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ARTICLE INFO ABSTRACT

Keywords: Antibiotics play a pivotal role in healthcare and agriculture, but their overuse and environmental presence pose
TEMPO-oxidized cellulose nanofibers critical challenges. Developing sustainable and effective detection methodologies is crucial to mitigating anti-
Polyethyleneimine

biotic resistance and environmental contamination. This study presents a cellulosic polymer-based electro-
chemical sensor by integrating TEMPO-oxidized cellulose nanofibers-polyethyleneimine hybrids (TOCNFs-PEI)
with single-walled carbon nanotube networks (SWCNTs). Our research focuses on (i) conducting physico-
chemical and electrochemical studies of multifunctional SWCNT/TOCNFs-PEI architectures, (ii) elucidating the
relationships between the material’s properties and their electrochemical performance, and (iii) assessing its
performance in detecting tetracycline concentrations in both controlled and more complex matrices (treated
wastewater effluents). The limits of detection were evaluated to be 0.180 pmol Lt (at the potential of 0.85 V)
and 0.112 pmol L™! (at the potential of 0.65 V) in phosphate-buffered saline solution, and 2.46 ymol L™! (at the
potential of 0.82 V) and 1.5 umol L7 ! (at the potential of 0.65 V) in the undiluted membrane bioreactor effluent
sample, respectively. Further, the designed cellulosic polymer-based sensing architecture is compatible with
large-scale production, paving the way for a new era of green, versatile sensing devices. These developments will
significantly contribute to global efforts to alleviate antibiotic resistance and environmental contamination.

Single-walled carbon nanotube networks
Electrochemical sensors

Voltammetric determination
Tetracycline

1. Introduction The efficiency of MBRs in the removal of antibiotics is affected by

different factors such as the size and the lifespan of the membranes, and

Antibiotics are essential for treating human and animal infections,
but their misuse and overuse as growth promoters in livestock and
aquaculture lead to their continuous introduction into the environment
[1,2]. The most common antibiotics found in wastewater samples are
sulfonamides, tetracyclines, lincomycin, ofloxacin, and trimethoprim
[3,4]. However, their distribution varies worldwide [5]. While waste-
water treatment plants (WWTPs) are effective in eliminating a wide
range of waterborne contaminants, certain antibiotics may be persisted
or be released into water sources during these treatment processes [5-7].
Membrane bioreactors (MBRs) are known as advanced wastewater
treatment technologies that combine biological treatment processes
with membrane filtration [7]. Even though MBRs are good at removing
various pharmaceutical compounds from wastewater, the fact that an-
tibiotics are still present in the treated wastewater is a problem [8,9].

* Corresponding authors.

the buildup of biological material in the system (biofouling) [8,10].
Tetracycline (TC) is one of the antibiotics that was primarily quantified
in both the liquid and sludge fractions of MBR in WWTPs [11]. Routine
monitoring of safe antibiotic concentrations including TC in treated ef-
fluents is vital to ensure compliance with regulatory standards and
mitigate long-term effects like antibiotic resistance and environmental
contamination [5,11-15]. Unlike conventional analytical methods,
electrochemical techniques offer a reliable technique for sensitive and
cost-effective detection of TC [16-18]. Electrochemical methods excel at
detecting trace amounts of analytes in complex matrices, offer auto-
mation, and allow simultaneous detection of multiple compounds, thus
enabling rapid real-time monitoring [19,20]. The demand for green
detection technologies has driven interest in cellulose-based nano-
materials for the design of smart materials and electrochemical sensors
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[21]. Cellulose, abundant and renewable, presents an alternative to
fossil-derived materials [22]. The natural properties of cellulose and its
derivatives, like the abundance of hydroxyl groups for chemical modi-
fications, besides its controlled porosity and high surface-to-volume
ratio, make it attractive for sensor design [22,23]. However, cellu-
lose’s non-conductive nature has limited its usage in the electrochemical
sensors [24]. To address this issue, researchers have modified
cellulose-based materials with various nanomaterials (such as con-
ducting polymers, carbon nanostructures, and metal nanostructures)
and different functional groups to expand their applications [24,25].
Polyethyleneimine (PEI) is a positively charged polymer known for its
electrical conductivity and chemical and physical stability [26,27]. It
offers advantages such as low toxicity, biocompatibility, low cost,
recyclability, and the ability to form thin films [26,28,29]. The high
number of active amino groups in the PEI structure makes it a suitable
candidate for reacting with other materials with carboxyl groups [30]
and the design of electrochemical (bio)sensors [28,30].
TEMPO-oxidized cellulose nanofibers (TOCNFs) featuring activated
carboxylate surface groups (COO™) demonstrate effective interaction
with active amino groups (—NH2* and —NH>*) of PEI [31]. This
interaction results in the formation of the TOCNFs-PEI through a com-
bination of hydrogen bonding and electrostatic interactions [32,33].
The TOCNFs-PEI, having a cellulose nanofiber structure with carboxyl
and amino groups, serve as active adsorption sites [34]. These sites
facilitate the extraction of substances like cationic heavy metals, organic
molecules, and biological compounds through electrostatic attraction
and coordination interactions [31,34,35]. TOCNFs-PEI was utilized in
the eco-friendly design of rapid colourimetric sensors for naked-eye
detection of fluoride anions, as reported by Melone et al. [36] and
Riva’s group [37]. Recently, Takahashi and his team introduced vol-
tammetric sensors based on cellulose for detecting diol and polyol
compounds, including 3,4-dihydroxyphenylalanine (L-DOPA) [38]. In
the first step, they coat a gold electrode with carboxymethylcellulose
and PEI films with a layer-by-layer technique. Subsequently, they
treated the electrode with Alizarin red S, providing redox activity for
sensing polyol compounds with tunable electrochemical properties in
the presence of phenylboronic acid (PBA) [38]. The research group later
improved the system by directly grafting PBA onto the PEI for enhanced
sensing performance [39]. In another noteworthy example of the
importance of nanocellulose-PEI composites in sensing, Zhang and col-
leagues reported synthesizing gold nanoparticle-bacteria cellulose
nanofiber (BNC) composites. Here, PEI served as both a reducing agent
for gold nanoparticle (GP) synthesis and a linking agent between GPs
and BNC. The resulting nanocomposite served as a support for horse-
radish peroxidase, leading to a biosensor with a detection limit below 1
pmol L~!. Additionally, the same support demonstrated utility for
immobilizing other enzymes for heterogeneous catalysis [40]. Further-
more, Terasawa et al. demonstrated that combining TOCNFs with
SWCNTSs and ionic liquids (CNFs/SWCNTs/ILs) created highly entangled
networks. These networks are suitable for designing gel electrodes and
electrolytes for energy-conversion devices [41,42].

In this study, we employed an optimized ratio of TOCNF-PEI sus-
pension to modify the surface of SWCNTs, creating SWCNTs/TOCNF-PEI
for the development of an electrochemical sensor tailored for TC
monitoring. Our research aims to (i) conduct comprehensive physico-
chemical and electrochemical studies of SWCNT/TOCNF-PEI architec-
tures, (ii) elucidate the intricate relationships between SWCNTs/
TOCNEF-PEI properties and their electrochemical performance, and (iii)
evaluate sensor efficacy in detecting TC concentrations within
controlled environments such as phosphate-buffered saline solution
(PBS) and undiluted MBR effluent samples. Leveraging the inherent
electrical conductivity and mechanical strength of SWCNTs (as exten-
sively studied within our research group [43,44]), the SWCNTs net-
works serve as a reliable sensing support. Notably, this setup eliminates
the need for modifying conventional electrodes, streamlining the sensor
fabrication process. The eco-friendly preparation of TOCNF-PEI reduces
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hazardous chemical usage and energy consumption, aligning with sus-
tainability goals and lowering the environmental impact of electrode
material production. The sustainable nature of the SWCNTs/TOCNF-PEI
setup, along with its compatibility with large-scale sensor strip pro-
duction [43,45,46], positions it as a promising candidate for the
development of next-generation "green" sensing devices, poised to make
significant contributions across various industries.

2. Experimental
2.1. Reagents

TOCNFs were obtained through TEMPO-mediated oxidation of
bleached birch pulp, as described by Saito et al. [25,47]. The TOCNFs gel
(with a dry content of around 1%) had a degree of carboxyl group
(COO™) substitution of 0.9 mmol/g. The PEI solution (a branched
polymer, average Mn ~60,000 by GPC, average Mw ~750,000 by LS, 50
wt.% in Hs0), hexaammineruthenium (III) chloride, and tetracycline
hydrochloride were supplied from Sigma-Aldrich. All other chemicals
were of analytical reagent grade and were obtained from Merck. All
aqueous solutions and suspensions were prepared by using doubly
distilled deionized water. The PBS solution (1 L) was provided by mixing
8 g of NaCl, 0.2 g of KCl, 1.44 g of NaoHPOy,, and 0.24 g of KH,PO4 with
distilled water. The pH of the solution was carefully adjusted and
maintained at 7.4 using either a 1 mol L™ HCl solution or a 1 mol L™}
NaOH solution.

2.2. Preparation of TOCNF-PEI

The TOCNF gel (1.0 wt%) was diluted to a concentration of 0.1 wt%
through sonication in deionized water using a Qsonica Q500 tip soni-
cator with a 2 mm probe. Sonication was conducted in an ice bath with
the following parameters: a frequency of 20 kHz, a power output of 30
W, and a pulsing mode of 5 s on, followed by 1 s off, for 10 min. Af-
terwards, the 0.1 wt% TOCNF suspension and a 0.1 wt% PEI solution
were mixed at different ratios (w/w), i.e., 3:1, 2:1, 1:1, and 1:2, and
stirred magnetically for 24 h at room temperature. The ratio of 2:1 was
used in sample preparation for further studies. The resulting TOCNF-PEI
was stored in the fridge for future use [32,33].

2.3. SWCNTs fabrication

SWCNTs were obtained from Canatu Oy and were prepared using
floating catalyst chemical vapour deposition (CVD) in a laminar flow
reactor. In this method, an iron-containing precursor was thermally
decomposed in a carbon monoxide environment to produce iron nano-
particles. In a quartz laminar flow reactor, the iron nanoparticles pro-
mote the breakdown of carbon monoxide, causing SWCNT to form and
develop in the gas phase. SWCNT networks were formed with diameters
of 17 x 25.5 cm?, and then SWCNTs were collected on A4-sized nitro-
cellulose filters, and bundles were created in the gas phase. Compre-
hensive fabrication details are provided in Kaskela et al. [46], Moisala
et al. [48]. These SWCNT networks are compatible with the large-scale
production of sensor strips. Our previous works provided a compre-
hensive account of the preparation and physicochemical as well as
electrochemical characterization of SWCNT networks [44,49].

2.4. Electrode preparation

SWCNT networks were cut from nitrocellulose filter paper and
transferred onto a glass slide (1 x 2 cm?) by pressing. The filter paper
was then peeled off, and the adhered SWCNT network was densified
with ethanol and left to dry. Silver contact pads were applied using
conductive silver paint to the glass slide and allowed to dry for at least
one hour. A piece of conductive copper tape was attached to enhance
conductivity and connect to a copper body. A protective layer of
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polytetrafluoroethylene (PTFE) tape with a 3 mm diameter hole was
applied to sandwich the SWCNT/glass slide and copper body [43,46].
This ensured that only the designated electrode surface area was
exposed to the analyte, preventing interference from the surrounding
environment. Subsequently, a 14 pL drop of TOCNF-PEI suspension was
drop cast onto the surface of SWCNT electrodes and allowed to dry for 1
h in an incubator set at 70 °C. A detailed description of the preparation
of SWCNT-based electrodes is available in the work by Leppanen et al.
[49] and Wester et al. as illustrated in Scheme S1 [43,50].

2.5. Instruments and methods

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
measurements were conducted using a Gamry potentiostat (Reference
600) coupling with a conventional three-electrode system including a
working electrode, a saturated Ag/AgCl reference electrode, and a Pt
wire as the counter electrode. A silver wire coated with AgCl was used as
a reference electrode for conducting the measurements in the MBR
effluent sample. Voltammetric experiments were carried out in PBS (pH
7.4, 0.1 M). All solutions were deoxygenated by purging them with pure
nitrogen for 30 min before conducting measurements. The electro-
chemical measurements were conducted at SWCNT and SWCNT/
TOCNE-PEI electrodes after immersion of them for 30 min in a blank
solution and subsequent CV (25 cycles) in PBS (pH 7.4) to stabilize the
response signal (Fig. S1). In the present study, we employed the DPV
method that consisted of two steps: (i) immersing the electrode in the
sample solution, which contained TC and PBS (the background elec-
trolyte), for an optimal period, and (ii) running DPV in the same solu-
tion. There was no electro-accumulation phase before operating the
DPV. Furthermore, the effect of pulse size, step size, and pulse time on
the DPV peak signal was investigated to optimize this method for
detecting TC. The highest peak current was achieved with a pulse size E
of 75 mV, a step size of 5 mV, a pulse time of 0.05 s, and a sample period
of 0.2 s; therefore, these were chosen as the optimal parameters and
were used for all the DPV measurements.

Morphological and structural characterization of the SWCNT and
SWCNT/TOCNF-PEI electrodes were studied by scanning electron mi-
croscopy (SEM) (Zeiss Sigma VP). A Micro-Raman spectroscope (WITec
Alpha 300 RA+), equipped with an optical microscope, was utilized for
Raman spectroscopy, employing a laser excitation wavelength of 532
nm with a 50 x objective lens. Data analysis was conducted using WITec
Suite 5.1 software. Spectra fitting was performed with one Lorentzian
peak for the D band and two Lorentzian peaks for the G band [45]. The
Jupiter XR atomic force microscope (AFM) was employed to analyse
surface topography in air, and the Gwyddion program was used for data
visualization and analysis.

The chemical structure of SWCNT/TOCNFs-PEI was studied via
Fourier transform infrared (FTIR) spectroscopy (Bruker Alpha II FTIR
spectrometer) in attenuated total reflection (ATR) mode. X-ray photo-
electron spectroscopy (XPS) was used to examine the elemental
composition of the samples and detect differences in the C 1s, N 1s, and
O 1s spectra. The measurements were performed with a Kratos AXIS
Ultra DLD X-ray photoelectron spectrometer using a monochromated Al
Ky X-ray source (1486.7 eV) run at 100 W. A pass energy of 80 eV and a
step size of 1.0 eV were used for the survey spectra, while a pass energy
of 20 eV and a step size of 0.1 eV were used for the high-resolution
spectra. Photoelectrons were collected at a 90° take-off angle under
ultra-high vacuum conditions, with a base pressure typically below 1 x
10~ Torr. The diameter of the beam spot from the X-ray was 1 mm, and
the area of analysis for these measurements was 300 um x 700 pum. All
spectra were charge-corrected relative to an energy of C—C bonding at
284.8 eV. The CasaXPS software was used for the analysis of XPS results.
Glass slides were used as a substrate of samples for Raman, AFM, FTIR
and XPS studies.

The sign of the overall electrostatic charge of TOCNF-PEI complex in
different TOCNF:PEI component ratios were studied visually and
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spectrophotometrically (PerkinElmer Lambda 900 UV/Vis spectropho-
tometer, PerkinElmer, USA) utilising a cationic indicator colour and
polyelectrolyte titration. 10 mL of 0.01 w-% TOCNF suspension with 1
mL of 0.01 w-% ortho-toluidine blue (OTB) indicator was titrated with
10 uL additions of 0.01 w-% PEI solution. In the aqueous suspension, the
cationic OTB is initially bound by the anionic TOCNF until the quantity
of added cationic PEI is adequate to occupy all available anionic charges
of TOCNF upon formation of TOCNF-PEI complex, replacing all the
previously bound OTB and releasing it into the suspension. The release
of the OTB, indicating the point of charge neutrality of the complex, is
indicated by the suspension colour change from purple to blue. This was
observed both visually and by spectroscopically quantifying the in-
tensity of the absorbance signals at 628 nm taking over the intensity at
~510 nm (Fig. S2).

3. Results and discussion
3.1. Structural characterization

The surface morphology and topography of SWCNT and SWCNT/
TOCNF-PEI were studied using SEM and AFM. Fig. 1A and B show
these materials’ SEM and AFM images, along with their corresponding
roughness profiles. Analysing the surface topography and calculating
the root mean square roughness (Ry) indicated the attachment of the
TOCNF-PEI layer on the SWCNT. This is evident from the decrease in Ry
from 5.14 + 0.65 nm for SWCNT to 2.988 + 0.87 nm for SWCNT/
TOCNF-PEL The Ry values were obtained by averaging multiple verti-
cal and horizontal line scans over a 5 x 5 pm? area using Gwyddion
software.

Raman spectroscopy was used to study the structural and electronic
properties of SWCNT and the SWCNT/TOCNF-PEI (Fig. 2A). The Raman
spectrum of SWCNT exhibited a multipeak feature G mode around 1594
cm ™! and a weak D band around 1340 cm™!. The D band rises due to
defects or disorder in the carbon structure, while the G band is associ-
ated with the stretching motion of pairs of sp* carbon atoms in the
hexagonal lattice of the nanotube. The low intensity of the D band
indicated a small number of defects and an insignificant amount of
amorphous carbon in SWCNT [43,51]. The ratio of the intensity of these
two bands (Ip/Ig ratio) is used to display the number of defects in
carbon-based materials [52]. The Ip/Ig values were determined to be
0.049 + 0.01 for SWCNT, exhibiting a slight decrease to 0.037 + 0.05 at
SWCNT/TOCNF-PEI These assessments were conducted using the Lor-
entzian function fit method, as outlined in the literature [52]. Impor-
tantly, these results align consistently with earlier investigations carried
out within our research group [45]. It can be deduced that SWCNT and
SWCNT/TOCNF-PEI possess comparable structural and electronic
properties in terms of defects and disorders in their carbon structure, a
notion that was confirmed in further electrochemical studies.

Fig. 2B displays the FTIR spectrum of the SWCNT, SWCNT/TOCNF,
SWCNT/PEI, and SWCNT/TOCNF-PEL. Two significant absorption
bands were observed in the SWCNT/TOCNF sample at 3294 cm ™!
assigned to the stretching vibration of 0—H, and at 1637 cm ™! allocated
to the stretching vibrations of COO™ [53,54]. The absence of the COO™
band in the SWCNT/TOCNF-PEI spectrum may be attributed to the
efficient interaction between the carboxyl groups of TOCNF and the
amino groups of PEI, leading to the formation of amide bonds
(N—C=0), as reported by [55,56]. This is additionally supported by the
XPS results (refer to below). Moreover, the emergence of new spectral
peaks at 1572 em ! and 1336 cm ™), indicative of N—H in-plane and
C—N bond stretching (Fig. S3), respectively, provides further evidence
of the presence of the amide functional group [57,58].

The XPS measurements provided additional evidence of the forma-
tion of the TOCNF-PEI (Fig. 3). Table 1 gives the relative concentrations
of different elements in the surface layers of SWCNT, SWCNT/TOCNF,
SWCNT/PEI, and SWCNT/TOCNF-PEIL. The carbon content is fairly
similar for all samples, with the biggest differences appearing in the
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Fig. 1. SEM, AFM images and corresponding roughness profiles of the SWCNT (A); and the SWCNT/TOCNF-PEI (B). The roughness profiles are derived from the
displayed line 1. Ry evaluated from the average of 40 vertical and horizontal line scans over a 5 x 5 pm?® scan area.
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Fig. 2. The Raman spectrum of the SWCNT (black line) and the SWCNT/TOCNF-PEI (red line) (A); the FTIR spectrum of the SWCNT (green line), the SWCNT/TOCNF
(blue line), the SWCNT/PEI (red line) and the SWCNT/TOCNF-PEI (black line) (B).

nitrogen and oxygen contents. Trace amounts of sodium and chlorine was detected at a lower energy, around 398.1 eV, possibly indicating the
were also detected in some samples (Table 1). As expected, increased presence of primary amines. Additionally, two higher energy compo-
nitrogen content can be seen for the PEI-containing samples, while ox- nents were identified at approximately 406.4 eV and 407.8 eV, attrib-
ygen content was higher for samples containing TOCNF. The O 1s peak uted to nitrite and nitrate contamination in the SWCNT. These
in SWCNT/TOCNF-PEI indicated a lower concentration of oxygen contaminations diminished in other samples due to surface modification
compared to the SWCNT/TOCNF sample (Fig. 3A). Nevertheless, the N with PEI and TOCNF-PEL.
1s XPS spectrum demonstrated the emergence of nitrogen (N) into the The O 1s and N 1s XPS spectra of SWCNT/TOCNF-PEI were studied
structure of SWCNT/TOCNF-PEI, consistent with findings in previously after incubation with 100 pmol L™} TC in 0.1 mol L™! PBS pH 7.4 and
reported PEI-modified materials [59,60]. subsequent rinsing with the deionized water (Fig. 3 and Table S1). Some
This change in the N and O content in SWCNT/TOCNF-PEI could be small changes occurred in both the total nitrogen content and the ratio
attributed to a chemical reaction involving the carboxyl groups between the amide peak and the secondary amine peak, which reached

(—COOH) of TOCNF and the amino groups of PEI, leading to the for- approximately 0.20. This increase suggests the adherence of TC mole-
mation of amide bonds (N—C=O0). In the N 1s spectrum of TOCNF-PEI cules containing amide groups (CONH,), dimethylamino groups (N
(Fig. 3B), three distinct peaks were observed at 401.1, 400.1, and 399.3 (CH3)3), and phenolic hydroxyl groups, to SWCNT/TOCNF-PEI, as
eV, corresponding to amide (9.8%), tertiary amine (23.6%), and sec- shown in Table S1.

ondary amine (60.5%), respectively [61]. Furthermore, the relative
ratio between the amide peak and the secondary amine peak in the XPS
spectra increased from approximately 0.11 in SWCNT/PEI to about 0.16
in SWCNT/TOCNF-PEL This suggests a higher prevalence of amide bond
formation in SWCNT/TOCNF-PEI compared to SWCNT/PEI, indicating
the possibility of amide bond formation between the readily electro-
statically bound TOCNF and PEI upon the drying of the drop-cast sam-
ples at elevated temperatures. A minor component in the N 1s spectra

3.2. Electrochemical characterization of the SWCNT/TOCNF-PEI

The basic electrochemical performance of both the SWCNT and
SWCNT/TOCNF-PEI electrodes was evaluated using CV. The study was
conducted in the presence of a 1 mmol L™! Ru (NHg)2""**solution
within a 1 mol L™ KCl solution, utilizing it as an outer-sphere redox
probe (OSR). The OSR interacts with the electrodes without inducing
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Fig. 3. O 1s (A) and N 1s (B) XPS spectra of SWCNT, SWCNT/TOCNF, SWCNT/PEI, SWCNT/TOCNF-PEI and SWCNT/TOCNF-PEI after incubation in TC solution.

Table 1

Relative concentrations of elements in the samples. Values are given in units of
atomic percentage. It should be noted that approximately 0.5% of the total
composition is attributed to trace amounts of sodium and chlorine.

Sample Cls% N1s% O1s% Cl2p % Na 1s %
SWCNT 70.3 + 4.01 + 25.5 + 0.00 0.18 +
1.24 0.33 0.91 0.01
PEI/SWCNT 68.4 + 20.8 + 10.4 + 0.25 + 0.00
0.09 0.07 0.20 0.04
TOCNF/SWCNT 61.5 + 0.00 + 37.7 £ 0.00 0.71 +
0.12 0.00 0.16 0.07
TOCNF/PEl/ 66.8 + 9.38 + 23.4 + 0.09 + 0.26 +
SWCNT 0.76 0.13 0.71 0.06 0.03
TC/TOCNEF/PEl/ 64.5 + 9.92 + 25.3 + 0.19 £ 0.00
SWCNT 0.34 0.08 0.28 0.04

any chemical or electrocatalytic reactions, making it a valuable tool for
assessing the electronic structure of the electrode without complications
from surface chemistry. Both the SWCNT and SWCNT/TOCNF-PEI
electrodes exhibited a strong redox signal in the Ru (NH3)2"/
3+solution. The anodic peak current (I,) and cathodic peak current (I,c)
values for SWCNT were 21.07 + 0.07 pA and —24.16 £+ 0.12 pA,
respectively. Upon surface modification with TOCNF-PEI, these values
increased to Ip; (31.51 & 1.12 pA) and I,c (—36.1 + 2.3 pA) for SWCNT/
TOCNF-PEL The observed I,/Ip ratio smaller than 1 (as shown in
Table 2) indicates weak product adsorption, likely due to stronger
electrostatic interactions between the oxidized form of Ru (which carries

Table 2

a positive charge) and the negatively charged surface of SWCNT. The
point of zero charge (pztc) of SWCNT is approximately around 0 V at a
pH of ~7. Consequently, at the formal potential of the Ru reaction, it’s
expected that the surface of SWCNTs would be negatively charged. Thus,
the role of nanocellulose would be mainly to increase the access of Ru
inside the network by enhancing its wettability. Both electrodes dis-
played quasi-reversible behaviour with increasing AE, as a function of
scan rate, as shown in Fig. S4 and summarized in Table 2. The electro-
chemically active surface area (Aes) of the SWCNT and SWCNT/TOCNF-
PEI electrodes was studied by using the Randles-Sevéik equation [62].
The Aefr for SWCNT and SWCNT/TOCNEF-PEI was calculated to be 1.147
x 1072 em? and 2.09 x 1072 cm?, respectively (refer to Fig. S5). These
results highlight the potential advantages of integrating TOCNF-PEI into
the SWCNT network.

The heterogeneous charge-transfer rate constant (k%) was deter-
mined for both the SWCNT and SWCNT/TOCNF-PEI electrodes using
Nicholson’s method, considering the values of AE, [62]. The close
alignment of peak potentials for both electrodes suggests that there was
no negative alteration in charge transfer kinetics. Under these condi-
tions, it was assumed that the electronic density of states at the elec-
trode’s surface remained consistent for both SWCNT and
SWCNT/TOCNF-PEI electrodes. Furthermore, Raman spectroscopy
corroborates these findings, demonstrating that the signature of SWCNT
remained unchanged following modification with nanocellulose. It’s
crucial to emphasize that the OSR system operates as a pure electron
transport mechanism, intricately linked to the electronic structure of the

The comparison of the parameters obtained from the CV for SWCNT and the SWCNT/TOCNE-PEI electrodes in the presence of 1 mmol L™ Ru (NH3)2™** in 1 mol L™}
KCl solution (N = 3). Nicholson’s method was used to evaluate k°, while the Randles-Sevéik equation was used to calculate A [65]. The diffusion coefficients required

to evaluate these parameters were obtained from reference [66].

Electrode Ipa (LA) Tpe (A) Lo/ Epa(mV) Epc (mV)  Eon(mV)  Ap Agp K At Cpseudo APW*
Tpe T0mvs T100mvs (cm/s) (cm?) (F/cm®)
0-1072
SWCNT 21.0 + —24.1 + 0.87 —-161 + —246 + —271 + 66.1 + 83.6 + 0.80 + 1.15 54.9 + 1.14 +
0.07 0.12 0.00 0.51 3.20 1.43 0.62 0.00 2.40 0.01
SWCNT/ 315+ —36.1 + 0.87 —167 + —239 + —266 + 53.0 + 71.5 + 4.20 + 2.09 52.1 + 1.15 +
TOCNEF- 1.10 2.30 0.70 0.63 0.21 1.52 1.01 0.40 3.01 0.01
PEI

2 APW were defined with the threshold current limits of +10 pA i.e., +140 pA/cm? N = 3.
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working electrode material, rather than its surface chemistry. The
analytical potential window (APW) and pseudocapacitance (Cpseudo) at
SWCNT/TOCNF-PEI and SWCNT electrodes were evaluated and
compared in PBS pH 7.4 using CV (refer to Fig. S6, Table S2 and
Table 2). Cpseudo represents the capacitance resulting from the addition
of faradaic components to the true double-layer capacitance [63]. These
faradaic reactions at carbon electrodes are mainly attributed to oxygen
functionalities on the surface [63]. Additionally, it’s probable that metal
residues within the structure also play a role in the faradaic reactions,
contributing to the measured Cpseudo [44,49]. Notably, there were no
noticeable differences in APW and Cpseudo between SWCNT/TOCNF-PEI
and SWCNT electrodes, indicating similar electrochemical behaviour
(Table 2).

Fig. 4B presents the electrochemical performance testing of SWCNT
and SWCNT/TOCNEF-PEI electrodes in 100 pmol L™ TC in PBS 7.4,
within a potential range of —0.2 V to 1.1 V by using CV. Two anodic
oxidation peaks appeared at potentials of 0.65 V and 0.85 V vs. Ag/AgCl,
corresponding to the oxidation of TC. Notably, the SWCNT/TOCNF-PEI
electrode exhibited a higher oxidation peak current compared to the
SWCNT electrode. This enhancement can be attributed to the presence
of a hydrophilic layer of TOCNF-PEI on the SWCNT surface, which
promotes interactions with TC. As SWCNTs are inherently slightly hy-
drophobic, the presence of hygroscopic nanocellulose promotes better
wetting of the sensor network by the electrolyte solution. Furthermore,
TOCNE-PEI carries a positive electrostatic overall charge (Fig. S2),
inducing electrostatic attraction toward the partial anionic charge of the
zwitterionic TC molecules, yet not completely capturing the TC. These
factors facilitate the efficient transfer of charges between TC molecules
and the SWCNT/TOCNF-PEI sensor interface, thereby contributing to
the observed increase in the oxidation peak current of TC [30,64].

3.3. Optimization of sensor

The effects of various parameters were studied and optimized to
enhance the electrochemical behaviour of SWCNT/TOCNF-PEI for TC
sensing (as depicted in Table 3). In this study, the impact of different
ratios of TOCNF to PEI (3:1, 2:1, 1:1, and 1:2) on the oxidation peak
current of 100.0 umol L' TCin 0.1 mol L~ PBS (pH 7.4) was carefully
investigated using DPV. The TOCNF: PEI ratio of 2:1 exhibited superior
performance compared to other sample ratios, as illustrated in Fig. 5A.
This optimal ratio facilitated an ideal balance between enhancing wet-
ting properties and preserving sufficient surface area of SWCNTs for
efficient electron transfer. Increasing the TOCNF content beyond this
optimal ratio led to a notable reduction in the signal current, possibly
due to the increased density of the TOCNF network acting as a backbone
within the TOCNF-PEI layer. The titration measurements indicated that

50  ===SWCNT/TOCNF-PEI in Ru(NH;)¢2"®*, KCI
A 40 ===SWCNT in Ru(NH,)s2*?*, KCI
«==—=SWCNT/TOCNF-PEI in KCI
30 ==—SWCNTin 1 M KCI

20
104
04
-104
-204
-304
-404

!

-05 -04 -03 -02 -0.1 0.0 0.1
E vs (Ag/AgCIyV
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Table 3
Optimized parameters at SWCNT/TOCNF-PEI for detection of TC.

Optimization parameters Study target Optimized results

TOCNF-PEI ratio wetting behaviour 2:1
Incubation time TC accumulation 5 min
pH Signal current and potential 7.4

the charge neutrality in an aqueous TOCNF-PEI complex is obtained
already when the mass proportion of the added PEI into TOCNF sus-
pension is only ~6 w-% of that of the TOCNF (Fig. S2). This indicates
that the overall charge of TOCNF-PEI in all the studied ratios is on the
cationic side and, thus probably the sign of charge is not as critical factor
differentiating the studied TOCNF-PEI layer compositions as the TOCNF
network backbone density, a parameter directly dependent on the
mixture component ratio. Nevertheless, the substantial influence of the
component ratio on the performance of the sensor underscores the
importance of maintaining a delicate balance in the sensor’s composi-
tion. By ensuring maximal wetting while retaining adequate SWCNT
surface area, the optimization strategy effectively enhances overall
sensor performance [58]. The influence of different incubation times (0,
5,10, 15, and 20 min) on the oxidation peak current of 10.0 umol L ITC
in 0.1 mol L™! PBS solution pH 7.4 was studied at SWCNT/TOCNF-PEI
(under optimized conditions) by using DPV. The best response signal
for the first and second TC oxidation peaks was obtained at 5 min. By
increasing time, the current of the response signal decreased slightly and
remained steady for 10 min (shown as the second peak in Fig. 5B). The
effect of the supporting electrolyte’s pH on the oxidation peak current of
100.0 pmol L ™! TC was studied in a pH range of 3.0-8.0 by using DPV. As
protons participate in the oxidation of TC, the oxidation peak current
increases from pH 3.0 to 7.4 but decreases at higher pHs due to fewer
available protons (Fig. 5C). Similarly, the oxidation peak potential
shifted to less positive potentials when pH increased from 3.0 to 8.0
(Fig. 5D). The shift in potential concerning pH value for both peaks
demonstrated a direct correlation with pH within the range under ex-
amination, as illustrated in Fig. 5D. The obtained slopes of both signals
recorded at potentials of 0.65 V and 0.85 V (60.1 mV/pH and 60.08
mV/pH, respectively) were close to the theoretical Nernst value of 59
mV/pH [67]. This observation indicates the participation of an equal
number of both protons and electrons during the reaction, as depicted in
Scheme S2 [16,68-71]. The optimal signal was obtained at pH 7.4,
which is physiologically relevant and similar to the pH of the MBR
effluent sample under study. In this work, the optimized parameters
were used across all studies (Table 3).

The effect of scan rate (v) on the I, of TC signals at the SWCNT/
TOCNF-PEI interface was investigated by using CV, as detailed in
Fig. 6A and Fig. S7. Notably, I, displayed enhancement with increasing

50
B  [——SWCNTinTC,PBS SWCNT/TOCNF-PEI
= SWCNT in PBS
40 -==SWCNT/TOCNF-PEIl in TC, PBS 7.4
= SWCNT/TOCNF-PEI in PBS 7.4

T T

0.0 0.2 Of4 Of6 018 1.0 1.2
E vs (Ag/AgCI)V

Fig. 4. CVs of SWCNT and the SWCNT/TOCNF-PEI electrodes in 1 mmol L™! Ru (NH3)2*/3" in 1 mol L™ KCI (A); and 100 pmol L™! TC in 0.1 mol L™ PBS pH 7.4

(B). The scan rate was 0.1 Vs~
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oxidation peak potential (D), of TC at SWCNT/TOCNF-PEI electrode (N = 3).
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Fig. 6. Cyclic voltammograms of the 100.0 umol L™! TC in 0.1 mol L™! PBS (pH 7.4) at SWCNT,/TOCNF-PEI electrode in various v (0.02, 0.04, 0.06, 80, 0.1, 0.15,
0.2, 0.3 and 0.4 vs ) (A); plot of the logarithm of anodic peak currents vs. logarithm of scan rate with fits of lines for first and second anodic peaks (B).

v for both peaks. Further analysis involved plotting log (I,.) against log
(v) (Fig. 6B), revealing slopes of < 0.5 for both the first (slope of 0.4) and
second (slope of 0.3) peaks. This deviation from a slope of 0.5, typical for
purely diffusion-controlled processes, suggests the presence of addi-
tional factors influencing the electrochemical behaviour. One such fac-
tor could be the partial blocking of the electrode surface, resulting in a
reduced current compared to what would be expected solely based on
diffusion control. This partial blocking effect may be attributed to the
presence of nanocellulose, which could hinder the interaction of TC with
the available SWCNT surface. Consequently, TC molecules might not be

able to access all binding sites on the electrode surface due to the
obstructive influence of nanocellulose.

3.4. Electroanalysis of TC in PBS by DPV

The analytical performance of the SWCNT/TOCNF-PEI electrode was
assessed across various TC concentrations, ranging from 0.0 to 125 pymol
L1, using DPV under optimized conditions in a 0.1 mol L ™! PBS solution
at pH 7.4, as shown in Fig. 7A. Notably, the response signal of the
SWCNT/TOCNF-PEI electrode exhibited a proportional increase with
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Fig. 7. DPV signals for different concentrations of TC at SWCNT/TOCNF-PEI electrode in 0.1 mol L™ PBS pH 7.4 (A); the corresponding calibration plot for the
SWCNT/TOCNF-PEI electrode (N = 3.) (B). The incubation time was 5 min. The pulse time was 0.05 s, the pulse size was 75 mV, and the electrode area was 0.07 cm?.

rising TC concentration. The recorded peak currents showed a two-
linear relationship with TC concentration within the ranges of 500
nmol L7! to 25 pumol L7 and 25 umol L7! to 125 umol L! for both
signals recorded at potentials of 0.65 V and 0.85 V. Within the con-
centration range of 500 nmol L™! to 25 ymol L™}, the slope of the linear
calibration curve was determined to be 0.09 pA/umol L™! at a potential
0f 0.85V and 0.147 pA/umol L ! at a potential of 0.65 V. This reduced to
0.032 pA/umol L~ at a potential of 0.85 V and 0.035 pA/umol L™! at a
potential of 0.65 V in the concentration range of 25 ymol L™} to 125
pmol L1, The observed change in slope in both signals (from 0.147 to
0.035 at a potential of 0.65 V and from 0.09 to 0.032 at a potential of
0.85 V) suggests a transition in the reaction mechanism at a certain
concentration threshold of 25 umol L. At lower concentrations ranging
from 500 nmol L' to 25 umol L™}, the response signal was predomi-
nantly governed by the adsorption of TC molecules onto the electrode
surface, leading to the formation of a sub-monolayer. This adsorption
process significantly enhanced the rate of electron transfer, resulting in a
steeper slope observed in the calibration curve and higher sensitivity. As
the concentration increased beyond 25 ymol L™}, the deeper adsorption
sites on the electrode surface started to become saturated. This satura-
tion marked a transition toward the establishment of a monolayer-
covered surface, where TC molecules continued to adsorb until the
surface was fully coated by a monolayer [69]. Consequently, the reac-
tion mechanism shifted to being primarily controlled by diffusion. In this
diffusion-limited regime, the rate of mass transport of TC molecules to
the electrode surface governs the reaction kinetics, leading to a less steep
slope. The high correlation coefficient (R? = 0.99) of the calibration
curve (depicted in Fig. 7B) indicates the robust linear relationship be-
tween TC concentration and peak current. The limit of detection (LOD)
for both TC oxidation signals was evaluated to be 0.180 ymol L™! at a
potential of 0.85 V and 0.112 umol L™ at a potential of 0.65 V, with a
sensitivity of 0.357 pA umol™” L em2 These findings underscore the
remarkable sensitivity and accuracy of the SWCNT/TOCNF-PEI elec-
trode in detecting TC across a broad concentration range, highlighting
its promising potential for practical applications in electrochemical
sensing.

3.5. Repeatability, reproducibility, and long-term stability studies

We performed additional tests to evaluate the repeatability, repro-
ducibility, and long-term stability of the SWCNT/TOCNF-PEI electrode.
Repeatability was assessed by conducting five consecutive measure-
ments of a 50 umol L~! TC solution using DPV, resulting in an RSD of
3.4% at a potential of 0.65 V and 1.8% at a potential of 0.85 V.
Reproducibility was evaluated by fabricating five independent

electrodes and measuring their response to the same TC concentration,
yielding an RSD of 3.6% at a potential of 0.65 V and 2.1% at a potential
of 0.85 V. Long-term stability was tested by storing the electrode at room
temperature and measuring its response periodically over 20 days. The
electrode retained 92% of its initial response after 20 days, indicating
good stability.

3.6. Interference study

The selectivity and anti-interference ability of the sensor for TC
quantification was evaluated by recording the DPV signal of the sensor
in response to TC (50 pmol L7!) in the presence of two antibiotics
(sulfamethoxazole and trimethoprim) to examine their interference with
TC quantification. The presence of 1-fold sulfamethoxazole and 50-fold
trimethoprim did not significantly affect the DPV signal of TC with a
signal change of less than ~10%. In addition, 50-fold urea and 50-fold
some common ions, including Nat, K*, Ca 2*, CI~, and NO3 did not
interfere with the determination of TC. Thus, the electrochemical sensor
is highly resistant to interference, showing a high potential for use in the
quantification of TC in real MBR effluent samples.

3.7. Electroanalytical application in MBR effluent sample

The effluent from an MBR has typically undergone extensive treat-
ment, including the removal of suspended solids and various contami-
nants, making it suitable for discharge into the environment, further
treatment, or reuse in certain applications [8,9]. Monitoring and
adjusting the properties of the MBR effluent, including factors like pH,
nutrient levels, and the concentration of contaminants, is essential to
ensure that it meets regulatory standards [14]. In this context, the
effectiveness of the SWCNT/TOCNF-PEI electrode in detecting TC in an
undiluted MBR effluent sample (pH 7.5) was evaluated using DPV under
optimized conditions (Fig. 8A and 8B). The results demonstrated a
consistent relationship between the response signal and TC concentra-
tion over a range from 0.5 ymol L™} to 75 pmol L™! (Fig. 8C). The LOD
was calculated to be 2.46 ymol L™! at a potential of 0.82 V and 1.5 ymol
L7! at a potential of 0.65 V, with a sensitivity of 4.55 pA ymol-' L cm™2.
Typically, MBR effluent contains low levels of suspended solids, pro-
teins, carbohydrates, fats, and some pathogens. The slight drop in LOD
transitioning from PBS to the MBR environment indicates potential
adsorption of these species on SWCNTs, possibly interfering with TC
interactions, as evidenced by the calibration plot exhibiting only one
slope in MBR. However, these findings highlight the
SWCNT/TOCNF-PEI electrode’s potential for TC detection within the
complex matrix of undiluted and not-filtered MBR effluent, contributing
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Table 4
Comparison of the previous TC electrochemical sensors.

sensors Method Linear concentration range (mol L) LOD (mol LY References
PS/CB"/GCE" DPV PBS (pH 7.0) 5.0 x 107°-1.2 x 107™* 1.15 x 107 [73]
Zr-UiO-66/MWCNTs/AuNPs‘/GCE Amperometry PBS (pH 7.4) 5.0 x 1077-2.25 x 10~* 1.67 x 1077 [171
PMG'/GCE SWV PBS (pH 7.4) 5x107°-100x107° 1.6 x 107 [72]
3D-printedGr°-PLA' BIA-AD? Acetate buffer (pH 5.0) 5.0 x 1077-50 x 10~ 1.9 x 1077 [18]
PtNPs"/C/GCE cv PBS (pH 3.0) 9.99 x 107°-4.40 x 107> 1st peak:4.28 x 10°° [16]
2nd peak:6.12 x 107°
SWCNT/TOCNF-PEI DPV PBS (pH 7.4) 5.0 x 1077-2.5 x 107> 1st peak:1.12 x 1077 This work

And 2nd peak: 1.8 x 1077
2.5 x 107°-1.25 x 107 1st peak: 4.7 x 1077
2nd peak: 5.0 x 1077

? Potato starch/carbon black.

b Glassy carbon electrode.

¢ metal-organic framework/multi-carbon nanotubes/gold nanoparticles.
d Poly (malachite green).

¢ Graphite.

f polylactic acid.

§ Batch injection analysis with amperometric detection.

h platinum nanoparticles supported on carbon.

to the overall quality control and environmental compliance of the
treated wastewater in future studies.

The performance of our method was assessed by comparing it with
recently published techniques for determining TC. We evaluated their
linear dynamic range and limit of detection parameters, and the results
are presented in Table 4. The analysis reveals that our method offers a
wide linear dynamic range from 0.5 umol L™} to 100 pmol L™} in
physiologically relevant pH 7.4. This range is the second widest among
the methods considered, with the top-ranking method requiring a
complicated electrode preparation process [17]. Additionally, our
method achieves a commendable detection limit. This performance
places it ahead of methods employing hazardous poly (malachite green)
[72], costly gold nanoparticles, and MWNT/GO [17]. This makes our
method a good choice for environmentally friendly TC detection by
utilizing cost-effective cellulose nanomaterials and a simple one-step
electrode modification process. The designed SWCNT/TOCNF-PEI of-
fers a practical and attractive solution for TC analysis. It balances per-
formance and sustainability, meeting the rising demand for
environmentally conscious analytical methods.

4. Conclusion

In conclusion, our study has successfully developed a multifunctional
and sustainable electrochemical sensor based on a novel integration of
TOCNFs-PEI with SWCNTs. Through a comprehensive investigation
encompassing physicochemical and electrochemical analyses, we have
gained valuable insights into the intricate relationships between the

material’s properties and its electrochemical performance. Our findings
highlight the sensor’s remarkable capability to detect TC concentrations
across various matrices, including controlled environments and treated
wastewater effluents. The achieved limits of detection, particularly in
challenging real-world samples, underscore the sensor’s sensitivity and
applicability in practical scenarios. Moreover, our research emphasizes
the scalability and compatibility of the designed cellulose-based sensing
architecture with large-scale production. This aspect is pivotal for
translating laboratory findings into real-world applications, facilitating
the widespread deployment of green and versatile sensing devices. Our
study demonstrates the potential of the SWCNT/TOCNF-PEI sensor for
the sensitive detection of TC. The sensor’s performance in the analysis of
untreated and undiluted real MBR effluent samples underscores its
practical applicability, making it a promising electrochemical sensor for
environmental monitoring and antibiotic detection.
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