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Sustainable analytical methods are highly demanded in the modern society. Within the green
principles, novel procedures that attend the sustainable development goals have been proposed
and the internet of things (IoT) can play key role to achieve this goal. The association of IoT with
analytical chemistry enables the real-time obtaining of analytical data to control industrial processes
as well as for monitoring different environmental scenarios and human health by accessing remotely
analytical information. In this context, this review presents the main IoT technologies used for
analytical chemistry as well as a tutorial for beginners in the field.
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1. Introduction

In September 2015, the United Nations adopted
a resolution for sustainable development entitled
“transforming our world: the 2030 Agenda for Sustainable
Development”. In this resolution, an enthusiastic world plan
was shown for taking action by 2030 to tackle the global
challenges of environmental degradation and poverty.!
There are 17 universal goals for 2030, each providing
guidelines and targets for all countries, industries and
organizations to adopt in line. Behind the 17 goals are a
set of 169 specific targets which describe, in detail, the
ways in which the goals may be measured and achieved.?
Analogous to the Sustainable Development Goals (SDGs),
the Sustainable Chemistry concept may serve as a way to
accomplish these objectives for a considerable number of
targets for chemicals and waste management.>* From this
perspective, analytical chemistry may contribute to the
target SDGs, facilitating data collection and monitoring.
This typically requires the development and application
of chemical analytical devices which integrate industry,
manufacturing, chemicals, transportation and laboratories
according to the internet of the things (IoT) principles.®’ The
internet of things remain an influential concept referring to
arange of technology and concerns the interconnection of
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machines and computing devices through the infrastructure
of internet. Modern technologies such as IoT offer a
wide number of applications such as water and energy
management, environmental monitoring, healthcare and
chemistry. The IoT demonstrates the potential to address
some of the most acute human, economic and environmental
needs. It can also directly contribute to achieve the targets
in the Sustainable Development Goals.

Therefore, analytical chemistry working together with
IoT devices can provide data for the monitoring of different
analytes. Furthermore, the design of portable analysis devices
facilitates for in situ analysis, which generally require low
volume of the sample and reagents that contributes to
“zero waste” generation. A new generation of small, low-
power computers and microcontrollers boards systems are
positioned to play a key role in the development of wireless
and remote-controlled system for analytical chemistry.

Frequently applied in do it yourself (DIY) projects,
the IoT consists of connected board embedded with
sensors, software, step motors among other technologies.
IoT devices provide easy affordable alternatives to sense
and measure chemical and physical properties. The most
typical applications involve environmental and healthcare
monitoring. In this context, open-source contributions to
the production of communications resources (software and
hardware) increase the opportunities for democratization of
production, governance and knowledge exchange. The most
popular, open-source, platforms are Arduino and Raspberry
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Piboards, designed for building electronics devices projects
for analytical chemistry purposes. Arduino was developed
in Italy in 2005 and it became popular due to its low cost, for
running on different platforms (Windows, Mac, Linux), and
simplicity for programming it. Raspberry Pi was created
specifically for promoting computer science teaching to
elementary school students.

A revision about internet of things for environmental
analytical chemistry has been reported by Capella et al.®
A review about the use of biosensors and chemosensors
within the analytical chemistry field, exploiting IoT
integration, has also been showed.® The authors suggested
the integration between IoT technologies can generate an
internet of analytical things (IoAT). The focus of this review
is to feature sensor-based devices for IoAT applications,
highlighting the use of wearable sensors. All the review
papers about internet of things and analytical chemistry in
the literature do not focus on the interface, platform board,
and other necessary peripherals for implementing IoT
devices. In this context, this review aims to fill this gap by
providing a comprehensive review of the field, highlighting
the use of microcontrollers and microcomputer available to
date with their respective advantages and drawbacks, device
designs and modifications to accommodate different assay
needs, detection strategies and the growing applications of
internet of things. Finally, we discuss how the field needs to
continue moving forward to achieve its maximum potential.
We want to emphasize the groundbreaking work done
previously before the term of IoT devices was even invented
and has inspired later research groups to find their attractive
analytical devices. This includes publications with concepts
relevant to all of the IoT’s devices, such as microcontrollers,
small PC boards and some modules and sensors.

2. Scientometrics

The publications of scientific papers in the field of
internet of things have increased significantly in recent years
(Figure 1). More than 41,000 works have been published in
the last 10 years. Analytical chemistry is one of the most
established fields in internet of things and accounts for 5.79%
of the papers and received more than 24,000 citations. Most of
these papers have been published in journals with high impact
factors; they are mostly published in the area of sensors and
biosensors. However, many of these papers involving IoT’s
devices do not necessarily present analytical applications to
our knowledge. Many works involve the development and
applications of smart sensors for industrial and domestic use,
such as humidity and temperature monitoring, among others.

The term “internet of things” was cited by the first
time!'® in 2013. The authors developed a wireless sensor
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Figure 1. Evolution of publications and citations of analytical chemistry
in the field of internet of things.

tag with potentiometric input for use with pH and ion-
selective electrode. The sensor is able to autonomously
measure, store electrode potential, then transfer logged
data wirelessly, via radio frequency identification (RFID)
to a nearby reader or by near field communication (NFC)
to a smart phone. The wireless interface of the smart tag
was built employing an instrumentation amplifier as the
electrode interface (Texas Instruments Inc., Dallas, USA)
and the electronic circuits were designed using schematic
capture and printed circuit board design tools. The main
contributions of internet of things devices for analytical
chemistry, highlighting wireless apparatus (Bluetooth and
Wi-Fi) and the use of Arduino, including applications, are
shown in Figure 2 as a timeline.

3. Devices

To develop an IoT device for chemical analysis
requires to choose the development platform. Single-
board microcontrollers and computers are frequently used
platforms for IoT projects. A single-board microcontroller
is a single integrated chip on-board that contains all
of the circuitry necessary for a useful control task: a
microprocessor, I/O (input/output) circuits, a clock
generator, RAM (random access memory) or ROM (read-
only memory) memory, any necessary support integrated
circuit (ICs). The intention is that the board is immediately
useful to an application developer, without requiring them
to spend time and effort to develop controller hardware.
On the other hand, a single-board computer is a complete
computer containing a microprocessor, memory, I/O circuit
and other structures. Some of them include Raspberry
Pi,'' The Beagles'? (BeagleBoard, BeagleBoard-xM,
BeagleBone, BeagleBone Black), MK802 and MK808,"
Cubieboard,'* MarsBoard,"” Udoo'® and others. In this



Vol. 33, No. 7, 2022

2005 2013 %

Arduino Raspberry Pi
Released Released

Raspberry Pi
1° Analytical
Aplication
o

Arduino
Bluetooth

= 1° Analytical
Arduino Aplication
1° Analytical
Aplication
The term “loT”

was cited for the
first time

Figure 2. Timeline showing the main internet of things (IoT) contributions.

way, with everything embedded on a single board,
without double, a microcomputer has higher performance
capabilities than a single-board microcontroller.

The two most popular microcontroller and
microcomputer single-board are Arduino!” and Raspberry
Pi,'! respectively. Arduino is based on the ATmega family
microcontroller, and has an easier time interfacing with
different hardware’s, such as sensors, motors, or other
devices, while the Raspberry Pi has a more complicated
path requirements to interfacing sensor readings, it is
often necessary a middle-level programming languages
knowledge. However, both have their advantages and
disadvantages. If you have little knowledge of programming
IoT devices, Arduino is the best choice, because the setup
is really easy to manipulation, you will need to plug a
USB (universal serial bus) cable, connect the board to a
computer, download the software from the Arduino website,
and you are ready to go. Raspberry Pi requires before
starting it, an SD (secure digital) card for the operational
system, some computer peripherals such as a keyboard and
a mouse, an HDMI (high-definition multimedia interface)
screen and cable. You will also need to install the right
operating system on the SD card. In terms of connectivity,
Raspberry Pi has on-board connectivity (Bluetooth and
Wi-Fi), while Arduino needs additional modules to obtain
this type of wireless communication. Finally, to summarize
that brief comparison, Raspberry Pi has inputs and outputs
ports, general purpose input/output (GPIO), and supports
the I?C (inter-integrated circuit) backpack and serial
peripheral interface (SPI), however, these are all digital
ports. Analog inputs can easily get on the Raspberry Pi by
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using analog-to-digital converters. Some Arduino boards,
such as Arduino Uno, has digital inputs and outputs and
also, analog inputs.

The publications of scientific papers and citations
of devices based on Arduino and Raspberry boards, for
analytical chemistry applications, follow the trend of
increasing publications and citations related to the internet
of things (Figure 3), which demonstrates the popularity
and ease of implementation of these devices. Likewise,
publications involving wireless communications via
Bluetooth and Wi-Fi have been growing (Figure 4).

In order to help beginners to easily get started on
building a prototype based on Raspberry Pi and Arduino,
from scratch, we here outline some guidance. Table 1
summarizes websites, online lessons, e-books and places
for buying electronic components, including some
sensors. We encourage you to read some recommended
papers aimed at implementing IoT devices for analytical
chemistry.33

4. Arduino Based Devices

Arduino board designs are an open-source equipped
with sets of digital and analog input/output (I/O) pins that
may be interfaced to various expansion boards and can be
programmed using the C and C++ programming languages.
Arduino based devices have become increasingly useful
in the field of analytical chemistry due to their low cost
and integrated development interfaces. The first analytical
device use of Arduino was proposed in 2013 for a design
and construction of a three-dimensional (3D) printable,
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Table 1. List of resources to help beginners to get start

Type of resource Remarks Reference
trial account in order to download books 18
and video
Books and video a free book for Arduino 19
lessons inspired by the teachings of prototyping 20
laboratory
a list of free Raspberry Pi e-books 21
Tutorial with some free courses §§
24
25
Where to buy 26
27
28
29
Forum and code 30
library 31
32

open-source colorimeter exploiting open-source hardware
and software. A light-emitting diode (LED) with an
emission peak near 606 nm was used as a light source and
a TSL230R light sensor was used as light detector. Device
performance was evaluated for chemical oxygen demand
determination.

A total of 228 publications on Arduino, published
between 2012 and 2021 (with the number of publications
increasing annually), were retrieved from the database.
Original research articles were the most common type of
publication. After an analysis of the 228 articles, it was
found that only 57 were devoted for analytical chemistry
purposes, with a total of 586 citations. Different detections
strategies were exploited in these papers.

Also, it is quite true that these analytical applications
are not necessarily IoT devices, although some of these
have potential for implementation. In this case, it would
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be important to consider the incorporation of a wireless
communications protocols. Several different wireless
communication technologies and protocols can be used to
connect the smart device such as Internet Protocol version 6
(IPv6), ZigBee, Bluetooth Low Energy (BLE), NFC,
among others. To improve wireless data communication
controller, a wireless module could be attached. Usually,
wireless based modules are cheap and easy to interface
with microcontroller or other components and shows a low
power consumption. Here are some Arduino compatible
modules examples: ESP8266* (Wi-Fi), ESP32*" (Wi-Fi
and Bluetooth), HC-05*' (Bluetooth), RFID NFC PN5324
(NFC) and Xbee (ZigBee)."!

We selected some Arduino papers to help DIY
enthusiasts and encourage new laboratory improvement for
chemical analysis. We recommend some articles presented
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in the literature, all of them exploring IoT devices for
analytical measurements. A device for data acquisition to
collect voltage signals®* and data acquisition systems based
on analog-to-digital converter modules for microscale
separation systems (e.g., electrophoresis) are some of open-
source Arduino based examples for analytical chemistry.
Selected contributions of IoT devices employing Arduino
boards for analytical chemistry applications are presented
in Table 2.

Optical based techniques are the most prevalent
Arduino-based detection utilized, because of its easy-to-use
hardware and software, portability and robustness, with a
range of official commercially available sensors, modules
and including boards, modules and optical transducers.

Photometry Arduino-based measurements exploited the
use of a LED as a light source.**#*” Usually, the Arduino

Table 2. Selected contributions of IoT devices employing Arduino, Bluetooth and Wi-Fi boards for analytical chemistry applications

Wireless connection Technique Analyte Board Reference
- photometry Zn" Arduino Due 42
- photometry SO, Arduino Due 43
- photometry NO;~ Arduino Mega 44
photometry/colorimetry antioxidant (tea infusion) Arduino 45
HC-05 photometry oxalate Arduino 46
- photometry/fluorimetry orthophosphate Arduino Mega 2560 47
fluorimetry rhodamine dyes Arduino 48
- fluorimetry Hg* Arduino 49
- fluorimetry Cu* Arduino Uno R3 50
- fluorimetry quercetin (QC-Y?) Arduino 51
- fluorimetry HCN Arduino Mega 52
fluorimetry 2,4-DNT Arduino 53
- fluorimetry and colorimetry Fe', Co", Hg", Sn" Arduino Uno 54
- colorimetry Ni!t Arduino Uno R3 55
- colorimetry cyanide Arduino Uno 56
- colorimetry Pb* Arduino Uno 57
- chemiluminescence H,0, Arduino Due 58
- laser-scattering proteins Arduino Leonardo 59
- photothermal Fel! Arduino A Mega 2560 60
HC-05 amperometry uric aCid;Ez(?:&ihizirgthiﬂide’ Arduino Nano 61
Bluetooth module voltammetry dopamine Arduino Mega 2560 62
- chrZil;ZITlgli;?nitry HO, Arduino Uno 63
ESP32 voltammetry/amperometry glucose ESP32 64
Wi-Fi module voltammetry ferricyanide Arduino Uno 65
HC-06 impedance volatile organic compounds Arduino board 66
HC-05 impedance prostate specific antigen ATmega328P 67
HC-06 impedance 2.4,6-trinitrotoluene Arduino uno 68
electroanalytical ferricyanide RFduino 69
- electrophoresis K*, Ca*, Na*, Mg*, Li*, NH,* Arduino Nano 70
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board are used to control the power and activation of the
light source. The use of optoelectronic devices can provide
a natural filter because they operate within a specific
range of wavelength and easy integration with Arduino
boards. Optical sensors TSL230R light* and TSL2591,*
photodiodes,*>* photoresistors* and a LED*” were used as
a photosensor with satisfactory results.

Arduino-based devices also was developed for
fluorescence measurements. They require a light source,
and LEDs were more extensively used due to their easy
integration with the Arduino, stable monochromatic
illumination, low power and low voltages requirements,
develop little heat, and are small in size. These papers
describe integrated fluorescence detection systems that uses
LED,* digital camera,* photodiode,’'** light sensor*-*°
and RGB sensors™>** as detectors. RGB sensors have a
white LED, responsible for ambient lighting. The detector
consists of a photodiode color array that comprises a
4 x 3 array of red, green, and blue-filtered photodiodes.
The RGB sensor, in principle, operates as an emission
filter for fluorescence measurements, eliminating light
scatter and background emission of the sample. Also, the
sensor has in on single board the excitation source and
the detection system, simplifying the integration with the
Arduino board. Colorimetric Arduino-based devices have
been successfully developed based on the use of RGB color
sensors,” >’ interfaced with Arduino board. These sensors
respond linearly to color variations, providing signals in
the RGB scale.

Chemiluminescence detection was performed in a
flow-based system for hydrogen peroxide determination.*
An Arduino Due board was used to control the propulsion
system (solenoid pumps) and signal acquisition, by the
use of a photodiode. Turbidimetric and nephelometric
measurements for total protein determination in body fluids
was proposed by Strzelak et al.,”® who showed a 3D printed
silicone microfluidic with simultaneous turbidimetric and
nephelometric measurements for the determination of total
protein in body fluids. The microfluidic system consists of
atwo-channel syringe pumps, responsible for the injection
of the sample, reagent, and carrier solution. The detection
system consists of a laser (650 nm) and two RGB sensors,
which one sensor was placed at the angle of 90° and the
other one at 180° for nephelometric and turbidimetric
measurements, respectively.

Other optical-based Arduino devices included a tunable
multireflection thermal lens spectrometer.®

Arduino-based potentiostats for electroanalytical
measurements have been reported in the literature.®-%
A potentiostat is an analytical instrument in which the
electronic hardware is based on the control of the potential
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difference between two electrodes, working and reference
electrodes. A third electrode, a counter electrode, is usually
added to the device in order to isolate the electrode used
as a potential reference (so current flows from counter
to working electrode or vice versa). A basic potentiostat
consists of electronic components, such as capacitors,
operational amplifiers and resistors, used to assemble an
electronic circuit capable of generating and measuring
potentials and currents. Arduino-based potentiostats use an
Arduino microcontroller board for two purposes, to control
electrochemical parameters (e.g., potential) and for data
acquisition (current, amperometric signals, etc.). Digital-to-
analog converters (DACs) and analog-to-digital converters
(ADC) are important building blocks which interface
electrochemical devices used for the measurements to
digital systems, such as Arduino boards. An ADC takes
an analog signal and converts it into a binary one, while a
DAC converts a binary signal into an analog value. Both
converters, DAC and ADC, are commercially available as
modules converts. An Arduino module integrates all the
necessary components and connections that are required
for a device to work and presents you with a ready-to-use
product, facilitating integration and its use in electronic
devices.55¢

Agustini et al.®' developed an Arduino-based
miniaturized electronic, allocated in a 3D printed platform,
to support three different electrodes: graphite electrodes
(for the determination of uric acid); carbon-printed
electrode (for the determination of hydrochlorothiazide)
and gold electrode (for the chromatographic separation
and electrochemical determination of ascorbic acid and
epinephrine). The devices were based on the use of
operational amplifiers and an Arduino board, allowing the
application of potentials between 0.0 and 5.0 V and electric
current readings up to 4.5 uA. As power source two 9 V
batteries were used. The signals were transmitted by USB
connection to computer or via Bluetooth to a smartphone.
Shen et al.%* reported the use of screen-printed electrodes
as a sensor for dopamine detection and the electrochemical
determination using a smartphone-based potentiostat.
The circuit is mainly composed of a microcontroller
module, Arduino Mega, used to control an external DAC
to apply a specific analog potential signal to external
electronic analysis electrodes. The resultant digital signal
was acquired and stored via an ADC. An Arduino-based
potentiostat for hydrogen peroxide determination was
proposed by Gao et al.®® In this work an Arduino-based
potentiostat performed chronoamperometry and cyclic
voltammetry measurements. Using an external DAC
module, a step voltage from —1 to 1 V was generated. A
glassy-carbon electrode was used as working electrode,
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an Ag/AgCl/saturated KCI electrode as a reference
electrode, and a platinum electrode as a counter electrode.
An integrated biosensor platform for glucose detection
was related in the literature.® The device was based on a
wireless potentiostat, capable of cyclic voltammetry and
amperometry measurements and an ESP-32 microcontroller
was used to control the potentiostatic and for data acquisition.
ESP32 is a low power Wi-Fi enabled microcontroller, and
can be programmed using many different programming
languages, for example, Arduino IDE.

Also, Arduino-based potentiostats for impedance
measurements were reported in the literature.*%® These
works related the use of an impedance converter (such as an
AD5933 module) with a high precise system that combines
an on-board frequency generator and an ADC converter.
The frequency generator allows an external impedance
to be excited with a known frequency. The AD5933 also
contains an internal temperature sensor, a 3.0 V reference
to act as a stable supply voltage (to separate analog and
digital sections of the device) and an ultrahigh precision
regulator. These works reported the detection of volatile
organic compounds,® prostate specific antigen®” and
2,4,6-trinitrotoluene.

5. Raspberry Pi Based Devices

The Raspberry Pi is a low-cost, single-board
microcomputer developed by the Raspberry-Pi Foundation.
The use of open-source microcontrollers and microcomputers
quickly became popular in the electronics and robotics
community, and has been used in various scientific
applications. In teaching labs, these devices allow students
to gain hands-on experience in building and programming
instrumentation used in class projects. In analytical chemistry
it has become increasingly common to use these devices for
various purposes, such as for construction of a photometer,
acquisition of analytical signals and automation. Due to its
low cost as well as its small size and diversity of resources,
Raspberry is used in the development of portable analysis
instruments and with the possibility of integrating data
acquisition and device control in a single system.

We analyzed individual publication profiles of over 136
papers whose first record paper appeared in the Web of
Science database between the years 2014 and 2021. These
works provide the means for the development of wireless,
remote controlled, simple and fast analysis, with low-cost
chemical procedures. Also, these developments are already
assisting in improved point-of-care, clinical diagnosis and
environmental monitoring, and in future will facilitate
low-cost, more frequent monitoring of occupational health
and the environment. Given the uptake of IoT devices
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worldwide, these developments should not be restricted to
developed nations, but will also be beneficial to developing
countries.

The earliest record of literature about the use of
Raspberry Pi in analytical chemistry indexed in the Web
of Science appeared in 2014.7! After an analysis of the 136
articles on Raspberry Pi, it was found that only 22 were
devoted for analytical chemistry purposes, with a total of
202 citations. Different detections strategies were exploited
in these papers. Selected contributions of IoT devices
employing Raspberry for analytical chemistry applications
are presented in Table 3.

Owing to the wide range of accessories available, small-
size properties and low-cost, Raspberry Pi devices based
on optical measurements have been used as a splendid
alternative for improvement of IoT analytical platforms.
Photometric measurements are based on the use of LED
as light sources for absorption photometric detection and a
camera module, connected to the Raspberry Pi board, used
as detector. In this case, both setups are directly connected
to the board and could be controlled by the Raspberry Pi
by the use of libraries.”®" Tok et al.”” developed a device
employing fiber optics to transport the light directly to the
detector (Raspberry Pi Camera), for the detection of E. coli
and total coliform based on absorption and fluorescence
measurements. Capable of performing automated
detection, the device shows more sensitive than manual
count procedure, with a total cost of approximately $600.
In fact, this is an embracing IoT analytical applications,
involving automation, detection and environmental
monitoring. Fluorescence measurements were related in
the literature employing Raspberry Pi microcomputer.
Chen et al.®! developed a portable ultraviolet light emitting
diode (UV-LED) induced fluorescence, composed of a
commercially available 370 nm LED and a spectrometer
as light source and the optical detector, respectively. The
developed fluorimeter was employed for routine analysis
of amiloride in pharmaceutical tablets and human serum.
Fluorescence fingerprints of various petroleum oil samples
were obtained for sample classification.?’ In this work,
the authors proposed a device that uses the computational
power and affordability of a Raspberry Pi, coupled with
three UV-LEDs and a Pi camera as a detector in order
to collect a large data set of UV fluorescence signals.
Finally, phosphorescence signals were measured using
a sensor system for the monitoring of the uptake of
oxygen by mammalian cells as a direct indicator for the
metabolism. The device includes a microfluidic chip with
an integrated oxygen-sensitive phosphorescent film, heater
and temperature sensor. An excitation LED and a Raspberry
Pi camera were used to measure the phosphorescent signal.
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Table 3. Selected contributions of IoT devices employing Raspberry Pi boards for analytical chemistry applications
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Principle Detection principle Analyte Raspberry Pi model Reference
Optical technique
Enzyme kinetic constants WPad color intensity
¥ . detection (Raspberry Pi - Raspberry Pi 2 model B 72
calculated directly from paper
camera)
Nanohqle array-based surfac.e pla.smon res.onance Escherichia coli Raspberry Pi 3 model B 73
biosensing platform imaging (SPRi)
Electronic eye (EE) for
qualitatively discriminating image sensors - Raspberry Pi 3 model B 74
of tequila
Point-of-care testing using a
smartphone and a Raspberry image sensors progesterone Raspberry Pi 3 model B 75
Pi
Microfluidic biosensor image sensor Salmonella typhimurium Raspberry Pi 4B 76
Enz.ymanc method based on colorimetry and fluorometry Escherzchza. coli and total Raspberry Pi 3 model B 77
Colilert reagent coliform
Antioxidant capacity .. .. .
measurements by DPPH assay photometry antioxidant activity Raspberry Pi B+ 78
Different approaches for
data acquisition using the photometry reactive oxygen metabolites Raspberry Pi 3 model B 79
Raspberry Pi camera
Predict some physiochemical
content for petroleum fluorescence - Raspberry Pi 3B+ 80
classification
Amiloride fluorescence
emission after UV-LED fluorescence amiloride Raspberry Pi 3 model B 81
excitation
Sensor system to monitor
the uptake of oxygen by phosphorescence oxygen camera Raspberry Pi 82
mammalian cells
Electroanalytical
Nickel modified screen- amperomet cortisol B 33
printed electrode P Yy )
Pt-decorated WO, . .
. metal oxide semiconductor .
nanoparticles onto an H, Raspberry Pi 2 84
Sensors
electrode pattern
Detection of volatile electrochemical gas sensors ammonia, amines, alcohol, Raspberry Pi 35
compounds CO, and acetone
Separation technique
Monitor the spectral
separation of food dyes of Office Chromatography (OC) steviol glycoside Raspberry Pi 4B 86
. - OCLab2
different colors
Moanorlng of dynamic GC-MS volatile organic molecules - 71
chemical processes
Miniaturized capillary flow- . .
through deep-UV absorbance bne.fcase-mzed portable 13 organic compounds Raspberry Pi 3 model B 87
capillary HPLC system
detector
A low-cost, open-source
digital strip chart recorder for - Raspberry Pi 3 model B 88

chromatographic detectors

DPPH: 2,2-diphenyl-1-picrylhydrazyl; UV-LED: ultraviolet light emitting diode; GC-MS: gas chromatography-mass spectrometry; HPLC: high performance

liquid chromatography.

Microfluidics with colorimetric detection have played
an increasing role in the analytical chemistry due to its
significant strengths, such as less reagent and sample
requirements, automatic operation and portability. Those
devices require images to be captured with a digital
camera. After the images are collected, they are subjected

to an image processing, by the use of a software, improving
their quality, extracting some sample characteristics
required for specific computational algorithms for their
interpretation. In this sense, image sensors based on
Raspberry Pi are presented in the literature.””’” LEDs were
used as light source and a camera module (Pi camera)
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were used to capture the imagens. These papers showed
relevant for point-of-care applications, especially for
regions around the world where accessibility to medical
facilities is heavily dependent. Those IoT devices enables
onboarding, configuration, overall management of IoT
devices, data manipulation and also, be done using cloud
platforms.

Connecting an Arduino board to Raspberry Pi, some
advantages are achieved with unique capabilities, especially
if there are sensors, motors, and actuators. In this case the
Arduino can send values to and from the Raspberry Pi,
sorting out the computing intensive tasks (done by the
Raspberry Pi) and controlling tasks (done by the Arduino).
This strategy was exploited to control a stepper motor, in
which an automatic nanometric positioning system was
developed and controlled by an Arduino nanoboard.”

The electrochemical techniques are very compatible to
10T devices due to the miniaturized systems and integrated
electronic circuits. In this way, amperometric measurements
were performed by a potentiostat, controlled by a Raspberry
Pi board.®® This lab-made point-of-care device was used
for electrochemical determination of cortisol levels in
salivary samples. A portable system was proposed by
Jarvinen et al.® for gas monitoring. A gas sensor was
developed with an H, sensor and an ink was prepared
using WO;-Pt nanoparticles for sensor fabrication. Other
commercial sensors were incorporated in the gas sensor
board, for temperature and humidity monitoring. Also, the
sensor board included four socketed sensors enabling to
evaluate distinct gases simultaneously. The device utilizes
an Arduino microcontroller to control the sensor routine,
connected on a Raspberry Pi computer.

Open science as an instrument for the democratization
of knowledge was demonstrated by the use of Raspberry
Pi for chromatographic techniques. Some improvements
were demonstrated to increase the access and affordability
of chromatographic data acquisition,’58 especially for
systems in which software control has become obsolete.”!

A miniaturized Office Chromatograph (OC), constructed
with an open-source hardware, 3D printing of operational
parts and open-source software, was proposed. Exploiting
inkjet printing of sample and mobile phase solutions,
imaging of the miniaturized chromatogram via inexpensive
light emitting diodes and Raspberry Pi camera as a detector
was proposed by Schade et al.® The open-sourced device
consists of a miniaturized, low-cost and an open-sourced
system for planar chromatography, ideal for point-of-
care and on-site applications. This system allowed the
quantification of steviol glycosides and bioanalytical
screening. Foster et al.®® developed a low-cost, open-
source digital strip chart for chromatographic detectors. A
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Raspberry Pi single-board was used for data acquisition.
In this way, an AD7705 analog-to-digital converter IC was
used to read the analog pins from a detector. Any detector
that provides a standard analog voltage output may be used
with this device.

The detection of volatile compounds emitted by bacteria
was carried out by the use of four commercial gas sensors,
TGS-826 used for ammonia and amines, MQ-3 used for
alcohol, MQ-135 for CO, and MQ-138 for acetone.® These
gas sensors were connected to an Arduino board which read
their values, and these values were then sent to a Raspberry
Pi board via USB port.

As alternative for endpoint determination in
neutralization, redox and complexation titrations were
proposed by Alessio et al.¥ A simple automatic device
was developed using a contactless thermometric sensor
for temperature monitoring and a lab-made syringe pump
to titration control. Open-source software developed by
Python was built to plot the results in a real-time chart and
suggested the endpoint of the titration automatically. The
proposed device was applied for the determination of the
acidity of sauces and the ascorbic acid and calcium content
of pharmaceutical samples.

6. Future Directions

The development of sustainable analytical methods
demands the correlation of low impact to the environment
(green analytical chemistry that requires reduction of
waste generation approaching to “zero waste”), economy
(affordable devices that can be executed in developing
countries) and benefits to the society in a wide range of
interests. The IoT analytical devices described in this
review attend to such statements that enable us to conclude
that they contribute to a new generation of sustainable
analytical methods.

Scientific papers and citations of devices based on
IoT increased exponentially in recent years and analytical
chemistry applications follow the trend of increasing
publications and citations. The papers discussed in this
article provide a small overview of IoT-based devices
for analytical chemistry, focusing on the use of Arduino
and Raspberry Pi boards. Most of these works provide a
simple way, based on plug and play and DIY concepts.
However, the challenges for the future of IoT-based
devices will depend on some improvement on computer
hardware, embedded system, networking, display, control
devices, especially for some analytical techniques such as
chromatography and mass spectrometry. In these cases, an
intermediate/advanced knowledge of programming such as
Python language will be necessary, especially for software
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enhancements and artificial intelligence (Al). Big data
and artificial intelligence have a synergistic relationship
to control and manipulate chemical analysis. Through
such Arduino-based and Raspberry-based apparatus,
humans and Al, it is possible to enhance each other’s
complementary strengths, presenting a pilar to the advance
of IoAT. Although the evolution for Al-based analytical
instrumentation is moving forward, the implementation is
in the early stages and outcomes not yet materialized, and
analytical goals were not well defined. The development
of novel algorithms for interpretation of data is one of the
challenges for analytical IA-based development. If you are
interested in artificial intelligence applied in chemistry, we
recommend reading some articles.”*!

Finally, the 5G connection is expected to happen in
the near future. According to reports, SG will enhance the
speed and integration of other technologies. Due to 5G
boosts network capacity, the cloud computing, artificial
intelligence and edge computing will all help to handle
the data volumes generated by the IoT devices, allowing
the devices to function with intelligence levels similar to
that of humans.
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