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a b  s  t  r a  c t

Volatile  organic acids are  important compounds  contained  in human  body odor.  The detection  and  recog-
nition  of volatile  organic  acids in human  body  odor are  significant  in many  areas.  The  present study
explored a possibility  to  use localized  surface plasmon resonance  (LSPR)  of Au  nanoparticles (AuNPs)  and
molecularly  imprinted  sol-gels  (MISGs) as  the  sensitive  layer to recognize  typical  organic  acid  odorants,
propanoic  acid (PA),  hexanoic acid (HA),  heptanoic acid  (HPA)  and octanoic  acid  (OA),  from human  body.
The  LSPR layer  was prepared  by  vacuum  sputtering  of AuNPs  on a  glass substrate and  consequently  ther-
mal annealing.  The  sensitive  layer  was  fabricated  by  spin-coating  molecularly  imprinted titanate  sol-gel
on  the  AuNPs  layer.  A  homemade  optical device was  developed  to detect the  change  of transmittance,
which was caused  by  the  index  changes  of organic acid vapors  where  selecting absorbed  by  the  MISG
layers. It  was found  that compared  with  MISG coated  samples, samples coated  with non-imprinted  sol
gel  (NISG)  shown no responses  to  any acid  vapors. For the  MISG  coated  sensors,  the  LSPR  sensitivity was
affected  by  the  spin coating  speed.  In addition, a sensor  array  based  on MISGs  with  different templates

(HA,  HPA  and OA) was constructed to  detect  the  organic acids in single and their  binary mixtures. The sen-
sor  response  was analyzed  by  principal component  analysis  (PCA)  and  linear discriminant  analysis  (LDA).
A  100%  classification  rate  was achieved  by  leave-one-out cross-validation  technique  for  LDA  model.  This
work demonstrated that  the  MISGs coated  LSPR  sensor array  has  a great potential in organic acid  odor
recognition of  human body odor.

©  2017  Elsevier  B.V.  All rights  reserved.
. Introduction

Human body odors emitted from skin and body parts are caused
y gender, age, heredity, physiological condition and food habits
tc. [1,2].  Based on those odors alone, people can assess various
ersonal features of others accurately [3]. Hence, human body odor
ould be applied in  medical diagnosis and forensic expertise [4,5].

t has been demonstrated that human body odor is comprised
y diverse VOCs, such as low molecular weight fatty acids, alde-
ydes, ketones, amines, alcohols, esters, etc. [6–8].  Among these
dorants, organic acids (C5–C11) are considered as typical odorants

rom difference human body parts, such as foot odor and under-
rm odor [9].  Traditionally, human body odor has been analyzed by
as chromatography/mass spectrometer (GC/MS) method [10,11].
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henbin121@swu.edu.cn (B. Chen), hayashi@ed.kyushu-u.ac.jp (K. Hayashi).
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However, GC/MS is not suitable for on-line detection because of
its high-cost, time-consuming and bulky size etc. [12].  There-
fore, novel sensors need to  be explored for detecting organic acid
from human body odor. Recently, some sensors, such as microbial
fuel cell (MFC) sensors, optical fiber sensors, fluorescent imaging
sensors and quartz crystal microbalance (QCM) sensors, are suc-
cessfully developed for organic acid detection [6,9,13–15].

The phenomenon of localized surface plasmon resonance
(LSPR), which results from the plasmonic response of  nanoparti-
cles by incident electromagnetic waves, can be applied in  sensing
of analytes [16–21].  The mechanism is  based on detecting the
change of environmental refractive index (RI) [20–22].  Compared
with other transducers, such as metal oxide semiconductor (MOS)
sensors and QCM sensors, the superiorities of LSPR sensors are high-
speed response and rapid recovery, which had been proved by  our
previous to be suitable in gas and odor sensing [17].
However, the single LSPR sensors are non-specificity sensors.
To solve this problem, molecularly imprinted polymer (MIP) was
employed as the sensitive layer to realize the selectivity for LSPR
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ig. 1. The schematic graph of MISG-coated AuNPs film for selective organic acid de
etection (b).

ensors [23].  Molecular imprinting is  an effective approach for cre-
ting recognition patterns of diverse length scales for molecules
24–26]. By adding templates in  the starting material, recognition
ites would be generated in these polymer materials [27].  When
he templates were removed from the polymer matrix by washing
r heating, nano-scale cavities similar to  the template molecules
ere generated [28]. Through these high specificity cavities, MIP
ad been applied as a  highly selective sensitive layer to some
ransducers, such as QCM sensors [29–32]. Our previous work has
emonstrated that the introduction of MIP  as a  sensitive layer is
n effective approach to increase the selectivity of LSPR sensor,
hich has been used in the selective detection of terpene vapors

33–35]. Different from polymers, sol-gel materials are competi-
ive in  the stability of chemical and thermal [27].  Therefore, sol-gel

aterial would be more suitable in developing optical sensors for
as detection.

In present work, MISG was employed as the special adsorp-
ion layer for LSPR sensors. The schematic diagram of MISG coated
SPR sensor is shown in Fig. 1a. Based on the unusual cavities
enerated in sol-gel matrix, the target organic acid vapor would
e absorbed selectively. And it would induce the change of sur-
ace plasmon peak position (�min) and the transmittance variation
n spectrum. By detecting these variations, an optical sensor for
rganic acid vapors detection would be developed. In addition,
uman body odor is  always composed by  diverse of organic acid

apors [3]. Hence, to detect the mixture of organic acid vapors is
nother topic in body human odor determination. Here, three MISG
lms generated by different organic acid templates, hexanoic acid
n (a)  and MISG-LSPR multichannel sensor platform for organic acid vapors mixture

(HA), heptanoie acid (HPA) and octanoic acid (OA), were coated
on Au nano-island layers for establishing a  MISG-LSPR multichan-
nel sensor platform (Fig. 1b). The response matrix was obtained by
measuring for organic acid vapors: propanoic acid (PA), HA, HPA
and OA, in single and their binary mixtures. Finally, the response
matrix was  processed and analyzed by principal component analy-
sis (PCA) and linear discriminant analysis (LDA) for odor pattern
recognition. The feasibility of the developed MISG-LSPR sensor
array for determination of organic acid vapors was discussed and
evaluated.

2. Material and methods

2.1. Chemicals and reagents

Tetrabutoxy titanium (TBOT), iso-propanol, PA, HA, HPA, OA,
titanium tetrachloride (TiCl4), acetone and ethanol were purchased
from Wako Pure Chemical Industries, Japan. 3-aminopropyl tri-
ethoxysilane (APTES) was  purchased from Shin-Etsu Chemical,
Japan. All of the reagents were used as received.

2.2. Synthesis of MISG reaction solutions
MISGs reaction solution was prepared by dissolving 136 �L
TBOT as a  precursor, 50 �L of template molecules and 24  �L APTES
as a  functional monomer in  2 mL  of iso-propanol. Here, HA, HPA
and OA were selected as the template molecules. Afterwards, 25  �L
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iCl4 was added to initialize the reaction. Finally, the reaction solu-
ion was prehydrolyzed in a  70 ◦C water bath for 1 h.

.3. MISG coated Au nano-island film preparation

Concisely, a TIO glass substrate was cleaned by ultrapure water,
cetone and ethanol and dried with nitrogen flow, successively.
fter argon plasma cleaned for 5 min  (PDC-001, Harrick plasma,
SA), the substrate was immersed in  a 1:10 (v:v) ethanol solution
f APTES for 8 h.  The substrate was cleaned with ethanol and dry-
ng with nitrogen flow, and put into a  quick coater (SC-701 HMCII,
anyu electron, Japan) for AuNPs deposition, the thickness was  set
s 3 nm by tuning the deposition current. Then, the sample was
nnealed in air atmosphere at 200 ◦C for 5 h in  a muffle furnace
SSTS-13 K, ISUZU, Seisakusho, Japan) and cooled naturally till room
emperature (25 ◦C). Afterwards, MISG layers were coated on the
uNPs film by spin coating 20 �L of its reaction solution. As the last
tep, the sample was heated at 200 ◦C for 1 h for constructing the
ISG layer and removing the template molecules.

.4. Vapor generating system

The vapor generating system used in this study is shown in
ig. 2a. It was consisted of an air pump (LV-125A, Linicon, Japan),
n air-cleaning filter filled with molecular sieves and activated car-
on, 2 mass flow controllers (MFC) (3660, Kofloc, Japan), a  3 way
olenoid valve (FSM-0408Y, FLON Industry, Japan), a  glass bottle
6 mL)  and a  personal computer. Pure dry air was as the diluting gas
n this study. All  the gas flow paths were connected by Teflon tubes.
hrough a NI DAQ (USB-6009, National instruments, Austin, USA)
ard and LabView software (National instruments, Austin, USA),
wo MFCs and the gas valve can be controlled by the personal com-
uter. The concentration C (ppm) of single organic acid vapor can
e calculated by Eq.  (1).

 = k × Dr × 103

F
(1)

here Dr (�g/min) indicted the diffusion rate at the appoint tem-
erature, F  (L/min) indicated the flow rate of diluent gas, k indicated
he factor for converting gas weight to gas volume, which can be
alculated as follows:

 = 22.4  × (273 +  t) × 760
M × 273 × P

(2)

here M indicated the molecular weight of organic acid molecule, t
s the gas temperature and P is the gas pressure (760 mmHg). In this

ork, single organic acid vapor was generated by injecting 2 mL of
ach of organic acids (PA, HA, HPA or OA) in  the glass bottle. Binary
ixture of acid vapors (A  +  B) was generated by injecting 1 mL  of

rganic acid A and 1 mL  of organic acid B in  the glass bottle together.
n this study, 3 types of binary mixtures (PA + HA, PA +  OA, HA +  OA)

ere considered. Cleaned glass bottles were used for each test-
ng. The flow rates of diluent air were set as 0.6, 0.5 and 0.4 L/min,
espectively.

.5. Organic acid vapor sensing system

SEM (SU8000, Hitachi, Japan) was employed to  analyze the mor-
hology characteristics of Au  nano-islands before and after sol-gel
eposition in this study. The schematic of transmittance spectra
easurement system is  show in Fig. 2b. The system was included

 light source (LS-1 tungsten halogen light source, Ocean optics,

SA), a UV spectrometer (HR4000, Ocean optics, USA), a  homemade

ensing cell (Teflon), 2 optical fibers (Ocean optics, USA) and a  per-
onal computer. By the software named OPwave+ (Ocean optics,
SA), the transmittance spectra in real-time were detected and
Fig. 2. Schematics of vapor generation system (a)  and sensing system (b). The photo
of  the experimental system (c) and the MISG-LSPR electrode in the  sensing cell.

recorded. The scanning range was set from 400 to 900 nm, and
the wavelength resolution was 0.1 nm.  The actual photo for the
experimental system and MISG-LSPR electrode in  sensing cell was
provided in  Fig. 2c.

3. Results and discussion

3.1. UV-vis spectra and vapor absorption characteristics of MISG
coated AuNPs film

The thickness of MISG layer is a  critical factor to its selec-
tive absorbability and it can be  controlled by spin coating speed
[34].  Firstly, the influence of the spin coating speed on optical
characteristics of MISG/NISG coated Au  nano-island films were
investigated. The transmission spectra of bare, NISG and HA-
MISG coated Au nano-island versus different spin coating speeds

(1000 rpm, 3000 rpm and 5000 rpm) were shown in Fig. 3a. It  was
demonstrated that the sol-gel layer makes the plasmon peak shift
to the red and the transmittance decrease (Fig. 3b). Besides, with
the increase in spin coating speed, the transmittance was increased.
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speed was  also observed to HA vapor. Besides, the recovery time
ig. 3. Transmittance spectra (a) and optical features (�min and Tmin)  (b) of NISG and
A-MISG coated AuNPs versus different spin coating speeds.

n addition, the minimum transmittances of samples coated with
ISG were lower than those coated with MISG at the same spin
oating speed. These transmittance decrease and spectral position
ed shift showed a spin coating speed dependent feature.

To determine the optimal coating speed for MISG layers, the
eal-time response characters of Bare/NISG/HAMISG coated sen-
ors to  HA vapor were investigated. The changes of transmittance
t plasmon peak (�min) were detected and recorded. The �T  can be
alculated by formula as follows.

T  = T  − T0 (3)

here T0 indicated the transmittance in  air, and T  indicated the
ransmittance in organic acid vapors. The real-time response to
A vapor was as shown in Fig. 4. To investigate the changes of
SPR response before and after coated MISG/NISG layers, bare Au
ano-island was also considered in this study. The RIS of sur-

ace plasmon (SP) extinction bands to  dielectric properties of the
urrounding medium was depended on the particle size  and the
istance between particles [23]. The surface morphology of bare

u nano-island was studied as shown in Fig. 5a. It  indicated that all
uNPs were formed as arrays, which would induce a  stranger RIS

or LSPR [36].
Fig. 4.  Real-time response of HA-MISG and NISG with different coating speeds to
HA  vapor. Gas responses were obtained by keeping the switch on to HA  vapor flow
for 600 s and then to air flow for 600 s.

Fig. 4 showed that the response of bare sample was larger, and its
response time was faster than NISG or MISG coated samples. Com-
pared with MISG/NISG coated samples, more HA molecules could
be absorbed in  the RI sensing volume (SV) of AuNPs, and it would
induce a  stranger response for the vapor. We  can also find that
no responses were observed on samples coated NISG. It indicated
that the adsorption capacity of pure titanate sol-gel matrix was
weak, which agree with the results reported by Matsuguchi et al.
[27].  The SEM image for NISG coated sample (spin coating speed
3000 rpm) is shown in Fig. 5b. It suggested that the surface of NISG
was full of cracks. Compared with MISG coated samples (Fig. 5c),
NISG coated sample showed a relative smooth surface and its sur-
face area was  smaller. This surface morphology would induce its
poor gas responses. Besides, gas molecules would be obstructed by
the pure sol-gel layer to  be in the SV of AuNPs. Compared with the
bare sample, the responses of MISG coated samples were smaller. It
could be explained that only the molecules absorbed by the nano-
scale cavities of MISG in SV could be sensed. By the effect of MISG
layer, a longer response and recovery time was  observed in in-situ
responses. Besides, too thick layer (spin coating speed: 1000 rpm)
would induce a  longer recovery time. Just like we  discussed in for-
mer work, excessive thin MIP  layer is  difficult to  realize a  good
selectivity for target molecules, while thick layer would induce
a long recovery time [34].  Considered the response and recovery
time simultaneously, the relative optimal spin coating speed was
selected as 3000 rpm in this study.

To determine the absorption characteristics of HA-MISG films
to HA vapor, the in-situ responses of HA-MISG coated LSPR sen-
sor (spin coating speed: 3000 rpm) to PA, HA and OA vapors were
investigated. The normalized response K  can be defined by  function
4.

Kj = �T  / Cj (4)

where j is  on behalf of 3 types of organic acid vapors: PA, HA and OA.
Cj is  the concentration of organic acids. Here, the concentrations of
PA, HA and OA were 40.93, 21.05 and 11.23 ppm, respectively. Fig. 6
shows that the corresponding response signal of  HA (0.01844) is the
larger than that for PA  (0.00523) or OA (0.00781). A faster response
for HA is  longer than other vapors. It  indicated that more target
gas molecules were absorbed in the SV of AuNPs, which would be
contributed by the selectivity of the MISG layer.
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Fig. 5. SEM images of bare Au nano-island (a) and coated with NISG (b), HA-MISG (c),  HPA-MISG (d) and OA-MISG (e). All  the MISG/NISG films were fabricated by  spin coating
speed  at 3000 rpm.

Fig. 6. Real-time responses of HAMISG-LSPR sensor to  three fatty acid vapors
(PA/HA/OA). Gas responses were obtained by  keeping the switch on  to organic acid
vapor flow for 600 s and then to  air flow for 600  s. The concentrations of PA, HA and
OA were 40.93, 21.05 and 11.23 ppm. The Kmin for PA, HA and OA were −0.00523,
−
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Fig. 7.  Transmittance spectra of bare, NISG and three types of MISGs (HA-MISG/HPA-
MISG/OA-MISG) coated samples.
0.01844 and −0.00781, respectively.

.2. Sensor array response for organic acid odors

By spin coating 3 types of MISG reaction solutions at 3000 rpm
n Au nano-island layers, a  MISG-LSPR sensor array was  con-
tructed. The sensor array was consisted of 4 channels: bare,
A-MISG, HPA-MISG and OA-MISG (Fig. 1b). The transmission spec-

ra for 3 types of MISG coated samples were shown in Fig. 7.  It
uggested that by spin coating different type of MISGs, their �min
nd Tmin were different. SEM images for different types of MISG
oated samples are shown in Fig. 5.  It  illustrated that AuNPs were
overed by  MISG films. We can also find that the surfaces of MISG
oated samples were full of cracks, and the degrees of tearing
nd roughnesses were different. Therefore, the surface areas of

ISG coated sample are larger than NISG coated samples’, which
ould induce the different response intensities. By adding template
olecules, the polymerization of sol-gel can be  effected, which
would be  explained these diverse morphologies. Because the size
of cavities generated by template molecules in MISG films were too
small, it is different to  observe from SEM images.

For each measurement, sensors were exposed in  dry air for
300 s firstly. Then, the target vapor exposure time 60 s and dry air
was passed for next 300 s for recovery. By changing the flow rates
(0.4 L/min, 0.5 L/min and 0.6 L/min), 3 concentrations of a  vapor
would be  obtained. A  typical response of HA-MISG coated LSPR sen-
sor to 4 types of organic acid vapor (flow rate: 0.5 L/min) was  shown
in  Fig. 8.  In this study, 9 samples (3 concentrations × 3 repetitions)
from 7 types of vapors (PA, HA, HPA, OA, PA  +  HA, PA +  OA,  HA + OA),
total 63 samples were considered. Hence, a  response (�T) matrix
M63×4 for the sensor platform could be obtained for subsequent
research.
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Fig. 8.  Typical response of HA-MISG coated LSPR sensor to fatty acid vapors. Gas responses were obtained by  keeping the switch on to organic acid vapor flow for 60 s and
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hen  to  air flow for 300 s.

.3. Discrimination of single or binary mixture of organic acid
apors

Before discriminating, the matrix was pre-processed by auto-
caling to reduce the large variations in  response data for different
hannels. To visualize the cluster trends of vapor samples, PCA was
erformed on the normalized response matrix. PCA is  a  conven-
ional unsupervised linear method for information concentrating,
oise removing and data visualization [37]. By this method, princi-
al components (PC) could be constructed by  linear combination of
he original variables [38].  Based on these uncorrelated PCs, sam-
les could be mapped in a low dimensional space for discriminating
39,40]. The PC score plot of total 63 samples is  shown in Fig. 9.
ecause PCA is  an unsupervised method, the samples were clus-
ered together only based on the similarities and differences in
heir PC scores. In PC1-PC2 space (Fig. 9a), each of 4 single odors
ccupied a separate region, and all binary mixtures were lying in
ew clusters. PC1 contained mainly information (88.78%) of origi-
al response matrix. Besides, for PC1, 4 single vapors were sorted
y concentration in descending order. It  indicated that the concen-
ration information for vapors would be contained in PC1. In the
C1-PC3 space (Fig. 9b), most of samples were patterned in indi-
idual clusters. But an overlapped was observed in  the samples
rom PA and PA  +  OA vapors. In addition, a well clustering result
as observed in  PC2-PC3 space (Fig. 9c) excepting a superposition

etween HA (C6) and HPA (C7) vapors. We can also find that for
ingle vapor, the sort by  PC2 is similar with that by  molecular size.
t might be contributed by  the size effect of the imprinted template

olecules. Besides, we  can also find that the VOCs mixture sam-
les were clustered on the centerline between two source VOCs in
C1-PC2 and PC1-PC3 spaces. However, in  PC2-PC3 space, we did
ot find the similar result. It indicated that we could find a  balance
ole in PCA spaces partly. The reason would be explained by the
ifferent concentrations for VOCs mixtures or pure organic acids.

To investigate the pattern recognition ability of MISG-LSPR mul-
ichannel sensor platform, LDA was applied in this study. Different

rom PCA, LDA is a  supervised classifier by finding a  discriminant
unction (DF), which is a  linear combination of the original vari-
bles (features of the sensor responses) that tries to maximize the
ariance between groups and minimize the variance within groups
[41,42].  More detail information about LDA can be found else here
[43–46].  Here, the optimal transformation in  LDA  was achieved
by minimizing the intragroup distances and maximizing the inter-
group distances simultaneously, thus the best group discrimination
could be obtained [47]. Similar to  PCA,  2 discrimination functions
were obtained by a  linear combination of the 4 variables in  the sen-
sor array. Consequently, all samples could be plotted in a  LDA space
as shown in Fig. 10.  It  demonstrates the clear clustering of 7 dis-
tinct groups, which correspond to 4 single and 3 binary mixtures
of organic acid vapors, with no overlap being observed. Taking into
account a small number of samples in  this study, full leave-one-
out cross-validation (LOOCV) method was  applied to  validate LDA
models in this study [48,49]. The LOOCV of LDA  scores revealed
a classification accuracy of 100%. It suggested that the multichan-
nel LSPR-MISG sensor platform developed in  this study could be
applied on the pattern recognition of single or binary mixture of
organic acid.

4. Conclusion

In  summary, a MISG coated Au nano-island film was developed
for determination of organic acids vapors selectively. The MISG
reaction solution was  spin coated on the Au nano-island layer. The
results demonstrated that the adsorption capacity of pure TiO2 sol-
gel matrix was  weak. In-situ response of HA-MISG was verified to
be fast, selective and reversible. Eventually, by changing the tem-
plate molecules in MISG reaction solutions, a  4 channels MISG-LSPR
multichannel sensor array was  constructed for the determination
of 4 organic acids vapors (PA, HA, HPA and OA) in  single and their
binary mixtures. PCA and LDA were employed for pattern recog-
nition of the response matrix. We  also find a  partly balance role
between mixture VOCs and their source VOCs in  PCA spaces. A 100%
classification rate was achieved by leave-one-out cross-validation
technique for the LDA model. It indicated that a sensor array com-

bined MISG with LSPR could be an effective method for organic acid
odor pattern recognition. This research offers some useful tech-
nologies for developing sensor system for organic acid from human
body odor.
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Fig. 9. PCA score plots of the multichannel responses for 63  samples from PA, HA,
HPA, OA, binary mixture of PA + HA, PA + OA and HA + OA.

A

a
1
2

Fig. 10. LDA score plot of the first 2 discriminant factors (LDA1 and LDA2) achieved
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