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Implementation of the Internet-of-Things in chemistry research has the potential to
improve research methodologies. Here, we describe a cloud-integrated real-time labora-
tory monitoring system for: (i) monitoring reactions involving fluorescent chemical spe-
cies, and (ii) monitoring laboratory environment for safety purpose. A probe-type
fluorescence detection system has been constructed to monitor reactions that involve flu-
orescent molecules. This device incorporates an in-house-built 3D-printed probe, two opti-
cal fibers, a light-emitting diode, a photoresistor, and a microcontroller board (MCB). The
MCB relays experimental data to a single-board computer (SBC), which then uploads the
data to a cloud-based platform (ThingSpeak) for data storage and visualization. The SBC
is also connected to auxiliary sensors to measure relative alcohol vapor concentration, tem-
perature, and humidity at different locations in the laboratory. The device has been vali-
dated and tested for its performance by monitoring a fluorescent chemical reaction
(synthesis of fluorescent gold nanoclusters) for a period of 12 h.
� 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
Specifications table
Hardware name
 Telechemistry 2.0

Subject area
 d Chemistry

d General

Hardware type
 d Field measurements and sensors

d Measuring physical properties and in-lab sensors

Open Source License
 MIT license

Cost of Hardware
 $ 293.73 USD

Source File Repository
 https://doi.org/10.17605/OSF.IO/7PHR5
1. Hardware in context

In the past decade, a number of chemists have dedicated themselves to integrate modern electronics into conventional
chemical laboratories to build customized experimental systems [1]. Microcontroller boards (MCBs) and single-board com-
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puters (SBCs) have been widely implemented due to their advantages, such as small form factor, low cost, open-source
design, and flexibility to integrate with laboratory equipment [2,3,4,5,6]. The accessibility of open-source hardware and soft-
ware further increases the possibility of developing new instruments [7]. Moreover, with the recent advances in three-
dimensional (3D) printing technology, it is possible to design and construct devices to meet experimental needs [8,9]. By
utilizing these modern tools, one can automate trivial experimental and data handling steps, and achieve a high working
efficiency. Furthermore, the Internet-of-Things (IoT) has emerged as a promising tool not only to the general public but also
to chemists [10]. The ability to create a network of electrical appliances, sensors, cloud storage facilities, and devices, enables
exchange of information between the components in the network and the researchers [11]. The advantages of such a system
include: remote access to experimental setups and data, ability to share data among researchers by surpassing the limita-
tions of space and time, transparency in experimental data handling, minimizing human exposure to hazardous chemical
environments, to name a few. Several studies have demonstrated the usefulness of the technology in facilitating laboratory
activities, for example, remote monitoring of (bio)chemical processes and laboratory environment [12], monitoring chemical
reaction with a smart stirrer [13], tracking sample vials [14], and monitoring instrument performance [15]. This study takes
advantage of off-the-shelf electronic components and 3D-printing technology to build a cloud-integrated system for real-
timemonitoring of fluorescent chemical reactions and the laboratory environmental parameters (e.g. temperature, humidity,
concentration of flammable vapors).

Fluorescence measurements are routinely performed in chemical laboratories that specialize in synthesis and study of
fluorescent chemicals. High-end commercial fluorescence spectrometers have been the first choice for such measurements.
However, the current open-source hardware movement as well as the availability of inexpensive electronic and optical com-
ponents have enabled chemists to build customized fluorescence detection systems. For example, Szymula et al. developed
an open-source plate reader that can be used for the measurement of fluorescence as well as absorbance/optical density of
several samples on a standard multiwell plate [16]. A previous study from our lab also took advantage of electronic and opti-
cal tools, and 3D-printed components to measure the fluorescence of an acoustically actuatedmicroliter sized droplet pinned
on a hydrophobic thread [17]. While these setups reduce the sample volume required for fluorescence measurement, there
also exist fluorometric probes developed by the medical research community for in vivo medical diagnosis (e.g. endoscopy)
[18,19,20,21]. In the present study, we use a similar concept to design a probe for in situ fluorescence measurement in a
chemical reactor for real-time and remote monitoring of a long-term reaction that yields a fluorescent product.
2. Hardware description

In a conventional fluorescence spectrometer, about a few milliliters of sample are placed in a cuvette, the sample is
excited with light at an appropriate wavelength, and the light emitted at another wavelength is measured. On the other
hand, a microtiter plate-based fluorescence reader requires a few microliters of the sample. In either case, one would have
to transfer some volume of sample from a reaction vessel to the sample holder for fluorescence measurement. Alternatively,
one could measure the fluorescence using an automated continuous-flow platform, in which the sample is continuously
passed through a custom designed flow cell with orthogonally fitted optical fibers for the transmission of excitation and
Fig. 1. Schematic diagram showing the Telechemistry 2.0 setup.
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emitted lights [22]. The automated setup uses light from a light-emitting diode (LED) for excitation, and a commercial spec-
trophotometer as a detection unit for emitted light [22].

The fluorometric probe—described in this study—incorporates an in-house-built 3D-printed probe, two optical fibers, an
LED, a photoresistor, and an MCB (Fig. 1). The probe is designed to fit into batch type reactors (e.g.multi-neck spherical flask)
for monitoring long-term reactions. The probe is directly dipped into the reaction mixture, and two optical fibers drawn from
the probe facilitate the transmission of the excitation and emitted light. While the LED—installed at the other end of one
optical fiber—is an excitation light source, the photoresistor—fitted at the other end of the second optical fiber—detects
the emitted light from the reaction mixture. The modular design of the device allows one to easily replace the LED or the
photoresistor with those that are suitable for other excitation and emission wavelengths. The associated MCB collects the
data acquired from the photoresistor, and transmits these data to an SBC. The data from the MCB and the auxiliary sensors
(temperature, humidity, and alcohol vapor) are uploaded to a cloud storage platform by the SBC. The advantages of the sys-
tem include:

d The device can be easily built using inexpensive off-the-shelf electronic components, optical fibers, and 3D-printed
components.

d Computers or hand-held devices with network connectivity can be used to remotely visualize the experimental data.
d The device has a modular design, is easy to operate, and can be directly fitted to a conventional reaction flask.
d Inexpensive sensors facilitate monitoring laboratory environmental parameters for safety purpose.

3. Design files

3.1. Electronics

The setup takes advantage of a low-cost SBC (Onion Omega 2+ [23]) to collect data from the sensors. The SBC with a small
form factor (34 mm � 20 mm) features a microprocessor (chipset, MT7688 SoC; architecture, MIPS24KEc) operating at a
clock speed of 580 MHz with an associated random access memory (RAM) of 128 MB. The module has an on-board flash
memory of 32 MB and supports Internet connectivity (2.4 GHz 802.11b/g/n Wi-Fi). It runs on a Linux operating system
(based on OpenWrt Project [24]), and can be programmed in popular programming languages such as C, C++, and Python.
Moreover, the module incorporates standard interfaces, such as 18 general purpose input/output (GPIO) pins, TX/RX pins,
and a set of I2C pins, which enable communication with auxiliary components (e.g. sensors or other electronic controllers).
In our setup, we use TX/RX pins to enable serial communication between the SBC and an MCB (Arduino Nano [25]) which is
used to collect the fluorescence data. Arduino Nano comprises a microcontroller (chipset, ATmega328; architecture, AVR)
with a processing power of 16 MHz, a flash memory of 32 kB, and 2 kB RAM, on an 18 mm � 45 mm printed circuit board
(PCB). In addition, an analog-to-digital converter (ADC, 16-bit resolution) expansion board [26] is attached to the SBC to con-
Fig. 2. The electronic circuit used in the Telechemistry 2.0 device.
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vert the analog signals from the auxiliary sensors to digital values. Assigning a separate MCB for fluorescence data collection
enables dedicating the MCB’s processing power on a single task, while the SBC uses its processing power on multiple tasks
such as data collection from auxiliary sensors, Wi-Fi connectivity, and data transmission to the cloud.

The intensity of fluorescence light detected using a photoresistor (resistance range: 8–20 kX, wavelength range: 350–
780 nm, highest sensitivity at: 540 nm) is recorded by the MCB via an amplifier and an external ADC (Fig. 2). The photore-
sistor is connected to a custom-made amplifier [27] PCB, incorporating an OP07 operational amplifier to amplify the signals.
The output of the amplifier PCB is connected to an external ADC (ADS1115, 16-bit resolution) set up for the MCB. The data is
transmitted from the ADC to the MCB, and is further uploaded to the cloud by the SBC. A blue LED of emission wavelength
460–465 nm (power = 3 W) is used as an excitation light source. The LED is soldered onto a heatsink to dissipate the excess
heat generated during its operation, and is powered through a DC-DC converter (LM2596S) connected to a wall socket using
an AC-DC adapter (input, 110 V; output, 5 V; current, 2 A). The input voltage for the DC-DC converter is 5.0 V while the out-
put voltage is set to 3.7 V, to provide a stable power to the LED. The TX/RX pins are used to establish a serial communication
between the MCB and the SBC.

To demonstrate the feasibility of the setup in monitoring laboratory environmental conditions, the Telechemistry 2.0
setup also incorporates four sets of sensors. Each set contains an alcohol vapor sensor (MQ3) and a temperature cum humid-
ity sensor (DHT22). We choose MQ3 and DHT22 sensors because ethanol is regularly used in our laboratory, and ambient
temperature as well as humidity often affect the outcomes of the experiments. Moreover, MQ3 and DHT22 sensors are inex-
pensive and are readily available in local electronic shops. One could choose different sensors (see for example [28]) depend-
ing on what one wants to monitor in the laboratory. The four MQ3 sensors and DHT22 sensors used in our setup are
connected to the ADC expansion board of the SBC, and are powered through a wall socket using an AC-DC adapter (input,
110 V; output, 5 V; current, 2 A). The DHT22 sensors are connected to a DC-DC converter (LM2596S) that converts 5 V to
3.3 V to provide stable power to the sensors.
3.2. Mechanical design

The MQ3 and DHT22 sensors are fixed in four different locations in a chemical laboratory: inside a storage cabinet for
ethanol, above a sink, in a fume hood, and above a working bench (Fig. 3). These are the places where ethanol is often utilized
or stored. The core of the device is the SBC that is fixed in a box and put on a shelf above the sink. MQ3 sensors are connected
using long flat rainbow ribbon cables and DHT22 sensors are connected using 20-AWG cables (3.0 m each for sensors inside
the solvent storage cabinet and for the ones in the fume hood, 0.5 m for the ones above the sink, 7.5 m for the ones above the
working bench), and are fixed onto the wall with insulation tape.

The fluorometric probe in the Telechemistry 2.0 device is 3D-printed in two halves using polyetheretherketone (PEEK; cf.
Section 4) as substrate. Channels are designed in the two halves of the probe to hold two optical fibers in place (Figs. 4 and 5).
One optical fiber [ø = 2 mm; length = 200 mm; core material, poly(methyl methacrylate); jacket material, polytetrafluo-
roethylene] is for transmitting the excitation light from the LED to the reaction mixture. Another optical fiber [ø = 5 mm;
Fig. 3. Sensor positions in a chemical laboratory. (a) Side view of the location of sensors; (b) top view of the location of sensors. Red circles represent the
sensor positions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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length = 200 mm; core material, poly(methyl methacrylate); jacket material, polytetrafluoroethylene] is to transmit emitted
light from the reaction mixture to the photoresistor. The orthogonal alignment of optical fibers at the probe-head reduces
possible interference of excitation light with emitted light. As the probe-head will be in contact with the reaction mixture,
two 1-mm thick glass pieces are placed and glued (material, epoxy resin) in the front of the optical fibers to protect the opti-
cal fibers from chemicals. A glass piece of rectangular shape (8 mm � 18 mm) is placed in front of the excitation fiber and
another glass piece of a half-circle shape (ø = 18 mm) is placed in front of the emission fiber. The other end of the emission
fiber is inserted into a light-proof holder for a photoresistor. The light-proof holder consists of two 3D-printed parts and an
emission filter [red light filter with transmission wavelength 580–700 nm (026, Rosco, Stamford, CT, USA; maximum trans-
mittance wavelength, 740 nm) or green light filter with transmission wavelength 420–580 nm (090, Rosco, Stamford, CT,
USA; maximum transmittance wavelength, 520 nm)] to filter unwanted wavelengths of light. It is possible to use multiple
layers of filters as demonstrated below (cf. Section 7). Likewise, the other end of the excitation fiber is inserted into another
light-proof holder for an LED. The LED holder consists of two 3D-printed parts and a lens (ø = 6 mm; thickness, 2 mm; focal
Fig. 5. Photographs of the fluorescence detection system used in Telechemistry 2.0 setup. (a) 3D-printed fluorometric probe with optical fibers and 3D-
printed light-proof holders for LED and photoresistor; (b) components inside the disassembled light-proof holders; (c) side view of the fluorometric probe;
(d) photograph depicting the orthogonal alignment of optical fibers at the fluorometric probe-head.

Fig. 4. Designs of the 3D-printed components. (a) Cross sectional views of the fluorescent probe; (b) photoresistor holder; (c) LED holder.
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length, 10 mm ± 1mm) to focus the excitation light into the optical fiber. In addition, the LED is soldered onto a high thermal
conductivity plate (20.9 mm � 19.9 mm; material, aluminum) with a heatsink (20 mm � 14 mm � 6 mm; material, alu-
minum). All the 3D-printed parts were designed using Inventor Professional 2020 software (version 2020.0.1; Autodesk,
San Rafael, CA, USA).

3.3. Software

The SBC can be accessed from a personal computer (PC) through a free and open-source terminal emulator cum serial
console called PuTTY [29]. Besides, wireless connection between the SBC and any PC can be established through the web-
based Onion Console [30]. Note that the PC and the SBC should be connected to the sameWi-Fi network. In the present study,
the programming language used to control the SBC is Python. The program includes instructions for the SBC to acquire flu-
orescence data from the MCB, analog signals from the MQ3 sensors and digital data from the DHT22 sensors. Furthermore,
using an inputted calibration equation, the program calculates the concentration of alcohol vapour and finally transfers all
the data (at a rate of � 0.004 Hz for MQ3 sensors and DHT22 sensors; at a rate of� 0.03 Hz for fluorescence data) to the cloud
storage platform called ThingSpeak [31]. The separate channels set up on the ThingSpeak platform for data from different sen-
sors enable remote monitoring of the reaction progress and the laboratory environment conditions. To program the MCB, a
free and open-source software Arduino Integrated Development Environment (IDE) [32] can be used.

3.4. Design files summary
Design file name
 File type
 Open source license
6

Location of the file
Electronic circuit
 figure
 MIT license
 available at: https://doi.org/10.17605/OSF.IO/7PHR5

3D design file
 .stl

Onion_Omega
 .py

Arduino_Nano
 .ino

Fluorometric device
 .mp4
Electronic circuit: An illustrative electronic circuit diagram of the setup.
3D design file: Design file used for 3D-printing the fluorescence detection probe.
Onion_Omega: Python source code for SBC. The program consists of instructions for the SBC to collect data from sensors

and upload them to the cloud.
Arduino_Nano: Arduino code for MCB. The code consists of instructions for the MCB to collect data from the photoresistor

and transmit it to the SBC.
Fluorometric device: A video of assembling the fluorometric device. The video consists of three parts for assembling the

light-proof holder for the photoresistor, the light-proof holder for the LED, and the fluorometric probe.

4. Bill of Materials
Label in
Figs. 2
and 4

I
tem Q
uantity C
ost per
unit
(USD)
Total
cost
(USD)

S
upplier C
atalog
number
Material type
T1 M
Q3 (alcohol sensor) 4
 3.16
 12.64 K
insten, https://
kinsten.com.tw/

2
2

D0075
 Electronics
T2 D
HT22 (temperature cum
humidity sensor)

4
 6.40
 25.60
 D060
 Electronics
T3 F
lat rainbow ribbon cables
(14 m)

1
 9.50
 9.50
 WAD0018
 Electronics
T4 2
0-AWG cable (14 m) 1
 9.51
 9.51
 WAK0082
 Electronics

T5 O
nion Omega 2 + SBC 1
 1
5.35
 15.35 O
nion Store, https://

onion.io/store/
O
O

M-O2P
 Electronics
T6 O
nion Omega expansion
dock

1
 1
5.00
 15.00
 M-D-EXP
 Electronics
T7 O
nion Omega ADC
expansion board

1
 1
5.00
 15.00
 OM-E-ADC
 Electronics
T8 S
tandard type A to micro
B USB 2.0 cable

3
 1.76
 5.28 C
entenary Materials,
http://us.100y.com.
tw/

1

9

07,551
 Electronics
T9 A
rduino Nano MCB 1
 2
0.70
 20.70
 8,443
 Electronics

T10 A
DS_1115 ADC 1
 4.43
 4.43
 136,511
 Electronics

T11 L
M2596S DC-DC

converter
2
 3.51
 7.02
 96,038
 Electronics

https://doi.org/10.17605/OSF.IO/7PHR5
https://kinsten.com.tw/
https://kinsten.com.tw/
https://onion.io/store/
https://onion.io/store/
http://us.100y.com.tw/
http://us.100y.com.tw/
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(continued)
Label in
Figs. 2
and 4

I
tem Q
uantity C
ost per
unit
(USD)
Total
cost
(USD)

S

7

upplier C
atalog
number
Material type
T12 L
ED (460–465 nm) 1
 0.88
 0.88
 96,662
 Electronics

T13 P
hotoresistor (8–20 kX,

350–780 nm, highest
sensitivity: 540 nm)

1
 0.13
 0.13
 53,901
 Electronics
T14 H
igh thermal conductivity
aluminum plate

1
 0.07
 0.07
 91,069
 Electronics
T15 H
eatsink 1
 1.25
 1.25
 138,583
 Electronics

T16 C
ustom-made amplifier

PCB (cf. [43])
1
 1
3.28
 13.28 G
ood Technology,

Taichung, Taiwan
–
 Electronics
T17 O
ptical fiber (Ø = 2 mm) 1
 5.55
 5.55 S
hiner Fiber Optics,
Hsinchu, Taiwan

T
T

W-0200
 Optics
T18 O
ptical fiber (Ø = 5 mm) 1
 1
1.07
 11.07
 W-0500
 Optics

T19 3
D printed probe 1
 4
0.62
 40.62 B
rusat, Taichung,

Taiwan
–
 3D-printing

(PEEK)

T20 G
lass piece 2
 5.27
 10.54 N
THU workshop,

Hsinchu, Taiwan
–
 Optics
T21 M
2 screw 3
 0.07
 0.21 K
insten, https://
kinsten.com.tw/

A
WA002-008
 Electronics
T22 E
mission filter 1
 2
7.73
 27.73 R
osco, Stamford, CT,
USA

1
2

00 0R26S
024
Optics
T23 L
ens 1
 7.94
 7.94 K
oodyz Technology,
Taipei County,
Taiwan

–
 Optics
T24, T25,
T26, T27

l
c

ight-proof holders and
aps

4
 –
 – –
 –
 3D-printing
(ABS)
P
erfboard 2
 0.35
 0.70 C
entenary Materials,
http://us.100y.com.
tw/

2
6
1

826
 Electronics

I
nsulation tape 1
 0.63
 0.63
 640
 Electronics

T
hermal grease 1
 1.50
 1.50
 01,464
 Polymer

A
C to DC wall adaptor (AC
110 V to DC 9 V)

1
 7.08
 7.08
 104,583
 Electronics
A
C to DC wall adaptor (AC
110 V to DC 5 V)

4
 5.33
 21.32
 140,439
 Electronics
D
upont wires 3
6
 0.05
 1.80 K
insten,
https://kinsten.com.
tw/

C
BC001
 Electronics
E
poxy glue 1
 1.40
 1.40 L
ocal hardware
store, Hsinchu,
Taiwan

C
K-080
 Polymer
4.1. Chemicals

Fluorescein, Bovine Serum Albumin (BSA) (98+%, heat shock fraction, pH = 7), lipase (from Candida antarctica, specific
activity: �5,000 U g�1, immobilized on acrylic resin) and propyl butyrate (99 %) were from Sigma-Aldrich (St. Louis, MO,
USA). Ammonium acetate (98+% for HPLC) was from Acros Organics (Geel, Belgium). Deionized water, Sodium hydroxide
(99+%) and hydrochloric acid were from Merck (Darmstadt, Germany). Hydrogen tetrachloroaurate(III) tetrahydrate was
from Showa Chemical Industry (Tokyo, Japan). Ethanol (99.5+%) was from Echo Chemical (Miaoli, Taiwan).

5. Build instructions

5.1. Setting up the Onion Omega 2 + SBC

To begin with, mount the SBC onto the expansion dock, and connect the expansion dock to a PC with a standard type A–
micro B USB 2.0 cable to power up the SBC as well as to establish a serial connection with the PC. To boot up the SBC, turn on
the power switch of the expansion dock. The amber LED on the SBC will blink, indicating the system is booting. After finish-

https://kinsten.com.tw/
https://kinsten.com.tw/
http://us.100y.com.tw/
http://us.100y.com.tw/
https://kinsten.com.tw/
https://kinsten.com.tw/
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ing the boot sequence, the amber LED will stop blinking and stay bright. In this case, one can start to control and program the
SBC through the PC. To know the serial port of connection for the SBC, go to the ‘Device manager’ of the PC and check under
‘Ports (COM & LPT)’. Note down the COM port number (e.g. COM1). On the PC, download and install PuTTY [29]. Launch the
PuTTY application, and select ‘Serial’ for the connection type. Then, enter the previously noted COM port number in the
‘Serial line’ entry bar and enter ‘1152000 in the ‘Speed’ entry bar, and click ‘Open’ to open the terminal.
5.1.1. Connecting the SBC to a Wi-Fi network
Run the command ‘wifisetup’ in the command line of the PuTTY terminal. There will be three options shown, select the

first one, ‘scan for Wi-Fi networks’ by entering ‘10. The scanning will take a few seconds to search for available networks.
After that, enter the number corresponding to the Wi-Fi network. Lastly, enter the password of the chosen Wi-Fi network,
if any. The network adapter restarts and completes the connection to the chosen Wi-Fi network in about 30 s. It is not nec-
essary to repeat this step every time while powering up the SBC, unless one wants to connect to another Wi-Fi network. The
SBC can automatically connect to the chosen Wi-Fi network while booting.
5.1.2. Installing the software on the SBC
After connecting the SBC to a Wi-Fi network, one can start installing the software necessary to operate the device. First,

download and install Python3 on the SBC by running the commands ‘opkg update’ and ‘opkg install python30, one after the
other. It takes about one minute to complete the installation. Then, install the official Python package manager (Python
Install Program (pip)) by running the command ‘opkg install python3-pip’. Followed by, upgrade the setuptools package
by running the command ‘pip3 install --upgrade setuptools’, otherwise, the following Python packages would fail to install.
Install the packages by running the commands ‘pip3 install paho_mqtt’, ‘pip3 install pyserial’, and then install the library for
DHT22 sensor by running ‘opkg install dht-sensor’. Lastly, run the following commands one by one to install the packages for
the MQ3 sensor: ‘opkg install python3-adc-exp’, ‘opkg install pyOnionI2C’, and ‘opkg install pyOmegaExpansion’.

On the PC, download the ‘Onion_Omega.py’ file (cf. Section 3.4). One could use the Python IDLE [33] on the PC to take a
look or edit the Python code. In the SBC, create a similar file by running ‘vi Onion_Omega.py’ in the PuTTY command line to
open the Vim text editor page. Press ‘i’ to open the editing mode before editing/inserting script to the file. After editing/in-
serting the script, press ‘Esc’ to save the file and enter the commandmode. In the commandmode, enter ‘:wq’ to exit the Vim
text editor, and the ‘Onion_Omega.py’ file will be ready.
5.2. Setting up the Arduino Nano MCB

On the PC, download and install the Arduino IDE software [32]. Disconnect the SBC and connect the MCB to the PC with a
standard type A–micro B USB 2.0 cable. To know the serial port of connection for the MCB, open the ‘Device manager’ on the
PC and check under ‘Ports (COM & LPT)’. Note down the COM port number (e.g. COM1). In the Arduino IDE, click ‘Tools’ on the
menu bar, a dropdown list will appear. Hover the mouse over the ‘Board’ button and choose ‘Arduino Nano’ visible under the
‘Arduino AVR Boards’. Then, hover the mouse over the ‘Port’ button just below the ‘Board’ button, and choose the COM port of
Arduino Nano. Download the ‘Arduino_Nano.ino’ file from the source file repository (cf. Section 3.4). Then, upload the code to
the MCB by clicking the upload button (a round shaped button with a right arrow symbol) on the Arduino IDE. After that,
disconnect the MCB from the PC, and put the MCB in the control box of Telechemistry 2.0 device and connect to the SBC
to establish serial connection via TX/RX pins.
5.3. Setting up the fluorometric device

Download the 3D design files from the source file repository (cf. Section 3.4) and print the components of the light-proof
holders for photoresistor and LED, using a 3D-printer. In our case, we used a fused-deposition-modeling 3D-printer (UP Plus,
3DP-14-4D; Beijing TierTime Technology, Beijing, China) with acrylonitrile–butadienestyrene (ABS) as printing material.
Once the 3D printed components are ready, fit the photoresistor inside its holder (T25 in Fig. 4; see the supporting video file
‘Fluorometric device.mp40 in the source file repository) and place the emission filter inside the cap (T24 in Fig. 4). Put
together the holder and the cap to form a light-proof holder for the photoresistor. Insert the optical fiber (Ø = 5 mm) through
the cap’s hole, such that the open end of the fiber touches the emission filter (Fig. 4b). Use thermal glue or epoxy resin to
firmly fix the optical fiber to the cap. Similarly, fit the lens between two parts (T26 and T27 in Fig. 4) of the LED’s light-
proof holder, and insert the optical fiber (Ø = 2 mm) through its cap’s hole. Solder the LED onto the high thermal conductivity
aluminum plate and apply a layer of thermal grease on the backside of the aluminum plate. Adhere the heatsink on the ther-
mal grease and fit the LED with heatsink to the light-proof holder using insulation tape. Then, fix the two parts of the flu-
orometric probe with three M2 screws and insert the other ends of the two optical fibers into the fluorometric probe.
Place the two glass pieces and glue them with epoxy resin. Connect the photoresistor and the LED to the rest of the circuit
using dupont wires according to the electronic scheme shown in Fig. 2.
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5.4. Setting up the environmental sensors

To set up the MQ3 and DHT22 sensors, prepare the wires of appropriate lengths and make the connections as shown in
the electronic scheme in Fig. 2. Note that there will be a drop in voltage with longer cable lengths, and this can disrupt the
signals from the sensors. Stick the wires along the walls using insulation tapes for safety purposes. Attach the sensors to a
solid support (wall or ceiling) using insulation tapes.
5.5. Setting up the IoT platform

Create an account on the ThingSpeak IoT platform [31] and follow the instructions in this MathWorks tutorial [34] to set
up the channels for the deposition of experimental data. Briefly, create four new channels in the account to deposit the data
from sensors, one each for alcohol, temperature, humidity and fluorescence measurements. In the channels for alcohol, tem-
perature and humidity data, visit the ‘‘Channel Settings” tab of each channel one-by-one and tick the checkboxes for four
fields. These four fields will be used for recording the data from the sensors placed at four different positions in the labora-
tory. For example, in our case, field 1 corresponds to the sensors inside the solvent storage cabinet, field 2 corresponds to the
sensors above the sink, field 3 corresponds to the sensors inside the fume hood, and field 4 corresponds to the sensors above
the working bench. Name the fields as per the sensors’ positions and click ‘Save Channel’ at the bottom of the webpage. Then,
move to the ‘API Keys’ tab and copy the ‘Write API’ code and the ‘channel ID’ number from every channel. Lastly, insert the
API keys and channel IDs into the ‘Onion_Omega.py’ script to specify the channels and fields to the SBC for the deposition of
data from sensors to the IoT platform. Please see the instructive statements included in the supporting file ‘Onion_Omega.
py’, to know where to paste these channel and field credentials in the script.
6. Operation instructions

1. Plug the four AC-DC adapters (input: 110 V; output: 5 V; current: 2 A) to the wall sockets to power up the SBC, MQ3 sen-
sors, DHT22 sensors and the LED.

2. Similarly, plug the AC-DC wall adaptor (input: 110 V; output; 9 V; current: 1 A) to a wall socket for powering up the MCB.
3. To run the Python code on the SBC, first, open the web-based Onion Console on a PC by entering ‘http://omega-abcd.local/

’ in its Internet browser (e.g. Google Chrome). Note that the PC should be connected to the sameWi-Fi network as the SBC.
In the Onion Console, the ‘‘abcd” represents the ID mentioned on the SBC. In the command line, enter ‘python3 Onion_O-
mega.py’ to start the program. Then, check the ThingSpeak channels to know if the sensor data is being uploaded to the
IoT platform.

4. Set up the reaction in a fume hood for safety reasons. While performing experiments, immerse the fluorometric probe-
head into the reaction mixture and use a three-prong clamp to fix the probe to a stand (Fig. 6). The PEEK material—used to
print the probe—is compatible with common organic solvents, is resistant to acid and base solutions, and is stable at high
temperatures [35,36]. Therefore, the probe is suitable for a number of fluorescent chemical reactions.

5. After use, carefully wash the probe with deionized water and wipe using tissue paper. If the probe comes in contact with
organic solvents, use ethanol to wash it.
Fig. 6. Photographs of reaction setup. (a) Before the reaction and (b) after the reaction.
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7. Validation and characterization

7.1. Calibration of the sensors

The MQ3 sensors were calibrated using ethanol solutions of concentrations 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0% (v/v) in water in
50-mL vials. During calibration, the sensors were fixed through holes drilled on the caps of the vials in such a way that the
sensing zone was facing the inside of the vial. Thermal glue was used to fill any gaps between the sensor and the cap to
ensure the system remained closed during calibration. The voltage signals of the four MQ3 sensors showed linear trends cor-
responding to the different concentrations of ethanol solutions (Fig. 7). During calibration, the lengths of the wires were kept
the same as in the final setup, this was to make sure that there were no voltage drops from the MQ3 sensors due to the length
of the wires. Note that it is not necessary to calibrate the DHT22 sensors because they are factory-calibrated sensors.

To calibrate the fluorometric probe, we prepared fluorescein solutions of concentrations in the range 1� 10-6 M to 2 � 10-
5 M in ethanol:water mixture (1:99, v/v). The pH of each solution was adjusted to 10 using sodium hydroxide (0.5 M) and
hydrochloric acid (0.5 M) with the help of a pH-meter (Sartorius, Goettingen, Germany). Subsequently, to record the fluores-
cence intensity of the fluorescein solutions, we dipped the head of the fluorometric probe into the solutions, one after the
other. During fluorescence measurement, the probe-head was immersed in the solution until the signal was stable. Then,
the average value of the last five signals was plotted against fluorescein concentration. The calibration plot showed a linear
trend in the tested concentration range (Fig. 8) with a limit-of-detection of 4.57 � 10-7 M,which is higher than the commer-
cial fluorescence spectrometer (LS-55, PerkinElmer, Waltham, MA, USA). Nevertheless, it should be noted that, unlike in the
commercial instrument, the fluorometric probe implements an inexpensive and less sensitive light detector—a photoresistor.
7.2. Repeatability and reproducibility of fluorescence measurements and the alcohol sensor

We characterized the fluorometric probe by testing its repeatability and reproducibility in measuring the fluorescence
intensity of fluorescein solution. For the repeatability test, we prepared a fluorescein solution of concentration 1.5 � 10-5

M in ethanol:water mixture (1:99, v/v) and adjusted its pH to 10 using sodium hydroxide (0.5 M) and hydrochloric acid
(0.5 M) with the help of a pH-meter. The fluorescence measurements were obtained using the fluorometric probe over
Fig. 7. Calibration of alcohol sensors setup at different locations in the laboratory. (a) In the solvent storage cabinet, calibration equation: Voltage =
(0.29 ± 0.02) � Ethanol concentration + (1.18 ± 0.01), R2 = 0.96; (b) above the sink, calibration equation: Voltage = (0.24 ± 0.01) � Ethanol concentration +
(1.16 ± 0.01), R2 = 0.97; (c) in the fume hood, calibration equation: Voltage = (0.21 ± 0.01) � Ethanol concentration + (1.51 ± 0.01), R2 = 0.92; (d) above the
working bench, calibration equation: Voltage = (0.59 ± 0.03) � Ethanol concentration + (1.54 ± 0.02), R2 = 0.96. In all cases, n = 3.
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Fig. 8. Calibration of the fluorometric probe using fluorescein solution. Calibration equation: Intensity = (3.66� 107 ± 4.26� 105)� Fluorescein concentration
+ (-49.81 ± 5.07); R2 = 0.99; n = 3. A green emission filter with transmission wavelength range 420–580 nm was used in the probe. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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ten times in a day to test the repeatability. A green emission filter with transmission wavelength range 420–580 nm was
used in the probe. The fluorometric probe-head was dipped into the solution to take a reading and was later washed with
deionized water. The repeatability was found to be 6.01% (relative standard deviation (RSD)). For the reproducibility test, we
prepared fluorescein solutions (of the same concentration and pH as in the repeatability test), and measured their fluores-
cence using the fluorometric probe over a period of six days with three replicates per day, and the reproducibility was found
to be 4.42% (RSD). Considering the 6.01% of repeatability and 4.42% of reproducibility, there is no need to recalibrate the flu-
orometric probe, provided the experimental conditions are same. However, for other fluorescent analytes, emission filters, or
other parameters, the fluorometric probe should be calibrated once before use. Lastly, we test the repeatability of the MQ3
sensor by detecting ethanol solutions of concentration 0.2% (v/v) in water in 50-mL vials over ten times in a day. The repeata-
bility was found to be 3.40% (RSD).
7.3. Measurement of fluorescence of fluorescein solutions at different pH with fluorometric probe

To test the applicability of our fluorometric probe at different pH, we used it to measure the fluorescence of fluorescein
solution (10-5 M) prepared in ethanol:water mixture (1:99, v/v) at different pH (from 2 to 12). The pH values were adjusted
using sodium hydroxide (0.5 M) and hydrochloric acid (0.5 M) with the help of a pH-meter. To compare the performance of
the probe, we also measured the fluorescence intensities of the fluorescein solutions using a fluorescence spectrometer (LS-
55, PerkinElmer, Waltham, MA, USA). The emission spectra—obtained using the fluorescence spectrometer—showed a max-
imum emission intensity at 520 nm (Fig. 9a; excitation wavelength: 470 nm). The fluorescence intensities at 520 nm for the
spectra obtained for fluorescein solutions at different pH shows the increase in fluorescence with increasing pH (Fig. 9b). The
increase of pH causes conversion of the cationic form of fluorescein to the anionic forms (monoanion and dianion), resulting
in strong fluorescence [37,38]. A similar trend was observed in the fluorescence measurements obtained using the fluoro-
metric probe (Fig. 9c). However, as the fluorescence intensity of fluorescein was quite faint at acidic pH (from 2 to 4), the
probe could not detect the emitted light.
7.4. Monitoring lipase-catalyzed ester hydrolysis with fluorometric probe

Lipase-catalyzed ester hydrolysis is known to induce pH changes [39,40]. Here, we demonstrate the use of our fluoromet-
ric probe in monitoring ester hydrolysis catalyzed by different amounts of immobilized lipase. A solution of fluorescein (10-5

M) was prepared in ethanol:water mixture (5:95, v/v) containing ammonium acetate (0.1 M). The initial pH of the solution
was adjusted to � 8 using sodium hydroxide (0.5 M) and hydrochloric acid (0.5 M) with the help of a pH-meter. Subse-
quently, 150 lL of propyl butyrate was added into the mixture and the reaction mixture was stirred at 400 rotations per
minute (rpm) with a magnetic stirrer. Afterwards, the sensing zone of the fluorometric probe was dipped into the mixture.
The fluorometric probe was placed slightly above the magnetic stir bar to avoid fluctuations in fluorescence measurements.
Lastly, acrylic resin beads with immobilized lipase were added, and the reaction was monitored for 2 h.

We performed the ester hydrolysis reaction in the presence of different numbers of beads (0, 10, 20, and 30 beads) to
observe their effect on the reaction rate (Fig. 10). In the case of 10, 20, and 30 beads, hydrolysis of propyl butyrate produces
butyric acid causing significant reduction in pH. As the pH changes from basic to acidic, the fluorescence intensity of fluo-
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Fig. 9. Fluorescence of fluorescein solution measured at different pH. (a) Emission spectra obtained using a commercial fluorescence spectrometer (at
excitation wavelength: 470 nm), an attenuator was used to transmit only 1% of the emitted light; (b) a plot derived from (a) showing pH vs fluorescence
intensity at emission wavelength 520 nm; and (c) fluorescence intensities measured at different pH using fluorometric probe (n = 3). In the probe, an LED
(460–465 nm) was used as an excitation source and a green emission filter with transmission wavelength range 420–580 nm was used to transmit the
emitted light. Sample: 10-5 M fluorescein in ethanol:water mixture (1:99, v/v). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 10. Monitoring lipase-catalyzed ester hydrolysis with fluorometric probe. Sample: a 15-mL solution of fluorescein (10-5 M) in ethanol:water mixture
(5:95, v/v) containing ammonium acetate (0.1 M), propyl butyrate (0.067 M) and different number of acrylic resin beads (0, 10, 20, 30) with immobilized
lipase. Initial pH of the sample was set to � 8 in all cases. The sudden drop of fluorescence intensity at � 0.7 h in the case of 30 beads is because of an abrupt
shutdown of ambient light in the fume hood. A green emission filter with transmission wavelength range 420–580 nm was used in this experiment. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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rescein drops, allowing one to monitor the rate of ester hydrolysis. As expected, the rate of change of pH increased with a
larger number of beads of immobilized lipase. We also monitored the environmental conditions (temperature, humidity
and concentration of alcohol vapor) during the progress of the reaction (Fig. 11). Although no notable influence of the ambi-
ent conditions could be observed in this experiment, the data from the environmental sensors can be helpful in experiments
that are likely to be influenced by ambient conditions.

7.5. Monitoring synthesis of BSA-gold nanoclusters with fluorometric probe

To further validate the performance of the fluorometric probe, we planned to monitor a long-term reaction involving syn-
thesis of gold nanoclusters (Au NCs) consisting of tens to hundreds of gold atoms that are highly fluorescent. Synthesis of Au
NCs and their quantum yields are widely studied. For example, Xie et al. developed a green and one-pot synthetic route for
Au NCs using BSA [41]. Similarly, Chang et al. demonstrated the synthesis of highly fluorescent gold cluster assembly with a
quantum yield of up to 90% [42]. Here, we implement our fluorometric probe to monitor the synthesis of BSA-Au NCs for 12 h
using the green and one-pot synthetic route developed by Xie et al. [41].

For safety reasons, the reaction was set up in a fume hood. First, a water bath was preheated at 37 �C for 10 min. Then,
15 mL aqueous solution of hydrogen tetrachloroaurate(III) (0.01 M) and 15 mL aqueous solution of BSA (50 mg/mL) were
12



Fig. 11. Environmental conditions at four positions in the laboratory recorded during the reaction progress of lipase-catalysed ester hydrolysis.
Experiments with 0 bead (a-c); 10 beads (d-f); 20 beads (g-i); and (j-l) 30 beads of lipase. Data from alcohol sensors (a,d,g,j), temperature sensors (b,e,h,k)
and humidity sensors (c,f,i,l), placed at four different positions in the laboratory (solvent storage cabinet (black line); sink (red line); fume hood (blue line);
working bench (green line)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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poured into a double-necked spherical flask placed in the water bath. The reaction mixture was stirred at 500 rpm with a
magnetic stirrer for 2 min. Afterwards, 1.5 mL of sodium hydroxide (1 M) solution was poured into the flask to commence
the reaction. The reaction mixture was continuously stirred at 500 rpm and was incubated at 37 �C in the water bath for 12 h.
To maintain a constant temperature and to avoid the evaporation of water in the flask, a layer of aluminum foil was used to
cover the neck and the surface of the flask. Every hour, 1.5 mL of the reaction mixture was pipetted out and its fluorescence
intensity was measured using a fluorescence spectrometer. The fluorescence intensity increased with reaction time (Fig. 12a)
and showed highest emission intensity at wavelength 610 nm. The emission intensity at 610 nm increased slightly until 4 h,
and then increased more rapidly after 4 h (Fig. 12b).

In a separate set of experiments, the fluorometric probe (fitted with 1, 2, or 3 layers of red emission filters) was inserted
into the reaction flask through one of the necks of the flask. In the reaction mixture, the probe-head was placed slightly
above the magnetic stir bar to avoid fluctuations in fluorescence measurements. The changes in fluorescence intensity were
remotely monitored for 12 h via ThingSpeak. In the case of the probe with 1 layer of emission filter, the fluorescence intensity
of the reaction mixture increased with reaction time up to about 4 h (Fig. 12c). However, after 4 h, the intensity either
decreased or did not change much. This could be attributed to saturation of the photoresistor because the increasing trends
in fluorescence intensities in the experiments with the probe fitted with 2 and 3 layers of emission filters suggest that the
13



Fig. 12. Monitoring of synthesis of BSA-Au NCs using (a) the fluorescence spectrometer (excitation wavelength: 470 nm), (b) the fluorescence intensity in
different time using the fluorescence spectrometer (excitation wavelength: 470 nm; emission wavelength: 610 nm), and (c) the fluorometric probe of
Telechemistry 2.0 with different amounts of layers of emission filter. One or more red emission filters with transmission wavelength range 580–700 nm
were used in the probe. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Data from the environmental sensors obtained during the reaction progress of synthesis of BSA-Au NCs. Data obtained during the experiments with
the probe fitted with one layer (a-c), two layers (d-f), and three layers (g-i) of emission filters. Data from ethanol sensors (a,d,g), temperature sensors (b,e,h),
and humidity sensors (c,f,i), placed at four different positions in the laboratory (solvent storage cabinet (black line); sink (red line); fume hood (blue line);
working bench (green line)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reaction product formed even after 4 h (Fig. 12c), as observed in the case of the fluorescence spectrometer (Fig. 12a and 12b).
Notably, the fluorescence intensity was the highest in the case of the probe with 1 layer of emission filter. In the case of 2 and
3 layers of emission filters, the onset of fluorescence intensity at about 3 h and 5 h, and the decrease in intensity could be
attributed to the reduced transmission of fluorescence light through the multiple layers of filter.

The environmental conditions during the synthesis of BSA-Au NCs were monitored using the auxiliary sensors (Fig. 13).
Ethanol concentration in the fume hood remained 0.0% (in Fig. 13a and 13d) because of the continuous air flow. However, in
Fig. 13g at about 4 h and 11 h, the ethanol concentration in the hood increased because of the use of ethanol inside the hood.
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Notably, the ethanol concentration dropped suddenly due to the continuous flow of air in the hood. The ambient tempera-
ture and humidity values did not show drastic changes during the experiments.

7.6. Concluding remarks

In this study, we present a 3D-printed, probe-type, easy-to-build fluorometric device to measure the fluorescence of a
chemical reaction. The fluorometric probe can be readily fitted into a conventional reaction flask without changing the
design of the flask. The sensing zone of the probe can be immersed into the reaction mixture to measure the fluorescence
of the solution, like immersing a typical pH electrode in an aqueous solution to measure the pH of the solution. The probe
has been fabricated using a chemically resistant material (PEEK), and therefore is compatible with common organic reaction
conditions. The setup implements a Wi-Fi enabled electronic controller for real-time transmission of the experimental data
to a cloud-storage platform for long-term and remote monitoring of fluorescent chemical reactions set up in a laboratory.
The fluorometric device has been tested with two chemical reactions that produce green and red fluorescence. The experi-
mental setup can be further improved by implementing a light shield around the reactor to reduce the influence of ambient
light on the fluorescence measurements. Nevertheless, the fluorometric probe can be used in semi-quantitative analysis. The
setup also incorporates auxiliary sensors (temperature, humidity, and alcohol vapor) to simultaneously monitor the labora-
tory environmental conditions, for safety purposes.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

We acknowledge the Ministry of Science and Technology (MOST), Taiwan (grant numbers 109-2113-M-007-013-MY3,
110-2634-F-007-023, 109-2813-C-007-068-M, and 110-2811-M-007-502), the National Tsing Hua University
(110QI009E1), the Frontier Research Center on Fundamental and Applied Sciences of Matters as well as the Featured Areas
Research Center Program within the framework of the Higher Education Sprout Project established by the Ministry of Edu-
cation (MOE), Taiwan (110QR001I5). The funding sources had no involvement in the study design; in the collection, analysis
and interpretation of data; in the writing of the report; and in the decision to submit the article for publication.

References

[1] G.R.D. Prabhu, P.L. Urban, Elevating chemistry research with a modern Electronics Toolkit, Chem. Rev. 120 (17) (2020) 9482–9553, https://doi.org/
10.1021/acs.chemrev.0c00206.

[2] P.L. Urban, Universal electronics for miniature and automated chemical assays, The Analyst 140 (4) (2015) 963–975, https://doi.org/10.1039/
c4an02013h.

[3] P.L. Urban, Prototyping Instruments for the Chemical Laboratory Using Inexpensive Electronic Modules, Angew. Chem. Int. Edit. 57 (34) (2018) 11074–
11077, https://doi.org/10.1002/anie.201803878.

[4] D.E. Fitzpatrick, M. O’Brien, S.V. Ley, A tutored discourse on microcontrollers, single board computers and their applications to monitor and control
chemical reactions, React. Chem. Eng. 5 (2) (2020) 201–220, https://doi.org/10.1039/c9re00407f.

[5] J.M. Pearce, Building Research Equipment with Free, Open-Source Hardware. Science 337 (6100) (2012) 1303–1304, https://doi.org/
10.1126/science.1228183.

[6] G.A. Mabbott, Teaching Electronics and Laboratory Automation Using Microcontroller Boards, J. Chem. Educ. 91 (9) (2014) 1458–1463, https://doi.org/
10.1021/ed4006216.

[7] M.D.M. Dryden, R. Fobel, C. Fobel, A.R. Wheeler, Upon the Shoulders of Giants: Open-Source Hardware and Software in Analytical Chemistry, Anal.
Chem. 89 (8) (2017) 4330–4338, https://doi.org/10.1021/acs.analchem.7b00485.

[8] L. Wang, M. Pumera, Recent advances of 3D printing in analytical chemistry: Focus on microfluidic, separation, and extraction devices, TrAC Trends
Anal. Chem. 135 (2021) 116151, https://doi.org/10.1016/j.trac.2020.116151.

[9] V. Saggiomo, A.H. Velders, Simple 3D Printed Scaffold-Removal Method for the Fabrication of Intricate Microfluidic Devices, Adv. Sci. 2 (9) (2015)
1500125, https://doi.org/10.1002/advs.201500125.

[10] S. V. Ley, D. E. Fitzpatrick, R. J. Ingham, N. Nikbin, The Internet of Chemical Things. Beilst. Mag., (1) (2015). 10.3762/bmag.2
[11] J.M. Perkel, The Internet of Things comes to the lab, Nature 542 (7639) (2017) 125–126, https://doi.org/10.1038/542125a.
[12] G.R.D. Prabhu, H.A. Witek, P.L. Urban, Telechemistry: Monitoring Chemical Reactions via the Cloud Using the Particle Photon Wi-Fi Module, React.

Chem. Eng. 4 (9) (2019) 1616–1622, https://doi.org/10.1039/C9RE00043G.
[13] N. Cherkasov, S. Baldwin, G.J. Gibbons, D. Isakov, Monitoring Chemistry In Situ with a Smart Stirrer: A Magnetic Stirrer Bar with an Integrated Process

Monitoring System, ACS Sens. 5 (8) (2020) 2497–2502, https://doi.org/10.1021/acssensors.0c00720.
[14] W. Neil, G. Zipp, G. Nemeth, M.F. Russo, D.S. Nirschl, End-to-End Sample Tracking in the Laboratory Using a Custom Internet of Things Device, SLAS

Technol. 23 (5) (2018) 412–422, https://doi.org/10.1177/2472630318783979.
[15] J. Shumate, P. Baillargeon, T.P. Spicer, L. Scampavia, IoT for Real-Time Measurement of High-Throughput Liquid Dispensing in Laboratory

Environments, SLAS Technol. 23 (5) (2018) 440–447, https://doi.org/10.1177/2472630318769454.
[16] K.P. Szymula, M.S. Magaraci, M. Patterson, A. Clark, S.G. Mannickarottu, B.Y. Chow, An Open-Source Plate Reader. Biochemistry 58 (6) (2019) 468–473,

https://doi.org/10.1021/acs.biochem.8b00952.
[17] T.-H. Yang, H.-C. Yang, C.-H. Chang, G.R.D. Prabhu, P.L. Urban, Microanalysis Using Acoustically Actuated Droplets Pinned Onto a Thread, IEEE Access 7

(2019) 154743–154749, https://doi.org/10.1109/ACCESS.2019.2948642.
[18] G. Keiser, F. Xiong, Y. Cui, P.P. Shum, Review of diverse optical fibers used in biomedical research and clinical practice, J. Biomed. Opt. 19 (8) (2014)

080902, https://doi.org/10.1117/1.JBO.19.8.080902.
15

https://doi.org/10.1021/acs.chemrev.0c00206
https://doi.org/10.1021/acs.chemrev.0c00206
https://doi.org/10.1039/c4an02013h
https://doi.org/10.1039/c4an02013h
https://doi.org/10.1002/anie.201803878
https://doi.org/10.1039/c9re00407f
https://doi.org/10.1126/science.1228183
https://doi.org/10.1126/science.1228183
https://doi.org/10.1021/ed4006216
https://doi.org/10.1021/ed4006216
https://doi.org/10.1021/acs.analchem.7b00485
https://doi.org/10.1016/j.trac.2020.116151
https://doi.org/10.1002/advs.201500125
https://doi.org/10.1038/542125a
https://doi.org/10.1039/C9RE00043G
https://doi.org/10.1021/acssensors.0c00720
https://doi.org/10.1177/2472630318783979
https://doi.org/10.1177/2472630318769454
https://doi.org/10.1021/acs.biochem.8b00952
https://doi.org/10.1109/ACCESS.2019.2948642
https://doi.org/10.1117/1.JBO.19.8.080902


Chun-Yao Hsu, Gurpur Rakesh D. Prabhu and P.L. Urban HardwareX 10 (2021) e00244
[19] J.C.O. Richter, N. Haj-Hosseini, M. Hallbeck, K. Wårdell, Combination of hand-held probe and microscopy for fluorescence guided surgery in the brain
tumor marginal zone, Photodiagnosis Photodyn. Ther. 18 (2017) 185–192.

[20] J.A. Kim, D.J. Wales, G.-Z. Yang, Optical spectroscopy for in vivo medical diagnosis—a review of the state of the art and future perspectives, Prog.
Biomed. Eng. 2 (4) (2020), https://doi.org/10.1088/2516-1091/abaaa3 042001.

[21] I.A. Raznitsyna, A.P. Tarasov, D.A. Rogatkin, An Improved System for in Vivo Fluorescent Analysis in Medicine, Instrum. Exp. Tech. 63 (2) (2020) 267–
272, https://doi.org/10.1134/s0020441220020049.

[22] K.P. Kuijpers, C. Bottecchia, D. Cambié, K. Drummen, N.J. König, T. Noël, A Fully Automated Continuous-Flow Platform for Fluorescence Quenching
Studies and Stern-Volmer Analysis, Angew. Chem. Int. Edit. 57 (35) (2018) 11278–11282, https://doi.org/10.1002/anie.201805632.

[23] Omega 2+.https://onion.io/store/omega2p/, 2020 (accessed June 9, 2021)
[24] Welcome to the OpenWrt Project.https://openwrt.org/, 2021 (accessed June 9, 2021)
[25] Arduino Nano.https://store.arduino.cc/usa/arduino-nano(accessed June 9, 2021)
[26] ADC Expansion.https://onion.io/store/adc-expansion/(accessed June 9, 2021)
[27] J.-B. Hu, T.-R. Chen, Y.-C. Chen, P.L. Urban, Microcontroller-Assisted Compensation of Adenosine Triphosphate Levels: Instrument and Method

Development, Sci. Rep. 5 (1) (2015), https://doi.org/10.1038/srep08135.
[28] Sensors.https://www.dfrobot.com/category-36.html(accessed June 9, 2021)
[29] Download PuTTY.https://www.putty.org/, 2018 (accessed June 9, 2021)
[30] Using the Console.https://docs.onion.io/omega2-docs/using-the-console.html, 2021 (accessed June 9, 2021)
[31] ThingSpeak for IoT Projects.https://thingspeak.com/(accessed June 9, 2021)
[32] Arduino Software (IDE).https://www.arduino.cc/en/software(accessed June 9, 2021)
[33] Download Python.https://www.python.org/downloads/(accessed June 9, 2021)
[34] MathWorks. Collect Data in a New Channel.https://www.mathworks.com/help/thingspeak/collect-data-in-a-new-channel.html(accessed June 9,

2021)
[35] A. Haleem, M. Javaid, Polyether ether ketone (PEEK) and its manufacturing of customised 3D printed dentistry parts using additive manufacturing, Clin.

Epidemiol. Glob. Health 7 (4) (2019) 654–660, https://doi.org/10.1016/j.cegh.2019.03.001.
[36] F. Menzel, T. Klein, T. Ziegler, J.M. Neumaier, 3D-printed PEEK reactors and development of a complete continuous flow system for chemical synthesis,

React. Chem. Eng. 5 (7) (2020) 1300–1310, https://doi.org/10.1039/d0re00206b.
[37] M.M. Martin, L. Lindqvist, The pH dependence of fluorescein fluorescence, J. Lumin. 10 (6) (1975) 381–390, https://doi.org/10.1016/0022-2313(75)

90003-4.
[38] C.-M. Chang, G.R.D. Prabhu, C.-M. Tseng, P.L. Urban, Temporal Analysis of Conformers in the Course of pH Scan Directed by Urea-Urease Reaction—A

‘‘Protein Clock”, Anal. Chem. 91 (14) (2019) 8814–8819, https://doi.org/10.1021/acs.analchem.9b02199.
[39] D.G. Pijanowska, A. Baraniecka, R. Wiater, G. Ginalska, J. Łobarzewski, W. Torbicz, The pH-detection of triglycerides, Sens. Actuators B Chem. 78 (1–3)

(2001) 263–266, https://doi.org/10.1016/s0925-4005(01)00823-1.
[40] G.R.D. Prabhu, T.-H. Yang, C.-Y. Hsu, C.-P. Shih, C.-M. Chang, P.-H. Liao, H.-T. Ni, P.L. Urban, Facilitating chemical and biochemical experiments with

electronic microcontrollers and single-board computers, Nat. Protoc. 15 (3) (2020) 925–990, https://doi.org/10.1038/s41596-019-0272-1.
[41] J. Xie, Y. Zheng, J.Y. Ying, Protein-Directed Synthesis of Highly Fluorescent Gold Nanoclusters, J. Am. Chem. Soc. 131 (3) (2009) 888–889, https://doi.

org/10.1021/ja806804u.
[42] H. Chang, N.S. Karan, K. Shin, M.S. Bootharaju, S. Nah, S.I. Chae, W. Baek, S. Lee, J. Kim, Y.J. Son, T. Kang, G. Ko, S.-H. Kwon, T. Hyeon, Highly Fluorescent

Gold Cluster Assembly, J. Am. Chem. Soc. 143 (1) (2020) 326–334, https://doi.org/10.1021/jacs.0c10907.
[43] Y.-T. Chao, G.R.D. Prabhu, K.-C. Yu, J.-Y. Syu, P.L. Urban, BioChemPen for a Rapid Analysis of Compounds Supported on Solid Surfaces, ACS Sens. 6 (10)

(2021) 3744–3752, https://doi.org/10.1021/acssensors.1c01540.

Chun-Yao Hsu is pursuing MSc degree in the Pawel Urban’s Lab in the Department of Chemistry at the National Tsing Hua
University. He received his BSc degree from the same university. His research interests include universal electronics, Internet-of-
Things, automation, and analytical chemistry.
Gurpur Rakesh D. Prabhu is a postdoctoral research fellow at Prof. Pawel Urban’s laboratory in the National Tsing Hua
University. In November 2020, he received his PhD degree in Chemistry from the National Chiao Tung University. He also has a
BSc degree in biology and an MSc degree in analytical chemistry from the Mangalore University. He also worked on an industrial
process development project at CSIR – National Institute for Interdisciplinary Science and Technology. His research interests,
include but are not limited to: automation in analytical chemistry, Internet-of-Chemical-Things, mass spectrometry method
development, electrospray ionization, and studies on protein conformational changes. ORCID: https://orcid.org/0000-0002-
3237-212X.
16

http://refhub.elsevier.com/S2468-0672(21)00074-2/h0095
http://refhub.elsevier.com/S2468-0672(21)00074-2/h0095
https://doi.org/10.1088/2516-1091/abaaa3
https://doi.org/10.1134/s0020441220020049
https://doi.org/10.1002/anie.201805632
https://doi.org/10.1038/srep08135
https://doi.org/10.1016/j.cegh.2019.03.001
https://doi.org/10.1039/d0re00206b
https://doi.org/10.1016/0022-2313(75)90003-4
https://doi.org/10.1016/0022-2313(75)90003-4
https://doi.org/10.1021/acs.analchem.9b02199
https://doi.org/10.1016/s0925-4005(01)00823-1
https://doi.org/10.1038/s41596-019-0272-1
https://doi.org/10.1021/ja806804u
https://doi.org/10.1021/ja806804u
https://doi.org/10.1021/jacs.0c10907
https://doi.org/10.1021/acssensors.1c01540
https://orcid.org/0000-0002-3237-212X
https://orcid.org/0000-0002-3237-212X


Chun-Yao Hsu, Gurpur Rakesh D. Prabhu and P.L. Urban HardwareX 10 (2021) e00244
Pawel L. Urban obtained his MSc degree in biology from the University of Warsaw in 2002, and PhD degree in chemistry from
the University of York in 2008. He also conducted research stays in the University of Alcalá, University of Warsaw, and ETH
Zurich. The Urban laboratory was initially located in the National Chiao Tung University. Subsequently, the team moved to the
National Tsing Hua University. It focuses on the development of enabling technologies for chemistry research, their applications,
as well as fundamental studies. ORCID: https://orcid.org/0000-0003-3471-045X.
17

https://orcid.org/0000-0003-3471-045X

	Telechemistry 2.0: Remote monitoring of fluorescent chemical reactions
	1 Hardware in context
	2 Hardware description
	3 Design files
	3.1 Electronics
	3.2 Mechanical design
	3.3 Software
	3.4 Design files summary

	4 Bill of Materials
	4.1 Chemicals

	5 Build instructions
	5.1 Setting up the Onion Omega 2 + SBC
	5.1.1 Connecting the SBC to a Wi-Fi network
	5.1.2 Installing the software on the SBC

	5.2 Setting up the Arduino Nano MCB
	5.3 Setting up the fluorometric device
	5.4 Setting up the environmental sensors
	5.5 Setting up the IoT platform

	6 Operation instructions
	7 Validation and characterization
	7.1 Calibration of the sensors
	7.2 Repeatability and reproducibility of fluorescence measurements and the alcohol sensor
	7.3 Measurement of fluorescence of fluorescein solutions at different pH with fluorometric probe
	7.4 Monitoring lipase-catalyzed ester hydrolysis with fluorometric probe
	7.5 Monitoring synthesis of BSA-gold nanoclusters with fluorometric probe
	7.6 Concluding remarks

	Declaration of Competing Interest
	Acknowledgements
	References


