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A microfluidic paper-based analytical device (uPAD) was developed for the quantitation of ferrous ions (Fe?")
and total iron in iron sucrose administered in iron deficiency anemia. The elemental iron content is 20 mg/mL
and USP established a limit of Fe>* as 0.4 % (w/v). The uPAD allowed the quantitation of Fe?* by complexation
with 1,10-phenanthroline, forming an orange-red complex analysed by imageJ®. For total iron determination,
ferric ion (Fe®") was reduced to Fe?* using ascorbic acid prior to complexation. The device was prepared on
chromatographic paper by using the wax printing method. The dimensions of channels and detection zones as
well as reagents/sample volumes were optimized using an Analytical Quality by Design (AQbD) approach,
focusing on two critical analytical procedure attributes: mean intensity of the colour developed in the detection
zones and homogeneity of the colour. By implementing the AQbD, the Method Operable Design Region was
defined to account for model uncertainty and experimental variability. The optimized method was linear over
0.10-0.50 mM for Fe*" and 2.0-8.0 mM for total iron, with limits of quantitation of 0.10 and 1.60 mM,
respectively. Method performance was evaluated for selectivity, range, sensitivity, trueness, and robustness.
Application to commercially available iron sucrose injections showed the accurate quantitation of Fe?" impu-
rities, with results statistically comparable to a validated capillary electrophoresis method. The developed pPAD
is a low-cost, portable, and reliable platform for iron determination in pharmaceutical samples, suited to
resource-limited settings.

1. Introduction

Paper is an excellent substrate for microfluidic chips since the flow of
fluid is governed by capillary action rendering the need of external
pumps obsolete; in addition, due to the high surface to volume ratio,
paper can store reagents and acts as a natural filter for samples [1-4].
Several techniques have been made available for the manufacturing of
the chips allowing to easily prepare the paper-based microfluidic de-
vices (PPADs); the wax printing is considered as one of the most
convenient as it uses a non-toxic wax ink in a commercially available
printer to define on the paper the hydrophobic pattern of the channels of
the device [1,2,5]. The paper must be heated on a hot plate or in an oven
to allow the wax ink to penetrate the entire thickness of substrate thus
ensuring the complete hydrophobization [6]. The disposal of used

* Corresponding author.
E-mail address: roberto.gotti@unibo.it (R. Gotti).

https://doi.org/10.1016/j.talanta.2025.129346

PPAD:s is simple and their straightforward incineration, even when used
for infectious samples, make them suitable for applications in medical
and environmental diagnostics, food safety and therapeutic drug
monitoring [2,7,8].

The most common detection techniques are electrochemical, fluo-
rescence and colorimetric sensing [9,10]. In electrochemical sensing,
the sample is driven by capillary action to the working electrode where
the signal is obtained [11-13]. The approach allows for high sensitivity,
fast response, and opportunity for multiplexed analysis [14], however it
requires trained personnel and the use of a portable potentiostat which is
one of the drawbacks in pPADs applications at the point-of-need (PON).
Similarly, fluorescence detection, although has high sensitivity, suffers
from the background noise from the paper substrate and high cost of
fluorescent markers [15]; in addition, it requires for a suitable detector
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for the fluorescence readout [16]. By far, colorimetric sensing is the
most common detection technique used for paper devices providing
high-contrast and bright readings. This approach involves colour change
following a reaction which can be detected by eye (yes/no answer) or
accurately quantified by using a suitable instrument as a digital scanner
or more conveniently at PON hand-held devices or smartphone camera
[17-19]. To ensure a pPAD performs reliably for the intended analytical
purpose, its architecture must be optimized encompassing parameters
like channels and detection zones dimensions. Several studies have been
made available concerning design configurations and reagent layouts of
PPADs. Carrio et al., [20] studied the spreading of wax in the paper
before and after heating according to the temperature and established a
correlation among them. Similarly, the wicking speed of the fluid has
been studied by proposing incorporation of grooves as obstacles or by
varying the width and length of the hydrophobic barriers [21,22].
Conventionally the optimization of pPADs parameters have relied on the
one-variable-at-a-time approach [21]; this methodology presents sig-
nificant limitations since changing a single parameter while holding the
others constant, does not capture for their possible interactions thus
neglecting their synergistic influence on the final analytical results. Only
very recently the fabrication of a pPAD has been reported by a machine
learning-based cyclic optimization strategy [23]. Design of experiments
(DoE) is nowadays a well-known procedure that evaluates possible in-
teractions among variables [24]; by linking variables to responses, DoE
allows an in-depth understanding of the system under investigation.
While DoE enables the experiments planning and the system description
using response surfaces, Analytical Quality by Design (AQbD) is an ideal
framework for the optimization of a complex analytical procedure as it
focuses on the development of methods ensuring controlled and
high-quality analytical results [25]. The application of the principles of
AQDbD enables the integration of advanced risk management tools,
ensuring reliable and robust analytical results that are essential for
supporting critical decision-making throughout the product lifecycle. In
the present study, the AQbD has been applied to optimize the device
architecture and reagent parameters for the development of a pPAD
addressed to the quantitation of Fe?* as an impurity in iron sucrose
nanoparticles (20 mg/mL of elemental iron), a drug used in patients
with chronic kidney disease [26]. According to United States Pharma-
copoeia (USP), the content of Fe?* in the iron sucrose preparation
should not exceed 0.4 % (w/v) [27]. The USP official method is based on
polarography whose application raise environmental and health con-
cerns, thus the development of alternative methods based on more
sustainable techniques is highly desirable. The quantitation of iron
including the Fe>"/Fe3* speciation by pPADs has been reported in
various samples as natural waters [28], serum [29] and urine samples
[30] as well as in wine since the Fe3t/Fe?* ratio is a marker of the rate at
which the contained polyphenols can remove oxygen during the wine-
making process [31]. The colorimetric detection of Fe?" in the HPAD has
been reported by means of the complexation using 1,10-phenanthroline
(Phe) or bathophenanthroline [31,32], and ferrozine [29], whereas Fe3t
has been determined by complexation by the original reagent
naphthalene-3-hydroxy-4-pyridione [28] or after reduction to Fe?* by
hydroxylamine and subsequent complexation with the above reported
complexing agents [29,31,32]. In the present study Phe was used as the
complexing agent for the direct quantitation of the drug impurity Fe?* in
the pharmaceutical samples; to establish the quantity of total iron, Fe*
was reduced to Fe?" using ascorbic acid before complexation with Phe.
The colour intensity in the reaction zone of the pPADs was determined
using mean grayscale analysis in ImageJ® software after scanning the
device. The method was cross validated by determination of Fe3* and
FeZ" in the drug preparation by a capillary electrophoresis method [33].
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Fig. 1. Scheme and dimensions of the optimized pPAD.
2. Experimental
2.1. Reagents and materials

1,10-Phenanthroline (>99 %), ascorbic acid (>99 %), iron(III)
chloride hexahydrate (>99 %), iron(II) sulfate heptahydrate (>99 %),
cadmium carbonate (98 %), cobalt(II) chloride hexahydrate (>99 %),
chromium(III) chloride hexahydrate (>98 %), nickel(II) chloride hexa-
hydrate (>98 %), zinc chloride (>98 %), phosphoric acid (>85 %),
sodium tetraborate decahydrate, sodium hydroxide, 1,2-diaminocyclo-
hexanetetra-acetic acid monohydrate (CDTA), suprofen and acetic acid
were all purchased from Sigma-Aldrich (Milan, Italy) and used without
any further purification. Deionized water was obtained with a Milli-Q
system (Millipore, Milford, MA, USA). Acetate buffer (2.0 M) pH 4.8
was prepared by using sodium acetate trihydrate and acetic acid. Phe
(50 mM) and ascorbic acid (0.50 M) solutions were freshly prepared in
acetate buffer every day. The stock solutions of Fe?" (10 mM) and Fe3*
(50 mM) were freshly prepared every day in 0.10 M phosphoric acid and
diluted in the same solvent to obtain standard solutions for calibration
curves and for recovery experiments. Similarly, standard solutions of
cd**, co®t, cr®t, Ni?* and Zn?", were prepared in 0.10 M phosphoric
acid and properly diluted to be spiked to iron solutions, for selectivity
experiments.

Whatman™ chromatography paper (CHR 1) by Sigma-Aldrich was
used as the substrate for printing the pPAD devices using the Xerox
ColorQube 8570 wax printer (this model is discontinued; however
refurbished sets and wax ink can be obtained from the manufacturers).
The paper devices were baked in a laboratory oven at 145 °C for 3.5 min
before the use. Designs of the devices were prepared using Adobe
Ilustrator software version 29.8.1 (Adobe Systems Inc., San Jose, CA,
USA). Images of the devices for the response acquisition were obtained
by a Canon LiDE scanner 400 (Canon Inc., Tokyo, Japan), and the image
analysis was performed using ImageJ® version 1.54g (National In-
stitutes of Health, Bethesda, USA).

2.2. Analytical procedure

Phenanthroline solution (50 mM) was drop-cast (25 pL) onto the
central reagent zone (Fig. 1) of the pPAD and allowed to dry for 20 min
at room temperature. Ascorbic acid solution (0.50 M) was then drop-cast
(1.15 pL) onto the designated reaction zones and dried at room tem-
perature for 10 min. For analysis, either standard solutions of Fe?" or
Fe>" or drug sample solutions, were drop-cast (0.75 L) onto the reac-
tion zones and allowed to dry for 10 min. Upon reaction, the charac-
teristic red-orange complex was formed. The devices were scanned by
Canon LiDE 400 scanner, and the images were analysed in ImageJ®. In
ImageJ® software, a 30 x 30-pixel circular region of interest (ROI) (for
optimized devices) was directly superimposed over each reaction zone,
and the mean grayscale intensity was recorded using the Analyze and
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Fig. 2. Cause-effect matrix.

Measure tool. The Mean Intensity of the colour (hereafter referred as
Mean Intensity) was given as the average pixel intensity within the
selected ROIL The homogeneity of the colour (hereafter referred as Ho-
mogeneity) was given by ImageJ® as the standard deviation (SD) of
pixel intensities within the ROL

2.3. Preparation of the drug samples

The drug product belongs to the class of parenteral non-biological
complex drugs administered in the treatment of iron deficiency
anaemia. The pharmaceutical is a brown, sterile, aqueous complex of
polynuclear Fe>*-hydroxide in sucrose [34], that must be treated before
the analysis to completely release iron from the nanoparticles; thus an
aliquot of 100 pL was transferred into 10 mL volumetric flasks, followed
by the addition of 68.5 pL phosphoric acid (85 %). The mixture was
vortexed for 2 min until a clear yellow solution was obtained. The so-
lution was diluted to volume (10 mL) with deionized water and directly
applied to the reaction zones of the pPAD for analysis. For recovery
experiments, Fe?™ and Fe3* standard solutions were added into the
prepared drug solutions and then analysed on the pPAD. The standard
solutions of iron (Fe?t and Fe®") were prepared using freshly acquired
certified reference compounds.

2.4. Capillary electrophoresis

Capillary electrophoresis was applied to the same samples analysed
by pPAD for comparison. The method was developed and validated as
described in a previous paper [33]. Electrophoretic experiments were
performed by the CE7100 instrument from Agilent Technologies
(Waldbronn, Germany). The data were collected on a personal com-
puter, equipped with the OpenLab software by Agilent Technologies.
Fused-silica capillaries (50 pm id, 64.5 cm total length, 56 cm length to
the detector) were from CM Scientific (Silsden, UK). The separations
were performed at a constant voltage of 25 kV and the cartridge tem-
perature was at 25 °C. The detection was carried out by using the on-line
DAD detector and the quantitation was performed at the wavelength of
265 nm (bw 10 nm). Hydrodynamic injections were performed at 50
mbar for 10 s. New capillaries were conditioned by flushing sequentially
1 M sodium hydroxide, 0.1 M sodium hydroxide and deionized water in
the order, for 10 min each. Between the injections the capillary was
rinsed with 0.1 M sodium hydroxide (2 min), deionized water and
running buffer for 3 min each. The running buffer was an aqueous so-
lution of 60 mM sodium tetraborate (pH 9.3). The separations were
performed once the samples were subjected to the complexation in the
presence of an internal standard (suprofen at the final concentration of
2 pg/mL).

2.5. Statistical analysis and software

NemrodW software (NemrodW, LPRAI sarl, Marseille, France) was
used for the DoE and the statistical analysis in the screening phase and in
the robustness study, while MODDE Pro Version 13.1 software (Sarto-
rius Data Analytics, Gottingen, Germany) was used in the optimization
phase and for the identification of Method Operable Design Region
(MODR) by means of Monte Carlo simulation.

3. Results and discussion
3.1. Optimization of the iron analysis

The present study was addressed to develop under the AQbD
framework a pPAD for the quantitation of total iron (Fe?* plus Fe>") and
FeZ" in iron sucrose pharmaceutical samples using colorimetric detec-
tion. Since Fe?' is considered as the pharmaceutical impurity, the
quantitation must be performed at the impurity level established by USP
[27]. 1,10 - Phenanthroline was selected for the Fe?t detection and
quantitation as it is one of the best complexing agents for its colorimetric
determination as due to the high complex stability and detectability in
the visible region of the spectrum. The complexation of Fe?>" with Phe
results in the formation of stable orange-red coloured complex [35]
which is easily distinguishable onto the paper substrate. The quantita-
tion of Fe®* can be conveniently based on its reduction to Fe?* to
establish the total iron amount in the sample. The reduction can be
carried out using different agents; among them ascorbic acid and hy-
droxylamine are the most applied, however the latter was not consid-
ered in the present study because of its toxicity [36]. By a preliminary
evaluation, Phe was prepared in acetate buffer (pH 4.8) as the obtained
complex resulted to be stable within a working day in the dark [37,38].
The pPAD was fabricated using chromatographic paper CHR No. 1 by
means of a wax printer. In Fig. 1 is reported the scheme of the optimized
device: the number of the reaction zones was established as the best
compromise between the maximum availability of determinations for a
single device and its physical dimension. Aliquots of Phe solution were
drop casted into the reagent central zone (Fig. 1); then ascorbic acid and
the sample solutions containing both iron species, were introduced in
the reaction zones where detection takes place, after complexation. The
colour developed in the reaction zones was scanned and the collected
images were treated by ImageJ® for acquisition of the Mean Intensity as
the response directly related to the concentration of total iron. The se-
lective determination of Fe?", was obtained by applying the same pro-
cedure avoiding dropping cast the ascorbic acid solution. Introducing as
first event the reagent Phe in the central zone of the device was found to
be beneficial in obtaining uniformity of the colour developed in the
peripheral reaction zones avoiding the so-called coffee-ring effect [39].
The samples were directly drop casted into the reaction zones to achieve
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higher sensitivity with respect to the introduction into the central zone
of the device.

3.2. AQbD-assisted optimization of the uPAD design

In the experiments for iron determination, the variables i.e., sample/
reagent volumes as well as the dimensions of the device, affect the Mean
Intensity and its precision. An AQbD approach was used to manage the
risk associated to the change in the variables values and to obtain a
reliable device using DoE methodology to plan the experiments. Ac-
cording to the ICH Q14 guideline [25], the Analytical Target Profile
(ATP) was established to ensure robust and accurate quantitation of
Fe> and total iron, setting linearity ranges of 0.10-1.0 mM and
2.0-10.0 mM, and limits of quantitation below 0.10 and 2.0 mM for the
two analytes, respectively.

3.2.1. Risk assessment

The risk assessment step involves defining the critical procedure
attributes that are essential for the device performance, as well as
identifying the experimental parameters that significantly impact the
device analytical performance and could pose a hazard to the ATP. The
risk analysis step allows the identification of the potential Critical Pro-
cedure Parameters (pCPPs) to be selected among all possible procedure
parameters by means of simple risk analysis tools [40]. In this research
the cause-effect matrix (Fig. 2) was used. The probability that a given
parameter may cause harm can be assessed either quantitatively or
qualitatively. The red color in the reported matrix is typically associated
with a high probability of occurrence. As is shown in Fig. 2, the variables
were grouped into three functional categories indicating their role in the
PPAD: Volume of sample/reagents; Dimensions of the device; Device
manufacturing conditions. Within the sample/reagents category, the
volumes of chromogenic reagent (Phe), reducing agent (ascorbic acid)
and iron containing sample, were considered. These factors affect the
local flow of the reagents in the channels of the pPAD, and thus
impacting colour development and uniformity once the complexation of
Fe?" has occurred. In device dimensions category, reagent zone diam-
eter, reaction zone diameter, channel length and channel width were
evaluated. These factors influence fluid flow and reagent diffusion and
ultimately have an impact on homogeneity and uniformity of the colour
developed. Baking time and temperature were considered as parameters
under device manufacturing since they affect wax penetration and hy-
drophobic barrier integrity which can impact fluid migration and re-
agent retention.

Nine parameters were scored against multiple performance criteria.
Sensitivity, ease of implementation and speed were also scored ac-
cording to the practical feasibility of using the device under routine
conditions. Scores were based on brainstorming and operational
knowledge gathered during preliminary investigations. Each perfor-
mance criteria were subjectively scored on a scale from 1 to 3 (where 1
indicates a low impact, 2 a medium impact, and 3 a high impact); as for
knowledge criterion, the scores were assigned inversely (1, 2 and 3
indicating high, medium, and low, respectively). A total criticality score
was then calculated by summation of all scores for each parameter and
for knowledge. It was assumed that factors which potentially do not
affect the responses consistently scored below 10 and hence this was
selected as a cut-off value. The parameters which scored above 10 were
classified as pCPPs and parameters scoring below this threshold were
classified as Procedure Parameters (PPs) and were not prioritized for
optimization. Matrix analysis highlighted six pCPPs namely, Reagent
(Phe) volume; Sample volume; Reducing agent (ascorbic acid) volume;
Channel length; Channel width; and Reaction zone diameter which
could influence method responses and hence merit deeper study. Baking
time, baking temperature and reagent zone diameter scored low in
cause-effect matrix and hence were considered as non-critical under
current conditions. This critical assessment helped focus on the pCPPs
reducing experimental complexity.
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Table 1

Experimental domain during the risk evaluation step.
Parameter Abbreviation Units Type Settings
Reagent (Phe) volume Rea_v pL Quantitative 21 to 25
Sample (drug) volume Sam_v pL Quantitative 0.30 to 0.50
Reducing agent volume Red_v pL Quantitative 0.80 to 1.0
Reaction zone diameter Rea_d cm Quantitative 0.45 to 0.50
Channel length Cha_l cm Quantitative 0.30 to 0.40
Channel width Cha_w cm Quantitative 0.20 to 0.25

To evaluate and optimize the analytical performance of the pPAD for
iron quantification, three potential critical Analytical Procedure Attri-
bute (cAPA) were considered: (i) Mean Intensity; (ii) Homogeneity; and
(iii) Standard deviation (SD) of the Mean Intensity. While iron deter-
mination served as a target application in this study, the selected re-
sponses have a broader relevance to the colorimetric detection in pPPAD
being intrinsically linked to the device reliability.

(i) The Mean Intensity (mean grayscale intensity) is the total signal
generated by the colorimetric complexation and serves as a direct
surrogate of sensitivity and detectability. A stronger colour signal
(hence lower Mean Intensity value) increases confidence in
measurements especially at lower concentrations.

(i) Homogeneity is related to the uniform distribution of the colour
inside the reaction zone which is crucial to minimize spatial bias
during image capture and analysis by ImageJ®. The Homoge-
neity was extracted by considering a circular window of 30 x 30
pixels (optimized conditions) and was defined as standard devi-
ation of pixel intensity within that window. Non-uniform colour
distribution can skew the pixel-based reading in ImageJ®,
thereby introducing variability unrelated to analyte concentra-
tion and hence decreasing the accuracy of measurements.

(iii) The SD of Mean Intensity was chosen as a response to assess the
variability in colorimetric signal observed in replicate reaction
zones subjected to the same experimental conditions. This
response was intended to capture how consistently the same
experimental parameters yielded the same signal outputs. The
underlying objective was to determine whether this response
could be attributed to controllable design or condition parame-
ters, which ultimately could be optimized by AQbD.

The risk evaluation to identify the pCPPs was carried out by means of
a DoE. A first order polynomial model including the principal effects of
the pCPPs: Reagent Volume (x;); Sample Volume (x5); Reducing Agent
Volume (x3); Reaction Zone Diameter (x4); Channel Length (xs5); Chan-
nel Width (x¢) and the interaction effects between Sample Volume and
Reaction Zone Diameter (x3 x4); Reducing Agent Volume and Reaction
Zone Diameter (x3 X4); Reaction Zone Diameter and Channel Length (x4
xs); Channel Length and Channel Width (x4 x¢) (equation (1)) was
hypothesized.

Y = bg + b1*x; + ba*xa + b3*x3 + bs*x4 + bs*Xs5 + bg*Xe + bas*(X2*x4)
+ b34*(x3*x4) + bas*(X4*Xs5) + bse* (X5*X6) (Eq. 1)

The experimental domain explored is reported in Table 1. A 21-run D
optimal experimental matrix derived from a Full Factorial Design (FFD)
was used to estimate the coefficients of the model and Table S1 (Sup-
plementary Data) reports the experimental plan and the obtained re-
sponses. The analysis of variance (data not shown) indicated that the
model was significant only for the response Mean Intensity. Fig. 3 shows
the graphical analysis of the effects and provides information on the
significant variations of the factors: bars that extend beyond the two
vertical lines, representing the variation in response due to experimental
error, correspond to the effects that were found statistically significant.

As for Mean Intensity the effects were significant for the pCPPs
Sample Volume and Reaction Zone Diameter, whereas interaction
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Fig. 3. Graphic analysis of effects for response (left) Mean Intensity, (central) SD of Mean Intensity (St.dev.) and (right) Homogeneity (Homo).

Table 2

Experimental domain during the optimization step.
Parameter Abbreviation Units Type Settings
Reagent (Phe) volume Rea_v uL Constant 25
Sample (drug) volume Sam_v uL Quantitative 0.50 to 0.90
Reducing agent volume Red_v uL Quantitative 1.0to 1.2
Reaction zone diameter Rea_d cm Quantitative 0.40 to 0.46
Channel length Cha_l cm Constant 0.35
Channel width Cha_w cm Constant 0.20

effects were not statistically significant. To minimize the response and
approach the ATP, Sample Volume should be moved to the high level
while the Reaction Zone Diameter towards the low level.

Regarding SD of Mean Intensity, the sole significant effect was the
negative interaction between Reducing Agent Volume and Reaction
Zone Diameter. As it concerns Homogeneity, a negative effect was dis-
played for Sample Volume, contrasting with the positive correlation
observed for Reaction Zone Diameter; a significant interaction between
these two parameters was detected. To minimize the SD of Mean In-
tensity, the Reaction Zone Diameter and Reducing Agent Volume had to
be set at the low values, whereas to minimize the value of Homogeneity,
the Sample Volume had to be set at the high level while that of the
Reaction Zone Diameter towards low level.

According to the obtained information the Critical Procedure Pa-
rameters (CPPs) were found to be Sample Volume, Reducing Agent
Volume and Reaction Zone Diameter. These CPPs were selected to carry
out the risk reduction by means of the response surface methodology
(RSM) using a Central Composite Design (CCD). The experimental
domain explored for the optimization step is reported in Table 2, while
in Table S2 is reported the experimental plan with the obtained re-
sponses. In this case a second-degree polynomial model was hypothe-
sized, and it is reported in Equation (2).

Design Space

Y = bo + b1*x3 + ba*x2 + b3*x3 + b11*(x1¥%1) + bao*(X2*x2) + baz*
(x3*x3) + b12*(x1*x2) + b13*(x1*x3) + ba3*(x2*x3) (Eq. 2)

The models were significant for Mean Intensity and Homogeneity
(the graphic representations are reported in Fig. S1) whereas for SD of
Mean Intensity a weaker model was obtained, and the response was not
considered in the further investigation.

As shown in Fig. S1 the Mean Intensity response is minimized with
high levels of the parameter Sample Volume and by decreasing the levels
of the Reaction Zone Diameter. All the investigated values of the
Reducing Agent Volume were found to be suitable for approaching the
ATP. For Homogeneity, minimization requires high values of Sample
Volume and low values of the Reaction Zone Diameter.

To define the Risk Acceptance and thus the Method Operable Design
Region (MODR), the Monte Carlo simulation, implemented in the
MODDE Pro software, was used. This computational algorithm allows to
estimate the possible outcomes of an uncertain event. The Monte Carlo
Risk Analysis which started from the models obtained by RSM, considers
the uncertainty in factors setting, the estimated uncertainty for the
model parameters and propagates the prediction error from parameters
to responses. Monte Carlo simulation allowed the probability map to be
drawn according to a selected risk of failure.

Fig. 4 shows the probability map for the responses Mean Intensity
and Homogeneity calculated for a 5 % risk of failure. The green colour
identifies the region where all response objectives are met (the MODR);
the dotted line defines the biggest regular MODR, a simpler space to be
experimentally managed. The cross identifies the most robust experi-
mental conditions whereas, the double concentric circle identifies the
best performing experimental conditions i.e., the variables setting which
correspond to response values closest to the target.

For the MODR, the desirability plot is also reported in Fig. S2
(Supplementary Data); it shows how the objective targets of the two

%

Probability of failure (%) for Mean Intensity and Homogeneity

1,05

Reducing agent volume

0,55

0,6 0,65 0,7

Sample volume

Factor precision included.
Acceptance level

5%.

0,75

0,8 0,85

I 1
Reaction zone diameter = 0,416

Interval=Prediction

Fig. 4. Probability plot for the responses Mean Intensity and Homogeneity. The cross identifies the robust conditions; the circle identifies the optimum experimental
conditions. The validation was carried out at the optimum conditions and at the conditions corresponding to the rectangle edges.
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Table 3
Conditions at the four edges of MODR and optimum conditions*.

Talanta 301 (2026) 129346

Exp Sample Reducing agent Reaction zone
No volume® volume'" diameter®

1 0.71 1.09 0.424

2 0.80 1.09 0.400

3 0.71 1.19 0.400

4 0.80 1.19 0.424

5% 0.75 1.15 0.404

DL,

2 cm.

responses are fulfilled within the MODR. In the plot, “1” equals all ob-
jectives fulfilled whereas “0” equals no objectives fulfilled thus, the
higher the value, the closer are all the responses to their target value.
Since the plot only includes regions with desirability values equal or
higher than 0.95, then MODR domain includes solutions that are both
robust and very close to the targets.

Robustness was assessed around the optimum conditions by means of
a Plackett Burman design for 3 factors. The factors variation range was
set according to the regular MODR. Each experiment was replicated to
have an estimation of the experimental variance. The experimental plan
together with the obtained responses values are reported in Table S3
(Supplementary Data) and ANOVA (Table S4-56). The data show that all
the models are not statistically significant thus indicating the pPAD
method robustness.

3.3. Method validation

To validate the MODR, the analytical performance of the pPAD was
tested at the optimized conditionsi.e., reagent zone diameter at 1.30 cm;
reaction zones diameter at 0.404 cm; channels length at 0.35 cm;
channels width at 0.20 cm; reagent volume 25 pL; sample volume at
0.75 pL; reducing agent volume at 1.15 pL. In addition, the validation
was also carried out at the conditions corresponding to the edges of the
regular MODR (Table 3). According to the ICH Q2(R2) [41], the pa-
rameters evaluated were selectivity, range, detection limit (DL), quan-
titation limit (QL), trueness, and precision (robustness was also
assessed). For each of the considered parameters, the Mean Intensity
value was assumed as the mean of four independent reaction zone
readings (n = 4). Below are discussed and reported the results of the
performance parameters evaluated under optimum conditions. As for
the other tested conditions the results (data not shown) agreed with
those at the optimum one demonstrating that inside the MODR all
conditions fulfil the ATP requirements.

3.3.1. Selectivity, range, detection, and quantitation limits

The method selectivity is inherently supported by the specific
complexation of Fe?* with Phe [33,35]; however, to investigate the
potential interferences from other cations known to complex with Phe, a
selectivity study was undertaken. Standard Fe?" solutions (0.3 mM, the
assay concentration) were individually spiked with Cd**, Co?*, Cr®*,
Ni?*, and Zn?" each at the concentration of 0.015 mM (5 % relative to
the analyte). The concentration of Fe>* determined by pPAD method in
these spiked mixtures did not differ significantly from those in the
unspiked standards confirming the selectivity of the method. These re-
sults are summarized in Table S7 and Fig. S3 (Supplementary Data). A
further demonstration of selectivity is provided by the recovery studies
and comparison of the results on real samples analysis with those from
an orthogonal CE method as described and discussed in the due section
(3.4. Analysis of real samples) [41]. The range of the pPAD procedure i.e.,
the interval between the lowest and the highest results in which the
method provides a suitable level of trueness and precision, was evalu-
ated for Fe?" and total iron within 0.10-0.50 mM and 2.0-8.0 mM,
respectively. Based on the regression analysis the QLs and the DLs were
assessed as 100/S, and 3.30/S respectively. The meaning of ¢ is the

Table 4
Linear range'", linear regression equations, detection and quantitation limits.
Range Equation r? DL QL
Iron(I)  0.10-0.50  y* = (-58.14 + 1.80)x"* + 0.997 0.03 0.10

(249.29 + 0.61)

Total 2.00-8.00 y=(-6.26+0.22)x + (202.55 0.996 0.50 1.60
Iron +1.22)
! mM.

2 y is mean grayscale intensity (arbitrary unit).
% x is the concentration.

standard deviation of the response and S is the slope of the dosing range
[25]. The data obtained in the optimum conditions are reported in
Table 4. These values are in the same order of previous studies involving
architectures with horizontal fluid flow as in our pPAD. Dortez et al.,
reported a DL of 3 pg/mL (0.05 mM) in the determination of Fe>*
following reduction to Fe>* by hydroxylamine and complexation with
ferrozine. To enable application to human serum they introduced an
immunomagnetic beads preconcentration step which improved sensi-
tivity by one order of magnitude [29]. In an application of pPAD for the
analysis of heavy metals in water, Fe>* was detected at the DL of
approximately 0.01 mM using bathophenanthroline as the complexing
agent [42]. Ogawa et al., reported the QL of 0.7 mM in the determina-
tion of iron in hot water spring [43], and Wendimu et al., found a DL of
0.08 mM in welding fumes [38]. Using these simple device fabrication
techniques and architecture, simultaneous determination of multiple
samples is possible. Conversely, some studies have focussed on devel-
oping test spot-type pPAD systems where sample and reagent diffusion is
limited. For instance, by developing a test-spot type yPAD whose hy-
drophobic barrier was created using photolithography, Asano and
Shiraishi reported a DL of about 4 pM for Fe?* assay using Phe relying on
high sample volumes (20 pL) [44]. Similar diffusion control, facilitated
by lamination-based test-spot design was employed by Mesquita et al.,
for analysis of iron in water, urine, and wine, achieving DLs in the pM
range [28,30,31]. The similar test-spot architecture, implemented by
cetyltrimethylammonium bromide-modified silver nanoparticles on the
paper substrate, allowed Fe3* determination in environmental and
biological samples with DL in the sub-uM range [32]. A comparison of
the achieved figures of merit of the present pPAD procedure with those
from the previous similar studies is reported in Table S8 (Supplementary
Data).

3.3.2. Trueness and precision

Trueness and precision were evaluated for Fe?" at the concentration
0f0.10, 0.30 and 0.50 mM and for total iron at 2.0, 5.0 and 8.0 mM; each
of the three levels was replicated by preparing three independent solu-
tions (n = 3) and applying optimum conditions. The obtained data are
reported in Table S9 (Supplementary Data). For Fe?* determination the
trueness was within the range of 93.3-105.4 %. Precision was confirmed
by low RSD values, ranging within 2.34-6.0 %. The highest variability
was observed at the lowest tested concentration which is expected due to
proximity to the limit of detection. Similarly, the method trueness in
analysis of total iron was within 89.6-104.4 % (RSD values 0.50-2.51
%). These figures of merit are comparable to those reported in previous
pPAD studies [29,43,44].

3.4. Analysis of real samples

The developed method was applied to the determination of Fe?* as
an impurity in a pharmaceutical formulation based on iron sucrose
nanoparticles (20 mg of elemental iron per mL) [34]. The real sample
analysis requires the drug to be treated to release the iron species (Fe?"
and Fe>") while avoiding Fe?* /Fe®* interconversion. In a previous study
[33], concentrated hydrochloric acid was used for mineralization of the
sample, however it was found that under certain conditions a partial
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Fig. 5. Typical results of the pyPAD analysis of Fe?* and total iron including calibration solutions and sample.

reduction of Fe3* to Fe?* occurred thus the selection of the hydrochloric
acid concentration had to be accurately optimized to avoid artifact Fe?*
impurity to be produced. Interestingly, according to Merli et al., [45] in
the present application it was found that using phosphoric acid instead
of hydrochloric acid, the release of iron from the real samples occurred
rapidly providing stable solutions and overcoming the interconversion
between the iron species. A comparison of the efficiency in releasing
iron from the pharmaceutical using hydrochloric and phosphoric acid
was carried out. According to our previous study, the real pharmaceu-
tical injections were directly subjected to mineralization using HCI (6 M)
under ultrasonication for about 10 min. The solution was properly
diluted with water to fit the iron content within the calibration range
(the final concentration of HCI in the sample solution was 0.1 M). The
obtained sample solutions were analysed for both Fe?>" and total iron
content, by the proposed pPAD and the results were compared with
those from the real samples prepared according to the method optimized
in the present study using phosphoric acid for iron release. In Table S10
(Supplementary Data) are reported the results obtained using the two
different sample preparation methods indicating no significant differ-
ence in the content of Fe?* and total iron.

A typical experimental procedure involves the use of five reaction
zones (Fig. 5) for calibration and three for sample analysis. The method
was applied to commercially available pharmaceutical products, and in
addition an expired sample was analysed. The level of Fe?* in the viable
drug preparation was 0.125 mM (RSD = 1.00 %, n = 3) while the total
iron was found to be 3.66 mM (RSD = 0.50 %, n = 3). The impurity level
was corresponding to 0.035 % (w/v) with respect to the elemental iron
in the drug formulation, thus in compliance with the maximum level
established by USP as 0.4 % (w/v). In the expired formulation, the
content of Fe?™ was found to be 0.331 mM (RSD = 3.92 %, n = 3) and the
total iron was 3.61 mM (RSD = 5.20 %, n = 3); thus, also the expired
sample was found to contain the impurity within the permitted level.

Recovery experiments were carried out on the expired samples by
spiking both Fe?* and Fe>' at the levels of 0.20 mM and 3.00 mM,
respectively. The recovery was calculated for Fe?™ as 90.90 % (RSD =
2.30 %, n = 3) and for total iron as 98.60 % (RSD = 3.90 %, n = 3)
suggesting the general reliability of the method. The analytical perfor-
mance of the pPAD method, were compared with that of an independent
approach based on a validated CE procedure [33]. The latter method
allows to simultaneously quantify Fe>™ and Fe** upon their complexa-
tion with Phe and 1,2-diaminocyclohexanetetraacetic acid, respectively.
The two complexes were separated in conventional capillary zone
electrophoresis conditions using a borax buffer as a background elec-
trolyte. This method demonstrated in the previous study to be a useful
alternative to the official USP method based on differential pulsed po-
larography, thus was assumed as a reference in the present investigation.
The drug preparations and the expired samples were analysed by using
CE and the results are shown in Table S11 (Supplementary Data),
including a representative electropherogram of an expired drug sample
(Fig. S4, Supplementary Data). The results obtained by pPAD were found
to be not significantly different (t-test) from those by CE suggesting that
the application by pPAD is suitable to quantify Fe>" at the impurity level
in iron sucrose.

4. Conclusion

The Analytical Quality by Design approach was applied to optimize
the architecture and the analytical conditions for the development of a
simple and reliable microfluidic paper-based device for quantitation of
Fe?" using colorimetric detection thanks to the complexation by phe-
nanthroline; Fe®>* was determined after reduction on-paper with ascor-
bic acid. The method was fully validated showing analytical figures of
merit making the system potentially useful for a point-of-need assess-
ment. As reported by the manufacturer the iron sucrose injections, when
transferred from the vial and stored in a plastic syringe (either diluted
with 0.9 % NaCl or undiluted), are chemically stable for 7 days at
controlled room temperature (25 °C + 2; 4 °C + 2). The proposed pPAD
provides a rapid, instrument-free critical quality check to monitor iron
oxidation status, safely enabling the utilization of this 7-day stability
data and thus could significantly reduce hospital pharmacy waste of this
costly specialty product. This method encompasses the requirements by
ICH Q14 and represents a compelling advancement toward decentral-
ized quality control, demonstrating the practical power of microfluidic
devices in addressing critical challenges in pharmaceutical quality
assurance.
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