Microchemical Journal 183 (2022) 108055

Contents lists available at ScienceDirect

Microchemical Journal
journal homepage: www.elsevier.com/locate/microc

An ultrasensitive and preprocessing-free electrochemical platform for the
detection of doxorubicin based on tryptophan/polyethylene glycol-cobalt
ferrite nanoparticles modified electrodes
Mohammad Abbasi a, 1, Mona Ezazi b, 1, Abolghasem Jouyban c, Elif Lulek d, e,
Karim Asadpour-Zeynali b, Yavuz Nuri Ertas d, e, Jalil Houshyar f, Ahad Mokhtarzadeh g,
Jafar Soleymani c, *
a

Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Tabriz University of Medical Sciences, Tabriz 516615731, Iran
Department of Analytical Chemistry, Faculty of Chemistry, University of Tabriz, Tabriz 5166616471, Iran
c
Pharmaceutical Analysis Research Center, Tabriz University of Medical Sciences, Tabriz 516615731, Iran
d
Department of Biomedical Engineering, Erciyes University, Kayseri 38039, Turkey
e
ERNAM—Nanotechnology Research and Application Center, Erciyes University, Kayseri 38039, Turkey
f
Department of Internal Medicine, Endocrine Research Center, Tabriz University of Medical Sciences, Tabriz 516615731, Iran
g
Immunology Research Center, Tabriz University of Medical Sciences, Tabriz 516615731, Iran
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Electrochemical detection
Unprocessed plasma patient samples
Doxorubicin
Biomedical analysis
Antifouling effect

Doxorubicin (DOX) is an anticancer drug which can effectively inhibit the growth of cancer cells and aids the
immune-mediated elimination of tumoral cells. Developing a new technique for analysis of DOX in clinical fluids
is highly required. Here, a novel electrochemical sensor was designed using tryptophan (Trp)/(polyethylene
glycol)PEGylated-CoFe2O4 nanoparticles to modify glassy carbon electrodes’ surface and was utilized to deter
mine DOX in unprocessed human plasma samples. PEGylated-CoFe2O4 nanoparticles were coated on the surface
of the glassy carbon electrode to provide the PEGylated-CoFe2O4/GCE probe. Under optimized conditions, the
low limit of quantification (LLOQ) of the proposed sensor was 30 ng/mL and the linear ranges for the deter
mination of DOX were 30 ng/mL to 1.0 μg/mL and 1.0 μg/mL to 5.0 μg/mL, respectively. PEG molecules pro
vided an antifouling effect to prevent precipitation of the macromolecules on the surface of the fabricated
electrode. Obtained results indicated that the suggested electrochemical sensor can be utilized for specific and
sensitive determination of DOX in plasma samples.

1. Introduction
It has been estimated that by 2040, there will be 26 million new cases
of cancer annually worldwide and 15 million cases, specifically for lung
cancer (16.5%), breast cancer (12.6%), and colon cancer (11.2%) will
need chemotherapy [1]. Doxorubicin (DOX) belongs to the group of
anthracycline antibiotics derived from the Streptomyces peucetius bacte
rium. DOX is used in the treatment of a wide range of diseases such as
breast cancer, leukemias, sarcomas and ovarian cancer [2–4]. Despite its
general use, the cytotoxic effects of DOX are multidirectional, such as
myeloablation and cardiotoxicity [5–7]. Nanoformulations of DOX have
been authorized by food and drug administration (FDA) for its medicinal

usage for breast cancer [8], treating Kaposi’s syndrome [9], and ovarian
cancer [10]. However, this universal drug is constrained by the evolu
tion of chemoresistance in patients. Although an extensive number of
analyses have been completed, the actual mechanism implicated in the
evolution of chemoresistance still remains ambiguous [11].
Various methods have been suggested for the determination of DOX,
such as high-performance liquid chromatography [12], spectropho
tometry [13], capillary electrophoresis [14], pulse radiolysis techniques
[15], fluorescence [16] and electrochemical techniques [17–21].
Among the techniques studied, electrochemical methods have received
more attention due to their advantages such as low detection limit
(LOD), high sensitivity, cost-effectiveness, fast response, easy electrode
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Scheme 1. Schematic of DOX sensor designing steps.

preparation, proper accuracy and less time-consumption [22–25].
Generally, the methods with less sample preparation steps are highly
recommended. Especially, the detection of analytes in whole blood and
plasma samples are needed to develop faster and on-time detections to
timely action the therapy process [26–28].
In this study, tryptophan (Trp)/(polyethylene glycol) PEGylatedCoFe2O4 nanoparticles (NPs) were used as an effective electrochemical
sensor to determine DOX in unprocessed plasma samples. The surface
area of the carbon glass electrode (GCE) was modified with the elec
trodeposition of Trp and PEGylated-CoFe2O4 nanoparticles to enhance
the sensitivity of the nanoprobe. Considerable electrocatalytic activity
was observed when differential pulse voltammetry (DPV) technique was
utilized to detect DOX in the unprocessed plasma samples. The behavior
of DOX in GCE modified with Trp/PEGylated-CoFe2O4 nanoparticles
and bare GCE was also investigated.

three-electrode cell Autolab system with PGSTAT302 N (Utrecht, the
Netherlands) and Atomlab (Isfahan, Iran). Platinum and Ag/AgCl elec
trodes were employed as the counter and reference electrodes, respec
tively. The GCE with a diameter of 2 mm as the working electrode was
provided by Azar Electrode Company (Urmia, Iran). Surface modifica
tion and experiment optimization were done with the cyclic voltam
metry (CV) technique. Differential pulse voltammetry (DPV) method
was performed for monitoring of DOX in plasma samples. The modified
electrodes’ surface morphology was evaluated using field emission
scanning electron microscopy (FESEM, MIRA3 TESCAN, Brno, Czech
Republic). Dynamic light scattering (DLS) and zeta potential were
analyzed by a Malvern particle size analyzer (Malvern, UK). Further
more, energy dispersive X-ray (EDX) spectrum of the PEGylatedCoFe2O4 NPs were recorded by FEGSEM MIRA3 TESCAN (Brno, Czech
Republic). Fourier transform infrared (FTIR) spectra was obtained by a
Bruker model instrument (Billerica, Massachusetts, US).

2. Experimental

2.3. Human plasma samples preparation

2.1. Chemicals and reagents

Human blank plasma samples were provided by the Iranian blood
transfusion center (Tabriz, Iran) and patient’s samples were collected
from Shahid Ghazi hospital (Tabriz, Iran) under the ethical code of IR.
TBZMED.REC.1401.193. Firstly, the samples were aliquoted into 2 mLmicrotubes and stored at − 20 ◦ C until the time of analysis. On the eve of
analysis, the plasma samples were daily thawed and then vortexed to get
a homogenized solution. Then, about 500 µL of the plasma samples were
spiked with different concentrations of DOX. Afterward, the spiked
sample was supplemented with 4.5 mL of buffering electrolyte to reach a
final volume of 5 mL in an electrochemical cell. Finally, the desired
techniques were run to acquire the data points.

DOX was acquired from Nanoexir Sina Company (Tehran, Iran).
Tyrosine, ascorbic acid, arginine, glycine, potassium chloride, glucose,
sodium acetate, and cysteine were purchased from Merck (Darmstadt,
Germany). Dopamine was purchased from Caspian Tamin pharmaceu
tical company (Rasht, Iran). All solvents were purchased from Scharlou
(Barcelona, Spain). The phosphate buffer solution (50 mM) was pre
pared from K2HPO4 and KH2PO4 which was provided from Merck
(Darmstadt, Germany). DOX stock solution (20 mM) was prepared by
dissolving an appropriate weight of the bulk drug in an applicable vol
ume of 50 mM phosphate buffer solution (PBS) with pH = 5.0 (sup
porting electrolyte), and it was maintained in a refrigerator at 4 ◦ C until
further analysis. More diluted solutions were provided by appropriate
dilution just before use each day.

2.4. Synthesis of PEGylated cobalt ferrite nanoparticles (PEGylatedCoFe2O4)

2.2. Apparatus

Briefly, 470 g of FeCl3⋅6H2O, 108.5 mg of CoCl2⋅2H2O and 3.5 g of
PEG 400 were mixed in 40 mL of the mixed solvent with equivalent
volumes of ethanol and water in a round-bottom flask. Then, the mixture

Electrochemical experiments were carried out on a conventional
2

M. Abbasi et al.

Microchemical Journal 183 (2022) 108055

Fig. 1. FESEM images of the PEGylated-CoFe2O4 NPs at two different magnifications.

was constantly stirred at room temperature under N2 gas atmosphere for
30 min. Next, ammonium hydroxide (5 mL) was added into the flask and
agitated for another 30 min. Afterward, the mixture was transferred into
a Teflon line stainless-steel autoclave and heated for 18 h at a temper
ature of 180 ◦ C. After cooling to the room temperature, the solids were
separated using a centrifuge and washed with water and ethanol several
times. The as-prepared particles were permitted to dry at room tem
perature and then stored at room temperature.

of the PEGylated-CoFe2O4 NPs displayed that the C, N, O, Fe and Co
elements were in 19.46, 2.53, 29.31, 40.06 and 9.64 percentages in their
structure, respectively, confirming the effective synthesis of the NPs
(Fig. 2g). The zeta potential of the nanocomposite was around − 14.1 mV
which was mainly caused by the hydroxyl functional groups of the PEG.
The variation from the zero mV proposes the stable nature of the
nanocomposites, however, the higher zeta potential means stable
structures towards decomposition (Fig. 2h).
The FTIR spectrum of the PEGylated-CoFe2O4 NPs are presented in
Fig. 1S. The weak broad band at around 3400 cm− 1 and 1627 cm− 1 are
related to bending and the stretching vibrations of hydroxyl groups of
the PEGs and possible residual moisture in the sample. The absorption
peak at the 1410 cm− 1 is due to the presence of the aliphatic carbon
(–CH2–) of the PEGs. A strong absorption band around 700 cm− 1 cor
responds to the Fe–Co stretching bands. The absorption band at 1091
cm− 1 is related to the Co-OH bending vibrations [29,30].

2.5. Sensor design
2.5.1. Electrode cleaning
To prepare the GCEs for modification, the surface of bare GCE was
polished on a polishing pad including alumina powder with a proper
mesh. After polishing, the electrode was entirely cleaned with water and
then placed in piranha (a mixture of sulfuric acid and hydrogen
peroxide) solution to clean the electrode surface. Then, the electrode
was immersed in 0.1 M HNO3/0.1 M H2SO4 and a mixture of water and
acetone (1:1, v:v) for 5 min and eventually washed with deionized water
and let to dry at ambient temperature. Finally, the GCE was immersed in
the electrochemical cell with 0.1 M of H2SO4 and the CV method was run
for 30 cycles between − 1.0 and 1.0 V until repetitive cycles were
obtained.

3.2. Surface modification of GCE with Trp monolayer and the PEGylatedCoFe2O4 NPs
As expressed in Section 2.3.1, during the preparation step, the sur
face of the GCE was polished and cleaned. The electrode was permitted
to dry in air. CV technique was employed to construct the thin film of
Trp on the surface of the electrode. The continuous CVs of electro
chemical polymerization of Trp on the surface of the GCE were indicated
in Fig. 4a. Electropolymerization of Trp was applied with a scan rate of
100 mV/s between the potentials of –1000 to 1000 mV for 10 cycles.
Then, the PEGylated-CoFe2O4 NPs were electrodeposited of the surface
of the Trp-modified GCE by CV technique from − 800 to 1500 mV with a
scan rate of 100 mV/s (n = 10 cycles). The influence of the number of the
cycles on both surface electromodifications was investigated and 10-cy
cles was selected as the optimized condition. After 10 cycles of the
electromodification, the maximum current was obtained. Fig. 4b indi
cated an upward movement with a growing number of CV scans
consequent in an increase in the area under the voltammogram curves.
This curve illustrates the formation of PEGylated-CoFe2O4 NPs on the
surface of the working electrode.

2.5.2. GCE electrode surface modification
The surface modification of the GCE electrode was implemented in
two steps. The first step is to create a polymerized monolayer using Trp
to provide a plain substrate for the next functionalization step. In the
second step, the as-produced PEGylated-CoFe2O4 NPs were electro
deposited on the surface of the Trp-electropolymerized GCE surface.
Schematic representation of DOX sensor designing steps are presented in
Scheme 1.
3. Results and discussions
3.1. Characterization of the PEGylated-CoFe2O4 NPs
FESEM images were used to confirm the morphology and uniformity
of the PEGylated-CoFe2O4 NPs. The SEM images approved the sphericalshaped morphology of the NPs with particle size of about 50 nm (Fig. 1).
Fig. 2(a–f) demonstrates the mapping of each element and the overall
distribution in the structure of PEGylated-CoFe2O4 NPs. The EDX results

3.3. Electrochemical characterization of the modified electrode
Quinone and hydroquinone groups form a redox system. Broadly,
research has been accomplished on the electrochemical behavior of
3
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Fig. 2. Elemental mapping of (a) C, (b) N, (c) O, (d) Fe, (e) Co, (f) overall mapping of PEGylated-CoFe2O4 NPs, (g) EDS spectrum, and (h) zeta potential profile of the
PEGylated-CoFe2O4 NPs.

redox compounds since the beginning of the twentieth century [31].
According to the electrochemical behavior related to the equilibrium
and the electron–proton transfer kinetics, information about the mo
lecular structure can be obtained. To comprehend how the redox system
works, determine the physicochemical parameters and evaluate the re
action mechanism, analyses were performed on the process of reducing
these molecules under various circumstances [32]. To evaluate the
electrochemical behavior of Trp/PEGylated-CoFe2O4-modified GCE for
the detection of DOX, electrochemical experiments in the absence and
presence of DOX were completed employing modified and non-modified
GCE. According to Fig. 5, CV technique was used to investigate the
electrochemical activity of GCE/Trp/PEGylated-CoFe2O4. CVs were
recorded in PBS solution (50 mM, pH 5.0) at a scan rate of 100 mVs− 1 for
bare GCE, GCE/Trp, GCE/Trp/PEGylated-CoFe2O4 and GCE/Trp/
PEGylated-CoFe2O4/DOX. No effective electrocatalytic activity was
observed for bare GCE (Fig. 5). Comparing the CVs of bare GCE and the
modified GCE/Trp/PEGylated-CoFe2O4 electrode in the presence of
DOX (10 ppm) indicated two oxidation peaks at − 500 and 300 mV,

which are related to DOX and CoFe2O4, respectively. For other analyt
ical experiments, the potential of − 500 mV was selected as the analyt
ical peak of DOX. The existence of interference factors is rather low in
negative potentials, thus it is an advantageous potential for the
interference-free detection of DOX. Plasma ingredients like proteins and
amino acids do not indicate oxidations peaks at the negative potentials
and thus do not disturb the distinct spectrum of DOX.
3.4. Influence of pH on the analyte peak height and potential
Fig. 2S(a) and (b) indicate that the electrochemical oxidation of DOX
is highly dependent on the pH of the buffer solution. Accordingly, the
electrochemical behavior of this sensor at various pHs of 0.05 M buffer
solutions in the range of 2.0–10.0 was studied using the CV technique.
The maximum cathodic peak current for DOX was observed at pH 5.0,
which is appropriate for its determination under physiological media.
The cathodic peak potential correspondingly moves to the negative
potential with a slope of 0.042 V per pH unit by increasing the pH of the
4
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In this section, the effect of scan rate was studied by utilizing the CV
method in 0.05 M PBS (pH = 5.0) containing 10 ppm of DOX with
different scan rates (from 10 to 300 mVs− 1) to evaluate reaction kinetics
and DOX electron transfer mechanism, on the GCE/Trp/CoFe2O4 and
the results are demonstrated in Fig. 4S(a). DOX oxidation peak current
grows slowly with increasing scan rate of the logarithmic diagram of the
peak current (Ipa) vis the scan rate (υ) and a proportional line is
observed. The slope of the curve was 1.219, which is employed to
discover the kind of the electrode process, whether it is adsorption or
diffusion. The electrode is controlled by diffusion when the slope value
of the diagram is close to 0.5, however the electrode mechanism is a
process controlled by adsorption when the slope value of log(Ipa) vis log
(υ) of the diagram is close to 1. Therefore, the electrocatalytic oxidation
of DOX in GCE/Trp/PEGylated-CoFe2O4 is controlled by the adsorption
process (Fig. 4S(b)). As indicated in Fig. 4S(c), the linear regression
equation is declared as Ipa (μA) = 2.203 × 10− 6 v (Vs− 1) − 5.099 × 10− 8
(R2 = 0.9917). Furthermore, according to Fig. 4S(d), as the scan rate
increases, DOX oxidation peak current increases constantly with the
square root of the scan rate, with the best-fit equation Ipa (μA) = 1.761 ×
10− 6υ1/2 (mV1/2/s− 1/2) − 3.734 × 10− 7(R2 = 0.9950). This equation
indicates that the process is controlled by adsorption.
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Fig. 3. (a) CVs for electropolymerization of Trp and (b) electrodeposition of the
PEGylated-CoFe2O4 NPs on the GCE surface at − 1000 to 1000 mV (n = 10
cycles, scan rate = 100 mV/s) and − 800 to 1500 mV (n = 10 cycles, scan rate =
100 mV/s), respectively.

buffer solution (Fig. 2S(c)). The pH values depend on Epa by a linear
regression equation of Epa (V) = -0.042pH – 0.16 (R2 = 0.9343), the
slope of this equation was 0.042 V pH− 1, which is close to the theoretical
value of 0.0589 V pH− 1. This result indicates that the number of protons
and electrons in the electrochemical oxidation of DOX at the suggested
electrode is equal to the Nernst equation, therefore the number of pro
tons and electrons is identical. The diagram of the pH value vis current
indicates that the surface adsorption of DOX strongly depends on the pH
and shifts with changing the parameters of the electrode-solution
interface, thus, the kinetics of charge transfer on the surface of the
electrode and DOX adsorbed on the surface. The effect of phosphate and
acetate buffers were checked at pH = 5.0 in which the obtained results
approved that phosphate buffer was the best buffering agent in the
determination of DOX.

3.7. Analytical figure-of-merits of the developed approach
3.7.1. Calibration curves
The differential pulse voltammogram (DPV) technique was
employed to detect lower concentrations of DOX due to its lower
background current and high sensitivity compared to CV method. DPV
of the GCE/Trp/PEGylated-CoFe2O4 electrode were recorded in unpro
cessed plasma in the presence of various concentrations of DOX
(Fig. 5a). The fabricated probe response was proportional to the DOX
concentration from 30 ng/mL to 1.0 μg/mL and 1.0 μg/mL to 5.0 μg/mL
with equations of Ipa (μA) = 1. × 10− 6 (M) − 2.557 × 10− 8, with a
determination coefficient of R2 = 0.9572 and Ipa (μA) = 1.149 × 10− 7
(M) − 2.557 × 10− 8 (R2 = 0.9956), respectively (Fig. 5b). The lower
limit of quantification (LLOQ) of the developed method was 30 ng/mL
which can support sensitive detection of DOX in biological media
(Table 1). Despite the developed sensors, this probe was used for the
determination of DOX molecules in unprocessed plasma samples

3.5. Cyclic stability
The cyclic stability of the probe was investigated by running CV
curves at 1, 3, 5, 10, 15 and 20 consecutive cycles in PBS buffer solution
0.05 M (pH = 5.0) at various time intervals (Fig. 3S). The obtained re
sults confirmed that the developed probe response towards the con
centration of DOX is stable up to around 10 cycles.
5
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Fig. 5. (a) DPVs of GCE/Trp/PEGylated-CoFe2O4 in different concentration of DOX in PBS (50 mM pH 5.0) and (b) calibration curve of GCE/Trp/PEGy
lated-CoFe2O4.
Table 2
Interday precision, accuracy and intraday precision of the method for DOX
detection.

Table 1
The reported electrochemical methods for the detection of DOX in biological
samples.
Technique

Material

LOD

Dynamic range

Media

Ref.

DPV

BNNSNiCo2O4/
SPE
VMSF/
ErGO/GCE
CuNPs-CBNafion/GCE

9.4 nM

0.01–600.0 μM

urine

[34]

0.77 nM

1 nM − 20 μM

[35]

24 and 90
nM

VMSF/pGCE
Pd@Pt/
MWCNT

0.2 nM

0.45–5.1
μM and 2.2 to
25 μM
0.5 nM–23 μM

whole
blood
urine/
water

L-GSH-MoS2-

31 nM

4.4–8580 nM
and 38–9880
nM
0.1–78.3 μM

2.5 nM

DPV
SWV
DPV
AdSSWV
DPV
AdSDPV
DPV
SWV
DPV
DPV

CYS/GCE
AuNRDs/1TMoS2/SPE
NiHCF/NiAl-LDH/Au
OMWCNT/
GCE
Au/N-prGOCS
PEGylatedCoFe2O4 NPs

Intraday
precision (RSD
%)

Interday
precision (RSD
%)

Interday
accuracy (RE%)

0.1

2.8

4.3

95.3

1.0

3.7

15.6

106.7

[36]

whole
blood
urine/
serum

[37]

serum

[39]

0.01–9.5 μM

serum

[40]

1.9 nM

0.1 nM–6.2 μM

serum

[41]

8.5 and
9.4 nM
10 nM

0.03–55 μM and
0.04–90 μM
0.010–15 μM

serum/
urine
serum

[42]

LLOQ:30
ng/mL

30 ng/mL–1.0
μg/mL and
1.0–5.0 μg/mL

plasma

0.86 and
6.72 nM

Nominal
concentration (µg/
mL)

the inter-day and intra-day assessment to test the precision of the
developed strategy. Therefore, five repeated plasma aliquots of two
different concentrations of DOX (0.1 and 1 μM) were performed. Table 2
demonstrates the intra-day and inter-day precision of the method in
plasma samples. The maximum coefficient of variation value accepted
by FDA is 15 %. Therefore, this method has adequate accuracy and
precision.

[38]

3.7.3. Stability
The stability trend of an analyte is important to timely analyze the
samples. The stock solution, freeze–thaw, and short-term stabilities ex
press the stability of the prepared stock solution, stability of the analyte
during possible freeze–thaw cycles, and the stability of the analyte
during the time of analyses. In this study, the freeze–thaw was investi
gated because the patients’ plasma samples were freeze-thawed until
analyses with the developed technique. These stabilities were tested and
listed in Table 3. To test, two different concentrations of DOX (0.1 and 1
µM) were selected. Obtained results revealed that the DOX has favorable
stability till analysis with the developed platform.

[43]
This
work

Bird nest-like nano-structured NiCo2O4 (BNNS-NiCo2O4), screen-printed elec
trode (SPE), vertically-ordered mesoporous silica-nanochannel film (VMSF)
with electrochemically reduced graphene oxide (ErGO), carbon black (CB),
adsorptive stripping square wave voltammetry (AdSSWV), L-glutathione and
cystamine (L-GSH–MoS2–CYS), gold nanospheres (AuNSPs), nanorods
(AuNRDs), adsorptive stripping differential pulse voltammograms (AdSDPVs),
metallic phase MoS2 (1 T-MoS2), nickel hexacyanoferrate (NiHCF) on a Ni-Al
layered double hydroxides (Ni-Al-LDH), oxidized multiwalled carbon nano
tube/glassy carbon electrode (OMWCNT/GCE), N-doped porous reduced gra
phene oxide (N-prGO), chitosan (CS).

3.7.4. Specificity
Specificity indicates the ability of a method to detect the desired
analyte in the presence of various species in the biological matrix,
without interfering effects of the other agents. The specificity of the
suggested sensor for DOX detection was calculated by DPV method in
the presence of some biologically available biomolecules, anions, and
cations such as urea, citric acid, cysteine, glucose, Trp, Cl− , Ca2+, K+,
Fe3+, and Na+ (Fig. 5S). Also, the effects of some of the co-prescribed
pharmaceuticals such as ketoconazole, vancomycin, amikacin, and
pantoprazole were also tested. The interfering effect of the agents was
obtained by calculating the difference between the peak current in the
absence and presence of interfering analytes.

without any pretreatment step to remove plasma proteins. This ability is
mainly arisen from the antifouling effect of the PEG molecules on the
fabrication of the probe which prevent the precipitation macromole
cules on the surface of the electrode [33].
3.7.2. Repeatability
Considering that electrode repeatability is one of the significant
parameters in the study of electrocatalytic properties of modified elec
trodes, the evaluation of this parameter is important. FDA rules present

3.8. Application of the developed method
The fabricated Trp/PEGylated-CoFe2O4 electrochemical probe was
6
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Table 3
Details of the stability of the suggested method in human plasma samples.
Concentration
(µg/mL)
0.1
1.0

Stock solution

Freeze-thaw

Short-term stability

Mean found (µg/mL)

Accuracy (RE %)

Mean found (µg/mL)

Accuracy (RE %)

Mean found (µg/mL)

Accuracy (RE %)

0.095
0.98

− 5.26
− 2.04

0.098
0.94

− 2.04
− 6.38

0.099
0.97

− 1.01
− 3.09

Software, Visualization. Karim Asadpour-Zeynali: Supervision, Vali
dation. Yavuz Nuri Ertas: Writing – review & editing. Jalil Houshyar:
Writing – review & editing. Ahad Mokhtarzadeh: Validation, Writing –
original draft. Jafar Soleymani: Conceptualization, Validation, Project
administration, Writing – review & editing.

Table 4
Determination of DOX in the unprocessed plasma samples using the Trp/
PEGylated-CoFe2O4 electrochemical probe.
Added concentration (µg/mL)
0.5
2.0
4.0

Obtained concertation (µg/mL)

Recovery (%)

0.45 ± 0.05
2.1 ± 0.15
3.85 ± 0.33

90.1
105.0
96.3
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Table 5
Determination of DOX in patient’s real plasma samples.
Patient (#)

Gender

Age (year)

Measured concentration (µg/mL)

1
2
3
4
5

female
male
male
male
male

56
–
–
–
–

0.13
0.12
0.11
0.14
0.13
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employed to detect DOX unprocessed plasma concentrations without
any needs to a protein precipitation step. As the procedure, after passing
the sensor platform fabrication steps, 500 µL of plasma samples were
added to 450 µL of buffer with pH of 5.0 and finally the current of the
probe (as analytical signal) was recorded. The concentration of spiked
plasma samples was determined through the calibration curve equation
which was previously provided in plasma matrix. These results are
shown in Table 4. Also, the application of the developed method was
checked in the patient’s plasma samples. The obtained data points are
collected in Table 5. Plasma samples were collected after injection of 50
mg DOX (Doxil). All samples were collected about 2 h after receiving the
drug.
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