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TiO, nanotube flow-through membranes (TNTsM) were fabricated via anodization of Ti foil and explored as
a biosensing platform for creatinine detection. The electrodes were prepared in different configurations
including TNT membrane with top surface up (TNTsMTU/TNPs/FTO), TNT membrane with bottom
surface up (TNTsMBU/TNPs/FTO), TNT membrane with top surface up containing nanograss (TNTsMNG/
TNPs/FTO), and TNTs/NPs/FTO and TiO, nanoparticles (TNPs) film on fluorine doped tin oxide (TNPs/
FTO). Electrochemical studies depict the higher electrochemical activity (sensitivity ~19.88 pA pM™t
cm™2) of TNTSMTU/TNPs/FTO towards creatinine compared to other configurations. This exceptional
performance of the TNTsMTU/TNPs/FTO electrode results from the flow-through nature of TNTsM and
the removal of the bottom oxide barrier layer through etching in H,O,. The underlying layer of TiO, NPs

also contributes to the higher current response of the TNTsMTU/TNPs/FTO. The relevance of the
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Accepted 30th November 2024 biosensor structural design is demonstrated by the increased amperometric response of TNTsMTU/

TNPs/FTO and greater redox peak current in cyclic voltammograms. Furthermore, the higher selectivity,

DOI: 10.1039/d4na005629 stability, and reproducibility of the electrode can be due to the suitable redox potential, chemical
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Introduction

Creatinine detection has a significant importance due to its
clinical relevance as a biomarker associated with several
diseases related to renal, thyroidal, and muscular dysfunctions.
It is a metabolic byproduct of creatine phosphate produced by
muscles, filtered through blood by the kidneys and then
excreted out of the body via urine."” Typically in a healthy
individual, creatinine concentration in blood serum ranges
from 60 to 110 mM for men and 45 to 90 mM for women.? The
creatinine level may exceed this value up to 500 mM, which is
a sign of severe renal dysfunction and requires immediate
treatment such as dialysis or kidney transplant. A high

“Department of Physics and Applied Mathematics, Pakistan Institute of Engineering
and Applied Sciences (PIEAS), Islamabad 45650, Pakistan. E-mail: masimr22@
gmail.com

*Nanomaterials Research Group (NRG), Physics Division, PINSTECH, Islamabad
44000, Pakistan. E-mail: ghafarali@kaist.ac.kr

‘Department of Materials Science and Engineering, University of Erlangen-Nuremberg,
Martensstrasse 7, D-91058 Erlangen, Germany

“Department of Physics (Medical Physics - CAMPEP Accredited), Charles E. Schmidt
College of Science, Florida Atlantic University (FAU), Boca Raton, FL 33431, USA
‘Department of Physics, Women University Swabi, Swabi, Khyber Pakhtunkhwa,
Pakistan

DOIL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4na00562g

(ES)

© 2025 The Author(s). Published by the Royal Society of Chemistry

stability, and controlled fabrication process of TNT membranes.

creatinine level can also be an indication of drug consumption
or clinical treatments e.g. acetylcholine inhibitors, cyclosporine,
and chemotherapy. Therefore, careful monitoring of the creat-
inine level in blood and urine samples is important for
assessing human health. The traditional approach for creati-
nine detection consists of the colorimetric Jaffe method which
requires sophisticated clinical laboratories.™* This procedure
involves reacting picric acid with the methylene moiety of
creatinine in an alkaline medium. As a result, a yellowish-red
solution known as a creatinine picrate complex is formed and
subsequently subjected to colorimetric analysis. Even though
the Jaffé method is widely used for clinical creatinine detection,
temperature changes and sample pH variations can cause
optical interferences and analytical errors. These interferences
may cause a diagnosis to be made incorrectly. Moreover, pig-
mented compounds like bilirubin and specific drugs can have
an impact on the colorimetric analysis.> Consequently, there is
a great deal of research being done on alternative creatinine
biosensing techniques that allow for quick and accurate point-
of-care analysis."

Among recent detection techniques, electrochemical
biosensors have drawn a lot of attention due to their ease of
handling, portability, appropriate sensitivity, low cost, minia-
turized biosensing devices, flexibility for point-of-care detec-
tion, and repetitive clinical analysis."*® Most of the reports
involve enzyme based electrochemical creatinine detection. The
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procedure involves the immobilization of multiple enzymes
(e.g. creatininase and creatinase) on the electrode surface for
enzymatic reactions with creatinine to detect electroactive
products.” In general, creatinine biosensors with a detectable
electrochemical response are based on subsequent enzymatic
reactions that measure ammonia or hydrogen peroxide, which
are the major influencing species of creatine.*®

Regarding enzyme stability, there are consistent differences in
the electrochemical activity of enzymatic biosensors. The sensor
needs to be calibrated as a result. The biosensor response time is
also influenced by the thickness of the enzyme film." These
electrodes, however, are sensitive, unstable, and have a narrow
concentration range, which reduces the electrode specificity.
This has led the scientists to uncover the magic of nanotech-
nology by the development of non-enzymatic biosensors using
suitable nanomaterials. Among those, electrochemical biosen-
sors are the most promising for fabricating point-of-care devices
and offering higher sensitivity and stability. However, the elec-
trode material and the fabrication process play a critical role in
the performance of the biosensor.™

Sriramprabha et al. reported hydrothermally derived Fe,O;
which was distributed on a polyaniline (PANI) matrix through
oxidative polymerization to form nanocomposites. The nano-
composite was pasted on the glassy carbon electrode and used
for the non-enzymatic detection of creatinine in serum samples
in the linear concentration range from 0.03 to 45 mM with
a detection limit of 5.41 uM."” Kumar et al. reported on the use
of zwitterion-functionalized cuprous oxide nanoparticle-coated
screen-printed carbon electrodes for the non-enzymatic detec-
tion of creatinine. The biosensor active material was fabricated
by surface engineering of Cu,O nanoparticles with N-hexadecyl-
N,N dimethyl-3-ammonio-1-propanesulfonate zwitterions. The
biosensor shows a linear concentration range of 10 to 200 pM
and detection limit of 5.0 uM in human serum samples.”®* A
flexible screen-printed carbon electrode has been explored by
Manikandan and his group for the detection of creatinine in
serum and urine samples." They opted for electrochemical
activation of carbon-coated paper as an analytical device
(ePAD*). The activation leads to the growth of stable carboxyl
(C=0, COOH) groups on the edge planes of the carbon surface.
This electrode shows a linear detection range of 0.03 to 45 mM
with a detection limit of 5.41 uM. Copper based electrochemical
biosensors have also been extensively explored. Mehta et al.
reported electrodeposited copper nanoparticles on porous pol-
ymelamine formaldehyde for creatinine detection with a sensi-
tivity of 3.8 mA nM~ " cm 2. Ashakirin and his co-workers
synthesized copper nanoparticle integrating poly (methyl
methacrylate-co-divinylbenzene) molecularly imprinted poly-
mer (Cu,O@MIP) using electrodeposition. The electrode shows
a sensitivity of 2.16 A nM~ ' ecm > The abovementioned
studies used different types of nanocomposite materials with
various ranges of sensitivity towards creatinine detection.
However, the aforementioned materials require multiple active
materials, as well as complex fabrication methods and steps.
Therefore, a simple and cost-effective technique is required for
fabrication of creatinine biosensors with comparable
performance.
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Anodic TNTs owing to their various inherent qualities
including chemical stability, affordability, and exceptional
biocompatibility have attracted a lot of attention lately as
a substrate material in biosensing."”** The anodization proce-
dure has been used to fabricate various morphologies as it is
a versatile technique and has been employed for the fabrication
of highly ordered and vertically aligned TNTs.?*** Furthermore,
it provides great control over the experimental parameters
which in turn defines the geometry and structure of the nano-
tubes, e.g. diameter, length, wall structure, thickness, and
crystallinity.>®**** A lot of morphological variations of TiO,
nanotubes e.g. classic TNTs, bamboo-like TNTs, membranes,
spaced tubes, branched tubes, and single as well as double-
walled nanotubes can be achieved by varying anodizing
parameters such as voltage, time, water content, nature of
electrolyte, and temperature etc.>** The general feature of
fabricating an oxide layer on the surface of metals via anodic
oxidation is the good adhesion to the substrates, vertical
alignment of nanotubes, and the schottky/metal type contact
which facilitates directional charge flow and enhances the
electrode performance in biosensing.”® Meanwhile, the
morphology of the electrode material plays a determining role
in biosensing as the total surface area and diffusion of the
electrolyte inside the nanotubes is affected by the tube diam-
eter, length, and wall structure.”>* On the other hand, the
electron mobility and electrical conductivity is highly depen-
dent on the crystal phase of TNTs where anatase is considered
as the highly conductive phase compared to the other two
phases of TiO, and their mixtures.***

The classic nanotubes (TNTs attached with a Ti-substrate)
exhibit relatively higher resistivity values compared to a single
TNT on a SiO, substrate when measured via two-probe and four-
probe methods.**** This fact can be ascribed to the rutile phase
grown at the bottom of the nanotubes which reduces the
conductivity by an order of magnitude. This problem can be
solved by annealing TNTs after separating them from the
underlying Ti-substrate in the form of membranes (free-
standing TNT arrays).*® Several physical and chemical means
have been employed for the separation of the TNT layer from its
substrate; however, much cautions should be taken as the
membranes are extremely fragile and can easily break under
a small mechanical stress.*'~** It has been reported that fluoride
ions play a critical role in the detachment process of TNTs from
their substrate.*>*>* During anodization, the fluoride ions due
to their higher mobility pass through the compact oxide layer
forming a tubular structure under the applied field and accu-
mulate at the interface of the oxide film and metal substrate in
the form of a thin layer of soluble oxy-fluoride.*” This layer can
serve as a sacrificial layer and facilitate the detachment of TNT
arrays. The functionality of the TNTsM is also highly dependent
on the top surface morphology of the nanotube e.g. the residual
oxide layer, the nanograss formation or clean and open tube
tops.*"**** In some cases, a remnant of the initial oxide layer left
over or the formation of nanograss due to the extended etching
(specifically during the membrane separation process) closes
the tube's top openings which restricts the diffusion of elec-
trolyte or ionic species and are not favorable for electrochemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sensor fabrication. Here, we have presented an appropriate
growth of anodic TNT layers followed by controlled chemical
etching to form free-standing flow-through membranes and
utilized them to study the electrochemical behavior of their
different morphological orientations in creatinine biosensing.

Materials and methods

Titanium sheets with a thickness of 0.1 mm and a purity of
99.6% were purchased from GoodFellow, England, UK.
Ethylene glycol (EG), ammonium fluoride (NH,F), H,O, and
transparent TiO, paste were obtained from Sigma-Aldrich, USA.
Other chemicals including creatinine, creatine, urea, glucose,
and ascorbic acid (AA) were acquired from Sinopharm Chemical
Regent Co. Ltd, China. De-ionized (DI) water was used in all
experiments, and all the compounds were utilized as-received,
requiring no additional processing.

Fabrication of free-standing and flow-
through TNT membranes

A highly ordered TNTsM was fabricated in EG containing
173.6 mM NH,F and 5 wt% H,O via anodization as shown in
Scheme 1. Prior to anodization, Ti foil was degreased in acetone,
ethanol, and DI water each for 10 min in a sonication bath (step
1). The first-step anodization was performed at 60 V for 20 min
to grow a 10 um thick nanotubular array followed by the
removal of the nanotubes by sonication (step 2). The removal of
the oxide layer generated during the first-step anodization

(a) Anodization Cell

(b)

Ethylene glycol

173.6 mM of NH,F
5wt% of H,0
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leaves a pattern of the bottom of the nanotube (foot print) on
the Ti-substrate which behaves as the preferred initiation sites
(patterned) for the nanotube growth during the second-step
anodization. The second-step anodization was carried out
under similar conditions to those followed during the first-step
anodization. Before any other process, the samples were
annealed in air at 250 °C for 30 min in order to dehydrate the
nanotubes and to increase the chemical stability of the layer
(step 3). Afterwards, the samples were further anodized (step 4)
for 10 min under the same experimental parameters to grow
a thin nanotubular layer underneath the annealed TNT array
layer. The samples were then treated with pure H,0, solution
for 1 h (step 5). The underlying nanotube layer is amorphous
and was selectively dissolved in H,0, without affecting the
stable annealed upper TNT layer. This results in the detachment
of the upper tubular layer from the lower Ti-substrate and a free-
standing TNT layer is obtained. Further dissolution of the
nanotube bottom leads to the open tube bottom morphology
and flow-through membranes were obtained. The membranes
having a diameter of 0.8 cm are then transferred to a porous
ceramic block covered by quartz slides from the top and dried
overnight (step 6). The nanotubes were then annealed at 450 °C
in air for 2 h to achieve the required anatase phase keeping the
membrane sandwiched between the ceramic block and quartz
slide to prevent it from bending and cracking.

Characterization

Determination of the morphology of the materials was carried
out using a field emission scanning electron microscope
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(a) Anodization cell and (b) fabrication process of free-standing and flow-through TNT membranes.
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(Hitachi FE-SEM $4800, Japan). To ascertain the chemical
bonding and crystal structure of the samples, X-ray Photoelec-
tron Spectroscopy (XPS, PHI 5600, US) and X-ray Diffraction
(XRD, X'pert Philips PMD, CuKa 1.54056 A) were employed
respectively.

Electrochemical studies

A Zahner instrument (IM6 ex, Germany) was used to perform
electrochemical impedance spectroscopy (EIS) in the frequency
range of 1 MHz to 10 mHz at open circuit potential. An elec-
trochemical workstation (Biologic SP-300, France) was used to
perform Cyclic Voltammetry (CV) and Amperometry. All the
experiments were carried out in an electrochemical cell with
a three-electrode configuration where TNTs and TNTsM with
different configurations served as the working electrode with an
exposed area of 0.35 cm?, Pt foil served as the counter electrode
and saturated calomel (Hg/Hg,Cl,) was used as the reference
electrode. A 0.1 M phosphate buffer solution (PBS) with pH 7.0
was used as an electrolyte for all the electrochemical studies. A
stock solution of 10 mM creatinine was prepared in DI water
and further diluted as per the requirement.

Results and discussion
Field emission scanning electron microscopy (FESEM)

To investigate the morphology of the free-standing flow-through
TNTsM, FESEM was utilized. Fig. 1a-i show SEM images of the
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top, bottom, and cross-sectional views of TNTs, TNTsMTU and
TNTsMG. The SEM top view of the TNT layer shows close packed
tube morphology with an outer tube diameter of ~100 nm
(Fig. 1a). The bottom view of the TNTs (Fig. 1b) shows densely
packed nanotubes with closed tubes at the bottom of the
untreated samples in any kind of etchant solution. The inset
clearly shows the formation of double walled morphology at the
nanotube bottom. A cross-sectional view of TNTs near the
bottom is also given in supplementary data Fig. S1.t The cross-
sectional view at low magnification (Fig. 1c) shows smooth
nanotube wall morphology with a tube length of about 10 um.
The FESEM image of the top view of the TNT membrane
(Fig. 1d) shows open nanotube morphology with comparatively
thin tube walls and a relatively higher tube diameter (150 nm)
compared to the TNT layer due to the treatment in H,0, solu-
tion for obtaining a flow-through membrane. The bottom of the
TNT membrane (Fig. 1e) shows homogeneously open tube
bottoms to a large extent, illustrating the successful dissolution
of the bottom oxide layer (barrier layer) without affecting the
nanotube morphology. The bottom view also shows a double
walled nanotube morphology (inset image) which is the
conventional characteristic of TNTs fabricated in organic elec-
trolytes. The inner diameter of TiO, nanotubes at the bottom is
relatively smaller than the inner diameter of the nanotubes at
the top due to the conical shape formation of the nanotubes
which is in line with the literature.>* The cross-sectional image
of the TNT membrane (Fig. 1f) shows a smooth nanotube wall
morphology which again depicts that treatment with H,0, did

Fig.1 FESEM images showing (a, d and g) top, (b, e and h) bottom, and (c, f and i) cross-sectional views of (a and b) TNTs, (d and e) TNTsM, and (g

and h) TNTsMNG.
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Fig. 2 (a and b) TEM images of TiO, nanotubes.
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Fig. 3 High resolution XPS spectra of TNTs, TNTsMTU, TNTsMBU and TNTsMNG for (a) Ti 2p, (b) O 1s, and (c) C 1s. (d) Deconvolution of the C 1s
spectra for TNTsM.
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Fig. 4 XRD pattern of the TNTs flow-through membrane with top up
configuration.

100

not significantly alter the tube wall morphology due to its
chemical stability achieved via annealing. Fig. 1g shows a SEM
image of the top view of the TNT membrane after extensive
etching in H,O, solution. It shows the formation of a nanograss
layer over the top surface nanotubes which covers and blocks
the tube opening. The nanograss is the residue of the collapsed
nanotube tops due to etching in H,0, for a longer period of
time. The bottom image (Fig. 1h) does not show much differ-
ence compared to the bottom view of the TNT membrane etched
for 1 h. This fact can be ascribed to the formation of double
walled morphology of the nanotube at the bottom surface which
is chemically more stable than the top portion (single walled) of
the membrane. The cross-sectional view (Fig. 1i) shows the
rough nanotube wall morphology due to extensive etching
which may increase the roughness of the nanotubes or some-
times introduce partial porosity within the nanotube walls. The
cross-sectional image further depicts the thickness of the
nanograss layer which is about 2 pm. The formation of smooth

(a ) TNTsM Layer

TNPs Layer

FTO

(b)

----------

(i) TNTSMTU/TNPS/FTO (i) TNTsSMBU/TNPs/FTO

Scheme 2
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TNTs can be further confirmed by TEM images as shown in
Fig. 2a and b. As depicted from the TEM images, the diameter of
the tube is of the order of 100 nm with tube wall thickness of 15—
20 nm.

X-ray photoelectron spectroscopy

Fig. 3a-c show the high resolution XPS spectra of Ti 2p, O 1s,
and C 1s for TNTs, TNTsMTU, TNTsMBU and TNTSMNG. The Ti
2p spectra (Fig. 3a) show two distinct peaks at around 464.20 eV
and 458.73 eV which is due to the Ti 2p doublet (Ti 2p;,, and Ti
2pss2). The O 1s spectra (Fig. 3b) show a main peak located at
~529.90 eV due to the metal-oxide bond and another small
shoulder peak due to the adsorbed OH species or water content
at the surface. Both the Ti 2p and O 1s spectra show similar
trends for all samples as the main constituent of TiO, nano-
tubes and membranes are Ti and O. The C1s spectra (Fig. 3c)
show a major peak position at 284.90 eV while the peaks located
at 286.70 eV and 288.50 eV correspond to the carbon from
carbonaceous fragments of the EG adsorbed on the nanotube
surface.* Moreover, the peak at 288.50 eV is more prominent in
the case of the TiO, membrane bottom up configuration and
with nanograss which can be ascribed to the double walled
morphology at the tube bottoms containing an inner carbon
rich layer (v-shaped) and the exposed inner wall surface due to
wall splitting respectively.**** Fig. 3d shows the deconvolution
of C 1s for TNTsM. Fitting shows that the C 1s perfectly fits with
three peaks with sufficient intensity.

X-ray diffraction

Fig. 4 displays the XRD pattern of TNTsMTU thermally treated
at 450 °C for 2 h. The diffraction peaks located at 25.19 (101),
36.82 (004), 37.77 (112), 47.93 (200), 53.92 (105), 54.95 (211),
62.61 (204), 68.71 (116), 70.41 (220), 75 (215), and 82.41 (224) are
indexed to the crystal planes of anatase TiO, (JCPDS card #01-
071-1166). This demonstrated that the free-standing membrane
of TNTs undergoes a complete transformation from the amor-
phous to the anatase phase during thermal annealing at 450 °C
for 2 h in air (after being removed from the Ti-substrate).

]

(iii) TNTSMG/TNPs/FTO

(iv) TNTs/TNPs/FTO (v) TNPs/FTO

(a) Preparation procedure and (b) various configurations of the free-standing flow-through membrane based biosensing platforms.
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Fig.5 (a) EIS along with equivalent circuits and (b) cyclic voltammetry of different electrode configurations. Cyclic voltammogram of TNTsMTU/

TNPs/FTO (c) at different scan rates [20-120 mV s~Y. (d) Linear fitting of the peak current versus root mean square of scan rate (V2) derived

from (c).

Additionally, it has been previously noted that annealing of
nanotubes attached to Ti metal substrates also causes the
thermal oxidation of metallic Ti, which leads to the develop-
ment of an undesirable rutile phase at the metal/oxide inter-
face.> Nonetheless, a very notable advantage provided in the
case of membranes (free-standing TNTs separated from the Ti-
substrate) is the transformation of anatase into rutile at much
higher temperature.*® Furthermore, no notable difference in the
XRD pattern was observed for other configurations of TNTsM.

Fabrication of free-standing flow-through membrane based
biosensing platforms

To prepare the electrode as a biosensing platform, five different
electrode configurations have been achieved (Scheme 2b). The
free-standing flow-through membranes were transferred to the
FTO substrate in the form of a TNT membrane with top surface
up (TNTsMTU/TNPs/FTO), TNT membrane with bottom surface
up (TNTsMBU/TNPs/FTO), TNT membrane with top surface up
containing nanograss (TNTsMG/TNPs/FTO), TNTs with closed
bottom TNTs/TNPs/FTO and TiO, NPs (TNPs/FTO) film. In
order to obtain nanotubes with top surface up (TNTsSMTU/
TNPs/FTO) configuration, the membrane is transferred to the
FTO substrate facing the tubes top of membrane upward

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Scheme 2b(i)). In the bottom up configuration (TNTsMBU/
TNPs/FTO), the membrane is flipped and transferred to the
FTO positioning the nanotube bottom up (Scheme 2b(ii)). In the
case of the membrane with collapsed residues of extensively
etched nanotubes with nanograss formation, (TNTSMG/TNPs/
FTO), the nanograss side is facing up (Scheme 2b(iii)). For
comparison, simple TNTs were detached from the Ti substrate
(with closed nanotube bottom morphology) and transferred to
the FTO in the form of tube top up configuration (TNTs/TNPs/
FTO) (Scheme 2b(iv)). A thin layer of commercially available
TiO, NPs is used as an adhesive medium between the
membrane and the substrate in order to obtain better electrical
contact as shown in Scheme 2a. As a reference, a thin layer of
TiO, NPs (with the same thickness as that used for the adhesion
medium for the membrane) on FTO (TNPs/FTO) is also fabri-
cated for electrochemical studies (Scheme 2b(v)).

Electrochemical studies

Fig. 5a shows the EIS Nyquist plots of TNTsMTU/TNPs/FTO,
TNTSMBU/TNPs/FTO, TNTSMNG/TNPs/FTO, TNTs/TNPs/FTO
and TNPs/FTO obtained in 0.1 M KCI solution. The results
show a decrease in the arc of the semicircle of the Nyquist plots
in the order TNTSMTU/TNPs/FTO < TNTsMBU/TNPs/FTO <

Nanoscale Adv., 2025, 7, 643-658 | 649
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Fig. 6 Cyclic voltammogram of (a) TNPs/FTO, (b) TNTs/TNPs/FTO, (c) TNTsMNG/TNPs/FTO, (d) TNTsMBU/TNPs/FTO and (e) TNTsMTU/TNPs/
FTO at different concentrations of analyte. Inset shows the enlarged peak of redox species.

TNTSMNG/TNPs/FTO < TNPs/FTO < TNTs/TNPs/FTO. A signifi-
cant decrease in the interfacial resistance is observed for the
TNTSMTU/TNPs/FTO configuration which can be due to the
contribution from both the TiO, nanotube membrane and the
underlying TiO, NP layer. Interestingly, TNTSMNG/TNPs/FTO
also has considerably low resistance due to the higher surface
area of the nanograss. Moreover, the interfacial resistance for
the TNTsMBU/TNPs/FTO configuration is also significantly
reduced. The thick barrier layer formed at the interface of the
nanotube bottoms and metal surface was completely dissolved
for open tube bottom morphology by treatment in H,0, is the

650 | Nanoscale Adv,, 2025, 7, 643-658

main reason for the lower resistance. The TiO, NP layer on FTO
exhibits comparatively lower interfacial resistance than the
TNTs/TNPs/FTO. As the bottom of the simple TiO, nanotubes
remains closed, shielding the underlying adhesive TiO, NP
layer, less contribution can be added through TiO, NPs.

Electrochemical detection of creatinine on TNTsSMTU/TNPs/
FTO

Fig. 5b shows CV of the TNPs/FTO, TNTs/TNPs/FTO, TNTsMNG/
TNPs/FTO, TNTSMBU/TNPs/FTO, and TNTsMTU/TNPs/FTO
electrodes in 0.1 M PBS at pH 7.0. The CV of the TNPs/FTO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrodes.

(black curve) electrode consists of a reduction peak at —0.67 V
and an oxidation peak at —0.9 V which corresponds to the
reduction of oxygen on the surface of the electrode. A similar
trend is observed for TNTs/TNPs/FTO with a slight shift in the
redox potential (red curve). The CV of TNTs/TNPs/FTO shows
small redox peaks at —1.1 Vand —0.6 V. The peak at —1.1 V can
be due to oxygen reduction on TiO, nanotubes, and the other
peak is the corresponding oxidation peak in the reverse cycle.
The CV curve for TNTsMNG/TNPs/FTO shows two oxidation
peaks at —0.696 V and —1.137 V and their corresponding
reduction peaks are observed at —0.68 V and —0.88 V. In the
case of TNTsMTU/TNPs/FTO, the CV trend changes significantly
and an oxidation peak at —0.6 V followed by two reduction
peaks at —0.68 V and —0.21 V are observed. This fact can be
ascribed to the flow-through nature of the membranes where
the electrolyte can easily penetrate and pass through the
membranes towards the TiO, NPs layer which can further
contribute to the response current. However, the TNTsMBU/
TNPs/FTO electrodes have predominant oxidation and reduc-
tion peaks at —0.9 V and —0.7 V respectively. The intensity of the
response current for TNTsMTU/TNPs/FTO is relatively higher
than that of other configurations due to the higher surface area
and low carbon content of the nanotubes with top up configu-
ration compared to the nanotubes with bottom up configura-
tion. The effect of the sweep rate on the CV of TNTsMTU/TNPs/
FTO is shown in Fig. 5c. In response to the increasing sweep
rate, the redox current increases with a slight shift in the redox
potential. Fig. 5d shows the plot of redox peaks current vs.
square root of the scan rate. A linear dependence of the redox
current on the V> shows the diffusion controlled process for
analyte detection. TNTsMTU/TNPs/FTO offers a suitable
morphology with open tube tops which facilitate electrolyte
diffusion inside the flow-through membranes. Moreover, the
combined synergistic effect of TiO, NPs can cause increased
electrochemical performance.

The effect of adding different concentrations of creatinine to
the electrolyte on the redox current for all electrode configura-
tions is presented in Fig. 6a-e. The oxidation current increases

© 2025 The Author(s). Published by the Royal Society of Chemistry

upon increasing the analyte concentration in all electrodes
illustrating an enhanced electrocatalytic performance towards
creatinine detection. Insets of CV in Fig. 6 show the enlarged
peak of the redox species for all images. The linear response
plots for each analyte concentration vs. redox peak current for
all samples have also been included and are presented in
Fig. S2.1 As depicted from the figure, the oxidation and reduc-
tion peak current increases upon increasing the concentration
of creatinine for TNPs/FTO (Fig. S2at), TNTs/TNPs/FTO
(Fig. S2bt), and TNTsMNG/TNPs/FTO (Fig. S2ct). However,
the reduction peaks for TNTsMBU/TNPs/FTO (Fig. S2dt) and
TNTsMTU/TNPs/FTO (Fig. S2et) decrease upon increasing the
creatinine concentration due to increased oxygen reduction
reaction.

The amperometric responses of TNPs/FTO, TNTs/TNPs/FTO,
TNTsSMNG/TNPs/FTO, TNTsMBU/TNPs/FTO and TNTsMTU/
TNPs/FTO are presented in Fig. 7a. As depicted in CV
(Fig. 5b), TNTsMTU/TNPs/FTO shows the highest response
current and fast response time in response to the addition of
various creatinine concentrations. This can be due to the fact
that the functionality of the TNTsM is highly dependent on the
top surface morphology of the nanotubes e.g. the residual oxide
layer, the nanograss formation or clean and open tube
tops.****¥ In some cases, a remnant of the initiation oxide layer
left over or the formation of nanograss due to extant etching
(specifically during the membrane separation process) closes
the tube top openings which restricts the diffusion of electrolyte
or ionic species and is not favourable for electrochemical
sensors. In case of TNTsMBU/TNPs/FTO, the classic nanotubes
exhibit relatively higher resistivity values.***° This fact can be
ascribed to the bottom grown rutile phase which reduces the
conductivity by an order of magnitude. This problem can be
solved by annealing the TNTs after separating them from the
underlying metal substrate in the form of membranes (free-
standing TNT arrays).*’

The calibration curves (concentration vs. response current)
for TNPs/FTO, TNTs/TNPs/FTO, TNTSMNG/TNPs/FTO,
TNTsMBU/TNPs/FTO and TNTsMTU/TNPs/FTO which have

Nanoscale Adv., 2025, 7, 643-658 | 651
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Table 1 The values of sensitivity, detection range and detection limit of TNPs/FTO, TNTs/TNPs/FTO, TNTsMNG/TNPs/FTO, TNTsMBU/TNPs/

FTO, and TNTsMTU/TNPs/FTO electrodes for creatinine detection

S. no. Sample Sensitivity Detection range Detection limit
1 TNPs/FTO 2.2 pA pM~* em 2 25-151 uM and 169-259 pM 5 uM
2 TNTs/TNPs/FTO 4.06 pA pM~* cm ™ 25-133 pM and 133-313 uM 5 uM
3 TNTSMNG/TNPs/FTO 7.45 pA pM ! em 2 25-187 pM and 205-313 uM 5 uM
4 TNTsMBU/TNPs/FTO 12.85 pA uM* cm ™2 25-169 pM and 187-387 uM 5 pM
5 TNTsMTU/TNPs/FTO 19.88 pA uM ! cm 2 25-200 pM and 200-400 pM 5 uM

Table2 Comparison of sensitivity, detection range and detection limit of TNTsMTU/TNPs/FTO with recently reported non-enzymatic creatinine

biosensors
Detection Detection Storage
S.no. Sample Electrolyte Sensitivity range limit stability References
1 Copper nanoparticles supported PBS 0.32 mAnM ' cm 2 100 fM-60 mM 15 days 15
over polymelamine and 3.8 mAnM ' cm 2
formaldehyde eCu-PMF
2 Pd/Cu,O/PPy nanocomposite PBS 0.207 pA 0.1to 150 pM  0.05 pM 200 cycles 56
3 Au-Ag bimetallic nanoparticles PBS 137.0 pA mM ! 0.8 mM 57
4 Zwitterion-functionalized cuprous PBS 10 to 200 uM 5.0 uM 6 months 13
oxide nanoparticles (Cu,O NPs)
5 MXene-supported cobalt-MOF-based PBS 1.1 pA pM ' em™? 10 to 800 uM 0.005 tM 60 days 58
nanocomposite COMOF-MXene@CB
6 Copper nanoparticle film on PBS 306 p)AmM ' cm? 0.25-24 mM 0.17mM — 59
nickel foam (Cu NP film/NF)
7 Cobalt-gold bimetallic nanoparticle PBS 0.621 pAmM ' cm? 6.4to83.2mM 225mM — 60
modified platinum electrode for (6.4-51.2 mM)
and 1.135 p)A mM~* cm ™2
for (51.2-83.2 mM)
detection ranges
8 Copper nanoparticle integrating poly PBS 2.16 AnM ' cm™? 0-75 nM 22 nM 5 weeks 16
(methyl methacrylate-co-divinylbenzene)
molecularly imprinted
polymer (Cu,O@MIP)
9 Cu,0-Au nanohybrids Biofluids — 10.0-200 pM 0.72uM 180 days 61
1.00-35.0 mM
10 TNTsMTU/TNPs/FTO PBS 19.88 pA M ‘em 2 25-200 pM and 5 pM 45 days  Present
200-400 pM work

been extracted from their amperometric response (Fig. 7a) are
presented in Fig. 7b and S3.7 Table 1 shows the values of
sensitivity, linear range of concentrations and low detection
limit for TNPs/FTO, TNTs/TNPs/FTO, TNTsMNG/TNPs/FTO,
TNTsMBU/TNPs/FTO, and TNTsMTU/TNPs/FTO. The sensi-
tivity of the fabricated electrode is obtained by dividing the
slope of the calibration curve (Fig. 7b and S37) by the surface
area of the electrode (0.3 cm?). It can be seen that the highest
sensitivity of ~2.6 pA pM ™' ecm™? is achieved for TNTsMTU/
TNPs/FTO with a wider linear detection range of 25-200 pM
(200-400 puM for the second part of the curve fit). All other
electrode configurations show comparatively lower sensitivity
towards creatinine detection with comparable linear detection
range. The highest electrochemical performance of the
TNTSMTU/TNPs/FTO system can be ascribed to its higher
surface area, flow-through nature of the membrane which
allows the diffusion of electrolyte into the nanotube channels

652 | Nanoscale Adv., 2025, 7, 643-658

and the combined synergistic effect of the TNT membrane and
the underlying TiO, NPs layer. Furthermore, the removed
barrier layer at the tube bottom by H,0, treatment could lead to
fast electron transfer to the substrate.

In the literature several materials have been explored for
non-enzymatic sensing of creatinine. Table 2 presents
a comparison of the most recently explored materials for
enzyme-free creatinine detection. The table contains the values
of their sensitivity, detection range and detection limit. The
result shows a decent sensitivity has been offered by TNTsMTU/
TNPs/FTO compared to other non-enzymatic systems. Further-
more, the higher rate of stability with promising sensitivity
makes TNTsMTU/TNPs/FTO favorable for creatinine detection.
Fig. 8a—e show the amperometric response of all the electrodes
by adding a low concentration of creatinine. A 5 uM creatinine
solution was added dropwise at different intervals of time and
the corresponding current response was recorded. It is observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Amperometric response of TNTsMTU/TNPs/FTO upon successive addition of creatinine along with other interfering species, (b) stability

response of TNTsMTU/TNPs/FTO for different time intervals.

that all the electrodes have significant current response at very
low creatinine concentrations. However, TNTSMTU/TNPs/FTO
(Fig. 8e) shows higher current response compared to other
electrodes.

TiO, is an n-type material which converts O, to O, under the
applied potential. O, reacts with H,O and electrons to produce
H,0, and hydroxyl radicals ("OH). These "OH radicals react with
creatinine and convert it to urea through five distinct interme-
diates throughout the oxidation of creatinine (CRN). Demethyl
creatinine (DMC), creatol (CTL), methyl guanidine (MG),
guanidine (G), and urea (U) were the reaction intermediates
identified in the literature.®® At first the creatinine undergoes
demethylation at C-7 forming demethyl creatinine, which is
followed by the synthesis of methyl guanidine. Both
compounds showed rapid production rates. Since the sole

© 2025 The Author(s). Published by the Royal Society of Chemistry

reduced carbon atoms in creatinine are found at locations C-5
in the cyclic structure and C-7 in the methyl group, these pla-
ces are more prone to oxidizing species reactions, including
those involving hydroxyl radicals (HO").**** Thereafter, a transi-
tion phase happens at position 5, DMC is oxidized and
hydroxylated, yielding guanidine in the end. Creatol also
emerged right away, but its concentration stayed incredibly low,
indicating that it is highly susceptible to additional oxidation.
The rate of guanidine production is slow. The last unique
intermediate to be detected at neutral pH is urea. However, urea
(U), guanidine (G), and methyl guanidine (MG) production
needs extended time to appear during the oxidation of creati-
nine. To further investigate the oxidation of creatinine through
hydroxyl radicals at the electrode, UV-vis spectroscopy was
utilized. Isopropanol was employed as the hydroxyl radical

Nanoscale Adv, 2025, 7, 643-658 | 653
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(a) Effect of pH and (b) temperature of the electrolyte on the current response of the TNTsMTU/TNPs/FTO towards creatinine detection,

(c) calibration plot presenting the reproducibility of TNTsMTU/TNPs/FTO for 37 uM creatinine for five individual samples (Sample 1-Sample 5).

scavenger in the study. UV visible spectra of 1 mM creatinine
solution were recorded and it served as the control sample as
shown in Fig. S4.F The spectra show an absorption peak of
creatinine at 230 nm. Another spectrum for 1 mM creatinine
solution was again recorded after electrochemical analysis. This
shows that the intensity of the spectra for creatinine solution
after electrochemical analysis is reduced. Subsequently, 5 ml of
concentrated isopropanol was added to 40 ml of electrolyte
solution containing 1 mM creatinine and the corresponding
electrochemical response was recorded. 2 ml of the solution was
then extracted from the electrochemical cell and the UV spectra
were measured. The results show that the peak corresponding
to creatinine absorption (red) is lower than the peak measured
for the same concentration of creatinine in the presence of
isopropanol (blue) after electrochemical analysis. The same
trend is recorded for 2 mM creatinine solution. The low oxida-
tion rate of creatinine for both concentrations in the presence of
isopropanol can be attributed to the quenching of hydoxyl
species. Therefore, it is suggested that the hydroxyl species are
the ones which stimulate creatinine oxidation.

Interference and stability of TNTsMTU/TNPs/FTO

Fig. 9a shows the effect of various interfering species on the
response current of TNTsMTU/TNPs/FTO. The result depicts
that the biosensor shows a negligible response current towards

654 | Nanoscale Adv., 2025, 7, 643-658

the injection of other interfering species within the electrolyte
compared to the addition of 20 uM creatinine. Fig. 9b shows the
stability data of TNTsMTU/TNPs/FTO acquired from its
amperometric response. The sample was tested after regular
intervals of time (7 days) for the same concentration of creati-
nine. The efficiency was measured with reference to the current
response of the fresh electrode. After testing the same sample
for six consecutive weeks the TNTsMTU/TNPs/FTO retains 92%
of its activity.

Fig. 10a shows the response current of TNTsMTU/TNPs/FTO
at different values of pH. The pH of the buffer solution was
adjusted from 3.0 to 8.0 to determine the maximum electro-
chemical response of the electrode using CV. The result
demonstrates that when the electrolyte's pH is raised from an
acidic to a neutral value, the peak current increases. The highest
anodic current is measured at pH 7.0. The redox reaction to
creatinine in basic medium is slightly reduced upon further
increase in pH value. These observations explain the fast
oxidation of nitrogen and demethylation of carbon at higher pH
which increases nitrogen mineralization during the oxidation
process. The formation of nitrates becomes slower at acidic pH
and as a result MG transforms more slowly.>® Thus, all studies
are conducted at pH 7.0. Fig. 10b illustrates that the sensing
behavior of TNTsMTU/TNPs/FTO for creatinine detection
changes in response to temperature variation. The electrode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Correlation between TNTsMTU/TNPs/FTO with a commer-
cially available calorimetric technique for analysis of creatinine in real
human blood serum

Commercial Proposed Relative errors
Samples sensor sensor (%)
1 60 uM 57.5 uM 4.1
2 155 pM 163.2 pM 5.2
3 230 uM 218.7 uM 4.9
4 323 uM 323 UM 3.8

manifests a clear tendency of raising the response current due
to an increase in the diffusion rate of the redox species with
temperature increase. The reproducibility of TNTSMTU/TNPs/
FTO was tested by fabricating five distinct samples (Fig. 10c).
The results reveal a small variation in the response current (for
37 uM creatinine) with an RSD value of 1.1%. These findings
demonstrate that the existing method for creatinine analysis is
reliable and falls within the error limit (5%).

Real sample analysis of creatinine on TNTsMTU/TNPs/FTO

Instead of using a buffer solution, TNTsMTU/TNPs/FTO was
used to analyze creatinine in real samples of human blood
serum. The amperometric response current was measured after
adding a certain amount of 5 mM creatinine stock solution to
the electrochemical cell using the conventional standard addi-
tion method. The diluted serum samples were spiked with
a known amount of creatinine and the corresponding increase
in the current response was measured. A graph was plotted
between the concentration of the analyte on the x-axis and the
response current on the y-axis. The unknown concentration of
creatinine in the serum sample has been determined by
extrapolating the linear curve to the x-axis. The intercept on the
x-axis gives the value of unknown concentration of the creati-
nine in serum. These results were then compared with the data
acquired from the standard calorimetric method by taking into
account the dilution factor of the serum.

The concentrations measured by the suggested approach
and the standard calorimetric method shown in Table 3 were
compared in order to calculate the relative errors. It is evident
from the results that there is good agreement between the two
methods and the suggested approach is a viable means of
accurately determining creatinine in human samples. The
above results show the higher electrochemical activity of
TNTsMTU/TNPs/FTO towards creatinine. This exceptional
performance of the TNTsMTU/TNPs/FTO electrode results from
the flow-through nature of TNTsMTU/TNPs/FTO and the
underlying layer of TiO, NPs. Complexation of the creatinine
with TiO, increases the anodic current response during anal-
ysis. The relevance of the biosensor structural design is
demonstrated by the increase in amperometric response of
TNTsMTU/TNPs/FTO and greater redox peak current in CV. All
the studies with human blood serum samples were performed
with the permission of the institutional ethical board and all the
ethical procedures have been followed throughout the studies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

The present findings validate the higher electrochemical
response of TNT membranes with different electrode configu-
rations compared to TNTs. The flow-through behaviour and the
removal of the bottom oxide barrier layer via etching in H,O,
have significantly increased the electrochemical activity for
creatinine detection. Furthermore, the higher selectivity,
stability, and reproducibility of the electrode can be due to the
suitable redox potential, chemical stability, and controlled
fabrication process of TiO, membranes. The idea explored here
can be utilized for other applications e.g. solar cells and H,
evolution where other functional materials can be incorporated
into TNT structures where localized harvesting and junction
formation are required.
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