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A B S T R A C T

In this work we take advantage, for the first time, of the porous and functional structure of a nanoscale metal 
organic framework (nanoMOF), specifically NH2-MIL-101 (Fe) nanoMOF, for its use as advantageous enzyme- 
carrier nanotag in immunoassays. In particular, the porous structure of the nanoMOF allows accommodating 
a high loading of enzyme molecules, which, in addition, are protected from degradation inside the pores 
providing a high stability. This property together with the ability of the nanoMOF to link antibodies through its 
functional groups make it a very robust and powerful label. Both the enhanced sensitivity, compared with the 
conventional use of enzyme-labelled antibodies, and the high long-term stability are demonstrated. Such nanotag 
also offers advantages related to ease of modification and cost effectiveness. The detection of myeloperoxidase 
(MPO), a key biomarker for chronic wound monitoring, is proposed to demonstrate the applicability of this 
approach. A sandwich-type immunoassay using magnetic beads (MBs)-based platforms and subsequent amper
ometric detection allows the determination of MPO in the clinical range (5 – 100 ng mL− 1), with a limit of 
detection of 1.4 ng mL− 1, and good reproducibility (RSD(n = 10) = 7.1 %). The developed bio-strategy also ex
hibits high selectivity against potential interferents and a good stability of the nanotag for at least 2 months. 
Moreover, the developed method was successfully implemented to determine MPO in simulated chronic wound 
matrices, demonstrating its feasibility in a real scenario.

1. Introduction

Because of their prolonged healing process, frequently accentuated 
by factors such as aging, diabetes, obesity, or compromised immune 
response, among others, chronic wounds constitute a major health 
challenge [1–3]. These wounds are defined as those that do not heal in a 
short period of time, approximately less than 6 weeks, affecting to 1–2 % 
of the population in developed countries. This not only results in pro
longed patient suffering but also places a significant burden on national 
healthcare systems, leading to escalated costs associated with extended 
hospital stays, an increased risk of secondary infections, and repeated 

medical action [4,5]. The patients’ quality of life is totally affected, 
experiencing chronic pain, gradual loss of function and mobility which 
may even lead to an increased morbidity and mortality. A common 
example is the prevalence of diabetic foot ulcers, which frequently 
precede amputations [6], emphasizing the urgency of finding effective 
management strategies.

In contrast to conventional methods such as the non-specific analysis 
of clinical signs [7] and the evaluation of microorganisms, which may 
lack accuracy as indicators of infection [8], biomarkers are a swift and 
user-friendly alternative, allowing for a personalized treatment strategy 
based on individual profiles that facilitates the timely management of 
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treatment [9,10]. Different biomarkers, identified as potential detection 
targets of infection and healing monitoring status in chronic wounds, 
have been detected in wound exudate samples using biosensors. This is 
the case of hyaluronidase [11], lysozyme [12], sortase A and pyocyanin 
[13].

Among such biomarkers, myeloperoxidase (MPO) takes on a funda
mental role as a protein expressed by neutrophilic leukocytes, essential 
contributors to host defence against infections [14]. Operating as a 
central mediator within the innate immune system, MPO is secreted to 
catalyse the formation of potent oxidizing molecules complexly involved 
in immune defence mechanisms against pathogens [15]. Consequently, 
MPO arises as a key biomarker for chronic wounds, owing to its signif
icantly heightened activity in infected wounds compared to their 
non-infected counterparts, thereby it being quantified for diagnostic 
discernment [16,17]. Common methods for determining MPO include 
spectrophotometric [18] and fluorometric assays [19], cytological 
methods [20], and immunological techniques like ELISA [21] or West
ern blot [22]. Nevertheless, spectrophotometric assays may lack speci
ficity [23], fluorometric assays may face issues with turbid samples [24], 
and immunological methods are usually tortuous and time-consuming 
[25] or lack quantification capability [26].

Electrochemical biosensors incorporating magnetic microsized 
beads (MBs) as bedrock represent a pivotal advancement in biomarker 
analysis, offering prominent advantages. These MBs-based bioplatforms 
substantially enhance sensitivity and kinetics of the assay, achieving 
exceptionally low limits of detection (LODs) for emerging biomarkers 
[27,28], and high selectivity, facilitating the accurate detection of spe
cific biomarkers in complex sample matrices with minimal pre
treatments and matrix effects [29]. Noteworthy, the attributes of these 
biosensors include their inherent convenience, cost-effectiveness, and 
point-of-care detection capabilities, thus playing a central role in 
elevating reliability in the realm of biomarker analysis [28]. Numerous 
biosensors employed for quantifying biomarkers, utilizing both optical 
and electrochemical methodologies, incorporate enzymatic labelling in 
their sensing mechanisms. Traditional enzyme markers, systems in 
which an immunoreactive agent is conjugated to one to four enzyme 
molecules [30], are widely used due to their simplicity, ease of fabri
cation, and straightforward kinetics. Interestingly, enzyme-loaded car
riers can immobilize a higher number of enzyme molecules, which 
consequently enhances sensitivity, and lower LODs [31]. Additionally, 
carriers protect enzymes from interfering substances and harsh envi
ronmental conditions, ensuring better performance in complex envi
ronments and exhibiting greater thermal stability, increased pH 
tolerance, and extended shelf life [32], which leads to prolonged oper
ational lifetime and highlight the superior performance of 
enzyme-loaded carriers compared to traditional single enzyme markers 
[33–35]. The most used enzyme carriers include gold nanoparticles 
[36], carbon nanotubes [37], various polymeric materials such as 
polystyrene beads and polyacrylamide [38], and inorganic materials 
like silica particles [39]. These carriers are favoured for their high sur
face area, biocompatibility, and ability to protect and stabilize enzymes, 
thereby enhancing the sensitivity and reliability of biosensors, but 
lacking the customizable porosity, extensive functionalization options, 
and structural tunability offered by Metal-Organic Frameworks (MOFs) 
[40].

MOFs, but particularly nanoMOFs, are emerging as promising al
ternatives for electrochemical labelling in biosensors due to their unique 
highly porous framework for accommodating biomolecules [41,42]. The 
inherent robustness of nanoMOFs under diverse environmental condi
tions [43,44], coupled with their biocompatibility [45], positions them 
as sturdy candidates for long-term and reliable biosensing applications. 
Additionally, the tuneable nature of nanoMOFs facilitates the design of 
multifunctional composite materials, allowing for the integration of 
multiple electroactive components to enhance detection capabilities 
[40]. Among its counterparts, the NH2-MIL-101 (Fe) nanoMOF stands 
out for serving as a labelling entity in electrochemical biosensors due to 

both its exceptional functionality attributed to its amino groups [46], 
and the presence of iron in its structure, establishing an optimal syner
gistic effect particularly conducive to electrochemical detection [47]. 
However, the ability of this nanoMOF label to act as carrier of enzymatic 
tags in its porous structure, also protecting them from degradation, has 
not been exploited so far.

Acknowledging and benefiting from all these aspects, here we pre
sent an electrochemical immunosensor that takes advantage of and 
demonstrates for the first time the opportunities offered by the nano
MOF NH2-MIL-101 (Fe) (hereinafter, nanoMOF) when loaded with the 
enzyme HRP, facilitating its function as a labelling agent. This config
uration enables a higher HRP loading onto the nanoMOF than the con
ventional antibody-HRP conjugation, leading to increased sensitivity. 
Moreover, it addresses challenges associated with traditional enzymatic 
labelling methods, affording protection to the enzyme against adverse 
conditions [48], and enhancing stability during storage. There are 
several reasons why this specific nanoMOF is excellent for such appli
cation. First, the chemical synthesis is easy, leading to nanoparticles of 
around 260 nm with an acceptable polydispersity. Moreover, specific 
antibodies can be efficiently linked to the nanoMOF through the car
bodiimide chemistry. Finally, the porous structure is ideal to accom
modate and protect a high number of enzymatic tags.

This pioneering approach integrates the distinctive attributes of the 
nanoMOF decorated with both recognition and signaling biomolecules 
at will as a nanolabel with the inherent benefits of employing a 
sandwich-type immunoassay performed on MBs and utilizing screen- 
printed carbon electrodes (SPCEs) as transducers for MPO determina
tion in chronic wounds, opening avenues for novel applications of these 
porous functional materials in electrochemical biosensing.

2. Materials and methods

Apparatus and electrodes, Reagents and solutions, and protocols 
followed for Synthesis of the nanoMOF, Preparation of DAb-nanoMOF 
(HRP), Structural characterization, Sandwich immunoassay on MBs, 
Amperometric transduction and Preparation and analysis of simulated 
chronic wound fluid are detailed in the Supporting Information.

3. Results and discussion

3.1. Synthesis and characterization of the nanoMOF

Fig. 1 schematically illustrates the steps involved in the synthesis 
(1a) and characterization (1b-d) of the nanoMOF. In summary, 
FeCl3⋅6 H2O and aminoterephthalic acid underwent a 24-h reaction at 
120 ºC to yield the nanoMOF, which was then rendered suitable for use 
through three successive washing steps via centrifugation, followed by a 
final vacuum drying overnight process.

Characterization of the synthetized nanoMOF by TEM showed 
rhomboidal-shape particles (Fig. 1b) whose size distribution histogram 
(n = 214), shown in Fig. 1c, gave an average mean diameter of (260 
± 40) nm with an acceptable polydispersity. Finally, the nanoMOF 
structure was confirmed by powder X-ray diffraction (PXRD) (Fig. 1d), 
agreeing well with results previously reported in the literature [49].

3.2. NanoMOF modification and characterization of the DAb-nanoMOF 
(HRP)

The synthetized nanoMOF was conjugated with DAb through car
bodiimide chemistry taking advantage of the antibodies’ carboxyl 
groups and the amino groups present in the structure of the nanoMOF 
for the formation of stable covalent bonds. At the same time, the HRP 
enzyme was encapsulated into the porous structure of the nanoMOF. An 
overview of the process is depicted in Fig. 2a.

The nanoMOF modification was characterized by amperometry, 
FTIR spectroscopy and ζ-potential measurements. Amperometric 
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Fig. 1. Schematic diagram showing the steps involved in the preparation of the nanoMOF a) and its characterization. TEM images at 80000 × (b), left) and 50000 ×

(b), right), corresponding size distribution histogram c), and PXRD diagram d) are shown.

Fig. 2. Overview of the steps involved in the preparation of the DAb-nanoMOF(HRP) a), and its characterization by amperometry in the absence (white bars, B) and 
in the presence (colored bars, S) of 50 ng mL–1 MPO (B/S ratios are represented by red points connected by red lines) b), FTIR (nanoMOF (red trace); DAb-nanoMOF 
(green trace); DAb-nanoMOF(HRP) (grey trace) c), and ζ-potential measurements (nanoMOF (red trace); DAb-nanoMOF (green trace); DAb-nanoMOF-HRP (blue 
trace) d).
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characterization (Fig. 2b) was performed following the same protocol 
than that used for MPO measurements. The obtained results revealed 
that the nanoMOF modification in the absence of the coupling agent 
(sulfo-NHS/EDC) (third column set of Fig. 2b) inhibited the nanoMOF 
functionalization with DAb and the generation of a significant signal in 
the presence of the target MPO. Moreover, the results obtained in the 
absence of nanoMOF clearly confirmed that the detected peroxidase 
activity was that of the HRP of the nanoMOF and not the intrinsic ac
tivity of the target (second column set of Fig. 2b). On the contrary, a 
substantial increase in the S/B ratio was reached when the nanoMOF 
was properly functionalized with DAb and HRP (first column set of 
Fig. 2b) thus verifying the possibility to carry out the detection of low 
MPO concentrations when using the appropriate biosensing design, as 
well as the covalent amide bond formation between the antibody and 
the nanoMOF.

The obtained FTIR spectra are shown in Fig. 2c, in which a spectrum 
of bare synthetized nanoMOF (red trace) is shown for comparative 
purposes to confirm the success of the conjugation. The comparison the 
bare nanoMOF spectrum with that of the DAb-nanoMOF(HRP) 
confirmed the conjugation process commented before. After DAb 
conjugation (green trace), an intensity increase in the 1650–1550 cm− 1 

region bands was observed, due to presence of amide groups of the 
proteins [50] as well as the appearance of a new band at around 
1050 cm− 1, also attributable to the proteins [50], thus confirming the 
formation of covalent bonds between the nanoMOF structure and the 
antibody. The adsorption process of HRP (leading to its encapsulation 

into the porous structure of the nanoMOF) was confirmed by the 
broadening and increased intensity of the spectrum bands without any 
structural change (grey trace).

In addition, ζ-potential measurements were performed to study the 
conjugation process after both steps (covalent linking of DAb and 
adsorption of HRP), by evaluating the surface electrical potential of the 
nanoMOF. As shown in Fig. 2d, the synthetized nanoMOFs (red trace) 
showed a ζ-potential of (18 ± 4) mV, due to the presence of positive 
charges of the protonated amino groups in their structure. After DAb 
conjugation (green trace), a shift toward negative values ((− 10 ± 3) 
mV) was observed, confirming the displacement of amino groups in the 
carbodiimide chemistry linking. Finally, the adsorption process of HRP 
onto the DAb modified NH2-MIL101 (Fe) nanoMOF structure (blue 
trace) provoked a shift to still more negative values ((− 30 ± 10) mV). 
Therefore, the success of the conjugation process, as well as the good 
stability of the obtained conjugates, were confirmed by ζ-potential 
measurements.

3.3. Optimization of the key experimental parameters

As shown in Fig. 3a, the DAb-nanoMOF(HRP) served as nanocarrier 
of both recognition and signaling elements in a sandwich-type assay 
using Strep-MBs, with a biotinylated antibody as the capture recognition 
element (b-CAb). Moreover, the amperometric determination of MPO 
was accomplished by measuring the variation in the cathodic current in 
the presence of the H2O2/HQ redox system. In accordance with the assay 

Fig. 3. Schematic diagram showing the steps involved in the preparation of the sandwich immunocomplexes on Strep-MBs a), and the amperometric transduction of 
the resulting magnetic bioconjugates at a SPCE b). Optimization of key experimental variables involved in the immunoplatform performance for MPO detection by 
comparing the amperometric readings obtained in the absence (white bars, B) and in the presence (grey bars, S) of 50 ng mL–1 MPO when varying functionalized MBs 
c), and their blockage d), b-CAb concentration e), incubation time of b-CAb-MBs with MPO standard solution f), DAb-nanoMOF(HRP) incubation time g) and 
concentration h), and HRP i) and DAb j) concentrations employed to functionalize the nanoMOF. The S/B ratios are represented as red squares connected by red lines.
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configuration, such variation in the current was directly proportional to 
the MPO concentration (Fig. 3b).

The design of the immunosensor crafting was aimed at attaining 
point-of-care favorable features, employing a streamlined working 
protocol and minimizing assay duration. Therefore, the impact of key 
experimental variables on the biosensing response was carefully 
checked. Irrespective of the tested experimental variable, the selection 
criterion was based on the larger ratio between the currents measured by 
the immunoplatforms in the presence of 50 ng mL− 1 MPO standards (S), 
and those without the target (B), respectively. The optimization studies, 
whose results are displayed in Fig. 3c-j, involved checking of bioassay 
variables such as the functionalization and blocking of the Strep-MBs, 
the concentration of the b-CAb, and the incubation times for MPO and 
DAb-nanoMOF(HRP), as well as variables related to the nanoMOF 
modification process including its resuspension volume and the con
centration of HRP and DAb. Table 1 summarizes the evaluated ranges, 
along with the selected values.

As evidenced in Fig. 3c, Strep-MBs exhibited superior assay perfor
mance than Neu-MBs, the former producing much lower nonspecific 
adsorptions attributed to the DAb-nanoMOF(HRP) adhesion to the 
polymeric encapsulation layer of the beads, which differs depending on 
the manufacturer. The use of biotin as a blocking agent yielded a higher 
S/B ratio compared to BSA (Fig. 3d), probably owing to streptavidin’s 
capacity to recognize multiple biotin molecules, potentially introducing 
steric hindrance to the adhesion of the modified nanoMOF onto the 
beads surface. Regarding the optimization of the b-CAb concentration, 
as shown in Fig. 3e, larger S/B ratio occurred for 5 μg mL− 1, which was 
used for further work. Furthermore, the measured blank values sug
gested that an increased antibody concentration decreased nonspecific 
adsorptions, which was confirmed by measuring the amperometric 
response when the b-CAb was substituted for a nonspecific biotinylated 
antibody (see Fig. S1 in the Supporting Information).

The measurements performed to determine the ideal incubation 
times for MPO and DAb-nanoMOF(HRP) are shown in Fig. 3f and g, 
revealing that better S/B ratios were found for 90 and 30 min, respec
tively, with no significant improvement for longer incubation periods. 
The volume where the nanoMOF was reconstituted after modification 
delineates its employed concentration, thus constituting a key variable 
to be considered. Fig. 3h shows that at small volumes, nonspecific ad
sorptions were higher, while large volumes hinder proper recognition 
and resulted in a substantial drop of the specific signal in the presence of 
MPO. Therefore, the same volume used for the entire modification 
process, 500 μL, was selected for further analysis. Furthermore, 
1 mg mL− 1 was chosen as the HRP concentration for loading the nano
MOF (Fig. 3i), as a compromise between increasing blanks and specific 
signals, both rising for higher enzyme concentrations, which led to 
smaller S/B ratios. It is important to note that the results shown in the 
“0” column set of Fig. 3i confirm both the correct functionalization of the 
nanoMOF with HRP and that the intrinsic peroxidase activity of the 
nanoMOF was not sufficient to discriminate the presence of the target 

protein. Finally, the selected DAb concentration for nanoMOF func
tionalization was 24 μg mL− 1, improving the efficacy of the immuno
platform and resulting in larger S/B ratio, which did not improve for a 
higher concentration, probably due to saturation of the nanoMOF 
anchoring sites with the DAb molecules (Fig. 3j). The significance of 
optimization assays in this work cannot be overstated, because it 
resulted in nearly a 100 % enhancement of the S/B ratio compared to the 
pre-optimization stage.

As evidenced by the concentration zero values, the deliberate 
exclusion of specific essential components from the immunoassay, such 
as b-CAb, DAb, or HRP (“0” set of bars in Fig. 3e, i and j) confirmed that 
the observed results, when none of them are lacking, are genuinely 
attributed to the intended interactions. Additionally, an unlabelled 
50 ng mL− 1 MPO concentration was tested to ascertain whether MPO 
itself could influence the electrochemical measurement due to its 
peroxidase activity. As can be seen in Fig. 2b, the outcome provided 
lower values than the blank, thus dismissing this possibility. This un
derscores the validity of the designed immunoassay, supporting the 
reliability and robustness of the experimental results.

3.4. Analytical and operational characteristics

Under the optimized experimental conditions, the analytical features 
of the developed immunoplatform for the amperometric determination 
of MPO standards were established. In compliance with the utilized 
immunoassay format, the amperometric readings increased directly 
with the concentration of MPO, allowing the construction of the cali
bration plot depicted in Fig. 4 (black dots). A linear relationship between 
the amperometric measurements and the concentration of the target 
antigen was observed over the 5–100 ng mL–1 (r = 0.995) MPO con
centration range, with slope and intercept values of (0.0172 ± 0.0006) 
µA mL ng–1 and (0.13 ± 0.03) µA, respectively.

Moreover, LOD and quantification (LOQ) values of 1.4 and 
4.8 ng mL–1 were estimated using the 3 ×sb/slope and 10 ×sb/slope 
criteria, respectively, where sb is the standard deviation of ten inde
pendent amperometric measurements made in the absence of MPO. The 
achieved sensitivity is adequate for MPO analysis, not only in chronic 
wound fluids, where it is highly overexpressed and does not pose a 
challenge for modern biosensors, but also in serum [51], plasma [52], or 
saliva [53] with considerably lower MPO concentrations at ng mL− 1 

level. This grants the immunosensing platform significant versatility, 

Table 1 
Summary of the optimized experimental parameters employed in the building of 
the MBs-assisted immunoplatform for the determination of MPO.

Parameter Evaluated range Selected 
value

Functionalized MBs Strep-MBs, Neu- 
MBs

Streptavidin

Surface blockage BSA or Biotin Biotin
[b-CAb], µg mL¡1 0.0 – 25.0 5.0
MPO incubation time, min 15 – 120 90
DAb-nanoMOF(HRP) incubation time, 

min
15 – 60 30

DAb-nanoMOF(HRP) suspension 
volume, µL

100 – 2500 500

[HRP], mg mL¡1 0.0 – 5.0 1.0
[DAb], µg mL¡1 0.0 – 48.0 24.0

Fig. 4. Dependence of the amperometric response with the concentration of 
MPO standards prepared in buffered solution, obtained with the developed 
immunoplatform under the optimized working conditions -black dots- and its 
comparison with the method utilizing an HRP-tagged secondary antibody 
(Ab2HRP) as a label -red squares-. The methodology using Ab2HRP implied the 
same assay format but substituting the incubation step of the DAb-nanoMOF 
(HRP) for a combined incubation step with a mixture solution containing 
DAb (24 µg mL− 1) and Ab2HRP (2.5 µg mL− 1) in PBS for 30 min. Separate in
cubation of DAb and Ab2HRP and other incubation buffers (not shown) yielded 
poorer results. Actual amperograms recorded for the indicated MPO concen
trations using the DAb-nanoMOF(HRP)-based immunoplatform are shown on 
the right in black.
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given MPO’s capacity to anticipate or contribute to the management of 
various diseases such as cancer [54], sepsis [55], lupus and cardiovas
cular diseases [56] or periodontitis [53].

Finally, a remarkable good reproducibility for the preparation of the 
immunoplatform is noteworthy, yielding a relative standard deviation 
(RSD) value for the measurements of 50 ng mL− 1 MPO standard made 
with ten independently fabricated sensors of 7.1 %, thus highlighting 
the robustness and reliability of both the fabrication and detection 
processes.

3.5. Comparative labelling study

The comparative analysis of labelling strategies for the developed 
immunoplatform elucidated bold performance differences. The DAb- 
nanoMOF(HRP)-based approach involves a robust nanocarrier capable 
of accommodating a plethora of HRP molecules. Conversely, the sand
wich method utilizing a secondary antibody tagged with a single HRP 
molecule (Ab2HRP), was tested. Calibration plots conducted with the 
immunoplatforms employing DAb-nanoMOF(HRP) and Ab2HRP as 
labelling modalities (Fig. 4), unequivocally underscore the marked su
periority of the nanoMOF-based labelling approach, despite the other 
format appears to be also valid for MPO determination. This sensitivity- 
enhanced performance is attributed to the capability of the nanoMOF to 
accommodate a greater number of molecules, thereby substantiating its 
utility and preeminence in immunoassay methodologies.

Intending to check all possible configurations, other immunosensing 
formats were also tested. On one hand, given the reported intrinsic 
peroxidase activity of the nanoMOF [57], an attempt was made to 
implement the assay without HRP, seeking the ability of the nanoMOF 
itself to serve as electrochemical label. No discernment between the 
presence of 50 ng mL− 1 MPO and its absence was achieved in this case, 
most likely because the attained sensitivity is not sufficient with this 
format. Moreover, to demonstrate the associated benefits of the perox
idase loading in the nanoMOF structure, the used label configuration 
(DAb-nanoMOF(HRP)) was compared with that involving substitution 
of the HRP loading by the HRP-labelled antibody (Ab2HRP) recognizing 
the DAb (Ab2HRP-DAb-nanoMOF). As it can be seen in Fig. S2 (in the 
Supporting Information) this format also failed, which can be attributed 
to either significantly lower sensitivity or potential failure of antibody 
recognition due to steric hindrance.

It should be mentioned that, recently, Ramos-López et al. have re
ported an immunoplatform for the determination of MPO that achieves 
similar detection and quantification limits in comparable assay times 
[58]. The authors use the same immunoreagents than us as well as MBs 
for the implementation of a sandwich immunoassay, while they employ 
cerium dioxide nanoparticles (CeO2NPs)/multi-walled carbon nano
tubes (MWCNTs) composites decorated with HRP-Strept as nanolabels. 
Besides the different nature of the nanolabels, the authors employed 
them solely as carriers of enzyme molecules (CeO2/MWCNTs-(HRP-
Strept)) and do not report their storage stability. Conversely, our 
developed immunoplatform uses the nanolabel also as a carrier of the 
detector antibody (DAb-nanoMOF(HRP)) and exhibiting a storage sta
bility longer than 2 months (see next section). It is also important to 
highlight that, in the DAb-nanoMOF(HRP), the HRP molecules are 
encapsulated into the porous structure and not on the surface of the 
nanolabel, which makes it promising for application in denaturing 
media. Moreover, the role of the used antibodies is reversed 
(Ramos-López et al. used the biotinylated antibody as DAb while we use 
it as CAb), and the MBs are also different (HOOC-MBs or Strep-MBs). 
Taking all this into account, there are no important reasons to opt for 
one or the other nanolabel. Both of them can be envisaged as promising 
alternatives for further exploration.

3.6. Stability and selectivity

The stability and selectivity of the purposed system were evaluated. 

The DAb-nanoMOF(HRP) stability performance was truly striking, 
maintaining its S/B ratio unchanged for at least two months using sen
sors prepared on the same day (Fig. 5a). This feature can be attributed to 
the nanoMOF’s framework capability to shield the HRP enzyme from 
adverse conditions [48], as well as to its capacity to accommodate many 
molecules within its pores. This remarkable stability is particularly 
interesting considering that the two described electrochemical sandwich 
immunoplatforms reported for the determination of MPO using other 
not-MOF nanolabels (AuNP@GMCHRP@Ab2 [59] and 
CeO2NPs/MWCNTs-(HRP-Strept) [58]), did not report their stability 
over time.

In addition, the prepared b-CAb-MBs exhibited also a good storage 
stability, retaining functionality for over three weeks under refrigeration 
in filtered PBS, with consistent S/B ratios observed during control as
sessments as illustrated in Fig. S3 (in the Supporting Information). As 
can be observed, beyond day 21, nonspecific adsorptions increased 
notably. This may be due to the gradual detachment of antibodies from 
the MBs, which may have a comparable effect to that observed in Fig. S1, 
hindering the attachment of the modified nanoMOF to the MBs surface.

The presence of lysozyme and pyocyanin in wound fluids may 
potentially interfere with MPO detection. Lysozyme, an enzyme preva
lent in bodily fluids and released by neutrophils, shares structural sim
ilarities with MPO [60,61], which may lead to cross-reactivity and 
false-positive responses. Moreover, pyocyanin, a phenazine pigment 
produced by a common wound pathogen, exhibits redox activity akin to 
MPO [62], which may complicate an accurate MPO detection. There
fore, the immunoplatform selectivity was evaluated by comparing the 
S/B ratios obtained for 0 and 50 ng mL− 1 MPO in the absence and in 
presence of lysozyme and pyocyanin. The results are shown in Fig. 5b 
and confirmed that none of the scrutinized molecules identified as po
tential interferents caused a statistically significant disruption at the 
concentrations assayed (indicated in the figure caption).

It is important to mention at this point that the main objective of this 
work is to show a new applicability of a known nanoMOF modified ad 
hoc to demonstrate its advantages in sandwich immunosensing. For this 
purpose, MPO was selected as a model analyte, due to its recognized 
relevance as a marker of infection in wounds. Modification of the 
nanoMOF with HRP and DAb to function as a nanolabel in sandwich 
immunodetection led to an improved sensitivity (slope 3.4 times higher 
compared to conventional labelling using DAb/Ab2HRP, Fig. 4), and 
remarkable stability (at least 2 months).

If a comparison of the developed method with other reported for the 
determination of MPO is made, some conclusions arise. Commercial 
ELISA kits for MPO (ab119605 Myeloperoxidase Human ELISA Kit from 
Abcam; Human Myeloperoxidase DY3174 ELISA kit from R&D Systems) 
provide logarithmic calibration plots requiring longer determination 
times (4 h vs. 2 h, calculated from the CAb-coated ELISA plate and CAb- 
MBs), and instrumentation restricted to centralized environments 
(ELISA plate readers). Moreover, they have been developed for the 
determination of MPO in cell culture supernatant, serum and plasma, 
but not in wound exudates samples. With respect to the electrochemical 
immunosensors and immunoassays for MPO reported in the last decade 
(main features are summarized in Table S1 in the Supporting Informa
tion), although the limit of detection achieved with the developed 
immunoplatform is not as good as those claimed in the literature, the 
developed method still provides a detection ability of biomedical in
terest, as demonstrated by the results obtained in the analysis of wound 
exudate samples, a matrix not explored with any of the electrochemical 
immunosensing technologies described before.

3.7. Application to the analysis of simulated wound exudate samples

To demonstrate the applicability of the developed immunoplatform, 
samples of simulated wound fluids were prepared using two different 
processes, each representing scenarios of contrasting complexity.

The first scenario, illustrated in Fig. 6a, involved harsher conditions, 
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where two previously reported simulated matrices of chronic wounds 
(prepared as described in section “Preparation and analysis of simulated 
chronic wound fluid” in the Supporting Information) were spiked with 
low MPO concentrations (15, 25, and 50 ng mL− 1). The amperometric 
currents obtained for the first simulated medium (SWF1, containing 
NaCl, sodium bicarbonate (NaHCO3), KCl, calcium chloride (CaCl2) and 
BSA [63]) were interpolated into the calibration graph prepared with 

standard MPO solutions (Fig. 4), while the responses obtained for the 
second medium (SWF2, containing NaCl, MgCl2, CaCl2, CaCO3, glucose, 
BSA, and lactic acid [64]), were interpolated into a calibration graph 
constructed in the SWF2 matrix itself, due to the slightly slower 
amperometric signals obtained for the standards prepared in this matrix 
compared to those prepared in buffer (see Fig. S4 in the Supporting 
Information). These results were attributed to the high BSA 

Fig. 5. a) Storage stability of DAb-nanoMOF(HRP). b) Selectivity of the proposed immunoplaform. Comparison of the amperometric responses measured in the 
absence of interference (I) and in the presence of 50 µg mL–1 lysozyme (II) and 100 ng mL–1 pyocyanin (III). S/B ratio values (red squares) provided for 0 (white bars) 
and 50 (grey bars) ng mL–1 MPO standards. Control limits were set at ± 3 s of the mean value provided by three immunoplatforms prepared in the first assay day a) 
or in the absence of interferents b).

Fig. 6. Schematic representation of the two methods used to assess the applicability of the immunoplatform: MPO spiked at low concentrations in simulated wound 
fluids (SWFs) a), and replication of the Levine methodology b). The first approach involves the addition of small MPO concentrations to SWF a1), subsequently 
determined using the immunoplatform described in this work a2). The second method begins by soaking a swab in a MPO solution of high concentration, thus 
mimicking a chronic wound sample b1), followed by transferring its contents to PBS b2), and concluding with the determination process b3). Representative 
amperograms of samples analyzed by both methodologies are included in the Figure.
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concentration in SWF2 (5 % vs. 3 % BSA in SWF1), a well-known 
blocking agent [65] which has previously been observed that can 
partially block the surface of the MBs [66].

The second scenario, schematized in Fig. 6b, tried to replicate more 
realistic clinical conditions by mimicking Levine’s swab wound sam
pling technique. The swab was rotated in a highly concentrated MPO 
solution emulating the content of infected and non-infected wounds (11, 
50 and 100 μg mL− 1 [16,67]). The MPO absorbed by the swab was 
subsequently transferred to PBS to perform the determination.

The obtained results by applying the two methodologies (Tables 2 
and 3, respectively) were satisfactory, with recoveries close to 100 %, in 
all cases thus proving the feasibility of the developed immunoplatform 
to determine MPO in a real scenario.

4. Conclusions

In this work we have taken advantage, for the first time, of the porous 
and functional structure of the NH2-MIL-101 (Fe) nanoMOF, for its use 
as advantageous enzyme-carrier nanotag in immunoassays. The tagging 
method harnesses the unique properties of the nanoMOF, relying on the 
covalent attachment of specific MPO detection antibodies onto the 
surface of the framework and the use of adsorbed HRP molecules as 
enzymatic tags. The porous structure of the nanoMOF allows using a 
large HRP loading as well as its protection from degradation inside the 
pores providing a high stability. This together with the ability of the 
nanoMOF to link antibodies through its functional groups makes the 
nanotag a very robust and powerful label.

This innovative approach significantly enhances the analytical 
characteristics of conventional sandwich immunoassay formats, 
achieving more than a threefold improvement in sensitivity. The use of 
nanoMOFs in this context not only exploits their inherent structural and 
functional benefits but also introduces a new dimension of stability to 
the tagging process, ensuring more reliable and reproducible results and 
highlighting its capacity to tackle greater challenges within the field of 
electrochemical biosensing. Furthermore, we have successfully pio
neered an immunosensing platform for MPO determination that show
cases remarkable potential for seamless integration into clinical 
practice. The excellent analytical characteristics reached (LOD of 
1.4 ng mL− 1 and operational dynamic range from 5–100 ng mL− 1) 
allowed its applicability to the accurate analysis of MPO in simulated 
chronic wound fluids yielding recovery percentages close to 100 %, 
underscoring its potential applicability for the detection and monitoring 
of MPO in clinical settings. The developed method can be envisaged as a 
relevant contribution to the application of robust nanoMOFs in elec
trochemical tagging and immunosensing, offering a powerful tool for 
advancing both research and versatile clinical practices in the field of 
biosensing and diagnostics (not only electrochemical). It is also impor
tant to highlight that the protection of the HRP encapsulated in the 
porous structure of the nanoMOF could be used for immunosensing of 
this or other targets in other matrices with denaturing components or pH 
values such as gastric mucosa. Overall, we envisage a universal use of 
this innovative label that may be extended for any other immunoassay, 
targeting applications in medicine, food analysis and environmental 
control among other fields.
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Víctor: Writing – review & editing, Writing – original draft, Method
ology, Investigation. Valero-Calvo David: Writing – review & editing, 
Writing – original draft, Methodology, Investigation.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

The financial support of Grants PID2020-115204RB-I00, RED2022- 
134120-T and PID2022-136351OB-I00, funded by MCIN/AEI/ 
10.13039/501100011033 and by “ERDF A way of making Europe” and 
SV-PA-21-AYUD/2021/51323 from the Asturias Regional Government 
is gratefully acknowledged. V.P.G. acknowledges a predoctoral contract 
from Complutense University of Madrid and D.V.C. acknowledges a 
predoctoral FPI Grant from the MCIN (PRE2021–097567).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.snb.2025.137460.

Data availability

Data will be made available on request.

References

[1] F.A.R. Mota, S.A.P. Pereira, A.R.T.S. Araújo, M.L.C. Passos, M.L.M.F.S. Saraiva, 
Biomarkers in the diagnosis of wounds infection: an analytical perspective, TrAC, 
Trends Anal. Chem. 143 (2021) 116405, https://doi.org/10.1016/j. 
trac.2021.116405.

[2] R.J.R.S. Thanapaul, M. Shvedova, G.H. Shin, D.S. Roh, An insight into aging, 
senescence, and their impacts on wound healing, Adv. Geriatr. Med. Res. 3 (3) 
(2021) e210017, https://doi.org/10.20900/agmr20210017.

[3] A. Alma, G.D. Marconi, E. Rossi, C. Magnoni, A. Paganelli, Obesity and wound 
healing: focus on mesenchymal stem cells, Life 13 (3) (2023) 717, https://doi.org/ 
10.3390/life13030717.

[4] K. Järbrink, G. Ni, H. Sönnergren, A. Schmidtchen, C. Pang, R. Bajpai, J. Car, The 
humanistic and economic burden of chronic wounds: a protocol for a systematic 
review, Syst. Rev. 6 (2017) 15, https://doi.org/10.1186/s13643-016-0400-8.

[5] C.K. Sen, Human wound and its burden: updated 2020 compendium of estimates, 
Adv. Wound Care 10 (5) (2021) 281–292, https://doi.org/10.1089/ 
wound.2021.0026.

[6] R.C. Chamberlain, K. Fleetwood, S.H. Wild, H.M. Colhoun, R.S. Lindsay, J. 
R. Petrie, R.J. McCrimmon, F. Gibb, S. Philip, N. Sattar, B. Kennon, G.P. Leese, Foot 

Table 2 
Results provided by the immunoplatform in the analysis of spiked simulated 
wound fluids (SWFs) using the protocol depicted in Fig. 6a.

[MPO]added, ng mL¡1 [MPO]found, ng mL¡1 Recovery, %

SWF1 10 9.5 ± 0.6 95 ± 6
25 24 ± 1 98 ± 5
50 50 ± 3 100 ± 7

SWF2 10 9.9 ± 0.9 99 ± 9
25 26 ± 1 103 ± 6
50 47 ± 4 95 ± 8

Table 3 
Results provided by the immunoplatform mimicking Levine’s swab-based sam
pling method using the protocol depicted in Fig. 6b.

[MPO]added, μg mL¡1 [MPO]found, μg mL¡1 Recovery, %

11 10.2 ± 0.9 92 ± 9
50 47 ± 3 95 ± 6
100 100 ± 7 100 ± 7
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