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ing of volatiles by ion mobility
spectrometry with wireless data transmission and
centralized data analysis†

Hsuan-Ting Ou,a Krzysztof Buchowieckia and Pawel L. Urban *ab

Volatile organic compounds (VOCs) are omnipresent in daily life, industry, and science. Amongmany VOCs,

some can affect the food quality while others are environmental pollutants. We previously developed

a portable pen-probe ion-mobility spectrometry (IMS)-based analyzer for in situ detection of VOCs

emanating from surfaces and wireless transmission of the acquired spectra. In the current work, we have

improved the platform with regard to its analytical performance and connectivity. The acquired data can

be transmitted to a central computer via a long-range wide-area network, in the absence of a mobile

phone network. When the data are deposited on the cloud, a program written in Python performs data

treatment in order to spot abnormal spectral patterns. The ion-mobility spectra are binned and

subjected to principal component analysis (PCA). The PCA scoring plots are updated and available for

viewing on a dedicated website as soon as new data are transmitted from the field. Field analysis, relying

on a distributed network of such IMS-based sensing devices and centralized data treatment, can

potentially shorten the response time to emerging events. The limits of detection for pyrrolidine,

trimethylamine, 1,4-diaminobutane, 1,5-diaminopentane, 2,4-lutidine, and (�)-nicotine are in the range

of 0.18–21.71 nmol. The resolving power values are in the range of 38.8–69.1. The platform was tested

by following a food degradation process.
Introduction

Portable analytical devices are increasingly popular due to their
intrinsic features such as ease of use, fast analysis, real-time
analysis, and no requirement for sample pretreatment.1–3

Some of such devices can perform remote monitoring of
chemical compounds or chemical reactions. They can oen be
built using low-cost microcontroller boards (MCBs) and elec-
trochemical sensors.4,5 Due to these advantages, the portable
devices are utilized in various application elds, including gas
detection,6 environmental water monitoring,7 detection of
analytes in solid samples,2 therapeutic drug monitoring,8 clin-
ical diagnostics,9 and food quality control.10 Some wireless
devices take advantage of mobile phone networks enabling real-
time data transmission for monitoring processes remotely.11

However, mobile phone networks may be absent in remote rural
areas. Other wireless communication techniques enable trans-
mitting information by various radio frequencies. One of them
is the long-range wide area network (LoRaWAN), which uses the
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mation (ESI) available. See

–815
LoRa electronic modules.12 It consumes little power and enables
long-range data transmission (in general, kilometers).13 The
transmission speed can reach a few kbps,13 which is sufficient
for many Internet-of-Things applications. No mobile phone
base stations are required. The incorporation of wireless and
portable devices is extremely convenient due to the possibility
to perform remote monitoring, in situ analysis, and real-time
data analysis without direct access to the Internet.

Ion-mobility spectrometry (IMS) is an instrumental tech-
nique that can be used for the rapid detection of gas-phase
analytes even at ambient pressure and temperature.14 A typical
IMS system separates the ions based on their size and charge as
they migrate through a chamber. The chamber is supplied with
an electric eld. Selection of ion source depends on the physical
properties of the analytes.15 Various types of IMS techniques
have been developed, which can be classied based on the type
of ion handling (time dispersion, spatial dispersion, and ion
connement).16 Time-dispersive IMS techniques include dri-
tube IMS (DTIMS),17 traveling wave IMS (TWIMS),18 and over-
tone mobility spectrometry (OMS).19,20 Space-dispersive IMS
techniques include high-eld asymmetric IMS (FAIMS)21 and
differential mobility analyzer (DMA).22 On the other hand,
trapped IMS (TIMS)23 and ion cyclotron mobility spectrometry
rely on ion connement.24 Due to their simplicity, DTIMS
systems are among the most commonly used apparatuses. IMS
has a very wide range of applications in preliminary chemical
© 2022 The Author(s). Published by the Royal Society of Chemistry
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analysis (screening), including the detection of chemical
warfare agents,25 monitoring of trace explosives26 as well as
other applications related to public safety.27 IMS has also been
applied in the detection of illicit drugs,28 environmental moni-
toring,29 breath analysis for clinical diagnosis,30 and food
quality analysis.31,32 Different from conventional gas chroma-
tography (GC) and mass spectrometry (MS), IMS instruments
are typically small, and they can be portable enabling in situ
analysis. In recent years, several designs of homemade IMS
systems have been disclosed. For instance, a prototype of the
FAIMS system was installed on a multicopter to enable the
detection of explosives and drugs in hard-to-reach places.33 In
general, IMS provides numerous advantages including: atmo-
spheric pressure operation, short analysis time, and low cost. Its
disadvantages include low accuracy in the identication of
analytes and low peak-to-peak resolution.

Manual analysis of large data sets can be tedious. Hence,
statistical methods such as multivariate analysis are oen
considered. Multivariate analysis has the capability to organize
and visualize large amounts of data. Such methods are classi-
ed as supervised learning or unsupervised learning.34,35 The
supervised learning methods, such as partial least square
discriminant analysis (PLS-DA) and linear discriminant analysis
(LDA), include two stages. In the rst stage, the datasets are
manually labeled and trained with algorithms. Aer the
training, the trained model can be used for the prediction of the
unknown in the second stage.36 In contrast to supervised
learning, unsupervised learning algorithms are used against
data that are unlabeled. In other words, unsupervised learning
has to allow the model to distinguish the data on its own, based
on the features of the data without prior manual classication.
There are different types of unsupervised learning methods,
including principal component analysis (PCA) and hierarchical
cluster analysis (HCA).37 Although supervised learning requires
manual classication, which is more time-consuming, the pre-
classication makes the algorithm determine the output with
higher accuracy than the unsupervised learning.36,38 These days,
multivariate analysis has been widely used in chemical
research, especially in the eld of clinical diagnosis.39

We aim to demonstrate the concept of centralized multi-
variate analysis of analytical data acquired by a portable IMS-
based platform (Fig. 1). The raw datasets are transmitted to
the central server either via the Internet from the mobile phone
network or LoRaWAN communication. The received datasets
are processed on the server in real-time, and the statistical
analysis results are immediately posted on the dedicated web-
site, ready for viewing and interpretation. It is envisioned that
“normal” and “abnormal” spectra can readily be distinguished,
pointing to signicant changes in the chemical composition of
the analyzed matrices.

Experimental section
Chemicals

Water (LC-MS grade) was purchased from Merck (Darmstadt,
Germany). 1,5-Diaminopentane (98%) and pyrrolidine (>99%)
were purchased from Acros Organics (Geel, Belgium).
© 2022 The Author(s). Published by the Royal Society of Chemistry
(�)-Nicotine free base (99%) and trimethylamine solution (45%
in water) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). 1,4-Diaminobutane was purchased from Thermo Fisher
Scientic (Tewksbury, MA, USA). 2,4-Lutidine (>98%) was
purchased from TCI (Tokyo, Japan). The real samples (chicken
breast, Mozambique tilapia (Oreochromis mossambicus), and
white shrimp (Litopenaeus vannamei)) were purchased from the
local supermarket (Hsinchu City, Taiwan).
Prototype of the portable ion-mobility spectrometer

A prototype of a portable dri tube ion-mobility spectrometer—
utilizing multiple low-cost electronic components—was devel-
oped previously.3 The dri tube and the detector (Faraday plate)
were fabricated based on the report by Reinecke and Clowers.40

The system was powered by a lithium battery (24 V, 50 Ah;
model no. BT-024-050-A; Inner-Energy Technology Company,
Taoyuan City, Taiwan). In our previous work, the atmospheric
pressure chemical ionization (APCI) source was kept in an open-
space holder.3 However, the ionization efficiency was low due to
the open-space layout of the ion source. In the present study, we
re-designed the ion source holder (Fig. S1†). An enclosure was
placed in front of the acrylic spacer, next to the rst electrode of
the dri tube, which is in contrast to the previous design where
the holder did not directly attach to the acrylic spacer but was
separated by a 1.5 cm slit. The APCI needle protruded from the
center of the enclosure, and was placed 5 mm in front of the
rst electrode of the dri tube. The sample vapor tubing outlet
was located 5 mm from the tip of the needle, and the tubing was
perpendicular to the needle (Fig. S1†). The air compressor
(model no. AMP1204; Air-Mart Industrial, Taichung, Taiwan)
delivered air, which was used as the dri gas. In principle, small
gas cylinders can be used instead of the air compressor;41

however, they can supply gas only for a short period of time
during eld operation, which is inconvenient. The dri gas
passed through themolecular sieve 5Amoisture trap (model no.
20618; Supelco, Bellefonte, PA, USA) and a mass ow controller
(model no. F-201CL-013-1 K0-A; Bronkhorst, Ruurlo, The
Netherlands), which controlled the ow rate by adjusting the
applied voltage. A T-junction adapter (stainless steel male
branch tee; 1/8 in, 1/8 in, 1/4 in; male national pipe thread
(NPT); SS-200-3-4TTM; Swagelok, Solon, OH, USA) was con-
nected aer the mass ow controller to split the gas ow into
two directions (Fig. S2†). One end was used to supply dri gas
while the other end was used for monitoring the relative
humidity and temperature of dri gas. A digital temperature
and humidity sensor (model no. DHT22-Module; Centenary
Materials Company, Hsinchu City, Taiwan)—connected to the
Arduino MCB (Arduino Uno R3; Centenary Materials Company;
MCB1)—was tted in a plastic box (length: 79 mm; width: 69
mm; height: 23 mm; MagicJack Department Store, Hsinchu
City, Taiwan), connected to the T-junction, to enable moni-
toring of dri gas temperature and humidity (Fig. S2†). A
micropump (model no. NMP015; DRF Corporation, Taipei City,
Taiwan) was used for sample introduction.

Similar to the previous version of the mobile platform,3 the
current version took advantage of amobile phoneWiFi router to
Digital Discovery, 2022, 1, 806–815 | 807
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Fig. 1 Integration of IMS-based portable analyzer with centralized data analysis system: (A) general concept; (B) portable IMS-based platform; (C)
LoRa gateway; (D) centralized system server; (E) website displaying the final results.
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achieve Internet connectivity. Furthermore, a long-range (LoRa)
radio frequency communication module (Lora RFM9X; Taiwan
IoT Studio, Tainan City, Taiwan; LoRa1) was connected to the
808 | Digital Discovery, 2022, 1, 806–815
Arduino MCB (Arduino Due; Centenary Materials Company;
MCB2) to achieve wireless data transmission in the absence of
mobile phone network. The radio frequency was set to 434MHz.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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A global positioning system (GPS) module (model no. Adafruit
Ultimate GPS Breakout v3 – 66 channel w/10 Hz; Deryuan
Technology, New Taipei City, Taiwan) was placed in a plastic
box and xed onto a special acrylic holder (Fig. S3†), which was
manufactured by the NTHU workshop (Hsinchu City, Taiwan).
Note that it is necessary to keep the GPS module box at least
�20 cm away from the top layer of the trolley to avoid electronic
interference, and to obtain the geolocation data. The GPS
module was powered and controlled by MCB1. A digital
temperature sensor (model no. Tsys01; ClosedCube, London,
UK) was placed beside the dri tube to monitor the temperature
around the dri tube. The top layer of the trolley accommo-
dated a single-board computer (Tinker Board S; Asus, New
Taipei City, Taiwan; SBC1) and a display (10.1 inches HDMI
capacitive touch LCD; Waveshare, New Taipei City, Taiwan).

Programs for system control and data acquisition

A graphical user interface (GUI) was previously established in
Processing 3 soware (version 3.5.3; Processing Foundation,
Boston, MA, USA).3 The GUI provides numerous buttons with
different functions that allow the users to operate the system
easily. In this study, we incorporated new functions into the GUI
to enhance the functionality of the device. First, the switch
button for the “Cooling Fan” controlled three fans installed
upon the dri tube to cool down the dri tube (Fig. S4†), and to
minimize peak shis. Second, we created three resolution
modes (high, medium, low) that correspond to three different
pulse widths of the ion gate: 200 ms, 330 ms, and 500 ms.

At last, two different methods were adopted to monitor the
usage of the moisture trap. Note that the humidity affected the
formation of protonated clusters and the dri time of reactant
ion peak (RIP) signicantly.42,43 The rst method was based on
the humidity of dri gas. The time to the expiration for the
moisture trap (L, days le) was estimated based on the following
empirical equation:

L ¼ H � (�2.3) + 69.2 (1)

and displayed in the GUI; where H is the relative humidity of
dri gas. This calculation assumed that the relative humidity
was �4% when the trap was new, and �30% when the trap was
two months old. The approximate time to the expiration of the
trap was shown on the screen. According to the second method,
when the “RIP check” button was pressed, the system started
one analysis, and the spectrum with the dri time of the highest
intensity of the RIP was displayed on the screen. The increase in
humidity—likely caused by saturation of the moisture trap—
came with the increase in the reactant ion dri time. However,
the relative humidity could be affected by the weather condi-
tions; thus, these two methods could only provide a rough
estimate of the moisture trap lifetime.

The program for data acquisition was written in a variant of
C++ using Arduino IDE. A Python program (“Data acquisition”)
was used on the SBC1 for retrieving the spectral data, which
were acquired by the MCB2, as well as retrieving the geo-
location, and the relative humidity and temperature of dri gas
acquired by MCB1. The ion-mobility spectrum was plotted on
© 2022 The Author(s). Published by the Royal Society of Chemistry
the screen based on the data processed by the “Data acquisi-
tion” program. The spectrumwas saved as a .png le and .txt le
along with the additional information on the SBC1. Apart from
the items that have already been mentioned in our previous
publication,3 the relative humidity (%) and the temperature (�C)
of dri gas were inserted in the h line of the output .txt le. At
the same time, the .txt le was uploaded to Dropbox from SBC1
and the spectral data were almost simultaneously transmitted
through LoRa1, even in the absence of a mobile phone network.

Hardware for centralizing the data analytics

A Raspberry Pi (Raspberry Pi 3 A+; SBC2) was used as a gateway
to receive spectrum data via LoRa and upload the data le to the
cloud (Fig. 1). First, an Arduino MCB (Arduino Uno R3; Cente-
nary Materials Company; MCB3) was powered by the SBC2.
Then, a LoRa electronic module (Lora RFM9X; Taiwan IoT
Studio, Tainan City, Taiwan; LoRa2), connected to MCB3, was
used to receive the data transmitted from LoRa1. The third SBC
(Raspberry Pi 1 B+; SBC3) was adopted as the server for real-time
data processing and data visualization.

Programs for remote monitoring and data analytics

In order to achieve remote monitoring and real-time data anal-
ysis, LoRa2 was utilized for wireless data transmission, while the
SBC2 (along with the “LoRa gateway” program) was used as
a gateway to receive and upload the datasets to the cloud. Another
Python program (“Centralized data analysis”), which ran on the
SBC3, consolidated and analyzed the spectral data. As soon as the
le was uploaded to the cloud via the “LoRa gateway” program,
the “Centralized data analysis” program performed data treat-
ment in order to spot abnormal spectral patterns (Fig. 1). Firstly,
multiple les were downloaded and the ion-mobility spectra were
binned. There were 30 bins in total (1 ms interval as 1 bin). We
refrained from using narrower bins to minimize the detrimental
effect of changing conditions (e.g. temperature) on the data
quality. Eight consecutive bins—corresponding to the dri times
from 6 ms to 14 ms—have been selected as eight variables
because sample-related peaks typically appeared in this time
range. These variables were further subjected to PCA.

Sampling

The developed platform was tested with six standard
compounds (pyrrolidine, trimethylamine, 2,4-lutidine, 1,4-dia-
minobutane, 1,5-diaminopentane, and (�)-nicotine). Sampling
was performed as previously described.3 The pen-probe was
held �1 cm away from a piece of lter paper. Later, a 10 mL
aliquot of the analyte solution in water was pipetted onto the
lter paper. The button on the pen-probe or the “start acquisi-
tion” button was pressed aer 10 s exposure of the sample in
the atmosphere.

Results and discussion
Proof-of-concept

The prototype of centralized analysis system based on IMS
(Movie S1†) was developed by taking advantage of off-the-shelf
Digital Discovery, 2022, 1, 806–815 | 809
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universal electronic components, following the recent
notion.4,5,44–47 To demonstrate the spectral data can be trans-
mitted through the LoRa electronic module, and uploaded to
the cloud in the absence of mobile phone network coverage, the
WiFi function of the SBC1 was switched off. Initially, the
micropump was switched on from the GUI to prepare for the
sample introduction, and the DHT-22 was started for moni-
toring the temperature and humidity of dri gas. The high-
voltage power supplies for the dri tube and the ion source
were switched on as well. Before clicking the “start acquisition”
button, or the button installed on the pen-probe for data
acquisition, the resolution mode had to be selected to deter-
mine the pulse width; medium-resolution mode was selected
for the following tests. Also note that the “LoRa gateway” and
“Centralized data analysis” programs had to be started before
the analysis to ensure the operation of the gateway and the
centralized server, so that the data transmission and the data
visualization could be accomplished. When a spectrum was
recorded, it was displayed on the SBC1's screen, and the data
transmission via LoRa1 began. Aer LoRa2 received the data,
the data were saved as a .txt le and uploaded to the cloud by the
SBC2. Eventually, the “Centralized data analysis” program on
the SBC3 downloaded all the data les from the cloud and
performed the data analysis with PCA (Fig. 2).

PCA provided two different plots (scoring plot and loading
plot). The loading plot indicates the variables that dominate the
separation in the scoring plot.48 The similarity of the data points
Fig. 2 Interactions between different modules of the system. (1)
Control the switch of electronic components by GUI; (2) execute the
command from Arduino; (3) display the status of each component; (4)
acquire data; (5) request geolocation, humidity, and temperature; (6)
acquire geolocation, humidity, and temperature; (7) request spectrum
data; (8) acquire spectrum data; (9) collect data and upload to Dropbox
for data storage; (10) acquire the notice of command; (11) request
spectrum data; (12) acquire spectrum data; (13) transmit data; (14)
acquire spectrum data; (15) request spectrum data; (16) acquire
spectrum data; (17) collect data and upload to Dropbox for data
storage; (18) download data file from Dropbox; (19) perform data
analysis by using multivariate statistical analysis.

810 | Digital Discovery, 2022, 1, 806–815
can be observed from the clusterization in the scoring plot. Note
that the “Centralized data analysis” program downloaded all of
the data les from the cloud to perform PCA. However, PCA
cannot be conducted if the number of data les is not greater
than two. Thus, the “Centralized data analysis” program con-
ducted PCA aer over two data les were downloaded, and the
following data les were included in the PCA executed in an
innite loop. Aer every iteration of data analysis, the scoring
plot and the loading plot were displayed and posted on the self-
built website (Fig. S5†).
Characterization of the platform

The inuence of dri gas ow rate (just before the dri tube)
and the sample gas ow rate on the dimer signal of 2,4-lutidine
(10.23 ms) was tested (Fig. S6†), and the following values were
selected for further measurements: 0.746 and 1.2 L min�1,
respectively. Although the lower sample ow rate could provide
better sensitivity, the higher ow rate was selected to avoid the
carryover, elimination of which would be quite time-
consuming. A typical blank ion-mobility spectrum features
a prominent RIP. The RIP is commonly related to protonated
water clusters (H+(H2O)n).15 Once an analyte (M) is introduced,
the analyte gets protonated giving rise to monomer (MH+),
dimer (M2H

+), or trimer (M3H
+) ions.49 The formation of

protonated clusters depends on the amount of analyte that is
introduced to the ion source (Fig. 3). The putative monomer
peak is assigned based on the decreasing intensity of the RIP
and the increasing intensity of an analyte peak with increasing
amount/concentration of the analyte. On the other hand, the
dimer peak is assigned based on the decreasing intensity of the
monomer peak and the increasing intensity of the analyte peak.
Further, the dri time of the analyte-related peak is taken into
account for the assignment of the monomer and dimer.
Reduced mobility values were calculated for the monomer and
dimer peaks of the six compounds, and compared with the
literature values (Table S1†), although the experimental condi-
tions were not identical.

Next, we veried the feasibility of the real-time PCA analysis
conducted on the binned datasets recorded by the portable IMS
unit. The amounts of six selected analytes were in the range of
30–600 nmol. The six compounds were analyzed individually
along with seven instrumental blanks in a cycle. The instru-
mental blank analysis was performed before the analysis of
each test compound to ensure the system could be operated
without carryover (cf. Fig. S7†). The PCA scoring plot—gener-
ated by the “Centralized data analysis” program—displays six
clusters, which correspond to the six compounds (Fig. 4). The
plots show the capability of the entire system to classify
different compounds in real time.

The limits of detection (LODs) were calculated based on the
signal-to-noise ratios (S/N) of the dimer peak. The noise was
determined by using the root mean square (RMS) value of the
baseline (aer subtraction of baseline average) in the range
without any peaks (20 ms to 30 ms). The intensity of the peak
was converted to the amplitude by subtracting the averaged
baseline, and the S/N ratio of the peak was determined by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Baseline-subtracted ion-mobility spectra of selected standard compounds: (A) pyrrolidine; (B) trimethylamine; (C) 1,4-diaminobutane; (D)
1,5-diaminopentane; (E) 2,4-lutidine; (F) (�)-nicotine. See Table S1† for the identification of peaks.
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dividing the peak amplitude by the RMS value. The LOD was
then expressed as the sample amount for which the S/N ratio is
equal to 3. The LODs of the six compounds are in the nanomole
range (Table 1). Note that these values correspond to the
amounts of the analytes that are placed on the surface of lter
paper. The LODs of three compounds (pyrrolidine, 2,4-lutidine,
and (�)-nicotine) are 12–20 times lower than in the previous
report,3 which is mainly attributed to the installation of the new
ion source holder (Fig. S1†). The holder covers the corona
needle to preserve the process of ionization that takes place in
a closed region, which connes the ions near the dri tube inlet
and improves the ion transfer efficiency.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The resolving powers of six compounds were calculated
based on the dimer peaks by dividing the centroid by the full-
width-at-half-maximum (FWHM). The centroid and the
FWHM of the peak were determined by PeakFit soware
(version 4.12; Systat Soware, San Jose, CA, USA). The resolving
powers of the six compounds are in the range of 38 to 64 (Table
1). Notably, the resolving powers of the three compounds (pyr-
rolidine, 2,4-lutidine, and (�)-nicotine) are greater than in the
previous report,3 which is mainly attributed to the increase of
dri gas ow rate from 0.5 L min�1 to 0.746 L min�1. The
increased ow rate likely leads to increased declustering/drying
of the ions being monitored due to more air ow through a dry
Digital Discovery, 2022, 1, 806–815 | 811
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Fig. 4 Multivariate statistical analysis of datasets obtained for standard
compounds. (A) PCA scoring plot and (B) loading plot: dark blue – 600
nmol (�)-nicotine; purple – 600 nmol 1,5-diaminopentane; yellow –
80 nmol 1,4-diaminobutane; green – 200 nmol pyrrolidine; navy blue
– 30 nmol 2,4-lutidine; cyan – 200 nmol trimethylamine.
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gas medium and less inuence of outside air intrusion into the
tube. Resolving power is also affected by the length of the dri
tube, electric eld, and ion injection pulse width. Notably, in
the report by Reinecke and Clowers, the resolving power of 2,4-
lutidine was 82.40 In the present work, we chose 330 ms as ion
injection pulse width to enhance the S/N ratio. However, this
Table 1 Characterization of the analytical platform with six standard co

Compound name Formula Dri time/ms
Resolving
power LOD/nmol

Pyrrolidine C4H9N 7.73 � 0.02 42.1 � 4.9 10.75 � 1.33

Trimethylamine C3H9N 8.30 � 0.01 66.2 � 0.1 10.99 � 1.39

1,4-Diaminobutane C4H4N2 8.60 � 0.01 59.0 � 8.9 2.67 � 0.19

1,5-Diaminopentane C5H14N2 9.42 � 0.01 69.1 � 7.2 3.23 � 0.54

2,4-Lutidine C7H9N 10.23 � 0.01 64.1 � 9.4 0.18 � 0.06

(�)-Nicotine C10H14N2 13.22 � 0.02 49.8 � 1.0 21.71 � 9.17

812 | Digital Discovery, 2022, 1, 806–815
long ion injection time contributes to the peak broadening and
the loss of resolving power (for further considerations see ref.
50).

Calibration plots were prepared for six standard compounds,
5–6 amount levels, 3 replicates. The calibration plots were tted
with linear functions (Fig. S8†). The R2 values for the six stan-
dard compounds fall within the range of 0.959–0.994 (Table 1),
which shows good linearity between the peak area and the
amount of the analyte. Furthermore, the repeatability (relative
standard deviation (RSD): 1.61–9.00%; n ¼ 10; on one day) and
the reproducibility (RSD: 8.31–9.81%; n ¼ 30; three replicates
per day on ten consecutive days) were determined (Table 1;
analytes amounts: 30–200 nmol). They show that the operation
of the platform is reasonably stable.
Application of the centralized system in the monitoring of
food freshness

Food quality is always considered as an important factor for
consumers. Food spoilage occurs due to chemical reactions
attributed to microbial activity.51 Notably, the foodstuffs emit
signicant odor, which is due to various VOCs. Here, chicken
breast, Mozambique tilapia (Oreochromis mossambicus), and
white shrimp (Litopenaeus vannamei) were selected for the
demonstration of monitoring the food spoilage process. The
three real samples were stored at �4–8 �C. The emitted VOCs
were sampled periodically by the mobile IMS platform. Each
sample was measured three times every 24 hours. Aer one
week of measurements, the spectra showed a signicant
difference from the rst day to the seventh day (Fig. S9†).
Further, the trimethylamine (TMA) standard was applied for the
putative identication of real-sample analysis (Fig. S10†).
Although the spectra from the TMA standard overlap with the
real-sample spectra, ion mobility measurement is not sufficient
for molecular identication.52 However, it was reported that
biogenic amines, such as 1,4-diaminobutane, 1,5-dia-
minopentane, and TMA, are among the VOCs released during
the food degradation process.53,54 Thus, in the present case,
TMA may be the dominant compound released during the food
degradation process. The PCA scoring plots showed the sepa-
ration between the data points, which represent different levels
mpounds

Calibration equation R2
Repeatability
(RSD)/% (n ¼ 10)

Reproducibility
(RSD)/% (n ¼ 30)

Peak area ¼ 1.29 � 106

nanalyte
0.959 9.00 9.81

Peak area ¼ 1.06 � 106

nanalyte
0.985 8.82 8.92

Peak area ¼ 1.29 � 106

nanalyte
0.994 1.61 9.38

Peak area ¼ 2.48 � 105

nanalyte
0.984 7.78 8.31

Peak area ¼ 1.67 � 107

nanalyte
0.980 3.76 8.57

Peak area ¼ 3.75 � 105

nanalyte
0.979 6.93 8.73

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Multivariate statistical analysis of datasets obtained for food
samples undergoing spoilage. (A) Chicken breast; (B) Mozambique
tilapia; (C) white shrimp.
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of the food spoilage process (Fig. 5). Meanwhile, the sum of two
principal components (PC1 and PC2) retained 98.3%, 99.8%,
and 95.4% of the original data variance for the three foodstuffs
(chicken breast, Mozambique tilapia, and white shrimp),
© 2022 The Author(s). Published by the Royal Society of Chemistry
respectively. In other words, the PCA calculation with spectral
data binning is feasible for data classication because the loss
of information is less than 5%. Based on the changes of the
spectra and the PCA scoring plots, the evaluation of food quality
can be achieved. In addition, the PCA scoring plots can be
considered as an index to predict the level of food
decomposition.

Conclusions

We have developed an analytical system incorporating data
acquisition by an ion-mobility spectrometer, data transmission,
centralized data analysis, and visualization in real time. The
system makes use of PCA for the classication of spectral data.
Raw data les—containing spectral data and other information
(geolocation, ambient temperature, temperature and humidity
of dri gas)—can be transmitted to the cloud and the spectral
data can even be transmitted in the absence of a mobile phone
network. It was shown that selected foodstuffs can be classied
according to the spoilage level. Due to the integration of
chemical data and geolocation data, the centralized analytical
system can potentially be applied to map and analyze the
localization of chemical data recorded for samples analyzed in
different areas. In future, it would also be appealing to combine
the portable IMS system with portable mass spectrometer to
provide information-rich ow of data to the centralized data
analysis platform.
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M. Valcárcel, Ion-Mobility Spectrometry for Environmental
Analysis, Trends Anal. Chem., 2011, 30, 677–690.

30 T. Perl, E. Carstens, A. Hirn, M. Quintel, W. Vautz, J. Nolte
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