been numerous failed clinical trials for

diseasemodifying therapies targeting Aβ.11–13

Consequently, researchers have turned their attention to other risk

factors and mechanisms that might contribute to the dementia that

defines AD.14–16 One such risk factor is apolipoprotein E (APOE) and

its role in delivering cholesterol and complex lipids toneurons formem-

brane maintenance, neurogeneration, and repair.17 APOE is synthe-

sized in the brain by astrocytes, microglia, and select neurons.18,19 The

gene (APOE) that codes for APOE is polymorphic and has three com-

mon alleles (ie, Ɛ2, Ɛ3, and Ɛ4) that code for three protein isoforms

(ie, APOE2, APOE3, and APOE4, respectively).20 APOE3 is the most

prevalent isoform. Over the past three decades, APOE has become a

major focus for AD research following the localization of APOE4 on

NFT and amyloids of senile plaques in the brains of AD patients.21 The

APOE4 isoform is the greatest genetic risk factor for AD as carriers

of one allele are more than twice as likely as non-carriers to develop

the disease, while individuals expressing two APOE4 alleles are seven

times more likely than non-carriers to develop AD.22 Injured neu-

rons secrete APOE to mobilize lipids for membrane repair. APOE4 is

reported to increase pro-inflammatory cytokines and exacerbate neu-

roinflammation after injury.23 APOE4, but not APOE3, interacts with

mitochondria to reduce respiratory capacity and function compromis-

ing energy use.24

It has long been known that dysregulation in energy use, mitochon-

drial abnormalities, oxidative stress, and neuroinflammation that occur

with aging are contributing factors to the pathophysiology of AD.16

This gradual disruption in metabolism with aging is exacerbated by

obesity and diabetes. Diet-induced obesity is recognized as a major

factor in the etiology and pathophysiology of AD.25–27 High-fat/high-

sucrose diets often contribute to the development of insulin resis-

tance, and dysregulation in glucose use.28,29 Individuals with Type-2

insulin resistant diabetes have a two- to three-fold greater risk for

AD.30 The abnormal glucose metabolism leads to the increased pro-

duction of reactive oxygen species (ROS), a hallmark of diabetes and

AD.31 ROS-induced lipid peroxidation can lead toneuronal damage and

cell death and is thought to be a contributing factor to disease progres-

sion in AD.32,33 These and many other studies show APOE4 together

with aging and a high-fat/high-sucrose diet can create an environ-

ment of hypometabolism, mitochondrial failure, oxidative stress, and

lipid peroxidation—a toxic recipe for neurodegeneration and AD.34,35

A recent publication by Pena-Bautista et al.36 notes the need for new

RESEARCH INCONTEXT

1. Systematic review: The pathophysiology contributing to

Alzheimer’s disease (AD) typically begins decades before

any signs of cognitive dysfunction.

2. Interpretation: We observe specific changes in exhaled

breath composition with the onset of the disease and we

experimentally validated this change using a rat model.

This rat model combined the human gene apolipoprotein

E (APOE)4with aging andWestern diet.

3. Future direction: The three volatile organic compound

biomarkers have shown potentials to be used for non-

invasive diagnosis of AD. Future directions would be on

identifying metabolism changes-related biomarkers and

testing them. This type of sensors has demonstrated the

sensitivity up to 1 part per quadrillion for opioid detec-

tion. Better electronics, with minimum noise, can provide

faster andmore accuratemeasurement.

biomarkers in the diagnosis of early AD and highlights the importance

of lipid peroxidation.

In the present study we hypothesized that the combination of aging

and a high-fat/high-sucrose diet in male rats with an APOE4 back-

ground would generate volatile peroxidized lipids that could be mea-

sured from exhaled gas. Electronic noses have been successfully used

for diagnosis of health conditions via detection and classification of

volatile organic compounds (VOCs) into one or a combination of body

fluids released as a result of a disease evolvement in the human body

for a variety of diseases including cancers,37–41 AD, Parkinson’s dis-

ease, inflammatory bowel disease, and diabetes. In general, exhaled

breath, skin/sweat, feces, urine, saliva, breast milk, and intestinal gas

are the one or a combination of the secretion pathways of VOCs

emission.42

To test this hypothesis, we developed three gas sensors fabricated

from a molecularly imprinted polymer-graphene engineered to react

with alkanes and small fatty acids. Molecularly imprinted polymer

can be designed to fit the geometry and chemical bonding of specific

VOCs.Graphene is a two-dimensionalmaterial that can sense one elec-

tron. This sensor technology was tested on 12-month-old wild-type

and human APOE4 knock-in rats on high-fat/high-sucrose diets. The

exhaled breath fromAPOE4 rats on the high-fat/high-sucrose diet was

highly sensitive to several small hydrocarbons.

2 METHODS

2.1 Animals

Wild-type (WT; n = 3) and human APOE Ɛ4 knock-in (TGRA8960;

n = 3) male Sprague-Dawley rats, were obtained from Horizon



EMAM ET AL. 3 of 9

F IGURE 1 Sensor schematic. Shown is a schematic of the steps taken in themanufacture of a gas sensor. After removal of the template
molecule (volatile organic compound [VOC]) from themolecular imprinting polymer (MIP) layer, there will be cavities with the exact size and shape
of the template molecule (eg, pivalic acid) on theMIP surface. Steps in the fabrication process include: (A) deposition of 20 nm chromium on silicon
substrate; (B) screen printing of graphene and Prussian blue layer; (C) molecular imprinting of the polymer layer formed through
electro-polymerization of polypyrrole around the template biomarker molecule to be detected; and (D) 50 nm-thick gold electrode deposition and
patterning

Discovery (Saint Louis, Missouri, USA). All rats were tested and imaged

at 11 to 12 months of age. Rats were housed in Plexiglas cages (two

per cage) and maintained in ambient temperature (22 to 24◦C) on a

12:12 light:dark cycle (lights on at 07:00 am). Food andwaterwere pro-

vided ad libitum. Rats were maintained on a high-fat, high-sucrose diet

(HFHS) for 8months prior to testing. Thediet (TD.88137)wasprovided

by Envigo (South Easton, Massachusetts, USA). The content by weight

was 48.5% carbohydrates (34% sucrose), 21.2% fat, 17.3% protein, and

0.2% cholesterol. All rats were acquired and cared for in accordance

with the guidelines published in theNational Institutes of Health (NIH)

Guide for the Care and Use of Laboratory Animals. All methods and

procedures described below were pre-approved by the Northeastern

University Institutional Animal Care and Use Committee.

2.2 Fabrication procedure

We recently reported an electrochemical gas sensor with glassy car-

bon electrode as the substrate.43 Silicon was substituted by the glassy

carbon because of its compatibility with electronic devices. A 380-um

thick, p-type silicon was used as the substrate. Silicon is a not conduc-

tive, so a thin layer of chromiumwas sputtered on the silicon substrate

to improve the conductivity. The schematic of the proposed sensor is

depicted in Figure 1. The details of sensor fabrications were explained

step by step.43 These breath sensors directly sense biomarker VOCs

from the exhaled breath. The novel, ultra-sensitive, and highly selective

sensor enables fast (seconds to minutes), low-cost, completely non-

invasive, and quantitative measurement of exhaled breath. It can be

connected to a smartphone through Bluetooth communication. The

designed hardwaremeasures the resistance of each sensor, converts it

to concentration, and sends the results to the smartphone. Compared

to other reported gas sensors, these sensors have multifold advan-

tages: (1) The sensors have ultra-high sensitivity, which can reach a

detection limit of single-digit of part per quadrillion (ppq) and are the

most sensitive gas sensors ever reported. (2) The sensor is extremely

selective; it only responds to the template molecules, not to other sim-

ilar VOCs, water vapor, carbon dioxide, or nitrogen, which are themain

components of exhaled breath. (3) It is also inexpensive and has fast

response in the order of a few seconds. (4) It can be used as a hand-

held system. The designed microcontroller measures the resistance of

each sensor and sends it to a smartphone through the Bluetooth mod-

ule. Sensitivity and selectivity of these sensors were discussed in detail

elsewhere.44,45

2.3 Animal testing

All the testing procedures were done while rats were confined. An

apparatus was designed to restrain the rats during the experiment

without obstructing their nasal passages. The design of the restraining

system included a padded head support obviating the need for ear bars

helping to reduce animal discomfort while minimizing motion artifact.

The sensorwas placed very close to the rat’smouth and the ambient air

sampled over a 500-second period.

FourWTmales and three APOE4males, 11 to 12months of age and

maintained onHFHSdietwere tested. Four controlmale rats, 4months

of age and fed normal rat chow, were also tested. The sensors were

placed very closed to the rat’s mouth so they could detect the chemi-

cals exhaled by the rats.

2.4 Neuroimaging

Imaging sessions were conducted using a Bruker Biospec 7.0T/20-cm

USR horizontal magnet (Bruker, Billerica, Massachusetts, USA) and

a 20-G/cm magnetic field gradient insert (ID = 12 cm) capable of a

120-µs rise time. Radio frequency signals were sent and received

with a quadrature volume coil built into the animal restrainer (Animal

Imaging Research, Holden, Massachusetts, USA). The design of the

restraining system included a padded head support obviating the need

for ear bars helping to reduce animal discomfort while minimizing
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motion artifact. All rats were imaged under 1% to 2% isoflurane

while keeping a respiratory rate of 40 to 50 breaths/minute. At the

beginning of each imaging session, a high-resolution anatomical data

set was collected using the RARE pulse sequence with the following

parameters: 35 slices of 0.7 mm thickness; field of view (FOV) 3 cm;

256 × 256; repetition time (TR) 3900milliseconds; effective echo time

(TE) 48milliseconds; NEX 3; 6minutes 14 seconds acquisition time.

2.5 Resting state functional connectivity

Scans were collected using a spin-echo triple-shot EPI sequence

(imaging parameters: matrix size = 96 × 96 × 20 [H x W x D],

TR/TE = 1000/15 milliseconds, voxel size = 0.312 × 0.312 × 1.2 mm,

slice thickness = 1.2 mm, with 200 repetitions, time of acquisition

10 minutes). Preprocessing was accomplished by combining Analy-

sis of Functional NeuroImages (AFNI_17.1.12, http://afni.nimh.nih.gov/

afni/), FMRIB software library (FSL, v5.0.9, http://fsl.fmrib.ox.ac.uk/

fsl/), Deformable Registration via Attribute Matching and Mutual-

Saliency Weighting (DRAMMS 1.4.1, https://www.cbica.upenn.edu/

sbia/software/dramms/index.html) and MATLAB (Mathworks, Natick,

Massachusetts, USA). Brain tissue masks for resting-state functional

images were manually drawn using 3DSlicer (https://www.slicer.org/)

and applied for skull-stripping. Motion outliers (ie, data corrupted by

extensivemotion) were detected in the data set and the corresponding

timepointswere recorded so that they could be regressed out in a later

step. Functional data were assessed for the presence of motion spikes.

Any large motion spikes were identified and removed from the time-

course signals. This filtering step was followed by slice timing correc-

tion from interleaved slice acquisition order. Head motion correction

(six motion parameters) was carried out using the first volume as a ref-

erence image. Normalization was completed by registering functional

data to the 3DMRI Rat Brain Atlas© using affine registration through

DRAMMS. The MRI rat atlas containing 173 annotated brain regions

was used for segmentation. Data are reported in 166 brain areas, as

seven regions in the brain atlas were excluded from analysis due to the

large size of three brains. These brains fell slightly outside our imag-

ing field of view and thus we did not get any signal from the extreme

caudal tip of the cerebellum. Whole brains that contain all regions of

interest (ROIs) are needed for analyses so rather than excluding the

animals, we removed the brain sites across all animals. After quality

assurance, band-pass filtering (0.01–0.1 Hz) was performed to reduce

low-frequency drift effects and high-frequency physiological noise for

each subject. The resulting images were further detrended and spa-

tially smoothed (full width at half maximum = 0.8 mm). Finally, regres-

sors comprised ofmotion outliers, the sixmotion parameters, themean

white matter, and cerebrospinal fluid time series were fed into general

linear models for nuisance regression to remove unwanted effects.

The region-to-region functional connectivity method was per-

formed to measure the correlations in spontaneous blood oxygena-

tion level-dependent (BOLD) fluctuations. A network is comprised of

nodes and edges; nodes being the brain ROI and edges being the con-

nections between regions. Voxel time series data were averaged in

each node based on the residual images using the nuisance regres-

sion procedure. Pearson’s correlation coefficients across all pairs of

nodes (14,535 pairs) were computed for each subject among all three

groups to assess the interregional temporal correlations. The r-values

(ranging from –1 to 1) were z-transformed using the Fisher’s Z trans-

form to improve normality. 166×166 symmetric connectivitymatrices

were constructed with each entry representing the strength of edge.

Group-level analysis was performed to look at the functional connec-

tivity in the experimental groups. The resulting Z-score matrices from

one-group t-tests were clustered using the K-nearest neighbors clus-

tering method to identify how nodes cluster together and form resting

state networks. A Z-score threshold of |Z|= 2.3 was applied to remove

spurious or weak node connections for visualization purposes.

3 RESULTS

Figure 2 shows data on the sensitivity of the three VOC sensors (buty-

lated hydroxytoluene [BHT], pivalic acid and 2,3-dimethylheptane).

The sensitivity and specificity of the sensors were calculated based

on the sensor’s ability to correctly identify the APOE4 genotype. The

sensitivity was calculated as 100%, specificity 100%, and accuracy of

100%. The change in resistance for each sensor is linearly correlated

with the change in compound concentration with a regression coeffi-

cient near one.

Correlation matrices between 170 brain areas for rsFC between

the WT HFHS diet and APOE4 HFHS are shown in Figure 3. Panel

(A) shows a correlation matrix comparing the wilt-type control with

the apolipoprotein E (APOE)4 genotype. The table in panel (B) shows

the brain areas functionally coupled to the dorsal dentate hippocam-

pus and their accompanying Z values. NS, not significant. The 3D

images in panel (C) are a reconstruction of the brain areas from the

table for each genotype. The diagonal line separates the two geno-

types. The colored pixels denote specific brain areas that have sig-

nificant connections to other pixels. Yellow to red indicate positive

connections while blue indicates negative connections. Each pixel

has its mirror image across genotypes. The brain areas with signifi-

cant correlations often appear as clusters because they are contigu-

ous in their neuroanatomy and function. The delineated, annotated

areas highlight clusters that are similar or, in many cases, very dif-

ferent between genotypes. These primary clusters constitute major

brain regions and their significant connections. For example, the delin-

eated clusters labeled A are brain areas comprising the amygdala and

hypothalamus. The connectivity within and between these areas is less

in APOE4. This is also true of cluster G, the hippocampal complex.

Clusters D (connections between pons and thalamus) and F (connec-

tions between thalamus and brainstem) are negative, suggesting a

decoupling in functional activity when one or the other is active. Inter-

estingly, cluster E comprising the cerebellum/brainstem reticular acti-

vating system is greater in APOE4.

The table below the matrix reports the Z values for both geno-

types when seeding the dorsal dentate nucleus of the hippocampus.

WT HFHS rats show connectivity between the hippocampal complex

http://afni.nimh.nih.gov/afni/
http://afni.nimh.nih.gov/afni/
http://fsl.fmrib.ox.ac.uk/fsl/
http://fsl.fmrib.ox.ac.uk/fsl/
https://www.cbica.upenn.edu/sbia/software/dramms/index.html
https://www.cbica.upenn.edu/sbia/software/dramms/index.html
https://www.slicer.org/
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F IGURE 2 Test results on volatile organic compounds (VOCs). Results for sensing three of the published VOCs identified in exhaled breath of
Alzheimer’s disease patients (Tisch et al.46). Concentration levels aremeasured in parts per billion (ppb). Test molecules are butylated
hydroxytoluene (BHT), pivalic acid (2,2-dimethylpropanoic acid), and 2,3-dimethylheptane. All the testing procedures were done inside a sealed
chamber. The resistance wasmonitored while injecting specific amounts of the VOC into the chamber. Clearly, the sensitivity of the BHT sensor
can gowell into parts per trillion range

F IGURE 3 Functional coupling to the hippocampus. Panel (A) shows a correlationmatrix comparing the wilt-type control with the
apolipoprotein E (APOE)4 genotype. The table in panel (B) shows the brain areas functionally coupled to the dorsal dentate hippocampus and their
accompanying Z values. NS, not significant. The 3D images in panel (C) are a reconstruction of the brain areas from the table for each genotype
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F IGURE 4 Test results from the rat model. HC is healthy control rats, HFD represents the 15-month-old rats on high fat-high sugar diet and
apolipoprotein E (APOE)4 represents the 15-month-old rats with APOE4 gene on high-fat/high-sugar diet

F IGURE 5 Statistical test results from the ratmodel. HC is healthy
control rats, HFD represents the 15-month-old rats on high-fat/high-
sugar diet and apolipoprotein E (APOE)4 represents the 15-month-old
rats with APOE4 gene on high-fat/high-sugar diet

(CA1,CA3, subiculum) and several areas of the thalamus. APOE4HFHS

rats present with hypoconnectivity and decoupling with the thalamus.

The organization of these different brain regions relative to the dorsal

dentate n is shown in the 3D color codedmodels to the right. The small

boxed insert show 3D volume of the dorsal dentate colored red in the

different orthogonal views.

The results from testing the three sensors and statistal analysis of

the results (BHT, pivalic acid, and 2,3-dimethyl heptane) are depicted

in Figure 4 and Figure 5. Of the 11 rats tested for VOCs using the three

sensors only APOE4 responded. Neither the young WT controls on a

normal diet nor the oldWT rats on the HFHS diet activated any of the

three sensors (P-value < 1E-5) with the exception of BHT template,

which did respond to all rats (Figure 4). A resistance increment of 0.3 to

2.5 ohms happened within 500 seconds of breath sampling for all sen-

sors. By 15minutes (dotted line and asterisk) all sensors had plateaued.

4 DISCUSSION

Breath sensorswere fabricated fromamolecularly imprinted graphene

polymer engineered to reactwith volatile alkanes and small fatty acids.

Molecular imprinting is a technique to polymerize around a template

molecule and remove the template after polymerization. As such it

leaves cavities with the exact size and shape of the template in the

polymer matrix47 and, in this case, to fit the geometry and chemical

bonding of specific VOCs. Graphene is a two-dimensional material that

can sense a single electron. Graphene is highly conductive, exhibiting

metallic conductivity with low Johnson noise even in the absence of

charge carriers48 so a few extra electrons can cause notable relative

changes in carrier concentration. Graphene has few crystal defects,49

which ensures a low level of excess noise. These features enable a

graphene-based sensor to be capable of detecting targets in ppb level

of concentration as demonstrated here.

Three key elements in molecular imprinting technique are: the tar-

get molecule (or template), which is what being sensed; the functional

monomer, which is a compound having chemical and shape comple-

mentarity to the template and will help the polymerization and cross

linkers. The size and shape of the cavity allow the target molecule or

similar molecules to occupy the cavity, but the functional monomers

orientation just allows binding with the template molecule.50 Prussian

blue (PB, ferric ferrocyanide), is an inorganic conductive material that

exhibits high electrocatalytic activity and improves the electrochemi-

cal sensitivity.51 The main mechanism of gas sensing for a graphene-

based sensor is charge transfer. The sensing section acts as charge

acceptor or donor that reacts to the specific gas by its resistance being

changed.

Exhaled VOCs have been promoted as biomarkers to help in the

diagnosis of neurodegenerative diseases. Using gas chromatography

and mass spectrometry analysis, Tisch et al.46 identified 24 unique

biomarker VOCs from the breath of AD and Parkinson’s patients com-

pared to healthy controls. The same group used sensors based on

functionalized nanomaterials for sensing these AD biomarker VOCs

and have demonstrated 85% accuracy to distinguish AD patients from

healthy controls. However, these nanomaterials-based VOC sensors

are qualitative only, not selective, and rely on pattern recognition for

selectivity.43

As proof-of-concept, three of the VOCs identified by Tisch et al.

from the breath of AD patients were tested against standards

in lab and in APOE4 rats as an animal model of AD. All sen-

sors were highly sensitive and selective showing a linear change
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in resistance to increasing concentrations of only their template

molecule.

Interestingly, the BHT sensor was also activated by the breath of

old male rats maintained on the HFHS diet while the pivalic and 2,3-

dimethylheptane sensors were unresponsive to this condition. Per-

haps the pivalic and 2,3-dimethylheptane sensors would have been

activated by the HFHS condition had they the sensitivity of the BHT

sensor. This raises an interesting question. Is the constitution of lipids

and theirmetabolism accompanying theAPOE4 genotype in ratsmain-

tained on the HFHS diet necessary and sufficient for the generation

of the three VOC biomarkers identified by Tish et al. in AD patients,

or could these compounds have been generated by the HFHS diet

alone? Sprague-Dawley rats fed a HFHS diet for 12 months exhibit

increased brain Aβ peptides and phosphorylated tau as early as 6

months of age.29 Rats on HFHS diets develop metabolic syndrome and

elements of AD.29 The neuroinflammation and metabolic syndrome in

early AD alters the chemistry of polyunsaturated fatty acids (arachi-

donic metabolites), conjugated fatty acids, sterols, medium-chain fatty

acids, diacylglycerols, and phospholipids.52 There is a strong relation-

ship between lipid peroxidation and AD as plaque is strongly invested

with peroxidationmetabolites and fatty acids.53,54

Whether any of the three template compounds, BHT, pivalic acid,

and 2,3-dimethylheptanae taken from the Tisch et al. study are directly

linked to the dyslipidemia and lipid peroxidation associated with AD

is unknown. The pivalic acid is a branched, short-chain fatty acid

used in the clinic to increase the oral bioavailability of antibiotics.55

2,3-dimethylheptane is one of many VOCs generated by household

fungus.56 BHT can occur naturally in bacteria and some plants and

is used as an additive to food and cosmetics as an antioxidant. In a

recently published paper Wang et al.,57 studying VOCs from cultures

of colorectal cancer cells, reported the presence of BHT. The short-

chain alkanes could possibly be by-products of lipid biochemistry but

the BHT is taken as a nutritional supplement to potentially stave off

dementia. Indeed, a combination of donepezil and BHT is being devel-

oped to treat AD.58 However, it has been evidenced that this molecule

can be endogenously generated by a few freshwater phytoplankton

submitted to oxidative stress conditions.59 Could the BHT detected by

Tisch et al. come from dietary supplements taken by patients suffering

from dementia? Perhaps, but this does not explain why our BHT sensor

is sensitive to the breath of APOE4 rats on the HFHS diet. There are

three possible explanations: (1) the APOE4 genotype plus HFHS does

result in the production of BHT via some unknownmetabolic pathway,

(2) our BHT template is picking up a similar organic phenolic hydro-

carbon, or (3) BHT is not a biomarker of AD. The latter possibility is

most likely. The statistical parameters were calculated assuming that

BHT is not a biomarker (Table 1). However, if we consider BHT as a

biomarker, the sensitivity, specificity, and the accuracy will be 100%,

86%, and 88%, respectively. Although the BHT sensor was sensitive to

the exhaled breath of all three rat groups, it is noticeable that the resis-

tance change for APOE4 was the highest. So, it can be concluded that

BHT is present in the rats’s exhaled breath, but in higher concentration

in the APOE4 cohort.

TABLE 1 Statistical parameters of VOC sensors

Statistical

parameters

HFHS ratmodel

(considering BHT

is not a biomarker)

HFHS ratmodel

(considering BHT

is a biomarker)

Sensitivity 100% 100%

Specificity 100% 86%

Accuracy 100% 88%

Notes: Sensitivity= TP/(TP+ FN).

Accuracy= (TP+ TN)/(TP+ TN+ FP+ FN).

TP= 33, TN= 9, FN= 0, FP= 0.

Abbreviations: BHT, butylated hydroxytoluene; FN, false negative; FP, false

positive; HFHS, high-fat/high-sugar; TN, true negative; TP, true positive;

VOC, volatile organic compound.

It is interesting to note that these demonstrated sensors for BHT,

2,3-dimethylheptane, and pivalic acid have sensitivities of ppt/ohm

resistance change. The ultra-high sensitivity, when combined the ultra-

high specificity, fast recovery in seconds in air, real-timemeasurement,

and low cost of fabrication, these gas sensors might be able to play a

very important role for early screening of dementia.

5 SUMMARY

An array of three electrochemical gas sensorswere fabricated to sense

BHT, pivalic acid, and2,3-dimethylheptane in the air at ppb level of con-

centration. These sensors were chosen from a group of VOCs identi-

fied from the breath of AD patients.46 The developed electrochemi-

cal sensors exhibited excellent performancewith respect to sensitivity,

range of detection, selectivity, stability, and reproducibility. As proof-

of-concept, the sensors were tested against the breath of APOE4 rats

on a HFHS diet, an animal model of AD. All sensors were highly sensi-

tive and selective showing a linear change in resistance to increasing

concentrations of only their templatemolecule.

6 LIMITATIONS AND FUTURE DIRECTIONS

As a pilot study there were two main limitations: (1) the study was

underpowered and could have used a greater number of rats in each

experimental group. While this would normally lead to Type II errors,

that is, false negatives, the sensitivity of the sensors was such that we

were able to discriminate between experimental conditions. (2) The

study did not include female rats. Female carriers of APOE4 have a

higher risk of developing AD than males.60 The elimination of this sex

was not by design, as only males were available for testing in this aging

study.

The three VOC biomarkers have shown potential to be used for

non-invasive diagnosis of AD. Future directions would be identifying

metabolism changes related biomarkers and testing them. These types

of sensors have demonstrated the sensitivity up to 1 ppq for opioid
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detection.61 However, the VOCs have high vapor pressure at room

temperature, which limits the sensitivity of the sensor to ppb level.

This type of sensor has been also demonstrated to detect explosive

materials at very low concentration.45 Better electronics, with mini-

mum noise, can help develop faster and more accurate measurement.

The goal of this research is to deliver a hand-held system that can be

purchased through a pharmacy.
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