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n nanotube surface deposits as
stable, effective response enhancers in pencil lead
electrode voltammetry†

Kamonwan Chatree and Albert Schulte *

Graphitic pencil leads (PLs) are inexpensive writing accessories, readily available in stationery shops.

Because the round filaments have high conductivity, they are excellent candidates for sustainable

electroanalytical sensor fabrication. Here, we show that dip-coated carbon nanotube (CNT) surface

deposits can stably enhance the faradaic redox response of cylindrical pencil lead electrodes (PLEs), with

just ten simple sequential immersions of assembled PLEs in an aqueous suspension of CNTs producing

significant improvement in their analytical performance. Cyclic (CV) and differential pulse (DPV)

voltammetry of ferricyanide with unmodified and CNT-modified PLEs confirmed the reproducibility of

the modification procedure and the reliability of the extent of signal amplification, as well as the stability

of the response. A series of DPV tests with drugs, an environmental pollutant, an enzyme–substrate

redox label and an industrial chemical proved the practical applicability of the proposed CNT-PLEs.

Based on their observed properties, PLEs with dip-coated CNT deposits are suggested as cost-effective

tools for advanced electroanalysis and as green platforms for enzyme biosensor construction.
1. Introduction

Most common working electrodes (WEs) for voltammetric or
amperometric electroanalysis are platinum (Pt), gold (Au) or
glassy carbon (GC) disks.1,2 They are easily obtainable from
global suppliers of electrochemistry accessories as pen-like
electrochemical (EC) tools. Alternatively, potential users may
make them ‘in-house’ by sealing purchased noble metal wires
or GC rods in a cylindrical glass or durable polymer housing
with cured epoxy resins and exposing the conductive assembly
tip through a sequence of ne emery paper abrasion and
alumina polishing steps. More modern WE choices, on the
other hand, are screen-printed Pt, Au or carbon bands or disks
on plastic or ceramic carrier plates.3,4

Commercial pen-like Pt, Au andGCWEs are quite costly (a few
hundred dollars per piece), and the homemade equivalents are
not much cheaper since they contain costly Pt, Au or GC la-
ments. Screen-printed Pt, Au or carbonWEs, which are marketed
as reasonably priced disposable items, become a budgetary
burden if used on a regular basis in large quantities, but in-house
fabrication of screen-printed electrodes is not a realistic option as
it would involve special equipment, operated by specialist
workers. The strong interest in economical WE options led to the
eering (BSE), Vidyasirimedhi Institute of
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tion (ESI) available. See DOI:

2680
rst exploration of stationery pencil leads (PLs) as a cheap, easily
obtained and processed material for DIY working electrode
fabrication.5–8 PL-based electroanalysis is widely used nowadays,
as attested in recent reviews, with uses ranging from environ-
mental, clinical and pharmaceutical testing to food screening.9–14

PL electrodes (PLEs) may be built as embedded disks, like their
Pt, Au or GC equivalents, or fabricated with a protruding end that
works as a rod-shaped electrode, and several published reports
suggest that PLE surface pre-treatment and/or modication with
polymers, organic species or nanomaterials enhances their ana-
lyte sensitivity and selectivity. Electrochemically activated PLEs
detected, for instance, food antioxidants, drugs and neurotrans-
mitters signicantly better than their untreated precursors.15–21

Examples of the strategy of chemical surface modication are, on
the other hand, the sensitive voltammetric detection of adrena-
line, riboavin, hydrazine, glucose, dopamine, histamine and
acetaminophen at PLEs with active poly(erythrosine),22 poly(-
glycine),23 Se nanoneedle,24 CoMoO4 nanoake,25 MXene,26

Cu@Pd core–shell nanostructure27 or poly(thionine)/CuO nano-
particle28 deposits, respectively. Moreover, many studies have
shown that carbon nanotube (CNT) deposits can improve the
quality of PLE-based EC sensing.29 Tested PLE geometries include
disk- and rod-shaped versions, with CNT attachment by dip-and-
dry, drop-and-dry or electrodeposition procedures and immobi-
lization supported by co-deposition of bonding nanomaterials or
synthetic or natural polymers.

Here, we show that ten immersions in suspensions of CNTs
in water greatly improve the voltammetry of rodlike PLEs. Below
are (1) details of our PLE assembly and CNT modication, (2)
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra05688k&domain=pdf&date_stamp=2023-11-06
http://orcid.org/0000-0002-0779-593X
http://orcid.org/0000-0002-3034-6075
https://doi.org/10.1039/d3ra05688k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05688k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013046


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

4.
12

.2
02

5 
17

:3
8:

39
. 

 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
results of ferricyanide voltammetry with CNT-free and CNT-
modied PLEs, (3) ferricyanide voltammetry-based tests of the
redox response reproducibility and stability of CNT-modied
PLEs and (4) proof of the applicability of CNT-modied PLEs
to the electroanalysis of topical analytes, including the anal-
gesic acetaminophen, the antibiotic chloramphenicol, the
anticancer agent doxorubicin, the enzyme–substrate label and
environmental pollutant 4-nitrophenol and the antiseptic,
bleaching agent and disinfectant hydrogen peroxide (H2O2).

2. Experimental
2.1. Materials

All pencil leads were bought in local stationery shops or
acquired from online suppliers, and were used for PLE manu-
facture as received. Other electrode construction materials were
conductive carbon paint (SPI Supplies, West Chester, PA, USA),
common heat shrinking tubes, thin copper wire and ordinary
room-temperature hardening two-component epoxy glue.
Rened single-walled CNTs, used for PLE surface modication,
were supplied by Carbon Solutions, Inc. (Riverside, CA, USA).
The standard chemicals for aqueous solution preparation were
analytical grade products of Sigma-Aldrich (St. Louis, MO, USA).
The electrolyte for voltammetric EC PLE tests was 100 mM
potassium ferricyanide in ultrapure de-ionized water with
100 mM potassium chloride. Electrochemical impedance
spectroscopy (EIS) testing of PLEs was conducted in a solution
containing 5 mM K4[Fe(CN)6] and K3[Fe(CN)6] in 0.1 M KCl.
PLE-based EC analysis of acetaminophen (APAP) (Acros
Organics-Thermo Fisher Scientic Inc., Branchburg, New
Jersey, USA), chloramphenicol (CAP) (Bio Basic Canada, Inc.,
Markham, Ontario, Canada), 4-nitrophenol (4-NP), doxorubicin
(DOX) and hydrogen peroxide (H2O2) (all Sigma-Aldrich, St.
Louis, MO, USA) was carried out with solutions of the
compounds in 100 mM potassium chloride.

2.2. Instrumentation

Voltammetry and amperometry with unmodied and modied
PLEs were performed with a Reference 600+ potentiostat
(Gamry Instruments Inc., Warminster, PA, USA). A platinum (Pt)
wire with a coiled end and a silver/silver chloride electrode
assembly with 3 M KCl lling (Ag/AgCl/3 M KCl) served as the
counter- (CE) and the reference-electrode (RE), respectively.
Original Gamry data were converted into graphics using Ori-
ginPro (Version 2021b) and Microso Excel/PowerPoint and are
shown in the Results and discussion section. EIS data acquisi-
tion and analysis were under the control of a PalmSens4
potentiostat and its PSTrace 5.5 soware. Originally acquired
EIS data was displayed as Nyquist plots and the charge transfer
resistance (Rct) of the ferri-/ferrocyanide redox at a PLE was
extracted from tted curves, assuming that the electrode/redox
system is represented by Randle's circuit model.

2.3. PLE fabrication

4 cm long pieces of PL were threaded into 2.5 cm long heat-
shrinking tubes of slightly larger diameter. Care was taken
© 2023 The Author(s). Published by the Royal Society of Chemistry
that 1 cm of the PLs protruded from the plastic tubes at the top
and 0.5 cm at the bottom, to serve as the electrical contact point
and EC sensor, respectively. The hot air stream from a labora-
tory heat gun was then used to trigger tube shrinking. This
treatment xed the graphitic stick within a tightly gripping
waterproof polymer insulation. A thin copper wire was coiled
closely around the upper part of a sealed PL and conductively
bonded to the PL with drop-dried carbon paste. The resulting
PL–Cu wire-carbon paste spot was strengthened with a covering
of epoxy glue. Finished PLEs were used without any pretreat-
ment such as polishing, physical or electrochemical cleaning or
surface activation.

3. Results and discussion
3.1. Remarks on PLE design and initial performance tests

PLs are mass-fabricated items, obtained by compacting
a mixture of graphitic carbon powder and clay into dimen-
sionally stable rods. Manufacturers vary the proportions of
graphite and clay to adjust the degree of the hardness of the
nal product: the more graphite the soer the PL and the more
clay the harder. It is important for the application described
here that PLs are electrically conductive and cheaply available in
ordinary office supply shops, usually with diameters of 0.2–
1.0 mm and hardness/soness ratings of 1 to 4H (hard), F or HB
(medium), and 1 to 4B (so). Fig. 1, parts (A) and (B) shows the
series of steps that were performed to turn commercial PLs into
cylinder-shaped PLEs (Fig. 1(C)). The length and diameter
selected were 0.5 cm and 0.5 mm, respectively. The use of
thinner graphite sticks or longer protruding portions would
have made the sensor tools more fragile and difficult to handle,
while the choice of shorter exposed PL sections would have
compromised the size of the active electrode area too much. A
rst set of PLEs was made with 10 PLs of the same brand (Pentel
AinSTEIN) and diameter (0.5 mm) but of 4H, 3H, 2H, H, F, HB,
B, 2B, 3B and 4B grades. For all unmodied PLs used in this trial
the specic graphite rod resistance (U cm−1) was measured with
a simple multimeter device and converted into conductivity
using Ohm's law. Value comparison conrmed that the electron
transport through the different PLs was virtually independent of
their hardness/soness grade. (Table S1†). As shown in
Fig. 1(D), cyclic (CV) or differential pulse (DPV) voltammograms
were made for 100 mM ferricyanide in 100 mM KCl for
unmodied and CNT-modied versions of the test group to
inspect their EC redox response. The resulting ferricyanide CV
and DPV duplets are shown in ESI Fig. S1.† It is obvious from
the voltammogram compilation that the tool performance was
practically unaffected by a change of the grade of the PLs that
were embedded in polymer tubes as electrode rods. For neither
unmodied (black traces) nor CNT-modied (red traces) PLEs
were the ferricyanide CV peak currents and potentials and the
ferricyanide DPV maxima much changed by the hardness/
soness. However, the sizes of CV and DPV peaks were
consistently larger for PLEs that had been dipped 10 times in
a CNT suspension, with 5 s-long periods between immersions.
Apparently, the simple dip/dry treatment modied the surfaces
of PLE with a CNT deposit that then improved the
RSC Adv., 2023, 13, 32672–32680 | 32673
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Fig. 1 (A) An illustration of the steps used for the preparation of cylindrical pencil lead electrodes (PLEs) from stationery pencil leads (PLs). (B)
Schematic of the dip–dry procedure used to apply carbon nanotube (CNT) deposits to completed PLEs. (C) Photograph of a completed PLE
(bottom) and light microscope images of the tip region of a PLE with the PL protruding from its heat shrinking tube insulation (top). (D) Schematic
of the EC cell arrangement used for testing the quality of unmodified and CNT-modified PLEs by cyclic and differential voltammetry with
potassium ferricyanide as the redox compound in potassium chloride electrolyte.
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responsiveness in the ferricyanide voltammetric recordings.
That 10 repetitions of 5 second immersions in aqueous CNT
suspension, with a total exposure time of 50 s, indeed brought
about a PL surface change became evident during representa-
tive checks of HB versions of the graphite rods by scanning
electron microscopy (SEM). At 50× magnication unmodied
and treated HB-PLs appeared the same (Fig. 2A(1) and B(1)). In
Fig. 2 Low ((1) 50×) and high ((2) 5000× and (3) 20 000×) resolution
scanning electronmicroscopy images of (A) an unmodified pencil lead
(PL brand: Pentel AinSTEIN; grade: HB; diameter: 0.5 mm) and (B)
a pencil lead of the same type as in (A) but after ten immersions in
a weak CNT suspension, with 5 s long rests between immersions.

32674 | RSC Adv., 2023, 13, 32672–32680
SEM zooms the unmodied PL surface looked rough and, as
expected for a graphite-based material, layered micron-sized
graphite platelets were noticeable (Fig. 2A(2) and (3)). For HB-
PLs that had been dip-and-dry-coated with CNT the aky
silhouettes of the graphite microdomains could not be resolved.
Instead, CNT-treated HB-PL surfaces appeared to be thinly
covered with the applied CNT coat (Fig. 2B(2) and (3)), which
produced the electrochemically veried improvement of the
redox of CNT-modied PLEs with ferricyanide, compared to
responses of unmodied PLEs.

Three each of the hardest (4H), medium (HB) and soest
(4B) Pentel AinSTEIN PLEs were modied with CNT by 10-fold
repetitions of the dip-and-dry cycle and EIS data were collected
for the customized items and their bare versions, too.
Compared to their unmodied equivalents, CNT-modied 4H-,
HB- and 4B-PLEs showed drastically reduced charge transfer
resistances (Fig. S2†) during ferri-/ferrocyanide redox. Obvi-
ously, the more effective electron transfer from the dissolved
redox species to surface-attached CNT entities on the conduc-
tive PL stick is main reason for the better performance of CNT-
modied PLEs in the voltammetry trials.

To evaluate the inuence of the number of dip/dry cycles on
the sensor performance the CNT modication of PLEs was
carried out for one PLE model, namely the HB Pentel AinSTEIN
PLE, with one, ve, ten and twenty iterations of the sequence of 5
second immersions in the aqueous CNT suspension, with 5
second rests in air. The resulting CNT-modied PLEs were care-
fully inspected by cyclic and differential pulse voltammetry and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cyclic (A) and differential pulse (B) voltammograms of 100mM ferricyanide at a HB-PLE (PL brand: AinSTEIN) without (black) and with (red)
CNTmodification. (C) A bar chart of the current increase induced by the proposed CNTmodification of HB-PLEs, for all 35 PL brands tested. The
supporting electrolyte for the measurements was 100 mM KCl, the scan speed for CV acquisition was 50 mV s−1 and the pulse size and time for
DPV recordings were 50 mV and 200 ms, respectively. The EC cell was arranged as shown in Fig. 1(D), with a coiled Pt counter-electrode and an
Ag/AgCl/3 M KCl reference.
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also with electrochemical impedance spectroscopy (EIS). The
results showed that a single dip/dry treatment of an HB-PLE
already generated a detectable enhancement of the redox vol-
tammetry (Fig. S3†) and a decrease in the charge transfer resis-
tance (Rct) during ferri-/ferrocyanide redox (Fig. S4†). However,
the degree of both improvements reached a maximum with 10
immersion/drying cycles, while doubling to 20 cycles did not
further improve electrochemical signaling (Fig. S3 and S4†). A 10-
fold dip-and-dry treatment was therefore chosen the standard for
all PLE items in the work described below.

Thirty-ve different brands of HB-type PLs were on offer
from local stationery shops and online sellers, and this avail-
ability was a denite advantage of HB-grade PLs, which also
offered a good balance of clay and graphite components, which
was expected to increase both the responsiveness and the
stability of the desired PLEs. All purchased HB-PLs were con-
verted into PLEs with and without CNT and sets of the CVs and
© 2023 The Author(s). Published by the Royal Society of Chemistry
DPVs for 100 mM ferricyanide were acquired for the entire
collection. A representative example of a CV/DPV ensemble is
shown as parts A and B of Fig. 3 while all gathered CV and DPV
and recordings are displayed in the ESI Fig. S5 and S6.† Prac-
tically all the HB-PLEs fashioned showed improved ferricyanide
redox detection performance on dip-coating with CNT, and
showed, to greater or lesser extent, increased voltammetric peak
currents aer ten immersions in an aqueous suspension of
graphitic nanotubes. This result is visualized in the bar chart
diagram in Fig. 3(C), which displays the gain in the DPV ferri-
cyanide reduction current, DIpc, for the 35 HB-PLEs inspected,
as induced by the CNT deposit.
3.2. Reproducibility tests with CNT-modied “HB” PLEs

The reproducibility of the proposed method of CNT modica-
tion was assessed for the best 11 HB-PLEs from the test in
RSC Adv., 2023, 13, 32672–32680 | 32675
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Section 3.1, explicitly for all those with red bars in Fig. 3(C). For
the eleven chosen PLs, 3 PLEs were made from the same
purchase batch, and then tested by ferricyanide voltammetry.
The libraries of the CVs and DPVs of the trial are shown in ESI
Fig. S7 and S8.† Fig. 4 shows the CVs and DPVs of the KOKUYO
PLE, chosen as an illustrative case. The reproducibility of PLE
fabrication and CNT modication was shown by the super-
imposability of equivalent CVs and DPVs (Fig. 4(A) and (B)).
Fig. 4(C) is a bar chart showing the averaged gain in cathodic
DPV current for the 11 members of the PLE sensor set, with the
standard deviation of the values expressed as error bars (mean
± SD; n = 3). The DPV response enhancement by CNT modi-
cation varied from brand to brand. However, reasonably small
Fig. 4 Cyclic (A) and differential pulse (B) voltammograms of 100mM fer
CNT modification. The CVs and DPVs from three separate PLEs, prepared
the two plots. (C) Bar chart of the current increase, DIpc, induced by CNT
reproducibility trial. The supporting electrolyte for the measurements wa
pulse size and time for DPV recordings were 50 mV and 200 ms, respec
counter and an Ag/AgCl/3 M KCl reference electrode.

32676 | RSC Adv., 2023, 13, 32672–32680
standard deviations of the means proved that the signal
amplication for all 11 brands was suitably reproducible for
electrode replicates made with PLs of the same batch.
3.3. Durability tests with CNT-modied “HB” PLEs

Five HB-PLEs from the reproducibility test in Section 3.2,
explicitly those in Fig. 4(C) with orange bars, were further
checked for the durability of their CNT modication, once the
nanomaterial was in place. For each durability trial a HB-PLE
was rst tested by ferricyanide voltammetry, to record the
response of the unmodied sensor. CNT deposition was then
completed, and electrochemical testing performed immediately
ricyanide at a HB-PLE (PL brand: KOKUYO) without (blue) and with (red)
with three different PLs from the same purchase batch, are overlaid in
modification of the HB-PLEs, for all 11 PL brands used in the three-fold
s 100 mM KCl, the scan speed for CV acquisition was 50 mV s−1 and the
tively. The EC cell was arranged as shown in Fig. 1(D), with a coiled Pt

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Durability test with a CNT-modified HB pencil lead electrode.
Plots (A)–(C) are the 100 mM ferricyanide differential pulse voltam-
mograms (DPVs) obtained at HB-PLEs (PL brand: uni) without (black)
and with (red) CNT modification. The three plot sets also include the
two DPVs that were acquired after storage of the sensor tools in stirred
DI water. Stirring rates were 150 (A), 500 (B) and 1000 (C) rpm.
Exposure times were 15 min ((A) blue), 2 hours ((A) green), 1 day ((B)
pink; (C) brown) and 7 days ((B) purple; (C) orange). DPV parameters
were as for Fig. 3(B).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(t = 0) and again aer minutes, hours and days of storage in
stirred water. Libraries of CVs and DPVs from the PLE stability
test were acquired at stirring rates of 150, 500 and 1000 rpm.
The low magnetic bar rotation speed was a realistic simulation
of the experimental conditions during, for instance, standard
amperometric experiments. The two higher rates were intended
to be a more severe hydrodynamic challenge for the CNTs on
the PL surface. An important observation from the trial at
150 rpm was that immersion in a gently stirred solution did not
substantially alter the performance of CNT-modied HB-PLEs
(Fig. 5(A) and ESI Fig. S9†). The CNT strands, applied as inter-
facial voltammetric response enhancers in a simple dip-and-dry
coating step, were obviously anchored rmly enough that they
were not detached to any signicant degree. Only hydrodynamic
forces far beyond normal conditions and day-long treatment
times led to signicant decreases in the current response of
CNT-treated PLEs through loss of the nanomaterial (Fig. 5(B),
(C), ESI Fig. S10 and S11†). PLs are rich in surface-exposed
graphite and CNTs are rolled-up graphite sheets. For the
proposed CNT-modied HB-PLEs the observed robust CNT
xation is probably due to strong non-covalent affinity between
the p electrons of the extended aromatic structures of the
nanotubes and graphite platelets. That distinct supramolecular
p–p stacking can create stable bonding between CNTs and
graphitic surfaces or molecules with aromatic regions was
recently discussed in a few topical original articles.30–33 Here the
strength of p–p interactions apparently provided a simple
strategy for the rm immobilization of CNTs on PLs to enhance
their redox performance.
3.4. Applicability tests with CNT-modied “HB” PLEs

Drugs, metabolic disease biomarkers, fruits, herbs and other
food nutrients and contaminants, environmental pollutants
and enzyme assay reporter molecules are classic subjects for
modern electroanalysis. To validate the improvement that CNT
modication of PL surfaces was expected to offer for feasible
analyte detection with PLE sensors, electrochemical tests with
unmodied and CNT-modied PLEs were performed with ve
model analytes: three pharmaceuticals (acetaminophen, an
analgesic and antipyretic, chloramphenicol, an antibiotic, and
doxorubicin, an anticancer agent), one environmental pollutant
and routine enzyme assay label (4-nitrophenol) and hydrogen
peroxide (H2O2) an industrial commodity, source of toxic
radical species in the body, and the detected species in oxidase-
based amperometric biosensing.

It is clear from the four sets of DPVs in Fig. 6 that modi-
cation of the PLE surface with low levels of CNT enhances the
quality of both anodic (Fig. 6(A), (B) and (D)) and cathodic
(Fig. 6(C)) voltammetry of organic compounds. For all tested
models the DPV peak currents were signicantly amplied by
CNT-modication to levels that are suitable for quantitative
detection, e.g. by DPV testing in the standard addition mode. A
non-organic analyte for PLE testing was H2O2. This small
molecule is a by-product of oxidase-based substrate conversion
on platinum or carbon sensors with immobilized oxidases in
anodic or cathodic amperometric detection. The best-known
RSC Adv., 2023, 13, 32672–32680 | 32677
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Fig. 6 Applicability test I with a CNT-modified HB PLE (PL brand:
KOKUYO), showing DPVs for (A) 250 mM 4-nitrophenol (4-NP), (B) 250
mM acetaminophen (APAP), (C) 250 mM chloramphenicol (CAP) and (D)
250 nM doxorubicin (DOX). Black and blue current traces were taken in
analyte-free solutions (blanks) with unmodified and CNT-modified
PLEs. Red and green traces are DPV recordings in analyte-containing
solutions with unmodified and CNT-modified PLEs, respectively. DPV
parameters were as listed in Fig. 3(A).
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example is the glucose oxidase biosensor used by diabetic
patients as a home health care device for glucose testing in
nger-prick blood samples. Here, we used unmodied and
CNT-modied HB-PLEs to measure H2O2 by amperometric
recording of anodic current at +600 mV versus RE.

Fig. 7 is a typical example of an assembly of four anodic
amperograms that were individually acquired with unmodied
and CNT-modied HB-PLEs in the presence and absence of 250
mM H2O2. The fast-declining early phase in the current plots is
related to the application of the detection potential and the
charge ow that is required to establish the desired +600 mV
sensor polarization. Toward the end of the recording the
capacitive signal contribution decayed to insignicant levels
and the measured current represents the oxidation of the ana-
lyte in the test solution, which here is H2O2. For the bare and the
CNT-modied HB-PLEs a change from 0 to 250 mM H2O2

increased the sensor current by 15.8 and 222 nA, respectively.
This almost eenth-fold signal increase was another experi-
mental proof that CNT modication greatly enhances the
performance of PLEs in electrochemical detection.

Table S2† compares the design and performance character-
istics of the cylindrical CNT-PLEs reported in this work with
those of published disk- and cylindrically shaped equivalents.
While a CNT drop-casting procedure with solvent evaporation is
expected to be more efficient for CNT deposition on a disk PLE
than the dip-and-dry process, for the cylindrical PLEs described
here showed an equal or even better voltammetry performance
and had better EIS charge transfer characteristics. They were
also competitive with the cylindrical equivalents with extra
polymer nanostructures and/or metal/metal oxide nano-
particles added to the surface modication, and they were
superior to the only cylindrical PLE in the table with simple CNT
modication. As a novel feature the proposed CNT-PLE sensors
Fig. 7 Applicability test II with a CNT-modified HB pencil lead elec-
trode (PL brand: KOKUYO), showing four anodic amperograms
acquired at a detection potential of +600 mV vs. Ag/AgCl (3 M KCl)
with an unmodified (black and red traces) or CNT-modified (blue and
green) PLE in a 0.1 M KCl solution without (black and blue traces) or
with (red and green) 250 mM H2O2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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thus achieved a substantial improvement in electroanalytical
response through a simple and sustainable fabrication
procedure.
4. Conclusions

We have introduced a simple and economic tactic for the
adaptation of low-cost PLEs with a CNT deposit that markedly
enhances their electrochemical redox response as sensors.
Performing the nanomaterial surface modication needed only
a few immersions of the prefabricated PLEs in a dilute
suspension of CNTs in DI water. The observation of reliable
voltammetric signal enhancement in tests with thirty-ve
different pencil leads proved the universal applicability of the
proposed modication method, while the reproducibility was
conrmed by the small deviations of peak currents from trip-
licate CV and DPV measurements with identically prepared
copies of CNT-PLE prototypes. The response of completed CNT-
PLEs was stable over the timescale of standard electrochemical
measurements and CNT-PLEs detected a selection of topical
analytes considerably better than unmodied precursor PLEs.
PLs are cheap and easily obtained, the derived PLEs are easy to
make, and their sensitivity-enhancing CNT modication is
simple to perform. With these major technical advantages and
the conrmed excellent detection capability in mind, our CNT-
PLEs are recommended as robust and budget-friendly tools for
sustainable electroanalysis. Our own further work will attempt
their integration into devices for microuidic electrochemical
sample screening and the proposed CNT-PLEs will be explored
as the basis of ‘green’ electrochemical enzyme biosensors.
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