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Abstract

The fast-growing healthcare demand for user-friendly and affordable analytical tools is driving the efforts to develop reliable
platforms for the customization of therapy based on individual health conditions. In this overall scenario, we developed a
paper-based electrochemical sensor for the quantification of iron ions in serum as a cost-effective sensing tool for the correct
supplement administration. In detail, the working electrode of the screen-printed device has been modified with a nano-
composite constituted of carbon black and gold nanoparticles with a drop-casting procedure. Square wave voltammetry has
been adopted as an electrochemical technique. This sensor was further modified with Nafion for iron quantification in serum
after sample treatment with trifluoroacetic acid. Under optimized conditions, iron ions have been detected with a LOD down
to 0.05 mg/L and a linearity up to 10 mg/L in standard solution. The obtained results have been compared with reference
methods namely commercial colorimetric assay and atomic absorption spectroscopy, obtaining a good correlation within the
experimental errors. These results demonstrated the suitability of the developed paper-based sensor for future applications

in precision medicine of iron-deficiency diseases.
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Introduction

The healthcare system is moving toward a new era where
decentralized and fast response analysis is a fundamental
request. As reported by World Economic Forum, by 2030, the

Published in the topical collection Electrochemical Biosensors
— Driving Personalized Medicine with guest editors Susana
Campuzano Ruiz and Maria Jesus Lobo-Castafion.

< Vincenzo Mazzaracchio
Vincenzo.mazzaracchio@uniroma2.it

< Fabiana Arduini
Fabiana.arduini @uniroma?2.it

Department of Chemical Science and Technologies,
University of Rome Tor Vergata, Via della Ricerca
Scientifica 1, Rome 00133, Italy

Laboratory of Clinical Pharmacology, “Franco Ghezzo”,
Department of Clinical and Biological Sciences, University
of Turin, S. Luigi Gonzaga Hospital, 10043 Orbassano, TO,
Italy

3 Fidelio Medical srl, Corso Re Umberto 8, Torino 10121, Italy
4 SENSE4MED s1l,, via Bitonto 139, Rome 00133, Italy

very nature of the disease will be further disrupted by technol-
ogy. The fourth industrial revolution will ensure that humans
live longer and healthier lives so that the hospitals of the future
will become more like NASCAR pit stops than inescapable
black holes. We will go to the hospital to be patched up and
put back on track, revolutionizing healthcare from hospital
to home-spital [1]. As a result, conventional clinical labora-
tory analyses are decreasing their dominant and global use on
behalf of cost-effective laboratory analyses and decentralized
point-of-care testing (POC). Switching from traditional test-
ing to new-born sensing procedures is gaining high attraction.
Indeed, the use of miniaturized, accessible, user-friendly, and
equipment-free detection tools reduces drastically decision-
making time for further testing or treatment. In addition, delays
in the test results are no longer caused by specimen transport
and preparation, being rapidly available at the point of care;
thus, diagnosis can be performed directly in a medical facil-
ity or a primary care level, allowing for a prompt response
and rapid treatment decision. Nevertheless, these tests should
always offer high accuracy and sensitivity, maintaining a reli-
able and high-quality diagnosis process.

The World Health Organization (WHO) describes useful
diagnostic tests with the acronym REASSURED [2] which
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means Real-time connectivity, Ease of specimen collection,
Affordable, Sensitive, Specific, User-friendly, Rapid and
robust, Equipment free or simple Environmentally friendly,
Deliverable to end-users, being the required features for
diagnostic devices.

Reliable and cost-effective sensors are promising can-
didates to fulfill these requirements as they are based on
(i) minimal sample volume, (ii) miniaturized and portable
devices, and (iii) user-friendly procedures. In addition, vari-
ous detection techniques are used to enable the fabrication of
highly sensitive and accurate sensing platforms, i.e., color-
imetry, fluorimetry, and electrochemistry [3—-5]. Among the
others, the latter displays important features such as minia-
turization, portability, environmental friendliness, and cost
reduction, with the possibility to work in turbid and colorful
matrices. In this regard, Green Analytical Chemistry aimed
at eliminating plastic and testing cartridges currently used in
analytical methods, as they cannot be recycled or disposed
of properly [6, 7]. Paper is an obvious choice of substrate
material, with many advantages over standard plastic mate-
rials. Indeed, paper-based electrochemical detection tools
have been gaining high relevance in the past 10 years, thanks
to numerous advantages, including cost-effectiveness, envi-
ronmental friendliness, and simplicity of flow analyses in
comparison with polyester or ceramic-based supports [8, 9].

Furthermore, the porosity of the cellulose allows for the
fabrication of capillary-driven microfluidics and reagent-free
devices [10, 11]. Paper has been used for the development of
innovative electrochemical sensors with application in several
fields, including environmental [12], biomedical [13], agrifood
[14], and defense [15]. Noteworthy, our research group recently
highlighted that the use of paper goes beyond the simple replace-
ment of plastic or ceramic supports, but radically improves the
features of electrochemical devices [16]. Indeed, paper-based
electrochemical devices are capable to detect the target analytes
in untreated samples [17], in the gas phase without any external
sampling system [18], in solid surface [19], and in biological
samples using paper as a mini-reactor for in situ nanomaterial-
modified sensor copper [20]. Furthermore, the use of nanomate-
rials as sensor modifiers has been demonstrated to improve the
electroanalytical properties of paper-based devices [21].

Iron is an essential component of the human body, as a
relevant metal of several biological pathways and diverse
cellular functions. Indeed, the body requires iron to form
oxygen transport proteins, namely hemoglobin and myo-
globin, and to synthesize other heme-based enzymes or
non-heme compounds involved in electron transfer and oxi-
dation—reduction processes [22, 23]. Iron is stored in the
liver, spleen, and bone marrow complexed into ferritin and
hemosiderin, ready to be delivered to tissues by circulating
transferrin [24, 25]. Iron requirements depend on age and
sex. Less than 1 mg/day is needed by newborns in their first
years, while up to 2 mg/day during adolescence and 0.9-0.8
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in adulthood. Noteworthy, pregnant women’s requirement
is up to 6.3 mg/day during the second/third trimester [26].

Physiological serum iron levels are 65-175 pg/dL
(0.65-1.75 mg/L) and 50-170 pg/dL (0.5-0.17 mg/L) for
adult males and females, respectively [27].

Elevated iron serum levels are found in patients with
aplastic anemia, acute liver injury, loading disorders such
as hemochromatosis, or connected to metal poisoning or the
use of hormonal contraceptives [27].

An iron deficiency occurs, instead, when iron stores
are depleted, and iron metabolic demand does not meet
the intake from the diet, because of a wrong diet or exces-
sive blood loss [28, 29]. The most relevant consequence of
iron deficiency is anemia, which is characterized by a low
number of red blood cells or a low amount of hemoglobin
[24], with severe functional damages affecting cognitive and
learning ability [30], immunity mechanism [31], and neural
capacity [32].

Iron deficiency is usually managed with tablets or supple-
ments, but this treatment, if not strictly controlled, can pro-
duce more risks than relative benefits [33]. In this context,
the development of a precision medicine approach represents
an effective strategy to perform an accurate diagnosis for
tailoring an individual therapy based on the patient’s health
condition [34]. Implementing diagnosis with techniques that
help to customize the treatment is highly requested to boost
this approach.

Current methods for the detection of iron ions in blood
samples are based on UV spectrophotometry and atomic
absorption spectrometry analysis [35], but these analyses
require a laboratory setup and a long analysis time.

In the last years, several alternative methods have been
used for iron detection combined with customized sample
treatment (Table S1). Although the potential use of sensing
tools for routine analysis, they suffer from some drawbacks.
Kawasaki et al. coupled electrochemical detection with a
laboratory set-up-based HPLC for separation purposes [36];
Dorner et al. applied potentiostatic coulometry using a com-
plex analyzer Ferrochem 3050 [37]; Kremplova et al. used a
voltammetric automated bench analyzer with a mercury drop
working electrode [38]; Hourani et al. employed an iodine-
modified platinum working electrode in a bulk electrochemi-
cal cell comprising inlets/outlets for nitrogen purging [39].

Herein, we developed an electrochemical paper-based
sensor for the detection of iron ions by exploiting nanoma-
terials, i.e., carbon black (CB) and commercially available
gold nanoparticles (AuNPs) to deliver a highly sensitive ana-
Iytical tool. CB is a well-known carbon-based nanomaterial
widely used to enhance the electrochemical performances of
the analytical platform thanks to its peculiar features includ-
ing a high number of defect sites and nanodimension onion-
like structure [40, 41]. Interestingly, CB has been applied in
combination with metal nanoparticles (NPs) to ensure high
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electrochemical performances and homogeneous deposition
of the NPs, as well. Indeed, the CB has been exploited in
combination with copper nanoparticles for aminoacid detec-
tion [42] and with AuNPs for metal quantification [43, 44],
demonstrating the effectiveness of the CB-NPs as nano-
composite for sensitive and accurate detection of the target
analyte [45].

Applying this synergic combination for iron quantifica-
tion, Compton’s group developed a gold ensemble-modi-
fied carbon nanocomposite electrodes (carbon black-pol-
ythene = CB/PE) (Au-MEE) for iron ion determination in
water samples [46].

In this work, the AuNPs have been homogeneously
deposited onto a CB-modified screen-printed electrode
(SPE) with the final aim of fabricating a highly sensitive
miniaturized electrochemical sensor for the detection of iron
ions in serum samples.

Furthermore, the developed sensor is printed on an office
paper substrate, delivering a cost-effective and highly sustain-
able detection tool. Indeed, the use of office paper allows for
cost-reducing and the incineration of the sensor after the use.

Finally, the sensor was applied for iron determination in
serum. After further modification with Nafion to remove
fouling issues at the working electrode surface, the modified
SPEs have been used for iron ions detection in serum sam-
ples, achieving comparable results with the standard methods,
namely commercial colorimetric assay and AAS (Fig. 1).

Materials and methods
Reagents

Carbon black (CB) N220 was supplied by Cabot Corpora-
tion (Ravenna, Italy), hydrochloric acid, Iron standard, gold
nanoparticles (5 nm diameter, OD 1, stabilized suspension
in citrate buffer), Nafion 117 (5% in a mixture of lower ali-
phatic alcohols and water), trifluoroacetic acid (TFA), and
trichloroacetic acid (TCA) were purchased from Sigma-
Aldrich. IRON2 by Roche was used as a colorimetric assay.

Fabrication of the paper-based sensor

Paper-based SPEs were home-produced following a pro-
cedure previously optimized [47]. A wax pattern was
drawn by Adobe illustrator and printed through a solid
ink printer (Xerox ColorQube 8580) onto the office paper
substrate (Copy 2, 80 g/m?, Fabriano, Italy). A first hydro-
phobic layer was wax printed to easily modify the working
electrode surface, and then a second pattern was printed
around the working electrode area to create a hydrophobic

Fig. 1 Modification procedure for the fabrication of the paper-based
sensor and scheme of the serum treatment for iron quantification by
square wave voltammetry

zone around. Subsequently, office paper was thermally
treated at 100 °C for 2 min to allow the wax to permeate
the paper network.

After, the three working electrode system was manu-
ally screen-printed using a squeegee and conductive inks.
Firstly, silver/silver chloride (Electrodag 6038 SS, Loctite,
Henkel) was used to print the pseudo-reference electrode,
while graphite ink (Electrodag 423 SS, Loctite, Henkel)
was used to print both the working and the counter elec-
trodes. The screen-printed electrodes are characterized by
a dimension of 25.5 mm X 6 mm. The working electrode
has a diameter of 4 mm, resulting in a geometrical area of
12.56 mm? (Fig. S1).

In order to investigate the repeatability of independently
manufactured sensors (inter-assay repeatability, n=3), we
used a set of modified electrodes prepared on three differ-
ent days for the detection of iron ions at a concentration
of 4 mg/L in HC1 0.1 M. An RSD % equal to 7% was
obtained, highlighting the satisfactory response from inde-
pendently manufactured sensors.

Preparation of carbon black dispersion

CB powder was dispersed in a mixture of dimethylforma-
mide/water in a ratio 1:1 (v/v) at a final concentration of
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1 mg/mL. In detail, 10 mg of CB were first dipped in 5 mL
of dimethylformamide, and then 5 mL of water was added.
The dispersion was sonicated for 60 min at 59 kHz.

Preparation of the modified paper-based sensor

The surface of the working electrode was modified through
three different modifiers. First, 2 uL. of CB dispersion were
drop-cast, followed by 20 uL of AuNPs dispersion. After each
modification, the electrodes were dried for 30 min at RT.
Finally, the sensors were modified with 2 puL of Nafion 1%
v/v and dried at 25 °C for 30 min. Storage stability study was
carried out using Nafion-AuNPs-CB after storing the sensors
at 4 °C under vacuum for 30 days. We observed a decrease in
the current intensity within 1 week and after the signal was
stable within the experimental errors for at least 3 weeks.

In order to evaluate the repeatability of the developed
electrodes, cyclic voltammetry measurements were per-
formed in potassium ferro/ferricyanide 5 mM. In detail,
by using the same paper-based SPEs (intra-assay repeat-
ability, n =3), we obtained an RSD% equal to 5.5%, while
using different paper-based SPEs (inter-assay repeatability,
n=13), we obtained an RSD% equal to 7%, indicating good
repeatability for the fabricated electrodes.

Electrochemical measurement of iron in standard
solution

Square wave voltammetry measurements have been per-
formed by a portable PalmSens® potentiostat (PalmSens,
Netherlands) connected to a laptop and controlled by
PSTrace 5 software. Iron ions were detected by dropping
60 pL of the solution onto the three working electrode
system obtaining an output stable signal in less than 30 s.

Electrochemical measurement of iron in serum

Serum samples were obtained from people enrolled for rou-
tine analysis at the San Giovanni Battista Hospital “Molinette”
(Turin, Italy) and analyzed, at least, 3 weeks after the sampling.

Ten microliters of TFA were added to 500 pL of serum
samples for a final concentration of 0.2 M. The resulting
solution was centrifuged at 12,000 rpm for 10 min. After-
ward, 60 pL of the supernatant was collected and cast on
the SPE for the electrochemical measurement.

Iron measurement in serum using reference method

Colorimetric test was performed by IRON2 system (Roche)
with an automatic Cobas system. The flame atomic
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absorption spectroscopy was carried out through contrAA
700 spectrometer from Analytik Jena corp following UNI
EN ISO/IEC 17,025:2017 and the method of Rocks et al.
[48].

Results and discussion
Nanomaterial-based electrochemical sensor

In order to obtain a highly sensitive detection platform, the
surface of the working electrode has been modified with CB
and AuNPs. Indeed, the combination of these two nanoma-
terials is able to detect iron ions with high sensitivity. The
high surface-to-volume ratio of CB has been exploited to
improve the area for the subsequent drop-cast of AuNPs,
which enables high electrochemical performance, thanks to
their electrocatalytic activity.

The modification procedure consists of two drop-cast
modification steps, the first one applying CB dispersion and
the second one by drop-casting AuNPs dispersion. With the
aim of optimizing these two steps, evaluation studies have
been carried out by detecting Fe (III) 5 mg/L in HC1 0.1 M,
through square wave voltammetry measurements.

The first parameter under examination was the amount of
CB dispersion to be drop-cast onto the surface of the work-
ing electrode. SWV measurements have been carried out by
varying CB amounts, namely 2 pg, 4 ug, and 6 ug, maintain-
ing a constant amount of AuNPs, i.e., 2 pL. As depicted in
Fig. 2a when applying CB on the sensors almost a twofold
signal enhancement was recorded, while the increase in
CB amount did not significantly improve the electrochemi-
cal performances of the sensor. In order to employ fewer
amounts of reagents and because of a similar signal and
reproducibility of the measurements (RSD % equal to 4.5%
and 2.7% for 2 ug and 4 ug, respectively), 2 ug was selected.

Afterward, the effect of AuNPs volume to be drop-cast on
the CB-modified working electrode was evaluated. Figure 2b
highlights the current signal improvement when combining
CB with AuNPs; indeed, a low signal has been observed in
the absence of AuNPs, while an improvement in the sensi-
tivity of the sensor has been recorded with the increase of
the AuNPs amount until to 20 pL and after a decrease in
peak intensity was observed when modified with 30 uL. The
decrease in the case of modification of the working electrode
surface with 30 pL is probably ascribed to the increase in
the thickness of the deposited AuNPs onto the surface of the
working electrode, because the enhancement of the AuNPs
layer thickness can decrease the conductivity. As an exam-
ple, Yu et al. [49] investigated the resistance of an Au film,
observing that the prepared Au nanoparticles film at 20 °C,
at a thickness of 165 nm revealed a lower resistance than the
one prepared at 175 nm.



A smart paper-based electrochemical sensor for reliable detection of iron ions in serum 1153

-0.6—
<
o
< -044
<
o
3 02

0 T
0 2 4 6
CB volume / ug

Fig.2 a Histogram bars obtained for optimization of working elec-
trode surface modification with different amounts of CB and a fixed
amount of 2 uL of AuNPs. b Histogram bars obtained for optimiza-
tion of working electrode surface modification in the absence and in

In this work, an amount of 20 pL has been selected, giv-
ing the best performance in terms of current intensity and
reproducibility equal to 0.9 A with an RSD % of 3.3%.

Optimization of electrochemical parameters

The electrochemical conditions relative to the square wave
voltammetry were successively examined. As shown in
Fig. 3, amplitude, frequency, and step potential have been
evaluated. All the optimizations have been carried out in the
presence of iron ions 5 mg/L dissolved in HC1 0.1 M.

The effect of the amplitude of the voltammetric wave
has been studied in the range between 10 and 100 mV. Fig-
ure 3a depicts the typical bell-shaped measurement trend,
centered at 50 mV. Thus, this value has been selected for
the higher current intensity (namely ca. 1.5 pA), having
similar reproducibility (RSD % =4.2%) with measurements
performed at an amplitude of 25 mV (RSD % =3.3%). After,
the frequency was evaluated from 1 to 10 Hz. As reported
in Fig. 3b, an increase in the current intensity has been
recorded applying a frequency up to 10 Hz, joined by the
decay of reproducibility. For this reason, a frequency equal
to 7 Hz has been selected for the following measurements
(current intensity =5.5 uA, RSD %=6.5%).

Finally, the step potential has been investigated (Fig. 3c),
varying from 1 to 10 mV. A value of 3 mV has been selected
as a compromise between peak intensity and reproducibil-
ity of the measurements (current intensity =5.6 uA, RSD
% =2.5%).

Analytical performances in standard solution
Under the optimized conditions, AuNP-CB-SPEs have been

tested using standard solutions of iron ions, as depicted in
Fig. 3d. A linear range was obtained up to 10 mg/L (1000 pg/

[b]
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Current / yA

0.4+

0 2 4 10 20 30
AuNPs volume / uL

the presence of different volumes of AuNPs, with a fixed amount of
2 pg of CB. SWV detection of 3 mg/L of iron ions in HCI 0.1 M.
SWV: Estep=0.5 mV, frequency=1 Hz, E amplitude=0.25 mV, 60
uL of sample, n=3

dL) described by the following equation y= — (2.7 +0.4)
X —(0.4+0.3), R?>=0.997. The limit of detection, calcu-
lated as 3 6,/S (where o), represents the standard deviation
of 10 blank measurements, and S the slope of the calibration
curve) was equal to 0.035 mg/L.

Once the effectiveness of the AuNP-CB-SPE toward
iron ions has been demonstrated, the selectivity of the
sensor has been assessed considering the application in
serum. Taking into account that the presence of other
metals can affect the quantification, the selectivity of
the platform by testing copper, lead, zinc, and nickel
was evaluated. As depicted in Fig. 3e, the presence of
these species has not shown any significant effect on the
SPE response, demonstrating the good selectivity of the
paper-based sensor developed. This is ascribed to the
optimized fabrication of AuNP-CB-SPE as well as to the
optimized working conditions, as previously reported by
Compton’s group [46].

Analytical features of the Nafion-based modified
sensor

With the final aim to use the sensor for analysis of serum
samples, a further modification of the electrode surface with
Nafion was necessary. Indeed, the presence of lipids and
proteins in the serum matrix can affect the response of the
working electrode surface due to the fouling issue. Thus,
Nafion has been used as it is able to reduce the fouling of
the working electrode surface owing to these compounds
[50, 51].

By employing the Nafion-AuNP-CB modified electrode,
a calibration curve has been performed in HC1 0.1 M stand-
ard solution, obtaining a linear correlation up to 10 mg/L
described by the following equation y= —(3.3+0.3) X —(
1+1), R>=0.976 (Fig. 3f). The limit of detection calculated
as 3 6,/S was equal to 0.063 mg/L.
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Fig.3 Histogram bars obtained
for optimization of electro-
chemical technique parameters:
a amplitude; b frequency; ¢
step potential; d calibration
curve obtained for the detec-
tion of iron ions in HC1 0.1 M
by using the CB-AuNPs SPE
and relative voltammograms

in the inset (SWV parameters:
Estep=3 mV, frequency =7 Hz,
E amplitude =50 mV, 60 pL of
sample, n=3); e interference
study in the presence of zinc,
lead, nickel, and copper ions; f
calibration curve obtained for
the detection of iron ions in HC1
0.1 M by using the Nafion-
CB-AuNPs SPE and relative
voltammograms in the inset

Detection in serum: sample treatment and iron

quantification

Iron ions in the bloodstream are mainly complexed in the
heme group of hemoglobin or myoglobin, to transport

Fig.4 a Histogram bars
obtained for optimization of
serum treatment using HCL

0.1 M, TCA 0.2 M, and TFA
0.2 M for the detection in serum
spiked with 4 mg/L of iron ions,
by using the Nafion-CB-AuNPs
SPE. b Calibration curve
obtained for iron ions detec-
tion in TFA 0.2 M and relative
voltammograms in the inset, by
using the Nafion-CB-AuNPs
SPE
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Fig.5 Comparison of clinical [a]
serum analysis between the
developed sensor vs a colori-
metric kit and b AAS

1.2

Developed sensor / mg/L

T
0 0.4

Colorimetric kit / mg/L

uUL of serum samples spiked with 4 mg/L of iron ions were
treated with 10 uL of acid solution. As depicted in Fig. 4a,
the treatment with HCI and TCA was not enough to allow
the quantification of iron, while TFA enables the detection
in serum samples.

Once TFA was selected as the preferred solution to fur-
ther treat serum samples, a first evaluation was focused on
testing the Nafion-AuNPs-CB SPE in this acid solution, by
varying the concentration of iron ions. A linear correlation
has been obtained in the iron range up to 10 mg/L, described
by the following equation y= —(2.66 +0.08) x — (0.8 +0.3
), R>=0.995 (Fig. 4b) with the limit of detection equal to
0.05 mg/L.

Finally, the effectiveness of the paper-based sensor has
been assessed by the quantification of 10 serum samples, and
the results have been compared with the reference methods,
namely a colorimetric kit and AAS.

Serum samples were first treated with the TFA solution
and then centrifuged at 12,000 rpm for 10 min. The superna-
tant was then collected, and electrochemical measurements
were performed.

Iron ions were quantified through the interpolation
method, by interpolating the current peak obtained after
measuring different serum samples. Figure 5 shows the com-
parison of the results obtained by the developed sensor vs.
colorimetric kit (Fig. 5a) and vs. AAS (Fig. 5b). In detalil,
a good agreement has been obtained with the colorimetric
method and AAS, with a correlation factor equal to 0.976
and 0.980, respectively.

Conclusions

In this work, a paper-based electrochemical sensor for the
detection of iron ions in serum samples has been developed.
Several modifications have been carried out with the final
aim of delivering a high-performance analytical tool. The
nanomaterial modification by CB-AuNPs nanocomposite
allowed for sensitive and selective detection of the target

Developed sensor /mg/L

T T T
0.8 1.2 0 0.4 0.8 1.2
AAS / mg/L

analyte, while Nafion was used to enable the detection of
iron ions in the complex serum matrix.

Furthermore, the use of paper as a substrate for sen-
sors provided a more sustainable material compared to
polyester and ceramic, as the paper device can be eas-
ily incinerated, allowing for safety and sustainable waste
management.

The suitability of the sensor has been demonstrated by
measuring iron ions in serum, after ad hoc treatment of
samples with TFA solution. We would like to highlight
that in the sample treatment, the different amounts of TFA
and the possible addition of other acids could be required
depending on the lifetime of serum samples. By comparing
the results with the ones obtained using atomic absorption
spectroscopy and a commercial colorimetric kit as the refer-
ence methods, a good correlation within the experimental
error has been obtained.

The results achieved in this study pointed out the possi-
bility of using the developed sensor to realize POC devices,
with the aim to perform the diagnosis for a customized
administration of supplements and drugs in iron deficiency
treatments. Indeed, further improvement with microfluidic
systems for sample treatment can make easier the analytical
procedures for sample treatment, allowing for its applica-
tion as a POC diagnostic device for precision medicine in
iron deficiency diseases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-023-04537-6.
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