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ABSTRACT: Screen-printed electrodes (SPEs) coupled with flow systems have been reported in recent decades for an ever-
growing number of applications in modern electroanalysis, aiming for portable methodologies. The information acquired through
this combination can be attractive for future users with basic knowledge, especially due to the increased measurement throughput,
reduction in reagent consumption and minimal waste generation. The trends and possibilities of this set rely on the synergistic
behavior that maximizes both SPE and flow analyses characteristics, allowing mass production and automation. This overview
addresses an in-depth update about the scope of samples, target analytes, and analytical throughput (injections per hour, limits of
detection, linear range, etc.) obtained by coupling injection techniques (FIA, SIA, and BIA) with SPE-based electrochemical
detection.

1. INTRODUCTION 1974,° FIA has gained popularity especially due to the
simplicity of experimental setups. Sequential injection analysis
(SIA) was introduced in 1990, and it is considered the next
generation of FIA." SIA is centered on a multiple port valve,
which allows precise handling of samples and reagents,
favoring operations that involve complex chemical reactions.''
Besides that, it can be coupled to different detectors without
reconfiguration of the flow manifold. Batch injection analysis
(BIA) was introduced in 1991 and is the simplest injection
analysis technique'” on which the main component is an
automated pipette, and it can be very favorable for routine
analysis. In this Review, we present a critical evaluation on the
progress of injection analysis techniques combined with SPEs.
This combination is an active research topic and has been
covered in many scientific articles. Review papers on FIA,">'*
SIA,"* BIA," and SPEs™'® can be found in the literature
separately as themes. According to our knowledge, only a brief
review, focusing on the recent advancements (last 5 years), has
covered the combination of all flow injection techniques and
SPEs."”

In this manuscript, we aimed to address the fundamentals
and practical aspects of each technique. Therefore, we
reviewed all of the most relevant available papers associating
SPEs and flow systems, from the starting point of the
techniques throughout December 2020. We also highlighted
the key advances in portable instruments and capabilities for in

Portable assays represent a major recent trend in analytical
chemistry, ranging from in situ environmental analysis to point-
of-care applications. In order to meet the ever-growing demand
and the needs of specific assays, the development of portable
devices has been pushed toward fast response, low cost,
simplicity (user-friendly), and high accuracy.” In this context,
electrochemical techniques have attracted increasing interest
due to easy miniaturization and compliance with several of the
requirements for in situ measurements.’ Nowadays, many
portable instruments are commercially available, including
hand-held potentiostats, along with screen-printed electrodes
(SPEs) with working electrodes made of conventional
materials (e.g, gold, graphite, palladium, platinum, silver) or
containing different modifiers (e.g, graphene, single and
multiwalled carbon nanotubes, Prussian Blue).* SPEs are
compatible with a variety of electrochemical cells available for
batch and flow systems, as well as devices for single-drop
measurements (~50 uL).” Furthermore, the development of
new films and materials will increase the scope of applications
and the quality of SPEs.’

The combination of electrochemical techniques such as
voltammetry and amperometry with flow or batch injection
analysis methods has been widely explored to improve sample
throughput (analytical frequency), automation, repeatability,
sensitivity and selectivity, and sample handling capabilities as
well as to minimize waste generation and the cost of

instrumentation. They are based on the injection of a discrete Special Issue: Fundamental and Applied Reviews in
aliquot of sample into a carrier stream, where the sample can Analytical Chemistry 2022
be either carried without undergoing chemical reactions or Published: December 1, 2021

processed before reaching the electrode.””
Flow injection analysis (FIA) is the most disseminated
among the injection analysis methods. Since its introduction in
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situ applications, including miniaturization and battery-
powered devices. A timeline covering the past decades of
combined injection and programmed flow in the designing of
new SPE is presented (Figure 1) alongside with future insights
and perspectives discussions.
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Figure 1. An overview of the “flow injection” techniques (FIA, BIA,
SIA) timeline.

2. SCREEN PRINTED ELECTRODES (SPES)

Historically, the screen-printing technique was created to
transfer ink to the surface of tissues in desired regions.” Many
authors attribute its origin to China, where colored tissues
about 2000 years old were found.” The earliest stencils known
were produced by the Sung Dynasty (A.C. 960—1280).
Basically, screen printing is the process of passin§ ink through
a stencil mesh screen to create a printed design.'® The process
is sometimes called serigraphy or silkscreen printing, but they
all refer to the same basic method used to produce SPEs
(screen printed electrodes).'”

Screen-printed techniques have been used with great success
in the manufacture of SPEs in the past three decades. The need
for a self-monitoring device was the crucial driving force for the

development of the SPEs. A schematic representation of the
screen-printing process is shown in Figure 2.8

Screen-printing allows mass production of electrodes at an
extremely low cost; it is simple and can be performed in any
laboratory, being suitable for the production of numerous
disposable electrodes in a relatively short amount of time.” The
SPE consists of a conductive film deposited on an inert
support, usually PVC or alumina ceramic. In general, this
conductive film is partially covered (in its middle region) by a
second layer of an insulator. In this way, in one extremity is
defined the electrode area, and on the opposite side remains
the conductive material to establish the electrical contact with
the potentiostat.’

One of the main aspects for the popularity of SPEs is the
automation of the manufacturing process to build the complete
cell arrangement, constituted by working, counter, and
reference electrodes, all of them printed on the same support.”
Nowadays, the reliability of these sensors is growing, making
this kind of device extremely attractive. In recent years,
companies have developed skills to construct (and sell)
reproducible electrodes. The first SPEs were prepared with
conductive inks, exploring the well-known technology
previously used in the electronic area. Carbon ink is the
most used material, perhaps due to the knowledge of its
electrochemical characteristics and also due to the price of its
pastes. Gold, silver, platinum, and palladium have also been
often used.”

Rapidly, researchers started to utilize the commercial carbon
SPEs to deposit bismuth (Bi) films, in order to produce
electrodes for stripping analysis, using the deposition of Bi and
(trace) metals to be quantified simultaneously'” or making the
deposition of Bi ex situ, followed by the quantification of heavy
metals in the sample.”” This trend led to the appearance of
commercial SPEs containing films or nanocomposites of
different metals, including bismuth, nickel, antimony, chro-
mium, tin, aluminum, lead, tantalum, tungsten, and cobalt.'*"”

The electrode manufacturers quickly detected a huge range
of options beyond carbon electrodes and noble metals. The
electrode modification opened the possibility to create almost
an infinite arsenal of different sensors. Currently, electrodes
containing other forms of carbon (graphene, reduced and
oxidized graphene, multi- and single walled carbon nanotubes,

a Squeegee

Stencil

i
W
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Figure 2. (A) Schematic illustration of the screen-printing process on a substrate using a stencil containing the electrode design and a squeegee. (a)
Screen printing the conductive current collector traces and reference electrode. For this step, Ag/AgCl ink is usually used. (b) Screen printing the
working and counter electrode over the current collector traces. For this step, a carbon-based ink is usually used. (B) Resulting printed electrodes.
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boron-doped diamond electrodes, carbon nanofibers, meso-
porous carbon), noble metal particles (palladium, gold,
platinum, rhodium, iridium), and metal oxides (bismuth
oxide, nickel oxide) are commercially available. Electrodes
modified by simple organic species, porphyrins, or mediators
are other examples of SPE modification nowadays.

The modification of the SPE with two or more constituents
can produce electrodes with great synergy for many
applications. These are the cases of electrodes containing
carbon nanotubes, carbon nanofibers, or graphene associated
with gold nanoparticles (Au-NPs). SPEs associating ferrocya-
nide and enzymes have been sold as potentiometric and
selective biosensors. There are also transparent SPEs (ITO,
PEDOT, gold optically transparent or carbon optically
transparent) with great potential for spectro-electrochemical
experiments, electrodes with quantum dots, and streptavidin.
Arrangements with 4, 8, and 96 electrodes are commercialized,
and the companies also provide customized SPEs.”'

All of these possibilities are just a bright start, associated
with the simplicity of preparation and the variety of modifying
species for the surface of the working electrode. There are also
other opportunities to develop potentiometric and ion-
selective SPEs, molecularly imprinted sensors, SPEs with
nanoparticles (NPs), SPEs modified with immunosensors,
DNA, RNA, etc. These features promise to place SPEs in a
privileged position among other sensors.'®

The manufacturing process of SPEs is supported by a
number of printing technologies that have been developed to
design a wide range of electronic materials using different
substrates. These studies are also of great importance for the
development of electrodes with larger sizes and great flexibility
for applications in wearable devices.”” The main printing
technologies can be classified as contact, noncontact, and roll-
to-roll printing according to the need for manufacturing
electronic devices.

Initially, SPEs were predominantly manufactured via a
screen-printing process. More recently, the use of inkjet
printing has received great attention from the scientific
community. The quality of the manufactured electrode will
depend on the careful selection of the materials and processes.
A brief description of some factors to be considered are as
follows,

a. Substrate. The characteristics of the substrate play an
important role in the performance of the electrode, once it can
affect the stickiness of its surface. Although polymeric materials
such as polyethylene terephthalate (PET), polyethylene
naphthalene (PEN) polyimide (PI), and polyurethane (PU)
are widely used in the electronic field, ceramic substrate** has
been the material of choice for SPE suppliers, especially due to
its inertness and tolerance for thermal curing. The use of
polymeric materials (e.g,, PET) has attracted the attention of
companies due their lower cost, easy availability, and
flexibility.”***

b. Inks. The composition of inks is the key for the success
of an SPE, and at least three components are definitely
essential: a conducting filler, a nonconducting binder, and a
volatile solvent. After printing, the solvent evaporates, leaving
the filler and the binder fixed on the substrate. Ideally, these
two components should be uniformly distributed in the
mixture, to ensure a close contact of all the conducting
particles on the filler, favoring the electron tunneling along the
electrode. According to some authors,”® 1.4 nm is the
maximum distance between particles for electron tunneling
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to occur. Some calculations showed that to attain optimum
conditions, the percentage of the filler should be larger than
64%.

Over the years, numerous combinations of binder and
solvent were examined for screen printed applications.
However, only thermosetting and thermoplastic are preferred
as polymeric binders. In several cases, SPEs receive other
constituents in their compositions, such as additives and
plasticizers, but the content of binder should be well
controlled, once all of them impact the electrode conductivity.

c. Additional Aspects. The compatibility between the
substrate and the ink is a very important aspect to be
considered. Additionally, the rheological/fluidic characteristics
of the ink in different printing systems will dictate the aspects
relative to storage conditions, formulation, and quality of final
films.>* The surface tension of any prepared ink is also
dependent on the solvent used and other constituents. Such
tension can be significantly altered simply by the addition of a
very small quantity of polar or nonpolar surfactants to the ink.
Finally, the contact angle provides information about the
interactions between the ink and the surface of the substrate.
Inks that do not spread well on the surface (form high contact
angles) indicate poor wetting properties, and this is not
adequate for printing applications.

3. FLOW INJECTION ANALYSIS (FIA)

Flow injection analysis (FIA) consists of injecting a well-
defined sample zone into a carrier stream, which may contain
reagents that will react (or not) with the sample to be analyzed.
The product of this reaction is carried to the detector, which
will produce a signal proportional to the concentration of the
analyte. The automation of FIA systems speeds up the
analytical processes, increasing the reproducibility compared to
the manual method previously used. In principle, each
measurement starts by aspirating a wash solution, followed
by sample injection, and both are conducted to the detection
zone."” In the flowing stream, the sample can react during the
transport process and suffers dilution before reaching the
detector. Reactions during the transport of the analyte are
usually employed for spectrophotometric measurements. In the
case of voltammetric (or amperometric) detection, these
reactions are rarely explored. It allows the detector to be
positioned closer to the injection valve to reduce the dilution
of the analyte."’

FIA changed significantly the way to perform chemical
analysis due to the mechanization of analytical procedures in a
continuous flowing stream, allowing the use of unstable
reagents and/or measurement of unstable products. The
principles and applications of this methodology are recorded
in many books, several theses, and thousands of papers.
Processes such as chemical derivatization, separations,
complexations, redox reaction, analyte concentration, and
controlled dilutions have been efficiently carried out under
reproducible FIA conditions. Since the samples are handled in
a closed system, risks of sample contamination by the analyst
are diminished."*

A schematic representation of a conventional flow cell for
SPEs that can be used in FIA and SIA systems is shown in
Figure 3A. The most common approach is the walljet
configuration where the inlet flow reaches the working
electrode in a 90° angle. It increases the mass transport and
therefore the signal intensity as well as reduces the cleaning
time that leads to a higher analytical frequency. A schematic

https://doi.org/10.1021/acs.analchem.1c02637
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Figure 3. (A) Schematic illustration of the flow cells used in FIA and SIA systems. (B) Illustration of the basic working principle of (i) FIA and (ii)
SIA systems. The sample is introduced into the flow stream using an injector (left) and the corresponding signal recorded over time (right). (C)
Examples of mechanisms for continuous flow in FIA or SIA analysis. (i) Motorized syringe, (ii) peristaltic pump, (iii) gravity driven pump, and (iv)

air pressure pump.

representation of FIA and SIA setups with the corresponding
measured signal is shown in Figure 3B. Various mechanisms to
provide a continuous flow for FIA or SIA analysis are shown in
Figure 3C.

3.1. Screen-Printed Electrodes (SPE) Associated with
FIA. Screen-printed carbon electrodes (SPCE) are one of the
most popular electrodes utilized in association with FIA. In
addition to the wide electrochemical window of these
electrodes, this preference may be a result of low-cost materials
and simple procedures to produce “carbon inks” as well as the
availability of commercial SPCEs at attractive prices. Other
forms of SPEs (carbon, metallic films, deposition of nanoma-
terials, and immobilization of enzymes) will be also discussed
in the next sections. Manuscripts were carefully reviewed, and a
selected set is described in more detail in this section, while the
complete list of manuscripts is summarized in Table 1. Some
relevant works on the FIA and SPE association are highlighted
in Figure 4.

3.1.1. Unmodified Screen-Printed Carbon Electrodes
(SPCE). Screen-printed carbon electrodes are the simplest
(and the cheapest) among SPEs and have been used in a
variety of applications related to safety,”’ environmental,*”
pharmaceutical,*™** and food****~** analysis.

The use of SPCEs for the determination of pharmaceuticals
such as procaine was reported, and the method presented an
analytical frequency of 36 injections per hour.”® A preanodized
SPCE was employed for the detection of Isoniazid (INZ) in a
neutral medium and a detailed surface characterization (X-ray
and Raman spectroscopy) study of the electrode indicated that
both the edge/defects’ sites and the oxygen functionalities
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favor the INZ oxidation.”® Although amperometry has been
the most used technique in FIA-SPE combination, adsorptive
stripping voltammetry (ASV) was explored for preconcentra-
tion of nifuroxazide and its determination in pharmaceutical
formulations.**

A microfluidic electroanalytical device using 3D printed
structures and cotton threads as microchannels was employed
in the amperometric determination of gallic and caffeic acids in
wine samples.”® Both analytes presented a linear response
applying SPCE in the range of 5.0 X 107 to 1.0 X 10~* mol
L~! and limit of detection (LOD) of 1.5 X 107 and 8.0 X 107~/
mol L', respectively. The electrochemical behavior of
ethoxyquin (a food preservative) and the effect of the products
generated during the oxidation process were investigated in an
FIA cell with dual SPCE.*” Linear responses in the 20—100
pumol range and an LOD of 7.5 ymol were obtained in the
quantification of ethoxyquin in salmon samples. The
combination of FIA and liquid chromatography with electro-
chemical detection was explored for quantification of the
antibiotic lincomycin in urine and foodstuffs.”® A preanodized
SPCE was used associated with solid-phase extraction aiming
at a fast-screening assay. Since the preanodized SPCE holds the
advantages of low cost and easy handling, the proposed
approach offers a good possibility for use in routine analysis of
lincomycin.

A customized FIA electrochemical cell coupled to an SPCE
(Figure 4B) was utilized to evaluate the effect of temperature
on the electrooxidation of ascorbic acid.”® A light beam was
used to heat the SPCE without decomposing the substrate.
The observed enhancement in the electrooxidation process

https://doi.org/10.1021/acs.analchem.1c02637
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Table 1. Studies Involving Screen-Printed Electrodes (SPE) Associated to FIA”

electrode material

SPCE

SPCE

dual-SPCE

nanofiber — SPCE

SPCE

ring—disk SPE
preanodized ring—disk SPE
preanodized SPCE
preanodized SPCE

SPCE
SPCE
SPCE
SPCE

SPE-CNT
SPE—-CNT
SPCE

SPE

SPCE

SPE—CNF
SPE—-CNT
SPE—CNF
SPE-CNF

SPCE
gold—sputtered SPCE

SPAuE
SPCE—Ag-NC
SPAGE

SPCE
SPE/Ni/Cu
SPE

dual-SPAuE

SPCE

CNF—chitosan SPE
SPCE

SPAuE

SPE carbon black NPs
SPAuE

SPCE

SPCE

SPE

MnO,-GOx-SPE
CuO—graphene SPCE
Fe,0,@Au/SPCE MnO,
Os—complex SPE

Meldola’s Blue Reinecke salt—
SPCE

AChE—ALO;—SPE

CNT-SPCE
AChE—-SPE

magnetic beads—SPE
Prussian Blue NPs—SPE
SPCEs

AuNPs SPE

analyte

procaine

gallic and caffeic acid
ethoxyquin
nifuroxazide

ascorbic acid
arsenite

zinc phenolsulfonate
INZ

lincomycin

H,0,
glucose
Salmonella typhimurium

tumor biomarkers

paracetamol
paracetamol, naproxen
estriol hormone

NPs

H,0,

nitrofurantoin

hydroquinone

nimodipine

nitrofurantoin, furazolidone,
nitrofurazone

fenobucarb

lead

nitromethane

nitrite

aluminum chlorohydrate
bromate

glucose

cadmium

tryptophane and pyridoxine
INZ

INZ

zinc pyrithione
2-nitro-p-phenylenediamine
phosphates

urinary 3-hydroxyanthranilic

acid
chromium(VT)
chlorine
mainly gallic acid
glucose
glucose
glucose
glucose

glucose
organophosphorus pesticide

organophosphorus

chlorpyriphos-oxon and
malaoxon

organophosphate
organophosphorus

H,0, and phenolic
compounds

gallic acid

sample (matrix)

pharmaceuticals
wine

salmon
pharmaceuticals
orange juice
tap water
cosmetic
human urine

feeds, honey, milk, and
urine

PBS

blood

milk

Britton—Robinson buffer
(pH =2)

pharmaceuticals

pharmaceuticals

pharmaceutical

alcohol fuel cells

disinfectant, hair
colorant, and milk

urine
water
pharmaceuticals

chicken muscle

vegetables
spiked drinking and tap
water

vapor

meat products
antiperspirants

hair waving products
beverages

mineral water and
seawater

pharmaceutical
human urine
pharmaceuticals
hair care products
hair dyes

water

urine

water

water

green tea

beer

0.1 M NaOH

food and drinks

0.2 M phosphate buffer

serum

seawater and distilled
water

rat saliva

milk

water
‘water

20 mM phosphate buffer
(pH 6.0)

wines
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linear range (umol/L)

9.0-100
5.0-1000
20-100
0.1-3 (ug/mL)

up to 10
0.1to S (mg/L)
0.01—-1000
up to 1000

up to 10000
up to 1200
10—0*100 cells/mL
0.05—100

2.5—1000
10—800 and 10—400
1.0—1000

100—1000

19.1 to 76.2 (ng/mL)
1-50
0.08 to 0.400
0.1-8.0

0.025—110
0-50 (ug/L)

0.7—-8.2 (ppm)
2.0—800
1-200 (ppm)
66—2000
up to 1000
up to 60 (ug/L)

0.5—5000 and 0.05—5000
5.0—-500
1-1000
6—-576
4.3-22.5
up to 500
50—550 (ng/mL)

0.1-10 (mg/L)
7.5—3000 (ppb)
up to 500
11-13.900
0.122—-500
200—-9000
500—30000
75—30000

0.1-80 and 1-60

0.0005—0.000005 and
0.0001—-0.00009

1073 to 1074
0.007—0.04

0.5—500, 0.5—250, and 1—
250

30—-300

LOD
(umol/L)
6.0
1.5 and 0.8
7.5
42 (ng/mL)
0.0287
0.07
76 (ppb)
0.0027
0.08

1000

7.7 cells/mL
0.012—0.065

0.1
0.4 and 0.3
0.53

20

3.8 (ng/mL)
0.1
0.08 to 0.4

0.016, 0.015,
0.034

0.0089
0.8 (ug/L)

4.5
4.5
295 ppb
0.0232
0.33
0.79 (ug/L)

2.6
0.172
0.9
1.2 and 1.6
6
3.06 (pg/mL)

0.097 (mg/L)
8.25 (ppb)
0.15
1
0.0343
100

0.08 and 0.8

0.000005 and
0.0005

0.000043
0.004

0.40, 0.48, and
0.98

6.0

flow rate
(uL/min)
3800
43
100
1500
400
400
600
800
400

1000
800
100

1000

2000
2500
30
1000
1300

1000

1330

1200
1080

3500
2000
500
1000
2500
700

2150
2900
800
400
1120
500

2500
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Table 1. continued

LOD flow rate
electrode material analyte sample (matrix) linear range (umol/L) (umol/L) (uL/min) ref
AuNPs—CNT-SPCE phenol tap water 0.01-0.2 0.0029 264 80
graphene—SPCE acetaminophen urine up to 130 11 600 81
thionine SPCE NADH phosphate buffer (pH 5-100 3.0 500 82
6.9
azure A and toluidine modified NADH phosphate buffer (pH 5-100 0.2 and 0.32 750 83
SPCE 6.9
Meldola’s Blue Reinecke salt— lactate serum (pH = 10) 250—10000 800 84
SPCE
immunoelectrode—SPCE antigen mouse IgG as a model 30—700 ng mL™" 3 ngmL™! 200 85
analyte
magnetic beads—SPE biotin pharmaceuticals 0.00001-0.001 0.0000075 1000 86
magnetic beads—SPCE ochratoxin A beer 0.1-1 (ug/L) 0.06 (ug/L) 96 87
iridium oxide NPs—SPE methimazole serum and 0.01-0.5 0.003 S0 88
pharmaceuticals
graphite— prussian blue—SPE  uric acid urine 10—-200 3.0 2100 89
graphene— chitosan —prussian  uric acid human blood sérum 2.5 and 400 2.5 300 90
blue— SPCE

“Au NPs, gold nanoparticles; CNF, carbon nanofibers; CNT, carbon nanotubes. Eg,. and E g are the potentials applied to the disc (generator) and
ring (collector) electrodes of a disc-ring electrode, respectively. INZ, Isoniazid; LOD, limit of detectlon, NPs, Nanoparticles; SPAGE, screen-printed
silver electrode; SPAuE, screen-printed gold electrode; SPCE, screen-printed carbon electrode; SPE, screen-printed electrode; SPE-CNF, carbon
nanofibers screen printed electrode; SPE-CNT, carbon nanotubes screen printed electrode.
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Figure 4. Examples of SPE-FIA applications. (A) Disposable screen-printed carbon ring-disc electrode (SPCE-D*/R* = preanodized) coupled with
FIA and its application in the electrochemical detection of zinc phenolsulfonate (ZPS). Reprinted with permission from ref 27. Copyright 2016
Elsevier. (B) Customized FIA cell to perform electrochemical measurements on SPE under localized heat. Reprinted with permission from ref 28.
Copyright 2008 Elsevier. (C) Miniaturized FIA instrumentation and 3D representation of the electrochemiluminescence resonance energy transfer
reaction, where (a) Miniature peristaltic pump; b) Syringe; c) Spectroelectrochemistry instrument; d) Spectrometer; e) Bipotentiostat/galvanostat;
f) Flow-cell connector; g) Reflexion probe; h) Flow-cell inline port; i) Flow-cell support holding electrode. Reprinted with permission from ref 29.
Copyright 2017 Wiley-VCH. (D) Schematic representation of an FIA system for fenobucarb determination using GNRs-IL-CoPC/SPCE.
Reprinted with permission from ref 30. Copyright 2019 Elsevier.

(intensity of peak current) in heated electrodes operating in a charge transfer, as well as an increase in catalytic efficiency for
nonisothermal mode was attributed to the increase in mass and ascorbic acid at elevated temperatures. The applicability of this
255 https://doi.org/10.1021/acs.analchem.1c02637
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strategy was demonstrated by analyzing ascorbic acid in
commercial orange juice samples.

Applications of SPCEs in ring-disc electrode configuration
have also been demonstrated. By generating iodine in an FIA
electrochemical cell with a wall jet configuration, As™ could be
determined through a side reaction.”” Iodide (I”) can be
oxidized to iodine (I,) at the disk electrode, and the
electrogenerated I, was reduced back to I” in the presence
of As™. The inhibited reduction current of I, to I~ was
monitored at the ring electrode and related to the arsenic
concentration in the sample. The proposed method was
demonstrated for the quantification of As™ in groundwater
(responsible for Blackfoot disease) in an endemic region close
to Taiwan. Preanodized ring-disc SPCEs were used for direct
(and simple) detection of monophenols (Figure 4A).”” In this
protocol, zinc phenol sulfonate (ZPS) was electro-oxidized on
the disc electrode at E,,, = 1.5 V vs Ag/AgCl, producing the
quinone intermediates (1,2-dihydroxy, 1,4-dihydroxy, and
1,2,4-trihydroxybenzene) that were detected on a ring
electrode at E,,, = 0.1 V vs Ag/AgCl. The determination of
ZPS as oxidized intermediates in cosmetics was demonstrated
with satisfactory recovery values. This was the first electro-
chemical observation of monophenolic oxidation to redox
active quinone species at a preanodized SPCE.

A thin-layer flow cell integrated with SPCE was used to
develop electrochemiluminescence (ECL) based assays
(Figure 4C) for monitoring hydrogen peroxide (H,0,). In
this pioneering work, ECL transduction chemistry involving a
donor—acceptor strategy between an electro-oxidized lumino-
phore (luminol) and a fluorophore (fluorescein) was carried
out.”” The results showed an increase in the sensitivity for
H,0, detection compared to the classical luminol H,O,-
fluorescein assay.

A simple design of an electrochemical flow cell was
presented by Hsu et al. using two foldable thick acetal platelets
to enclose the SPE.*” A cavity matching SPE dimensions was
created in the bottom plate, and holes for the inlet and outlet
were drilled in the upper plate. An O-ring was positioned over
the electrode to promote sealing and to define the electro-
chemical area. The reference electrode was positioned in one
of the sides, and a stainless-steel tube placed in the outlet was
used as the counter electrode. The performance of the setup
was evaluated using the well-known hexacyanoferrate system
and applied to the quantification of glucose in human blood in
an alkaline medium. The results obtained in this study were
comparable with those obtained using a commercial YSI
instrument.

A low cost, disposable microfluidic device (DuFD)
containing an array of printed carbon electrodes was built to
detect Salmonella typhimurium (S. tryphi). Tests for the
detection of the bacteria were carried out in milk, using
magneto-immunoassay, with labeled Au-NPs. Once S. tryphi is
captured, it is separated from the sample using magnetic beads
modified with monoclonal anti-S. tryphi antibodies followed by
labeling with Au-NPs. The magneto-immuno-conjugate
formed was injected into the DyFD and magnetically attracted
to the electrode surface by magnets positioned behind the
unmodified array of electrodes. The approach presented a
LOD of 7.7 cells mL™" and a linear range from 10 to 100 cells
mL™'*" In a recent report, the electrochemical determination
of three tumor biomarkers (homovanillic acid, vanillymandelic
acid and S hydroxyindole-3acetic acid) was demonstrated with
a LOD below 0.1 ymol L™! for all analytes.*’
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3.1.2. Screen Printed Electrodes Modified with Carbon
Nanotubes (CNT). Due to the unique properties of carbon
nanotubes (CNT) and their advantages in electrochemistry,
SPEs modified with CNT have been widely explored. The
analysis of paracetamol in pharmaceutical formulations was
demonstrated achieving high analytical frequency (120 sample
per hour) and low LOD (1 X 1077 mol L™").*" Using a
multiwalled SPE-CNT adapted in a homemade FIA cell,
simultaneous determination of paracetamol and naproxen was
reported.”” The use of multipulse amperometric detection
increased selectivity and reduced interferences from the sample
matrix.

A microflow system (requiring only 2 uL of sample) was
developed and applied to the determination of estriol hormone
in pharmaceutical samples, achieving an LOD of 0.53 ymol L™*
and analytical frequency of 32 samples per hour.*’ A simple
method using a pretreated SPE modified with carbon nanofiber
(CNF) was developed to analyze nimodipine (NMD) in
pharmaceutical formulations and showed an RSD for precision
and accuracy below 2%."* NMD concentration determined in
drugs was in good agreement with those obtained using the
pharmacopeia methodology. The determination of several
nitro compounds (furazolidone, nitrofurazone, and nitro-
furantoin) in chicken muscle was demonstrated using a
commercial SPE-CNF and linear sweep voltammetry.*
These works reveal the potential for using SPE-CNF-FIA as
a new strategy for the rapid tracking of any drug derived from
nitroaromatic compounds.

Searching for the enhancement of the sensitivity for H,O,
detection, homemade SPCEs were modified with CNT
decorated with different metal NPs.*® The best electrochemical
response was obtained in palladium-CNT/SPCE, and it was
explored for the quantification of H,0O, in disinfectant, hair
colorant, and milk samples. A new method for the analysis of
nitrofurantoin in urine samples without pretreatment was
developed, and the comparison between SPE modified with
CNF and CNT showed better reproducibility and sensitivity
for the detection of these nitrofuran compounds in SPE-
CNE."

An elegant approach was demonstrated by combining
SPCE-CNT with an enzymatic column in an FIA system for
the determination of hydroquinone.** Hydroquinone was
oxidized to quinone in the column (by immobilized laccase)
that was further detected amperometrically. The catalytic
surfaces of modified SPEs were also evaluated as anodes in
alcohol fuel cells. The activities of platinum NPs immobilized
on carbon, CNT, and graphene nanoribbons toward methanol
electro-oxidation were investigated. According to the authors,
this method is robust, reproducible, and provides information
that is closer to the real fuel cell scenario.*’

The determination of the insecticide fenobucarb was
developed combining FIA and SPCE modified with graphene
nanoribbons, ionic liquid, and cobalt phthalocyanine (CoPc)
composites (Figure 4D). The amperometric current was
obtained from the oxidation of 2-s-butyl-phenol, which is
fenobucarb’s product of alkaline hydrolysis. The proposed
sensor yielded a sensitivity of 0.0884 mol L™ A™'cm™2, a wide
linear range from 0.025 to 110 umol L™}, and a low LOD of
0.0089 umol L~'. This was the first report applying
nanocomposites for the modification of SPEs in order to
quantify fenobucarb in vegetable samples.*’

3.1.3. Screen Printed Carbon Electrodes Modified by
Metals. SPEs modified with metallic films have also been

https://doi.org/10.1021/acs.analchem.1c02637
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explored, taking advantage of their unique catalytic properties
or aiming to replace toxic metals with less hazardous ones.
Lead at a trace level concentration could be measured with a
gold-sputtered SPCE and voltammetric detection as an
alternative to traditional mercury-based electrodes. This
combination presented significant advantages in static cells,
allowing a larger analyte preconcentration and minimizing
environmental contamination.”® A screen-printed gold elec-
trode (SPAuE) and square wave voltammetry (SWV) were
employed for the determination of nitromethane in air samples
collected and delivered through the developed FIA system.
According to the authors, nitromethane concentration in the
air ranging from 8 to 90 ppm could be determined in 1-2
min.” SPEs modified with gold nanoparticles have also been
explored for the simultaneous determination of tryptophan and
pyridoxine.”

By using a screen-printed silver electrode (SPAgE) in an FIA
system, aluminum chlorohydrate (ACH) was determined in
antiperspirant samples by monitoring the free CI™ ions
liberated from ACH. The results obtained for four different
real samples (with and without ACH content) were in good
agreement with the product labels.”® An SPCE modified with
silver microcubes was employed for the determination of
nitrite in meat, and the results were consistent with the
spectrometric method.”*

SPCEs modified with copper have also been reported.
Bromate content in hair waving products was determined using
an electrode modified with nanocopper oxide.”> An enhance-
ment in the electrochemical reduction of bromate in acidic
solutions was observed and attributed to the presence of Cu.
Electrodes modified with Ni/Cu were also explored for glucose
determination in several commercial beverages.’® The arrange-
ment of FIA-SPEs provided fast responses (120 samples/h), a
large linear response (1 gmol L™" to 1 mmol L"), and a low
LOD (0.33 yumol L™"). The sensor revealed good selectivity for
glucose in the presence of interfering species (i.e., ascorbic
acid, uric acid, acetaminophen, and other sugars).

A multisyringe flow injection analysis system (MSFIA) with
a Bi film SPE was developed for the automated determination
of cadmium (Cd) in natural waters. The high sensitivity of
square-wave anodic stripping voltammetry (SWASV) com-
bined with the designed MSFIA cell allowed the use of small
volumes of reagents and sample, high sample throughput, and
LODs below the limits established by European directrix. The
cell was designed to allow easy replacement of the SPE, and its
small size offered great portability.”’

3.1.4. Screen Printed Carbon Electrodes: Miscellaneous.
Although bare SPCEs (or SPCEs modified with metallic films
or CNT) are suitable to a wide range of applications, more
elaborated modifications have been used to expand the
analytical capabilities of these systems. The determination of
isoniazid (INZ) in synthetic human urine samples was
performed by using an SPCE modified with silver hexacyano-
ferrate.”® The procedure proposed was employed for the direct
determination of INZ in biological fluid samples and
pharmaceutical formulations without the need for pretreatment
of the sample. In another work,”® INZ content in
pharmaceutical formulations was determined by using an
SPCE modified with CNF, chitosan (CHIT), and Au NPs.
The Au** was drop casted onto CNF-CHIT film, followed by
electrochemical potential cycling in order to generate the NPs.

A disposable SPCE modified with cobalt phthalocyanine
(CoPc) was associated with FIA for the determination of zinc
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pyrithione (ZPT) in hair care products, achievinog an LOD of
0.9 umol L™ in 0.1 mol L™ KOH solution.” By using a
commercial SPAuE modified with chitosan, sodium dodecyl
sulfonate, and nickel(II) phthalocyanine tetrasulfonic acid, the
voltammetric determination of 2-nitro-p-phenylenediamine in
hair dyes was demonstrated.”’ The response of this modified
SPAuE for 2-nitro-p-phenylenediamine was also evaluated (in
batch) using SWV and amperometry/FIA and led to LODs of
1.2 and 1.6 umol L™, respectively.

By modifying an SPE with carbon black NPs, the
electroactive complex produced by the classical reaction
between phosphate and molybdate could be reduced, and
this allowed the continuous monitoring of phosphate in
water.”” An SPE modified with Prussian Blue (PB) was used
for the quantification of free chloride in tap and drinking water.
In addition to the low LOD (825 ppb) obtained, no
interference from other anions such as nitrate, nitrite, and
sulfate was observed.*®

An SPCE modified with polyaniline/graphene quantum dots
was used for the rapid determination of Cr(VI) employing
stopped-flow coupled with linear-sweep voltammetry. An
analytical frequency higher than 90 analyses per hour was
attained, and the quantification of Cr(VI) in mineral water and
in Cr-plating solutions was also demonstrated.®*

The construction of an integrated potentiostat for electro-
chemical sensing of urinary 3-hydroxyantranillic acid under a
flowing regime was described.”” The measurements were
performed in urine samples within the concentration range of
50—550 ng/mL, and a LOD of 3.1 pg/mL was obtained. Since
the current range of this potentiostat is as low as a few
nanoamperes, it has potential as a sensing array for a point of
care system.

The development of SPEs based on stable pastes consisting
of 2,2-diphenyl-1-picrylhydrazyl (DPPH) dissolved in ionic
liquid was also described.” Its selectivity was demonstrated by
analyzing catechol in the presence of potential interferents
such as resorcinol and hydroquinone. The feasibility of the
SPE was demonstrated for the detection of gallic acid in green
tea by flow injection analysis.

3.2. Screen-Printed Electrodes Applied for Biosens-
ing. While the development of biosensors using conventional
electrodes started in the 1960s, the association of SPE
biosensors with FIA only happened in 2003.°” Nowadays,
this association is attracting more attention, and this field is
already well developed (as highlighted for the papers listed in
Table 1), and single or arrays of SPEs containing immobilized
enzymes can actually be bought commercially.”" At the current
stage of this technology, researchers can acquire high quality
commercial SPE sensors at a low cost, facilitating the
reproducibility of the experiments by other researcher groups.

3.2.1. Glucose Sensors. Amperometric glucose biosensors
have been grepared using different modifications in the SPE
surface®™"" such as enzymes (glucose oxidase, glucose
dehydrogenase, horseradish peroxidase) and metal oxides
(like MnO,, CuO, and Fe;0,), among other molecules
(graphene, Os-complex, and nanocomposites). The classical
three electrode planar configuration was constructed using a
screen-printing technique, where the biological recognition
element was immobilized on the working electrode surface. In
2008, the first SPCE biosensor containing manganese oxide
(MnO,) as a mediator and the enzyme glucose oxidase (GOx)
was described for applications in the FIA system for analysis of
glucose in beer.”®

https://doi.org/10.1021/acs.analchem.1c02637
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Another amperometric glucose biosensor containing GOx
and Fe;O, magnetic nanoparticles (NPs) decorated with gold
was recently reported for food and drinks analysis. GOx was
chemisorbed on these NPs and immobilized on a SPCE bulk-
modified with MnO,. The designed biosensor associated with
a FIA system yielded a linear range from 0.2 to 9.0 mmol L™
with a sensitivity of 2.52 A mmol ™" L cm™ and a LOD of 0.1
mmol L™ for glucose. The synergic effect of MnO, as a
mediator in combination with Fe;O,@Au resulted in an
enhanced sensitivity, facilitating the enzyme immobilization
and providing a wider linear range. The results obtained in
glucose syrup samples, honeys, and energy drinks were in
accordance with the glycosometer measurements.*”

A glucose biosensor based on the immobilization of the
enzymes glucose oxidase and horseradish peroxidase was
developed for measurement in an FIA system.”’ The enzymes
were entrapped in the sol—gel matrices, and the Os complex
(an excellent electron mediator) was immobilized by covalent
linking for avoiding the leakage of the biosensor components.
The reaction occurred throughout the three-dimensional
network, without degradation of biomolecules, since the
biosensor presented 90% of its original activity for about 14
months. Other characteristics of this sensor were a low
working potential (—0.1 V vs. Ag/AgCl), linear responses in
the 0.5 to 30 mmol L' range, good reproducibility, fast
response, and good sensitivity for FIA analysis.

An SPCE containing Meldola’s Blue-Reinecke salt (MBRS)
was designed to perform glucose measurements in serum. The
electrode was covered with the enzyme glucose dehydrogenase
and nicotinamide adenine dinucleotide coenzyme (NAD').”!
The amperometric flow system operated at a +0.05 V vs Ag/
AgCl working potential. This study demonstrated the
association of MBRS-based sensors with FIA, producing
electrocatalytic oxidation in the presence of NADH.

A nonenzymatic biosensor, constituted of a CuO/graphene
nanocomposite applied on an SPE, was explored for
quantification of glucose integrated with a FIA system in 0.1
mol L™ NaOH as an electrolytic solution.”” The observed low
LOD (34.3 nmol L") and the high sensitivity (of 2367 pA
mmol™' L cm™?) are attributed to the advantages of FIA (like
the elevated mass transport) as well as a rough SCPE surface.
Negligible interference was demonstrated for ascorbic acid,
uric acid, dopamine, fructose, lactose, and sucrose.

3.2.2. Pesticide’s Detection. Cholinesterase is the family of
enzymes applied in the SPE modification for pesticide
detection, especially in water samples. The first SPE biosensor
for the screening of organophosphorus pesticides in a FIA
system was prepared by entrapping the enzyme anticholines-
terase (AChE) in an Al,O; sol—gel matrix screen-printed on an
integrated three-electrode chip.”’ This strategy increased the
stability of the enzyme AChE but also catalyzed the oxidative
reaction of thiocholine. The intense electrocatalysis provided
by the biosensor made up of AlL,O;—AChE allowed the
substrate to be detected in seawater and distilled water,
hundreds of mini-volts below the potentials reported in other
articles.

The detection of organophosphate insecticides (Ols) using
acetylcholinesterase was also demonstrated in a flow based
electrochemical system. Here, magnetic beads were used as
support for immobilized AChE, allowing the automatic
regeneration of SPE surface. In this work, a renewable
magnetic NPs based sensing was designed and integrated in
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an automatic flow platform for the online monitoring of Ols in
water samples.”*

A butyrylcholinesterase based biosensor inserted in a flow
system for the detection of the organophosphorous pesticide
paraoxon was built by immobilization on a SPE modified with
Prussian Blue (PB) NPs. The quantification of the enzymatic
hydrolysis was performed before and after the exposure of the
biosensor to paraoxon, and measurement of the thiocholine
product. This biosensor evaluated the paraoxon inhibitory
effect at the parts per billion level, and it was also tested in
drinking, river, and lake water samples. The advantage of this
system is the determination of cholinesterase enzyme
inhibitors (organophosphorus and carbamate pesticides) in
samples without pretreatments and to automate the analyses,
reducing costs and time.””

Du and co-workers’® developed an SPE-CNT integrated
with a microflow arrangement for biosensing (via reactivation
of cholinesterase) of organophosphorus (paraoxon) for in vitro
inhibition in rat saliva. Two other biosensors were built using
AChE and employed to detect chlorpyriphos-oxon and
malaoxon in milk samples.”” The simultaneous determination
of the binary organophosphates was demonstrated for six milk
samples using the automated flow-based biosensor.

3.2.3. Phenolic Compounds. The determination of phenolic
compounds has been reported using different modifications in
the SPE surface®™"? such as enzymes (laccase, tyrosinase, and
horseradish peroxidase) and gold nanoparticles (AuNPs),
among other molecules (graphene and carbon-nanotubes).
SPCE immobilized with horseradish peroxidase gave nanamo-
lar LODs for catechol (110.2 nmol L™"), dopamine (640.2
nmol L"), octopamine (3341 nmol L"), pyrogallol (50.1
nmol L™'), and 3,4-dihydroxy-L-phenylalanine (980.7 nmol
L) determination.”® A laccase SPE biosensor containing
AuNPs and fullerenols was assembled using the layer-by-layer
procedure.”” This biosensor was tested toward gallic acid
(usually explored as a standard for polyphenols analysis of
wines), showing good stability and sensitivity joined with FIA/
amperometry.

SPCEs were modified with CNT and AuNPs followed by
covalent binding with tyrosinase and combined with a
microfluidic device based on commercial textile threads for
phenol detection. The FIA-SPCE biosensor proposed exhbited
recovery values in tap water within the range of 89—100%.*
Another tyrosinase biosensor was assembled on a commercial
SPCE covered by a graphene cross-linked with glutaraldehyde
and a layer of nafion. The biosensor was successfully applied
for FIA-amperometric determination of acetaminophen in
human urine from healthy volunteers at 0.0 V vs a silver
reference electrode.®!

3.2.4. Other Applications. The first study associating SPE,
FIA, and biosensing was developed for the detection of NADH
(dihydronicotinamide adenine dinucleotide) in phosphate
buffer.®” NADH is a very important cofactor, and its
quantification can be related to enzymatic reactions. The
modification of the SPCE by the electro-oxidative polymer-
ization of thionine made its surface free of poisoning, favoring
reproducible signals with good stability.*” In the following
year, the same research group described an alternative
approach for the determination of NADH using the FIA
system associated with SPCE.*> A new polymeric film was
prepared on the electrode surface by the oxidative electro-
polymerization of azure A or toluidine blue O in PBS. The
resulting modified SPCE exhibited good electrocatalytic

https://doi.org/10.1021/acs.analchem.1c02637
Anal. Chem. 2022, 94, 250268


pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c02637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

REVE

pubs.acs.org/ac

,MH
ML

e / sec

Current / 1e-7A

e

-
" ,‘.-Q". Washing V1 (1)
= S o 4 @

ﬁ T v x BAplamerl

C .J - Potentiostat
> - = sese™

Beads

Flow Cell

i 8

v2

Buffer Substrate m
Pump

Waste

| OTA-ALP
E Waste

Uricase/Chi-Gr Cry/PB/SPCE
t

B Electrodeposition PB Jp 0dr A%
y OSRIPS e XX 000008 A
¢ Immobilizationof ~Competition between  Detection step
] e aptamer modified ~ free and ALP labeled
SPCE PB/SPCE s MBs OTA to bind with
: _ Injection valve T immobilized aptamer
/ Uric Acid + Sampleloop = ALP
0, h bstrate  Product
2 v 4@ Agtariar substra e\}
[ .
T — , — ‘ i H modified MBs :
CO,+ secuse] Chi-GrIPBISPCE] | [ @ 09 .‘x#i ."35
1 — - SPCE !E
Uricase Waste surface P F
- Buffer Solution ‘ Waste Magnetic field 8 OTA-ALP ALP A
| @ Free OTA substrate

Figure S. Examples of SPE-FIA biosensors applications. (A) The entire analytical system, emphasizing the sensing area. Reprinted with permission
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activity and stability for NADH oxidation, with LOD estimated
to be 2 X 107" mol L™" and a linear range of 0.5—100 ymol
L7

Examples of studies performed for SPE biosensors in
association with FIA are listed in Figure 5. An SPCE
containing Meldola’s Blue-Reinecke salt (MBRS) covered
with the enzyme lactate dehydrogenase and NAD™ was
developed to measure lactate in serum.** The entire analysis
system, emphasizing the sensing area, is represented in Figure
SA. The biosensor was incorporated into a commercial
amperometric flow system operating at +0.05 V working
potential vs Ag/AgCl. This same strategy can be applied to
other dehydrogenase enzymes, which may produce ampero-
metric biosensors for other clinically important compounds.

A flow injection immunoassay based SPCE was developed
for the enzyme immunoassay of antigen.”® The flow immuno-
assay was performed at 0.0 V (vs Ag/AgCl) within the linear
range of 30—700 ng mL™" and a LOD of 3 ng mL™" (both
situated in the nanograms region). The use of a flow
amperometric cell with an integrated magnet was also reported
for biotin determination, exploring magnetic bead assays.*’
The reaction is based on a competitive assay between free
biotin and biotin with horseradish peroxidase. The linear range
and sensitivity obtained were also situated in the nanomolar
region (from 0.01 to 1 nmol L' and 758 nA nmol™' L
respectively). The modification and cleaning of the electrode
were performed by removing the magnet from the electrode
region. This procedure turned the cleanup of the electrode
very rapid, and more analysis could be obtained in a short time.

A flow-based aptasensor with magnetic beads was employed
for the detection of ochratoxin A (a toxic metabolite, produced
by several fungal species, present in many foods).”” In the
direct strategy, biotin and free ochratoxin A competed to bind
with the immobilized aptamer onto the SPCE surface in a flow
cell (Figure SC). In the indirect assay, immobilized and free

ochratoxin A in solution competed to bind with aptamer in
solution. The lowest LOD (50 ng L™"') was observed in the
indirect flow-based aptasensor for real beer samples.

Iridium oxide NPs and tyrosinase were immobilized onto
SPE, and this system was evaluated in batch (via chelating
copper at the active site of tyrosinase) and in flow mode (by
thioquinone formation). Both systems are very sensitive with a
nanomolar LOD, added to the advantages of the flow system,
being its reusability, automation, low sample volume (6 uL),
and fast response (20 s).*® The quantification of low volumes
of methimazole was described using an amperometric lab on a
chip microsystem and applied to spiked human serum and
pharmaceutical dosages.

Screen-printed graphitic electrodes (SPGEs) modified with
Prussian Blue (PB) and uricase were proposed for the
electrochemical detection of uric acid (UA) in urine samples.
Uricase was immobilized through physical adsorption, and the
modified SPGE was coupled to a flow cell (Figure SB). The
biosensor responded linearly to UA in the range of 10 to 200
pmol L', with a LOD of 3.0 mmol L™.* Another SPCE
biosensor was developed by immobilizing uricase on graphene-
incorporated chitosan (Chi) on the top of a PB layer
electrodeposited electrode.”® The detection of UA was favored
by the presence of PB and combined with flow system, with a
detection potential of 0.0 V. The biosensor showed a large
linear range (0.0025 and 0.40 mmol L") with a micromolar
LOD, providing great stability that enabled reuse up to 175
times (RSD = 3.7%). The modified SPCE presented no
response from the common interfering species present in
human serum, and the developed UA biosensor was associated
with FIA achieving recoveries ranging from (98 + 2)% to (102
+ 5)% in blood samples.
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Figure 6. Examples of SPE-SIA applications. (A) SIA-ASV system for preconcentration and determination of Pb(II) and Cd(II). Comparison of
the voltammograms from the square-wave ASV of a solution containing Pb(II) and Cd(II) ions in an acetate buffer. Reprinted with permission
from ref 93. Copyright 2005 Elsevier. (B) Device specifically designed for a disposable SPCE. Electrochemiluminescence and amperometric signals
for triplicate injections of oxalate + 100 uM Ru(bpy)** at a bare SPCE. Reprinted with permission from ref 96. Copyright 2007 Elsevier.

4. SEQUENTIAL INJECTION ANALYSIS (SIA)

Sequential injection analysis (SIA) and batch injection analysis
(BIA) are automated techniques developed to fill some gaps
existent in the flow-injection methodology. SIA consists of
multiple valves and a syringe pump, exhibiting potential for
coupling with anodic stripping voltammetry (ASV) due to its
simplicity and convenience for sample manipulations.'’
Various stripping voltammetric methods associated with the
SIA system have been reported for heavy metal analyses.”
ASV has been used for the determination of trace heavy metal
ions due to its sensitivity from both the preconcentration step
and the measurement procedure.92 Furthermore, combining
ASV with a flow system (Figure 6A) has advantages including
an improvement in accuracy, speed of analysis, and precision;
potential for automation; reduction of risk contamination; and
cost-efficiency, among others.”

The process of ASV for the determination of heavy metals
involves the electrochemical deposition or accumulation of the
target metal onto a suitable electrode at a more negative
potential than the standard potential of this metal for a few
minutes. After this deposition, the accumulated metals on the
electrode surface are oxidized using a reverse potential scan.
Many researchers have reported use of the Bi film electrode
because it is inexpensive, disposable, and easy to produce.'’
The Bi working electrode can be constructed by electro-
deposition on the substrate (SPE) in an effort to improve the
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sensitivity of heavy metals.”” Most of the SPEs approached in
this section were based on electrodes modified with Bi films, as
listed in Table 2. Bismuth surfaces are very favorable for
deposition of metals, and this condition is very suitable for
their determination at trace levels.

A Bi film was prepared on the SPE-CNT, and the practical
utility of the method was also demonstrated with the
simultaneous determination of Pb(II), Cd(II), and Zn(II) at
low microgram per liter concentration levels via an SIA-ASV
procedure in herb samples.”* In another study, the Bi film was
deposited simultaneously with the analyte on the modified
electrode, resulting in a highly sensitive Bi film modified SPCE.
The results demonstrated that coupling Bi-SPCE with SIA—
SWASYV provides an environmentally friendly tool to perform
rapid, low cost, and automated determination of Pb** and Cd**
in rice samples.”

In 2007, the first flow cell was designed to simultaneously
perform amperometry and electrochemiluminescence (ECL)
associated with SIA on an SPCE (Figure 6B). The
amperometric signals were obtained in the conventional way,
while the luminescence signals were collected via an optical
fiber positioned exactly in front of the electrode and
transferred to the photomultiplier. A major advantage of the
proposed cell is the considerable reduction of the sample and
especially of the chemiluminescence inductor (Ru(bipy),**
salt). The combined ECL and amperometric signals were used
to detect oxalate in nanomolar to millimolar ranges.”

https://doi.org/10.1021/acs.analchem.1c02637
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Table 2. Studies Involving Screen-Printed Electrodes (SPE) Associated with SIA and BIA“

electrode material

Bi-SPE-CNT
Bi- SPCE

SPCE
Au-SPCE

SPAuE
SPAuE

Au-SPCE

graphite-SPE
modified with
Hg

Sb film-graphene
oxide-SPCE

SPCE-CNT

graphene oxide-
SPCE

SCPE-graphene

Prussian Blue -
SPE

SPGE

SPCE
SPCE
SPE-CNT

SPGE
SPAuE

SPGE
polyester-SPGE

graphite organic-
resistant SPE

SPAuE

SPE-CNT
SPE-CNT
SPCE
SPAuE

AuNPs -GOx
-SPCE
SPE-CNT

SPCE

analyte
Pb(II), Cd(II), and
Zn(1D)
Pb** and Cd*

oxalate
As(1II)

As(I1I)
Hg(1I)

Hg(1I)

Cu(I1), Pb(IT), CA(IT)
and Zn(1I)

Cd(11), Pb(II), Cu(ID),
and Hg(II)

paraquat
immunoglobulin G

diclofenac
H,0,

Pb, Cu, and Hg

H,0, and paracetamol
catechin

carbendazim, catechol,
and hydroquinone

2,6-ditert-butylphenol
lead

2,5-dimercapto-1,3,5-
thiadiazole

2,2-diphenyl-1-
picrylhydrazyl

levamisole and sodium
levothyroxine

Pb, Cu, and Hg

omeprazole
ciprofloxacin
benzocaine and tricaine
Cd, Pb, Cu, Zn, and Hg

glucose
uric acid and nitrite

tert-butylhydroquinone

sample (matrix)

herbs
rice

aqueous solution

water

water

complexation by
humic acid

water

water
water
water

urine

pharmaceuticals

blood serum
biodiesel

artificial buffer
plant extracts

tap water

liquid fuels

aviation fuel

fuel ethanol, seawater

and mineral oil

food

aqueous and
hydroethanolic
media

biodiesel

pharmaceutical
pharmaceutical
fish fillets

biodiesel
artificial serum
urine, saliva, and

blood
perchloric acid

detection
detection linear range potential flow rate
method (umol/L LOD (umol/L) W) (uL/min) ref
SWASV* 2—-100, 2—100, 0.2, 0.8, and 11 —1.4 to 0.1 12 94
and 12—100
SWASV* 0.5-60 0.11 and 0.27 —1.0 to 12 9S
-0.3
amperometry 10—5000 12 300 96
differential 1-100 0.03 —0.1t00.5 600 97
pulse — ASV
SWASV* 0.1-1.0 0.02 —0.4 to 0.4 900 98
SWASV* 0.050 and 0.50 0.017 0.3 to 0.7 900 99
SWASV* 1-20 0.22 —0.5 to 0.2 600 100
SWASV* 2.5-500 1.3, 1.4, 0.6, and —14to 600 101
42 -0.3
SWASV* 0.1-1.5 0.0S, 0.03, 0.06, —1.0 to 0.4 600 102
and 0.07
DPV* 0.54—4.30 0.17 —0.3 to 6000 103
-0.9
amperometry ~ 2—100 ng mL™* 1.70 ng mL™* 0.35 2000 104
amperometry 30 — 3 X 1073 0.8 s3 108
amperometry up to 1000 0.12 0.0 108
SWv 0.02, 0.03, and 0.55 16.4 108
0.02
amperometry 25-175 0.0 and 0.1 32 and 60 113
amperometry 1-150 0.021 0.3 77 114
amperometry 0.2—100, 0.1— 0.06, 0.0S, 0.02 0.8, 0.5, and 15§ 115
200, 0.1-200 0.3
amperometry  2.5-25 (ug/L) 290 (ug/L) 1.1 53 116
SWASV* 10-750 (ug/L) 0.0008 and 0.071  —0.45 to 48 117
(ug/L) ~0.05
amperometry 5=75 0.3 1.1 193 118
amperometry 1-10 (ug/L) 1 0.1 193 119
amperometry 1-100 0.1 0.8 25 120
SWASV* 20—280 (ug/L)  1.0,0.5,and 0.7 —0.4to 0.6 5 121
(ug/L)
amperometry 1-50 0.09 1.1 32 122
amperometry 5=7§ <0.1 1.0 153 123
amperometry 0.1-8.0 0.03 0.9 and 0.75 271 124
SWASV* up to 450 (ug/  45,22,67,75,  025to 0.6 53 125
L) and 4.0 (ug/L)
amperometry 1000—10 000 110 —0.25 28 126
amperometry 1-500 0.05 and 0.06 0.45 and 0.7 277 127
amperometry 1-1000 0.18 0.5 1583 128

“ASV, anodic stripping voltammetry; CNT, carbon nanotube; DPV, differential potential voltammetry; LOD, limit of detection; SPAuE, screen-
printed gold electrode; SPCE, screen-printed carbon electrode; SPE, screen-printed electrode; SPGE, screen-printed graphitic electrodes; SWASV,
square-wave anodic stripping voltammetry.

SIA has been performed mostly for the detection of metals
in water samples. An automated method based on SIA-ASV
with a gold deposited on an SPCE was developed for inorganic

arsenic determination.”” The large amount of Au on the SPCE

headed to an increase in roughness and surface area, which
allowed a low LOD for As(III) (0.03 ug L™"). This study was
the first to report a long durability of Au-modified SPCE, since
it was used for three working days, carrying out more than 300

analyses and maintaining a low standard deviation.
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SIA has been also associated with SWV, especially using
SPAuE for the determination of metals. Arsenic has great
affinity for gold surfaces, and the use of SPAuE avoids the need
to prepare Au films, which involves the consumption of
Au(III) solutions. The limit of As(IIT) quantification obtained
using this system was almost 2 times lower than the maximum
concentration of As(III) allowed in river waters (10 ug L™').”

The quantification of mercury(II) by SIA-SWV was also
demonstrated using SPAuE through humic acid complex-

https://doi.org/10.1021/acs.analchem.1c02637
Anal. Chem. 2022, 94, 250268


pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c02637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

REVE

A

Electronic
Micropipette

Optional
Stirrer
i Pipette
¥ |
\
. SPE detector

Base <6 T Time
== <__SPE
C 3
4
1 L 4 1 5
=> a = > Time

Figure 7. Schematic illustration of a BIA system. (A) BIA electrochemical system containing the micropipette on the top, the cell in the middle,
and the electrode in the bottom. (B) Assembled cell and cross section showing the sample delivery and corresponding signal recorded. (C)
Schematic showing the mass transport on the electrode surface upon a sample injection and respective signal. (Step 1) before the injection, (step 2)
transport during the injection, (step 3) end of the injection, (step 4) washing out, (step S) final equilibrium.

ation.” In this study, the speciation of Hg(II) in humic acid by
stripping voltammetry was developed. A similar work for the
determination of mercury(Il) concentrations was developed
using STA-SWASV and in situ gold-film SPCE."” This system
was used for the determination of Hg®* concentration in
drinking water and in chloride-rich samples. Applications for
samples with 75% (v/v) seawater (~46 g L™ salinity) and 200
g L™ salt were done with good accuracy.

Studies involving the quantification of metal ions such as
Cu", Pb", Cd", and Zn" in waters and sediments by SIA-
SWASV were also described using SPGEs modified by
electrodeposition of mercury.'” The proposed sensor
modified with Hg” was adequate for environmental analyses.
The accuracy of the method resulted in recovery rates near
100% of the spiked concentrations, and for all four metals the
limits are below of the values defined by regulatory agencies.

Simultaneous determination of heavy metals in water
samples by SIA-ASV was reported using antimony-graphene
oxide modified SPCE."”” The proposed chemically modified
electrode was synthesized via reduction of antimony film by in
situ electrodeposition and exhibited linear range from 0.1 to
1.5 mmol L™, Applications of this electrode for Cd(II), Pb(II),
Cu(1l), and Hg(Il) quantification in water samples led to
responses with an accuracy between 94 and 113% recovery.

The combination of SIA with differential pulse voltammetry
(DPV) techniques using SPE was also found in the literature,
aiming to provide high sample throughput, fast analysis, and
low reagent consumption.'”> SPCE modified with CNT
dispersed in Nafion and ethanol gave the best result for trace
analysis of an herbicide (paraquat) using SIA-DPV. The
proposed system showed no good response to interference
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ions in contaminated natural water, surfactant, and other
pesticides, without pretreatment of the samples.

Amperometric immunosensors were also developed by
employing SPCE modified with graphene oxide (GO) and
covalently attaching antihuman immunoglobulin G (anti-
HIgG) for sensitive determination of HIgG. The SIA system
was used to determine HIgG by immobilizing anti-HIgG on a
GO modified SPCE.'’* The selective immunointeraction of
HIgG to anti-HIgG was followed through the measurement of
[Fe(CN)4]>~/* redox current in PBS solution. The decrease
of current recorded was proportional to HIgG concentration,
revealing a linear response in the range of 2 to 100 ng mL ™"
HIgG for urine samples.

5. BATCH INJECTION ANALYSIS (BIA)

BIA was proposed around 30 years ago by Wang and Taha, as
a new system to perform rapid analysis.'” In comparison to
FIA, BIA is simpler, requiring only an injector, which is usually
an electronic micropipette (20—200 uL) that replaces
peristaltic pumps, tubing, and valves, ensuring the reproducible
flow rate and injection volume. It is considered a tubeless FIA
system'”” presenting similar advantages (sampling rate, sample
size, accuracy, sensitivity, and reproducibility). Extra advan-
tages come from the absence of additional components
commonly required by FIA systems avoiding possible
problems such as leaks or air bubbles. Furthermore, the
batch configuration of the BIA electrochemical cell can be less
destructive to SPE, overcoming unstable behavior due to the
continuous flow of the carrier electrolyte.'’° However, FIA
systems still can provide online reactions prior to detection
(sample reaction, complex formation, extraction, precipitation,
etc.) that are not so simple to implement in BIA systems."’

https://doi.org/10.1021/acs.analchem.1c02637
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Figure 8. (A) Detailed design of a commercial batch injection analysis cell for screen printed electrodes. ABS: Acrylonitrile Butadiene Styrene. BIA
results for amperometric detection of H,O, with a carbon SPE modified with Prussian Blue. Reprinted with permission from ref 113. Copyright
2016 Elsevier. (B) Chronology of different BIA systems developed by different research groups. Reprinted with permission from ref 15. Copyright

2018 Elsevier.

Additional advantages of BIA systems are easy transport, the
use of its components with low power consumption, and its
commercial availability. These characteristics make BIA most
suitable for in field use, requiring only battery-powered
accessories such as an electronic micropipette and a
potentiostat connected to a laptop or tablet (or even to a
cell phone via bluetooth). Therefore, the set consisting of the
BIA cell and SPE has great potential to be operated outside a
laboratory, in the absence of an external power supply as a
robust convenient electroanalytical system.'*®

The BIA system is based on the injection of a sample
through a micropipette tip directly in the working electrode
surface immersed in an electrolytic solution (Figure 7). The
coupling of BIA with electrochemical detectors provides
advantages for applications in the analytical chemistry field,
offering adjustable selectivity, high sensitivity, high sampling
rates, accuracy, and precision. Among the electrochemical
methods, amperometric detection has been the most popular
technique used in BIA systems."

The first BIA cell was large, in order to contain enough
volume of electrolyte to ensure a huge factor of dilution for the
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injected solution. Over time, we learned the fantastic difference
between the transport speed to the electrode during the
injection of the analyte and its diffusional transport after
ceasing the movement of the solution. The injections
correspond to the transport of electroactive material to the
electrode surface at a high centimeter per second rate, whereas
the diffusion of the analyte generally is on the order of 107 cm
s 1'% However, in our recent studies, cells with a volume of
only 4 mL were successfully used.""

After the tank is filled with the electrolyte, the BIA cell is
closed with a lid containing four holes, one positioned on the
electronic micropipette, two others to introduce the reference
and counter electrodes, and the last to introduce a stirrer
interface (when necessary). The position of the micropipette
tip is centered on the top of the electrode surface, and the
distance between the tip and the electrode surface remains
constant. These two parameters contribute significantly to the
reproducibility of the procedure.'®

Until 2014, SPE and BIA systems were separately used in
the development of methods with portable characteristics'*®
However, the growing popularity of 3-D printers allowed

https://doi.org/10.1021/acs.analchem.1c02637
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scientists to build their own cells, improving the association of
SPE and BIA."'' The BIA system for SPEs yielded similar
results to those obtained by FIA, but without the need of
additional components, such as tubes, pumping, and injection
valves. This cell was improved and in the following years was
converted in a commercial product.''?

Specific details on the fabrication and operation (cell
assembly, positioning of the SPE in the cell, electronic
micropipette operation, etc.) can be accessed in videos
available on the Internet."'” The proposed system has several
characteristics required for portable instruments: (i) short time
analysis, (ii) easy operation, (iii) low acquisition and operation
cost, (iv) low energy use, (v) reduced reagent use, (vi)
minimal sample pretreatment, (vii) safety for the operator, and
(viii) minimal waste generation. Considering the character-
istics of BIA cells and SPEs individually, the system that
combines both has great potential to be used as a portable
electrochemical tool in laboratories with minimal infra-
structure.' "'

The commercial BIA cell'"* was first published in 2016 and
consists of a cylindrical cup, to which a foldable base at the
bottom has been adapted (Figure 8A). At the base of the cell,
there is a hole with the exact dimension of the SPE electrode,
and on the outside, there is a groove to fit an O ring,
preventing the leakage of solution. The proposed portable
system shows several advantages that include small volumes of
samples, excellent cost effectiveness, and ease of operation
(“user-friendly”). BIA cells have usually been fabricated in glass
or polymeric materials like Plexiglas and polypropylene, and a
chronology of different BIA cell designs developed over the
years is presented at Figure 8B.

Most BIA studies developed in this section utilized SPCE for
determinations in pharmaceuticals, food samples, and plant
extracts, among others.'”®"'*"'* SPE.-CNT was also mostly
chosen for determinations in tap water, pharmaceutical, urine,
saliva, and blood samples, presenting better stability associated
with BIA when compared to conventional FIA cells.'"
Another recurring application is the analysis of metals and
antioxidants in different fuel samples (biodiesel, ethanol, and
aviation fuels) as highlighted in Table 2.''7'"®

An organic-resistant SPGE was built by using insulator inks
on a polyester substrate, producing an arrangement highly
compatible with liquid fuels. Applications for monitoring
antioxidants in aviation jet fuel and in biodiesel revealed
comparable results for BIA with liquid and gas chromato-
graphic analyses.''® A similar study provided great promises for
lead trace quantification in aviation (bio)fuel samples using
SPAUE associated with anodic stripping voltammetry.''” The
continuous monitoring of a corrosion inhibitor was also
demonstrated for ethanol, seawater, and mineral oil with rapid
(180 analysis h™) and precise (RSD < 3%) response, with a
low LOD (0.3 umol L") related to the analyses.''®

Amperometry has been utilized as the main detection
method associated with BIA-SPE.'"*~"'%"'¥7129 The remain-
ing 25% of the works found within this section focused on the
association of square wave voltammetry with BIA,"'”"*!
especially involving anodic stripping. In terms of samples
evaluated, pharmaceuticals such as paracetamol, diclofenac,
omeprazole, and ciprofloxacin have been the most determined
using the configuration BIA-SPE.'0%!13120,122,123

A graphite organic-resistant SPE was assembled in a BIA cell
to perform the determination of pharmaceutical molecules
(levamisole and sodium levothyroxine). The analyte adsorp-
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tion on the electrode surface was solved using a fast electrode
cleaning supplier adapted to the cell by external stirring, which
extended the lifetime of such a sensor. The proposed method
showed great potentiality for the determination of a wide range
of pharmaceuticals, providing faster analysis than previous
works published in the literature for FIA and HPLC. >

A multiwalled SPE-CNT coupled to the BIA was employed
for the amperometric determination of omeprazole in
pharmaceutical samples.'** The results obtained through this
system allowed the attainment of a nanomolar LOD (9 nmol
L") and provided superior performance to that of FIA, with
microliter sample volumes injected by an electronic micro-
pipette. The use of SPE simplified the analysis, once the three
electrodes came together in a single support, making the
system easily adapted for portable analyses. The BIA system
provided superior sensitive detection to that of FIA due to the
higher flow rates of the solutions injected at the electrode
surface.'*?

A system based on BIA-SPCE with amperometric detection
was applied for the quantification of anesthetics compounds
(benzocaine and tricaine) in fish tissues.'”* The proposed
method allows the performance of rapid analysis (over 300
injections per hour) with a low LOD (3.02 X 10~® mol L™" for
benzocaine and 3.19 X 107* mol L™" for tricaine). The simple
sample preparation reduced significantly the amount of fat in
the fish extract, favoring precision (recovery values above 99%
for both analytes).

SPAuE has been successfully associated with ASV for the
determination of trace metals in biodiesel and aviation
fuel."'”"*" This voltammetric detection presented the advan-
tages of low sample consumption, which extended the SPAuE
lifetime to a whole working day of analyses, due to the
consequent reduction of electrode fouling.'”' The disposable
SPAuE can be adapted to a BIA cell, presenting lower
sensitivity than conventional systems that can be associated
with on-site electroanalysis.'*’

The association of BIA and SPCE biosensors has been
reported as well to promote the enzymatic analysis of glucose
in artificial serum. Gold nanoparticles (AuNPs) and glucose
oxidase were covalently immobilized on the top of the
electrode for the electrochemical detection. The development
of paper-based enzymatic reactors was described using a 3D
printed BIA cell, and the cell was used for more than one year
without maintenance or damage.'*® The reaction product of
the enzymatic reaction (H,0,) was collected with an
electronic micropipette in a microtube and analyzed in the
3D BIA cell coupled with the SPE modified with Prussian Blue.
The use of a 3D printer allowed the fabrication of a BIA cell in
a relatively short processing time (within 4 h, in a one-step
manufacturing) at a cost of about $5.

Simultaneous determination using BIA-SPE associated with
multiple-pulse amperometry (MPA) detection was performed
for urine, saliva, and blood samples to detect UA and nitrite. As
a comparison, a differential-pulse voltammetric (DPV) method
was performed, using the SPEs modified with multiwalled
CNT. BIA-MPA was more highly precise (RSD around 1%),
faster (160 h™"), and free from sample interference as recovery
values ranged from 77 to 121%. On the other hand, recovery
tests conducted using DPV did not provide adequate recovery
values (>150%), probably due to the longer contact time of the
SPE with the biological samples during analysis, leading to the
interference of sample matrices. The absence of interference
for the BIA-MPA simultaneous monitoring of UA and nitrite in
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biological fluids was due to the short contact time of a
microliter sample with the working electrode.'”’

6. CONCLUSIONS

Screen-printing technology associated with injection techni-
ques (FIA, SIA, and BIA) has attracted interest in several fields
(pharmaceutical, industrial, clinical, environmental, etc.) and
applications in real systems, ranging from natural waters,
biofluids, (bio)fuels, and heavy metals, to name a few. All of
the papers originating from the association of the flow
techniques with screen-printed electrodes were brought
together, starting from the first study performed in 2003
(quantification of lead on SPE), to the articles published until
the end of 2020. In this period, analytical strategies based on
electrochemical detection, especially amperometry and voltam-
metry, have been developed. In many cases, advanced
procedures to successfully process very complex sample
constituents for routine analysis have been reported. The
tables presented along with the text demonstrated the variety
of materials for modification of the SPEs (C, Au, Pt, Ag,
metallic films, organic films, nanoparticles, carbon nanotubes,
enzymes, etc.).

FIA presented the largest number of papers in the literature,
mainly due to its longer time as an analytical tool for the
mechanization of systems in comparison to the other
techniques. The combination of FIA—SPE has received the
most attention among the flow injection techniques, with over
60 manuscripts reported. Advantages associated with these
techniques include high sample throughput, automation,
repeatability, high sensitivity, sample handling capabilities,
low reagent consumption, and waste generation. SPE based
biosensors were mostly employed for the determination of
glucose and NADH, but also for the screening of organo-
phosphorus pesticides, UA, and lactate. BIA was the latest
technique to be coupled with SPE. However, in order to
compensate, in only 6 years of this association it has already
surpassed the number of papers published in the SIA—SPE
section, which can perhaps be attributed to its higher
portability and simplicity for miniaturization. Although the
first demonstration of BIA combined with SPE happened only
half a decade ago, features such as simple instrumentation, high
portability, and easy miniaturization have attracted interest in
this approach, and electrochemical cells based on 3D printed
technology have been reported and also made available
commercially.

This revision also addresses a rapid overview on the
evolution of the processes involved in the construction of
the screen-printed electrodes. The availability of battery-
powered potentiostats has facilitated the development of this
portable arrangement, demonstrating great potential for point-
of-care and on-site analysis, especially in developing countries.
The analytical capabilities of these associations make them very
attractive due to their simplicity, robustness, high-throughput
capacity, and relatively low cost. The development of new
materials will further increase the applicability of these setups
for large-scale use and automation systems, opening many
perspectives to extend it to other technologies (such as further
miniaturization, paper SPE, and wearable devices), as well as in
the diagnosis of infectious diseases (e.g, SARS-CoV-2,
influenza, HPV, rubella, hepatitis, HIV/AIDS).
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