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apacitance-based nitrite sensing
using polydopamine/AuNPs-modified screen-
printed carbon electrode†

Faisal K. Algethami, *a Amal Rabti, bc Mohamed Mastouri, b

Babiker Y. Abdulkhair, a Sami Ben Aoun d and Noureddine Raouafi *b

Regulatory bodies play a crucial role in establishing limits for food additives to ensure food quality and safety of

food products, as excessive usage poses risks to consumers. In the context of processed animal-based

foodstuffs, nitrite is commonly utilized as a means to slow down bacterial degradation. In this study, we

have successfully leveraged the redox activity of an electrochemically deposited polydopamine (pDA) film

onto gold nanoparticle (AuNP)-modified screen-printed electrodes (SPCE) to develop a sensitive and

versatile methodology for the detection of nitrite using redox capacitance spectroscopy. By exploiting the

interaction of the AuNPs/pDA electroactive interface with the target nitrite ions, we observed distinct

changes in the redox distribution, subsequently leading to modifications in the associated redox

capacitance. This alteration enables the successful detection of nitrite, exhibiting a linear response within

the concentration range of 10 to 500 mM, with a limit of detection of 1.98 mM (S/N = 3). Furthermore, we

applied the developed sensor to analyze nitrite levels in processed meats, yielding good recoveries. These

results demonstrate the potential of our approach as a promising method for routine detection of ions.
1 Introduction

Nitrite salts, such as potassium nitrite (KNO2, E249) and sodium
nitrite (NaNO2, E250), are commonly used as food additives to
preserve processed animal-based products, vegetables and other
foodstuffs.1,2 Nitrite ions play a critical role in inhibiting the
growth of harmful bacteria and preventing spoilage in meat. By
acting as an antimicrobial agent, nitrite extends the shelf life of
processed meats ensuring their safety for consumption.

However, the use of nitrite in food preservation is not without
concerns.3,4 One signicant issue is the potential formation of
nitrosamines when nitrite reacts with naturally occurring amines
present in meat. Nitrosamines are known to be carcinogenic and
have been linked to an increased risk of cancer.5,6 Therefore,
regulatory bodies carefully monitor and impose limits on the
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allowable levels of nitrite in processed meats aiming to mitigate
these risks and protect consumer health. Indeed, the maximum
residue levels (MRLs) vary from 50 to 150 mg kg−1, which is ca. 1
to 3 mM in processed meat and cheese.3

Numerous analytical techniques have been developed for the
detection of nitrite, including chemiluminescence,7 uores-
cence,8,9 nanoplasmonic colorimetry,10 Raman spectroscopy11

and electrochemistry.12–14 Among these methods, electro-
chemical detection stands out due to its higher sensitivity, lower
cost and adaptability to various applications, making it suitable
for widespread use. Nevertheless, direct oxidation of nitrite at
conventional electrodes poses a challenge due to its high over-
potential.15 To overcome this challenge, surface modication of
electrode becomes necessary. Various nanomaterials such as
noble metals16 or carbonaceous17 nanomaterials, organic con-
ducting polymers14 and 2D MXenes18 are commonly used to
functionalize the electrode surface. While techniques like cyclic
voltammetry (CV), differential pulse voltammetry (DPV) and
square wave voltammetry (SWV), or amperometry and electro-
chemical impedance spectroscopy (EIS) are commonly used in
the sensor design, electrochemical capacitance spectroscopy
(ECS) or impedance-derived capacitance approach is considered
as an interesting alternative. ECS offers improved signal sensi-
tivity and lower detection limits in chemical19,20 and
biochemical21–23 sensing applications. In ECS, the measured
signal, known as redox capacitance, is a feature of electroactive
nanoscale lms relies solely on changes in the electrostatic
environment of electroactive groups. For effective capacitance
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Principle of the preparation and work of pDA/AuNPs/SPCE
sensor for ECS sensing of nitrite.
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assays, nanoscale redox-active structures need to be tethered
onto electrode surfaces.21 To achieve this, various ferrocene
composites and derivatives such as self-assembled 11-ferroce-
nylundecanethiol,24 ferrocene-modied silicon nanoparticles,20

ferrocene-tagged peptides,21,25 tetraethylene glycol ferrocene
derivative26 and aptamer-modied magnetic beads bearing
ferrocene23 have been employed. Furthermore, MoS2 nano-
sheets,27 Prussian Blue nanostructured lms28 and electro-
chemically deposited polycatechol22 have served successfully as
redox capacitance transducers. Among these options, conduc-
tive polydopamine lms exhibit interesting properties,
including their favourable adhesion, the presence of electro-
active sites able to attach biomolecules and rapid electron
transfer rates. These qualities enable a rapid interface with
various electrochemical signals, making conductive polydop-
amine lms suitable for designing unique diagnostic tools.29

In this study, we introduced a novel approach for the
detection of nitrite ions in processed meat samples. The
methodology involved the electrochemical deposition of
a conductive polydopamine (pDA) lm onto a screen-printed
carbon electrode that was previously modied with gold nano-
particles. The use of gold nanoparticles was justied by their
advantageous properties, including a large surface area, high
electrical conductivity and excellent catalytic activities.30 The
redox activity of pDA and its known interaction with nitrite31,32

made it a suitable candidate for transducing the nitrite ions
detection event. Notably, while the combination of AuNPs and
pDA for sensing purposes has been described previously,33,34 the
focus has mainly been on exploiting the direct electrochemistry
of the analyte or utilizing external labels to transduce the
sensing event. In contrast, our study demonstrated the appli-
cation of the redox activity of the pDA lm itself for label-free
detection of nitrite ions.

To evaluate the levels of nitrite, we measured the variation in
pDA redox capacitance using electrochemical impedance spec-
troscopy (EIS)-derived electrochemical capacitance spectros-
copy. The developed sensor exhibited good sensitivity and
selectivity for nitrite determination, showcasing its potential as
a reliable detection method. Importantly, the sensor success-
fully detected nitrite in processed meat samples, demonstrating
its applicability in real-world scenarios. The innovative combi-
nation of a conductive polydopamine lm, gold nanoparticles
and EIS-based capacitance measurements offers a promising
approach for the sensitive and selective detection of nitrite,
particularly in processed meat products.

The ndings of this study make notable contributions to the
eld of food safety analysis and hold potential implications for
quality control in the food industry. The sensor principle is
depicted in Scheme 1.

2 Materials and methods
2.1 Chemicals

Tetrachloroauric acid trihydrate (HAuCl4$3H2O, 99.9%), dopa-
mine hydrochloride (98%), NaNO2 (97%), H2SO4 (95%), HCl
(37%), NaCl (99%), KCl (99%), NaH2PO4 (99%), K2HPO4 (99%),
K4Fe(CN)6$3H2O (99%) and K3Fe(CN)6 (99%) were purchased
© 2023 The Author(s). Published by the Royal Society of Chemistry
from Sigma-Aldrich (Germany) and used as received.
Phosphate-buffered saline solutions (PBS, 10 mM) were
prepared by dissolving NaCl, KCl, Na2HPO4 and KH2PO4 in
deionized water (>18.2 MU cm).

All stock solutions were prepared by dissolving the desired
amount of the chemical in PBS 10 mM solution unless other-
wise specied.

2.2. Apparatus and electrodes

A Metrohm PGSTAT M204 potentiostat tted with a FRA32
frequency response analyser for impedance, controlled by
Nova® soware (v2.1.6), was used to record all electrochemical
measurements. Screen-printed carbon electrodes (SPCE, OHT-
000), where carbon material is used to make the working
(4 mm diameter) and counter electrodes and the pseudo-
reference electrode is a silver-based electrode, were purchased
from Orion Hi-Tech S.L. (Madrid, Spain).

2.3. Sensor preparation

2.3.1. Electrodeposition of gold nanoparticles. SPCEs were
modied according to a previous report.35 Briey, the electrodes
were rst cleaned using a PBS solution by sweeping the potential
for 10 cycles from −0.5 to +1.0 V with a scan rate of 50 mV s−1.
Then, 50 mL of 1.0 mM HAuCl4 dissolved in 10 mL HCl solution
were dropped onto the electrode surface, a cathodic current (i =
−100 mA) and a potential (Eapp.= +0.1 V) were respectively applied
for 240 and 120 seconds. The nanostructured electrodes were
rinsed with deionized water and dried at room temperature (RT).
Before the electrodeposition of the pDA lm, the nanostructured
electrodes were activated using a sulfuric acid solution (0.5 M) to
remove the gold oxide layer by sweeping the potential from 0.0 to
+1.5 V for 15 cycles at a scan rate of 100 mV s−1. The fabricated
AuNPs/SPCEs were electrochemically characterized by cyclic vol-
tammetry in 0.5 M H2SO4 (Fig. S1 see ESI†).

2.3.2. Polydopamine deposition. The pDA lm was depos-
ited onto AuNPs/SPCEs using a potential pulse sequence of
0.5 V for 2.0 s, 0.0 V for 2.0 s,-0.3 V for 2 s and 0.0 V for 3.0 s with
30 applied pulse cycles.36 The deposition was made in a freshly
prepared 1.0 mg L−1 concentration of dopamine hydrochloride
dissolved in 10 mM PBS buffer (pH 7.0).
RSC Adv., 2023, 13, 21336–21344 | 21337

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03898j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
5:

45
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
To examine the preparation protocol reproducibility, ve
different electrodes were prepared, and their electrochemical
behaviours were compared.
2.4. Electrochemical measurements

CV and EIS were used to follow the stepwise modication of the
SPCE surface. The EIS diagrams were recorded in a PBS solution
containing 5 mM concentrations of K3Fe(CN)6/K4Fe(CN)6 (1 : 1)
as a redox probe. The frequency was swept from 0.01 Hz to 10
kHz by applying a constant potential of 0.180 V vs. Ag/AgCl and
with an amplitude modulation of 0.20 V. Randles' equivalent
circuit [Rs(C[RctW])]; where, Rs: the solution resistance; C: the
capacitance; Rct: the charge-transfer resistance and W: the
Warburg impedance; was used to t the Nyquist plots.

For the detection of nitrite, EIS measurements were carried
out, in triplicate, in PBS 10 mM solution with a frequency
ranging from 100 kHz to 0.1 Hz at an applied potential of 0.14 V
(half-wave potential of pDA lm) vs. Ag/AgCl and with an
amplitude modulation of 0.20 V. The raw complex EIS data
represented by Z*(u) were converted to complex capacitance
data C*(u) using the eqn (1) and (2):

C′ = −Z′′/ujZj2 (1)

C′′ = Z′/ujZj2 (2)
Fig. 1 (A) Electrochemical deposition and characteristics of the polydo
cycles) of 1 mg mL−1 of dopamine in 10 mM PBS (pH 7.0) at AuNPs/SPCE.
PBS (pH 7.0) at 100 mV s−1. (C) CVs of pDA/AuNPs/SPCE in 0.01 M PBS (p
plots of anodic and cathodic peak currents vs. scan rate of pDA/AuNPs/S
the scan rate for the pDA/AuNPs/SPCE in 0.01 M PBS (pH 7.0). (F) CVs of P
potential vs. pH value).

21338 | RSC Adv., 2023, 13, 21336–21344
where C′ and C′′ are respectively the real and imaginary capac-
itance components, u is the angular frequency and jZj is the
modulus of Z*.37 Subsequently, redox capacitance “Cr” values
were extracted graphically by tting the obtained semicircles
using Origin 8.0 soware and the relative response (% RR) is
calculated using eqn (3).

% RR ¼ 100� Cr
�1 � Cblank

�1

Cblank
�1 (3)

where Cr and Cblank are the capacitance values of the sensor in
presence and absence of nitrite, respectively.

The reproducibility of the sensor was assessed by registering
the % RR value of ve electrodes prepared separately in pres-
ence of 1 mM NaNO2.
2.5. Nitrite extraction from processed meat samples

10 g of processed meat (salami and ham purchased from a local
market) were blended using a kitchen blender for 30 seconds,
then 30 mL of deionized water were added. The mixture was
ultrasonicated for 30 minutes at 30 °C and le to settle down for
10 minutes before being ltered using a 0.45 mm membrane.
Then, the ltrate was heated at 70 °C for 45 minutes. Aer-
wards, the ltrated sample were diluted 10 times with a PBS
solution before being doped with different concentrations (10,
25 and 50 mM) of nitrite solution.
pamine film. I–t curve of first 100 s of the pulse deposition (30 pulse
(B) CV of SPCE (a), AuNPs/SPCE (b) and pDA/AuNPs/SPCE (c) in 0.01 M
H 7.0) at different scan rates (from inner to outer: 10–200 mV s−1); (D)
PCE in 0.01 M PBS (pH 7.0). (E) Plots of peak potentials vs. logarithm of
DA/AuNPs/SPCE in 0.01 M PBS at different pH (inset: plot of the formal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Modified electrode characterization and dependence on the
solution pH. (A) Nyquist plots in 5 mM equimolar concentrations of
K3Fe(CN)6/K4Fe(CN)6 of (a) bare SPCE; (b) AuNPs/SPCE; and (c) pDA/
AuNPs/SPCE. (B) Capacitance Nyquist plots of pDA/AuNPs/SPCE in the
absence and presence of 1 mM NaNO2 in 0.01 M PBS (pH 7.0). (C) The
relative variation of redox capacitance % RR of (a) bare SPCE; (b)
AuNPs/SPCE; (c) pDA/SPCE; and (d) pDA/AuNPs/SPCE after addition of
1 mM NaNO2. Error bars, SD, n = 3. (D) The % RR and the current peak
intensity of the CV voltammograms of pDA/AuNPs/SPCE registered in
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3. Results and discussion
3.1. Electrochemical behaviour of the pDA/AuNPs/SPCE

3.1.1. pDA deposition. The electrochemical deposition of
polydopamine (pDA) on conductive substrates can be achieved
through cyclic voltammetry38,39 or pulsed deposition,40,41 both of
which are fast-coating processes that offer excellent control over
lm thickness. While pDA lm growth via auto-oxidation or dip-
coating typically takes several hours, electrochemically depos-
ited pDA lms can be obtained with reproducible thickness and
morphology within a few minutes. It is worth noting that pulse
deposition process as compared to cyclic voltammetry, leads to
the formation of denser and more cross-linked lms.41 In this
study, the latter method was used to form an electrochemically
deposited pDA lm on AuNPs/SPCE surfaces as shown in
Fig. 1A.

To investigate the characteristics of the modied electrode
surface, cyclic voltammetry measurements were performed on
SPCE, AuNPs/SPCE and pDA/AuNPs/SPCE in the potential range
of −0.2 to 0.4 V in 0.01 M PBS (pH 7.0) as depicted in Fig. 1B.
While SPCE and AuNPs/SPCE exhibited no electrochemical
activity, the cyclic voltammogram of pDA/AuNPs/SPCE dis-
played a pair of oxidation and reduction peaks at ∼0.08 and
∼0.20 V vs. Ag/AgCl, respectively. The peak-to-peak separation is
equal to 120 mV and an ipc-to-ipa ratio is close to unity sug-
gesting a quasi-reversible electron transfer process. These
observed peaks, attributed to the oxidation and reduction of
catechol and quinone units present in pDA lm,42 clearly indi-
cate the successful electrodeposition of pDA onto the AuNPs/
SPCE surface.

3.1.2. Effects of scan rate. The cyclic voltammetry curves of
the pDA-modied AuNPs/SPCE were recorded in PBS (pH 7.0) at
various scan rates as depicted in Fig. 1C. Both the anodic and
cathodic peak currents exhibited linear increase with scan rates
ranging 10 and 200 mV s−1 (Fig. 1D), indicating a surface
conned redox process.42 By analyzing the slope of the peak
currents plotted against the scan rate, the surface coverage (G)
of the pDA lm on the electrode surface was estimated using
eqn (4):43,44

Ip = n2F2vAG/4RT (4)

In eqn (4), F represents the Faraday constant (96 485 C mol−1), v
is the scan rate (V s−1); A denotes the effective area (cm2)
calculated in ESI,† R represents the gas constant (8.314 J K−1

mol−1) and T is the room temperature (298 K). Assuming
a number of electrons transferred as 2, the surface coverage (G)
was calculated to be 7.48 × 10−11 mol cm−2 which is compa-
rable to that of 1.70 × 10−10 mol cm−2 at pDA@ERGO/GCE.45

The difference is likely attributed to the superior electrocatalytic
activity of graphene compared to AuNPs.

Fig. 1E illustrates that the anodic and cathodic peak poten-
tials of the pDA lm exhibited linear dependence on the loga-
rithm of the scan rates within the range of 10–200 mV s−1. By
analyzing the slope of the E vs. log(v) plot, the electron-transfer
coefficient (a) can be calculated using eqn (5):46
© 2023 The Author(s). Published by the Royal Society of Chemistry
Epa = [2.303 × RT/(1 − a)naF] log(v) + K (5)

where, na represents the number of involved electrons in the
rate-determining step, K is a constant and the remaining
parameters are provided in eqn (4). Assuming that na equals 2,
a was estimated to be ca. 0.89. The obtained coefficient is in
good agreement with the values of 0.80 and 0.75 obtained for
pDA/SPCE42 and for pDA@ERGO/GCE,45 respectively.

3.1.3. pH-potential dependence. The oxidation–reduction
peak potential of the pDA lm is dependent on the pH of the
solution. Both the anodic and cathodic peak potentials of the
pDA-modied electrode shied toward more negative with
increasing solution pH as shown in Fig. 1F. The formal poten-
tial exhibited linear dependence on the pH values ranging from
4 to 9 with a slope of −43 mV pH−1 (inset of Fig. 1F). This value
is close to the theoretical value of −58.6 mV pH−1, indicating
the involvement of two electrons and two protons in the elec-
tron transfer process.39

Furthermore, to assess the reproducibility of the preparation
protocol, ve different electrodes were prepared, and their
electrochemical behaviours were compared. The results showed
that the anodic peak current of the pDA lm exhibited a relative
standard deviation of approximately 8%, indicating a control-
lable electrode preparation.

3.1.4. EIS characterization. In order to investigate the
stepwise electrode modication, electrochemical impedance
spectroscopy measurements were carried out in 5 mM
[Fe(CN)6]

3−/4− as the redox probe. Nyquist plots were tted to
the Randles' equivalent circuit model (Fig. 2A). Upon the
introduction of gold nanoparticles onto the bare SPCE surface,
1 mM NaNO2 at different pH of PBS solution.

RSC Adv., 2023, 13, 21336–21344 | 21339
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Fig. 3 Electrochemical performance determination of the pDA/
AuNPs/SPCE. (A) EIS and (B) ECS Nyquist plots registered at various
NaNO2 concentrations: (a) 0 mM; (b) 10 mM; (c) 25 mM; (d) 50 mM; (e) 75
mM; (f) 100 mM; (g) 250 mM and (h) 500 mM. (C) Calibration curve of the
developed sensor displaying the relative variation of redox capacitance
% RR vs. log([NO2

−]). (D) Histograms giving the relative variation of
redox capacitance upon addition of 10 mM NaNO2 with 1 mM of
different interferents. Error bars, SD, n = 3.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
5:

45
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a signicant decrease in the charge transfer resistance was
observed (Rct = 2275.3 ± 68.4 U for the bare SPCE and 240.6 ±

27.8 U for AuNPs/SPCE). The successful electrodeposition of the
pDA lm was further conrmed by an increase in the charge
transfer resistance (Rct= 1182.8± 46.0 U for pDA/AuNPs/SPCE).

3.2. Capacitive detection of nitrite

For the capacitive detection of nitrite, the applied potential was
xed at 140 mV, corresponding to the half-wave potential of the
redox pDA lm. Fig. 2B illustrates the ECS spectra of pDA/
AuNPs/SPCE before and aer the addition of 1000 mM concen-
tration of NaNO2. It can be observed that the semicircle, asso-
ciated with the complex capacitance data composed of faradaic
and non-faradaic lm contributions of the studied electrode,47

decreased aer the addition of nitrite. Similar behaviour was
observed for AuNPs/SPCE (Fig. S2 in ESI†) and pDA/SPCE
(Fig. S3 in ESI†), while the capacitance of SPCE remained
almost unchanged (Fig. S4 in ESI†). However, when comparing
the relative capacitance response (Fig. 2C), the highest value
was observed for the pDA/AuNPs/SPCE. The decrease in capac-
itance aer the addition of nitrite for the gold-nanostructured
electrode is attributed to its good electrocatalytic properties.30

In the case of pDA-modied electrodes, this behaviour is
a result of the formation of hydrogen bonds between NO2

− and
pDA redox moieties, leading to a decrease in electronic density
in the molecular receptive layer aer the interaction with nitrite
ions. Additionally, chemical reaction between nitrite and the
reduced form of pDA can be expected. Previous studies by Lu
et al. demonstrated rapid nitration and nitrosation of hydro-
quinone, catechol and resorcinol using HPLC/MS.32 Further-
more, the large surface area and good conductivity of gold
nanoparticles allow for a higher surface coverage of the pDA
lms, which explains the higher relative capacitance of pDA/
AuNPs/SPCE compared to pDA/SPCE. These results correlated
well with the data from cyclic voltammetry recorded in presence
of nitrite (Fig. S5 in ESI†), where the highest peak current in the
presence of nitrite was obtained on pDA/AuNPs/SPCE.

To maximize the electrode response towards nitrite, the
response of pDA/AuNPs/SPCE was evaluated at different pH
values ranging from 4 to 9. Fig. 2D shows an increase in the
relative capacitance response as the pH increased to 7, followed
by a decrease in % RR at higher pH values. This observed
capacitance behaviour correlates well with the intensity of the
nitrite peak current recorded by cyclic voltammetry (Fig. 2D and
S6†). The lower % RR value in acidic solutions is attributed to
the decomposition of nitrite to nitric oxide and nitrate,48 while
the decrease in % RR value in basic solutions is related to the
insufficient protons necessary for the electrocatalytic oxidation
of nitrite.49 Therefore, a 0.01 M PBS (pH 7.0) buffer was used for
the detection of nitrite.

3.3. Analytical performance

3.3.1. Linear range and detection limit. The linear range
and detection limit of the developed sensor were evaluated, EIS
and ECS spectra were recorded for various nitrite concentra-
tions. Impedance measurements, specically the charge-
21340 | RSC Adv., 2023, 13, 21336–21344
transfer resistance remained almost unchanged with
increasing ion concentrations (Fig. 3A), while the derived
capacitance signal decreased proportionally with increasing
nitrite concentrations (Fig. 3B). The measured capacitance
signal solely depends on the faradaic capacitive charging of the
redox polydopamine lm. As the pDA redox moiety gradually
occupies lower electronic density in the molecular receptive
layer, the capacitance signal decrease.26 Additionally, hydrogen
or chemical bonding between NO2

− and the pDA redox moieties
reduce the number of free PDA redox moieties, thereby
decreasing their respective redox capacitance. Plotting the
relative capacitance response against the logarithm of the
nitrite concentrations resulted in a straight line ranging from 10
mM to 500 mM with a correlation coefficient (R2) of 0.987
(Fig. 3C). The limits of detection (LOD, S/N = 3) and quanti-
cation (LOQ, S/N = 10) were estimated to be 1.98 mM and 6.53
mM, respectively.

The reproducibility of the sensor was assessed by measuring
the % RR value of ve separately prepared electrodes in the
presence of 1 mM NaNO2. The obtained relative standard
deviation of 3.6% indicates a good electrode-to-electrode
reproducibility thanks to the applied electrodeposition
methods that allow highly reproducible preparation of both
AuNPs and pDA layers. Moreover, the stability of the prepared
sensor was evaluated by preparing two electrodes on the same
day and measuring the % RR value in the presence of 1 mM
NaNO2 before and aer four weeks of storage at 4 °C. The sensor
retained approximately 95% of its initial % RR value, conrm-
ing a good stability.

3.3.2. Selectivity. To evaluate the practicality and selectivity
of the developed sensor, several ions were added to the 0.01 M
PBS (pH 7.0) solution containing 10 mM concentration of nitrite
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ion. The results, shown in Fig. 3D, indicated that even at 100-
fold concentrations of nitrate, acetate, carbonate and sulfate
ions did not interfere with nitrite determination with a signal
change of less than 4%. This suggests excellent selectivity of the
method toward nitrite.
Fig. 4 ECS Nyquist plots registered in ham (A) and salami (B) samples
spiked with various NaNO2 concentrations. (C) Relative variation of
redox capacitance vs. D[NO2

−] in ham spiked samples. Error bars, SD, n
= 3. (D) Graph of the proposed standard addition method application
for nitrite determination in ham sample.
3.4. Comparison with literature

In comparison with previously reported gold nanomaterial
based composite sensors for the detection of nitrite ions, the
analytical performance of the prepared pDA/AuNPs/SPCE was
found quite comparable, as summarized in Table 1. The linear
range obtained in this study was larger than that of other
sensors based on gold nanoparticles50 or composites of gold
nanoparticles with polymers,51,52 AuPs-decorated CNTs,53 or
a mixture of polymers and carbon nanomaterials.53–55 Addi-
tionally, the designed electrode exhibited a relatively lower
detection limit than that of glassy carbon electrodes (GCE)
modied with gold nanoparticles56 or with a mixture of gold
nanoparticles with graphene.57

While it is acknowledged that other amperometry- or
voltammetry-based sensors for nitrite can achieve wider linear
ranges and lower limits of detection, reaching nanomolar
range, respectively,16,58 the electrochemical impedance spec-
troscopy was used for the detection of aqueous anions such as
carbonate, bicarbonate, chloride, acetate, sulfate59 or perchlo-
rate.60 Redox capacitance spectroscopy was applied to quanti-
tively detect perrhenate (ReO4

−),19 hydrogen sulfate, phosphate
and chloride61 ions. To the best of our knowledge, this study
presents the rst report of a capacitive-based sensor for nitrite
with practical applications in real sample analysis, showing the
impact of the sample matrix and provides effective strategies to
overcome it. While it is worth mentioning the method exhibits
a narrower dynamic range and lower limit of detection
Table 1 Comparison of the prepared sensor performances with some o
platforms for nitrite detectiona

Electrode Technique

AuNPs/CPE SWV
AMPTS-AuNPs/GCE I–t
AuNPs-PEI/GSPE CV, DPV
AuNPs/f-MWCNT/LIG SWV
GO-CS-AuNPs/GCE I–t
Au–W bimetallic/GR-CS/PGE CV
AuNPs/Gr/GCE I–t
AuNPs/GCE CV
Au/PANI/CPE I–t
MoS2-MWCNTs–Au/GCE I–t
Dy2O3-AuNPs/GCE CV
3D Au–rGO/FTO CV
AuNPs/MoS2/GN/GCE CV
Au-Dy2(WO4)3/GCE DPV
pDA/AuNPs/SPCE ECS

a AMTS: aminopropyltriethoxysilane; AuNPs: gold nanoparticles; CPE:
differential pulse voltammetry; I–t : amperometry; PEI: polyetherimid
uorine-doped tin oxide; GR: graphene.

© 2023 The Author(s). Published by the Royal Society of Chemistry
compared to several alternatives gathered in Table 1, its capa-
bilities remain sufficient for accurately determining the levels of
nitrite in processed meat. This is particularly relevant as the
method closely aligns with the maximum residue limits (MRLs)
established by food control agencies, which range from 1 to 3
mmol L−1. On the other hand, the method is easy to implant
since it uses low-effective screen-printed electrodes that can be
modied with gold nanoparticles and dopamine-derived poly-
meric lm, that can be achieved through an electrochemical
deposition process in less 30 minutes.
f the gold nanomaterials-based composite as electrochemical sensing

LOD (mM) Range (mM) Ref.

0.2 0.2–15 50
1.0 1–12 51
1.0 1–10 52
0.9 10–140 53
0.3 0.9–18.9 54
0.12 10–250 55

16.0 50–5100 57
110.0 370–10 000 56
25.0 38–1000 62
4.0 12–6500 63
3.3 0.01–1000 64

12.1 29.9–5740 65
1.0 5–5000 66
3.5 10–1000 67
2.0 10–500 This work

carbon pencil electrode; CS: chitosan; CV: cyclic voltammetry; DPV:
e; LIG: laser-induced graphene; GCE: glassy carbon electrode; FTO:

RSC Adv., 2023, 13, 21336–21344 | 21341
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Table 2 Determination of nitrite in processed meat (ham and salami) samples at PDA/AuNPs/SPCE

Samples Da (mM)

Standard calibration Standard additions

Ab (mM) Fc (mM) % Rd A (mM) F (mM) % R (�RSD)e

Ham 3.96 10.0 3.1 × 102 2.2 × 104 10.0 13.13 94.0 � 3
25.0 1.0 × 105 3.6 × 105 25.0 30.05 103.9 � 2
50.0 4.4 × 105 8.2 × 105 50.0 54.58 101.1 � 1

Salami 5.00 10.0 2.2 × 1011 1.4 × 1012 10.0 14.86 99.1 � 3
25.0 8.9 × 1011 3.0 × 1012 25.0 29.77 99.2 � 5
50.0 1.7 × 1012 3.0 × 1012 50.0 46.77 85.0 � 7

a D: detected using the current method. b A: Added. c F: Found. d R: recovery (% R = 100 × (F − A)/A). e RSD of 3 measurements.
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3.5. Real sample analysis

The practical applicability of the pDA/AuNPs-modied electrode
was evaluated by testing its performance for nitrite determina-
tion in processed meat samples, specically ham and salami
obtained from a local market. The samples were spiked with
three different concentrations of nitrite (10, 25 and 50 mM), and
their capacitive responses were measured (Fig. 4A/B).

When comparing the relative capacitance obtained from the
spiked meat samples with that of the buffer solutions using the
standard calibration curve, a signicant deviation in the
recovery results was observed, indicating the presence of a large
matrix effect in these processed meat samples (Table 2). It is
worth mentioning that this the rst report to address this
matrix effect it in the analysis of food samples using capacitance
spectroscopy.

To account for this matrix effect, the standard additions
method was alternatively examined. However, as shown in
Fig. 4C and S7,† the conventional standard additions plot was
still non-linear, which was expected since the relative capaci-
tance is proportional to the logarithm of the nitrite concentra-
tions. As solution, the obtained standard additions plot was
mathematically transformed or corrected by dividing the rela-
tive capacitance by the slope of the standard calibration curve
(Fig. 4D and S8†). Subsequently, nitrite concentrations were
determined with acceptable recovery percentages (Table 2),
demonstrating that the standard additions method provides
a more accurate measurement of nitrite concentrations in the
analysed samples compared to using a standard curve. This
nding conrms that the prepared sensor can be practically
utilized for the detection of nitrite in real samples of processed
meat and potentially in vegetables and fruits as well. Further-
more, as illustrated in Table 2, the relative standard deviation
obtained from three different measurements ranged between
1% and 7%. This indicates that the sensor exhibits acceptable
electrode-to-electrode reproducibility in the detection of nitrite
in real samples.
4. Conclusion

In summary, the study successfully prepared a polydopamine/
AuNPs-modied SPCE using electrodeposition methods. This
approach offered a exible, cost-effective technique for creating
modied electrode surfaces that are controllable, uniform and
21342 | RSC Adv., 2023, 13, 21336–21344
reproducible. The redox properties of the polydopamine lm were
leveraged to achieve sensitive and selective detection of nitrite
ions using electrochemical capacitance spectroscopy. Moreover,
the developed sensor demonstrated the capability to detect low
concentrations of nitrite ions in spiked buffer solutions and
processed meat samples, despite the presence of a signicant
matrix effect. The current research presented a promising plat-
form for the fabrication of capacitance-based sensors for anions,
paving the way for future applications in the eld.
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