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A B S T R A C T   

Chronic wounds represent an important healthcare challenge in developed countries, being wound infection a 
serious complication with significant impact on patients’ life conditions. However, there is a lack of methods 
allowing an early diagnosis of infection and a right decision making for a correct treatment. In this context, we 
propose a novel methodology for the electrical monitoring of infection biomarkers in chronic wound exudates, 
using nanoporous alumina membranes. Lysozyme, an enzyme produced by the human immune system indicating 
wound infection, is selected as a model compound to prove the concept. Peptidoglycan, a component of the 
bacterial layer and the native substrate of lysozyme, is immobilized on the inner walls of the nanochannels, 
blocking them both sterically and electrostatically. The steric blocking is dependent on the pore size (20–100 nm) 
and the peptidoglycan concentration, whereas the electrostatic blocking depends on the pH. The proposed 
analytical method is based on the electrical monitoring of the steric/electrostatic nanochannels unblocking upon 
the specific degradation of peptidoglycan by lysozyme, allowing to detect the infection biomarker at 280 ng/mL 
levels, which are below those expected in wounds. The low protein adsorption rate and thus outstanding filtering 
properties of the nanoporous alumina membranes allowed us to discriminate wound exudates from patients with 
both sterile and infected ulcers without any sample pre-treatment usually indispensable in most diagnostic de-
vices for analysis of physiological fluids. 

Although size and charge effects in nanochannels have been previously approached for biosensing purposes, as 
far as we know, the use of nanoporous membranes for monitoring enzymatic cleavage processes, leading to 
analytical systems for the specific detection of the enzymes has not been deeply explored so far. Compared with 
previously reported methods, our methodology presents the advantages of no need of neither bioreceptors 
(antibodies or aptamers) nor competitive assays, low matrix effects and quantitative and rapid analysis at the 
point-of-care, being also of potential application for the determination of other protease biomarkers.   

1. Introduction 

Healing of chronic wounds, affecting 1 to 2 percent of the population 
in developed countries, represents a major healthcare challenge with 
important financial burden (Clinton and Carter, 2015) (Järbrink et al., 
2016). Chronic wounds are usually heavily colonized with bacteria, 
while providing bacteria-free environment is a prerequisite for wound 
healing. An early detection and treatment of infection is one of the most 
important factors in wound management. Although classical signs of 
infection - like redness, heat, swelling, exudate production and pain 

(Gardner et al., 2001) - are still the main criteria in the clinical exami-
nation of the wound status, they are ambiguous and depend on the 
experience of the healthcare practitioner (Siddiqui and Bernstein, 
2010). More precise, but still questioned are the (semi)quantitative 
microbiological investigations, including the gold-standard biopsy 
method, a time-consuming technique which is not often carried out in 
ambulatory clinical practice to avoid patient’s morbidity, mostly local 
bleeding and infection spread (Gardner et al., 2006). The correct 
microbiological identification of the microorganisms infecting a wound 
in order to prescribe the suitable antibiotic treatment may take up to 3 
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days to come from the Microbiology lab in many hospitals. Until then, 
the patient is subjected to a broad-spectrum unspecific antimicrobial 
therapy with important side effects on human microbiome. For this 
reason, alternative tools for the rapid detection of infections in chronic 
wounds are strongly required. 

Although physical parameters such as temperature (Matzeu et al., 
2011), pH (Trupp et al., 2010) or odour (Persaud, 2005) have been 
studied as qualitative indicators of wound infection (Cutting and White, 
2005) (Caliendo et al., 2013), main efforts have been dedicated in the 
last decades to the identification of biomolecules which presence in 
wound exudates evidences a bacterial infection (Yager et al., 2007). 
Enzymes with increased activity in infected wound fluids are considered 
as reliable infection biomarkers (Schiffer et al., 2015). Lysozyme (Has-
mann et al., 2011) is of special relevance, since it is produced by the 
human immune system as the main component of the host innate 
defence mechanism (Osserman et al., 1973). Lysozyme is a glycosidase 
enzyme (Callewaert and Michiels, 2010) capable of hydrolysing the β-(1, 
4)-glycosidic bonds between N-acetylmuramic acid and N-acetylglu-
cosamine residues of its native substrate, the peptidoglycan (Salton, 
1957), a polymer which constitutes the core component of almost all 
bacterial cell walls (Rogers et al., 2013). This polymer is composed of 
linear glycan strands (alternating N-acetylglucosamine and N-ace-
tylmuramic acid residues linked by β-(1,4) bonds) cross-linked by short 
peptides. Gram positive bacteria have a thick peptidoglycan layer and 
no outer lipid membrane whilst Gram negative bacteria have a thin 
peptidoglycan layer and an outer lipid membrane (Vollmer et al., 2008). 
The presence of high lysozyme activity in serum and urine samples has 
been associated with chronic granulomatous inflammatory disorders as 
tuberculosis or sarcoidosis (Jain et al., 2020) and myelomonocytic leu-
kemia (Osserman and Lawlor, 1966), respectively. Moreover, the in-
crease in lysozyme levels in serum is an indicator of active chronic 
inflammation (Hasmann et al., 2011). 

The analysis of lysozyme activity has been traditionally based on its 
lytic action against the cell wall of Micrococcus luteus (M. lysodeikticus), 
by measuring the decrease in turbidity (Shugar, 1952). However, this 
methodology is affected by the pH, ionic strength and matrix effects, 
what implies that these parameters must be thoroughly controlled to 
obtain a proper result (Mörsky, 1983). Colorimetric methods based on i) 
the release of coloured fragments of Remazol brilliant blue-labelled 
Micrococcus luteus upon hydrolysis (Ito et al., 1992) (Hardt et al., 
2003) and ii) peptidoglycan stabilized-gold nanoparticles aggregation 
after enzymatic cleavage (Fu et al., 2018) have also been proposed for 
such purpose. However, these methods are laborious and require addi-
tional separation steps, having as main drawback the low contrast 
observed in some procedures between signal and background (Hardt 
et al., 2003). Chromatographic (Fang et al., 2021) and both antibody 
(Vidal et al., 2005) and aptamer-based (Ostatná et al., 2017) methods 
have also been reported for lysozyme detection, suffering from impor-
tant limitations related to their high cost and the need of bioreceptors. 

Biosensing systems based on nanochannels emerge as outstanding 
tools to overcome these limitations and meet such clinical demand. The 
use of nanopores/nanochannels has become one of the most promising 
fields of research in the biosensing area in the last years (de la Esco-
sura-Muñiz and Merkoçi, 2012). Proteins, DNA sequences and viruses 
have been detected through the so-called stochastic sensing on single 
natural/artificial nanopores. Special mention deserves the commercial 
implementation of DNA sequencing systems based on the same princi-
ples (Clarke et al., 2009). Nanoporous membranes have also been pro-
posed as platforms for both electrochemical and optical biosensing 
through the monitoring of the nanochannels steric blockage upon bio-
complex formation (de la Escosura-Muñiz and Merkoçi, 2016). The easy 
functionalization and capacity for mass production of nanoporous 
alumina have made this material as the most extensively used for such 
applications (Losic and Santos, 2015). Size and charge effects in nano-
channels have been approached for biosensing purposes for more than 
ten years (Li et al., 2010) (Wang et al., 2012) (Yu et al., 2014) (Wang 

et al., 2016) (Zhou et al., 2020). However, the use of nanoporous 
membranes for monitoring enzymatic cleavage processes, leading to 
analytical methods for enzyme determination has not been deeply 
explored so far. 

In this context, we propose a novel methodology for the determi-
nation of lysozyme using nanoporous alumina membranes as sensing 
platforms and indium tin oxide/poly(ethylene terephthalate) (ITO/PET) 
electrodes as transducers. This analytical method is based on the elec-
trical monitoring of steric/electrostatic nanochannels blocking upon 
peptidoglycan immobilization and further lysozyme digestion of the 
peptidoglycan leading to unblockage of the nanopores. Steric and elec-
trostatic contributions to the nanopore blocking/unblocking mechanism 
are thoroughly studied, before analysing samples of wound exudates 
from both patients with clean and infected ulcers. 

Our novel methodology presents important advantages compared 
with the lysozyme detection methodologies reported so far, related to: i) 
no need of bioreceptors (antibodies or aptamers); ii) no need of 
competitive assays; iii) low matrix effects thanks to the filtering-like 
properties and low protein adsorption rate of the nanoporous alumina 
membranes; iv) quantitative analysis and v) rapid analysis at the point- 
of-care, using cheap and portable instruments. 

2. Experimental section 

2.1. Chemicals and equipment 

(3-aminopropyl) triethoxysilane (APTES), N-(3-Dimethylamino-
propyl)-N′-ethylcarbodiimide hydrochloride (EDC), N-Hydrox-
ysulfosuccinimide sodium salt (sulfo-NHS), peptidoglycan from Bacillus 
subtilis, lysozyme from chicken egg white, bovine serum albumin (BSA), 
avidin from egg white and potassium ferrocyanide K4[Fe(CN)6] were 
purchased from Sigma-Aldrich (Spain). Hyaluronidase (HYAL) has been 
purchased from MyBioSource (USA). Lysozyme ELISA Kit used for 
sample validation was provided by Abcam (UK). Red-ox indicator media 
used for the electrochemical measurements consisted in 10 mM K4[Fe 
(CN)6] solutions prepared in different buffers: 0.1 M sodium acetate pH 
4.5, 0.1 M MES (2-(N-morpholino) ethanesulfonic acid) pH 6.5, and 0.1 
M Tris (tris(hydroxymethyl) aminomethane)-HCl pH 7.2. Unless other-
wise specified, all buffer reagents and other inorganic chemicals of 
analytical grade were supplied by Sigma-Aldrich (Spain) and used 
without further purification. The solutions were prepared in ultrapure 
water (18.2 MΩ cm @ 25 ◦C) obtained with a Millipore Direct-Q® 3 UV 
purification system from Millipore Ibérica S.A (Spain). 

Anodic aluminum oxide (alumina) nanoporous membranes (What-
man® Anodisc™ filters, 13 mm diameter, 60 μm thickness, containing 
20, 100 or 200 nm pores) and indium tin oxide coated poly(ethylene 
terephthalate) (ITO/PET) sheets (surface resistivity 60 Ω/sq) were 
purchased from Sigma-Aldrich (Spain). The electrochemical transducers 
were ITO/PET pieces of 43 × 20 mm, defining a working electrode of 8 
mm in diameter. Reference and counter electrodes were made of silver/ 
silver chloride (CH Instruments, Inc.; United States of America) and of a 
platinum wire (Alfa Aesar; United States of America) respectively. A 
methacrylate electrochemical cell was used for the electrochemical 
measurements that were performed with an Autolab PGSTAT-10 from 
Eco Chemie (Netherlands), controlled by Autolab GPES software, con-
nected to a PC. All measurements were carried out at room temperature 
with a working volume of 400 μL. A SANYO MIR-262 incubator pur-
chased from SANYO Electric Co. Ltd. (Japan) was used for the enzymatic 
incubations with lysozyme at 37 ◦C. Nanoporous membranes used in this 
work have been characterized by scanning electron microscopy (SEM). 
Scanning electron microscopy images were obtained using a JEM-6610 
from JEOL (Japan) with an accelerating voltage of 20 kV. 

Swabs with exudates from patients with potentially non-infected and 
infected skin ulcers were provided by the Chronic Ulcers Unit of the 
Hospital Universitario Central de Asturias (HUCA). 
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2.2. Methods 

2.2.1. Nanoporous alumina membranes functionalization, peptidoglycan 
immobilization and enzymatic cleavage by lysozyme 

Peptidoglycan immobilization on the inner walls of the nano-
channels was performed adapting an experimental procedure previously 
optimized for antibodies (de la Escosura-Muñiz and Merkoçi, 2011). It 
consists first in the generation of amino groups in the nanochannels via 
silanization, followed by carbodiimide-mediated peptidoglycan binding 
through its carboxyl groups. Briefly, nanoporous alumina membranes 
were first boiled in ultrapure water for 1 h, so as to clean the membranes 
and the hydroxyl groups of the alumina, which favour the later silani-
zation process (Ye et al., 2016). After drying in nitrogen, they were 
immersed in a 5% acetone solution of APTES for 1 h. Then, membranes 
were washed in acetone and baked at 120 ◦C for 30 min. After that, 30 μL 
of peptidoglycan solution in 10 mM MES pH 5 buffer, containing 5 mM 
EDC/sulfo-NHS, were placed on the filtering side of the membrane and 
left there for 2 h. A scheme illustrating this procedure is shown at the 
Supporting Information (Figure S1). 

After thoroughly washing with 10 mM Tris-HCl (10 mM ionic 
strength coming from NaCl) pH 8 buffer, the enzymatic reaction was 
performed by incubating 30 μL of lysozyme solution (concentration 
range from 1 to 50 μg/mL) in 10 mM Tris-HCl pH 8 on the membrane 
filtering side at 37 ◦C for 30 min. Finally, the membranes were washed 
again and stored in the measurement buffer before the electrochemical 
experiments. Control assays were performed following the same proto-
col but using 10 mM phosphate buffered saline (PBS) pH 7.4 solution 
instead of peptidoglycan solution (bare silanized nanoporous mem-
branes). Three exudates from clean wound ulcers and three from 
infected ulcers were analysed following the same experimental pro-
cedure but using a 1 to 10 dilution (in 10 mM Tris-HCl pH 8) of the 
wound exudate instead of lysozyme solution. 

Selectivity assays were performed following the same experimental 
procedure but using a 25 μg/mL concentration of avidin, HYAL and BSA. 
The long-term stability of the peptidoglycan-modified membranes was 
evaluated by storing a set of them (peptidoglycan concentration: 5 mg/ 
mL) at 4 ◦C for one month. The nanochannel blocking was evaluated in 
different days during this period. 

2.2.2. Nanoporous cell set-up and electrochemical detection 
The design of the experimental set-up for the electrochemical 

detection using nanoporous alumina membranes is shown in Fig. 1. 
Nanoporous membranes were physically attached onto the ITO/PET 
electrode, placing it onto a methacrylate block and putting the mem-
brane with the filtering side up over the electrode surface. Then, a sec-
ond block containing a hole of 8 mm in diameter was placed onto the 

membrane, with an insulating O-ring between them to avoid liquid 
leakage. Finally, the system was fixed with screws, defining an elec-
trochemical cell that was filled with the 10 mM K4[Fe(CN)6] red-ox 
indicator solution. All measurements were carried out with a working 
volume of 400 μL, which was enough to cover the three-electrode system 
(silver/silver chloride reference electrode, platinum wire counter elec-
trode and ITO/PET working electrode). 

A pre-treatment at − 0.1 V was applied for 30 s and, immediately 
after, a differential pulse voltammetric (DPV) scan was performed from 
− 0.1 V to +1.1 V (step potential: 10 mV, modulation amplitude: 50 mV, 
and scan rate: 20.1 mV/s), resulting in a voltammetric signal due to 
oxidation of [Fe(CN)6]4− to [Fe(CN)6]3− , which peak current at 
approximately +0.40 V was chosen as the analytical signal. The mea-
surements were carried out in triplicate at room temperature under non- 
stirring conditions. Each measurement was performed with a single 
nanoporous membrane and an ITO/PET electrode, discarded after the 
measurement. 

3. Results and discussion 

3.1. Nanochannels blockage by peptidoglycan: steric and electrostatic 
contributions 

As illustrated in Fig. 2, it is envisaged that the immobilization of 
peptidoglycan in the nanochannels produces a blockage in the diffusion 
of the electroactive species through the nanoporous membranes to the 
electrochemical transducer surface. Furthermore, it is also expected that 
the degradation of peptidoglycan by lysozyme will lead to the 
unblockage of the nanopores. 

Such nanochannels blocking after peptidoglycan immobilization can 
be attributed to a dual effect based on both steric and charge repulsion 
effects. Considering the size of both peptidoglycan (around 10 nm) 
(Tulum et al., 2019) and [Fe(CN)6]4- red-ox indicator ions (<1 nm), it is 
expected that in absence of peptidoglycan the red-ox ions can freely flow 
through the nanochannel to the electrode, whereas the presence of 
peptidoglycan will hinder their passage due to steric impairments. 

On the other hand, it is worthy to note that the peptidoglycan can be 
negatively charged, positively charged or without a net charge 
depending on the pH of the measurement buffer solution. Peptidoglycan 
electronic charge may influence the nanopores blockage due to charge 
repulsion effects. If the peptidoglycan is negatively charged (working at 
a pH higher than peptidoglycan’s isoelectric point) a repulsion effect 
between the negative charges of the peptidoglycan and the negative 
ones from the red-ox indicator ions is expected. This charge repulsion 
will hinder the ions diffusion to the electrode.  

Fig. 1. Experimental set-up for the electrochemical monitoring of the blocking/unblocking of the nanoporous alumina membranes attached to ITO/PET work-
ing electrode. 

A. Iglesias-Mayor et al.                                                                                                                                                                                                                        



Biosensors and Bioelectronics 209 (2022) 114243

4

Therefore, before carrying out lysozyme determination, a series of 
optimizations were made with the aim of achieving the maximum ste-
ric/electrostatic blocking of the nanochannels by immobilizing pepti-
doglycan on their inner walls. 

With the aim to simplify and normalize the results, in the studies 
shown along the following sections, the degree of blockage will be 
expressed in terms of % of decrease in the analytical signal, compared 
with the one obtained for the bare silanized membrane, calculated as 
follows:   

3.1.1. Effect of the peptidoglycan concentration 
The effect of peptidoglycan concentration on the nanochannels 

blockage and thus on the analytical signal was first studied with 

membranes containing nanopores of 20 nm. Peptidoglycan from 
solutions at different concentrations (1 and 5 mg/mL) was immobilized 
in the nanochannels through carbodiimide chemistry, as detailed in the 
methods section. The nanochannels blocking was evaluated by the 
voltammetric monitoring of the diffusion of the [Fe(CN)6]4- ions in 
buffer at pH 7.2. 

As shown in Fig. 3A, when increasing the amount of peptidoglycan in 
the nanochannels, the [Fe(CN)6]4- ions diffusion is hindered, probably 
due to both steric and electrostatic effects, leading to a decrease in the 

voltammetric signal from the oxidation of [Fe(CN)6]4− to [Fe(CN)6]3− . 
As summarized in Fig. 3B, the 18% blocking in the signal recorded at 1 
mg/mL peptidoglycan increased up to 47% when using 5 mg/mL 
peptidoglycan. Higher concentrations were not assayed for cost saving 
considerations. In view of these results, a peptidoglycan concentration 
of 5 mg/mL was selected as the optimum for the biosensor development. 

Fig. 2. Scheme (not in scale) of the biosensing system based on nanochannel steric/electrostatic blocking by peptidoglycan and further unblocking after enzymatic 
cleavage by lysozyme. 

Blockage (%) =

⃒
⃒
⃒
⃒

((
ip peptidoglycan modified membrane − ip bare membrane

)

ip bare membrane

)

x 100
⃒
⃒
⃒
⃒
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3.1.2. Effect of the pH: electrostatic forces involved in nanochannels 
blocking 

pH is a key parameter affecting the ionic transport in nanochannels 
(Gao et al., 2013) (Li et al., 2013) (Li et al., 2014) (Li et al., 2015) (Zhao 
et al., 2019). In our particular case, the pH of the measurement buffer 
solution drives the peptidoglycan electronic charge, affecting the elec-
trostatic forces involved in the nanochannels blocking. Considering the 
isoelectric point of the peptidoglycan (pI: 6.5) (Yoshida et al., 1996), 
solutions of the 10 mM K4[Fe(CN)6] red-ox indicator were prepared in 
different buffers at pH below, equal and above this value. Typical buffers 
for each range of pH were selected: 0.1 M NaAc (for pH 4.5), 0.1 M MES 
(for pH 6.5) and 0.1 M Tris-HCl (for pH 7.2). The evaluation of any of 
these buffers at a pH different from their typical value was not consid-
ered appropriate. Membranes containing nanopores of 20 nm, where the 
peptidoglycan is immobilized from a 5 mg/mL solution were used for 
this study. 

As shown in Fig. 4, when the pH of the measurement buffer solution 
is higher than the pI of the peptidoglycan (pH 7.2), a high blocking (47% 
decrease in the signal) is observed. These experimental results are in line 

with the hypothesis about the effect of the nanochannel charges on the 
diffusion of [Fe(CN)6]4- anions, which has also been proposed by other 
authors (Li et al., 2010). At this pH the peptidoglycan is negatively 
charged, and such charges attract cations and repel anions, forming a 
negatively charged electric field, also called electrostatic repulsion re-
gion. Such restriction region decreases the lane for anions, resulting in a 
decreased flux of [Fe(CN)6]4- and consequently a lower voltametric 
signal, what we call a high blockage. However, when working below the 
pI of the peptidoglycan (pH 4.5), it is positively charged and the situa-
tion is the opposite: a positively charged electric field is generated, fa-
voring the pass of [Fe(CN)6]4- anions for keeping neutral charge in the 
nanochannel, leading to a higher voltametric signal, what we call a low 
blockage (5% decrease in the signal). At pH of the red-ox indicator 
medium equal to the pI of the peptidoglycan (pH 6.5), the peptidoglycan 
molecules are uncharged and the [Fe(CN)6]4− ions diffusion through the 
nanochannel is neither electrostatically favored nor hindered, obtaining 
a 15% of signal blockage, probably only due to steric issues. 

Considering these findings, in further experiments the electro-
chemical measurements were performed at the maximum electrostatic 

Fig. 3. Effect of the peptidoglycan concentration on 
the nanochannels blockage. (A) Schematic illustration 
of the different amount of immobilized peptido-
glycan, and its effect on the [Fe(CN)6]4- ions diffusion 
to the electrode. Differential pulse voltammograms 
registered in 10 mM K4[Fe(CN)6]/0.1 M (in buffer at 
pH 7.2) for nanoporous membranes (20 nm pore 
size), bare silanized (left) and modified with 1 mg/mL 
(middle) and 5 mg/mL (right) of peptidoglycan. DPV 
parameters: pre-concentration potential: -0.1 V; pre- 
concentration time: 30 s; step potential: 10 mV, 
modulation amplitude: 50 mV, and scan rate: 20.1 
mV/s. (B) Comparative bar chart of the signal 
blockage (expressed in percentage) for different 
peptidoglycan concentrations. Data are given as 
average ± SD (n = 3).   
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blockage conditions, that is using a buffer at pH 7.2 as red-ox indicator 
medium solution. 

3.1.3. Effect of the nanopore size 
The steric blockage of the nanochannels will depend not only on the 

peptidoglycan concentration but also on the nanopore size, expecting a 
lower degree of blockage when increasing the nanopore size. Nano-
porous membranes containing nanopores of 20 nm, 100 nm and 200 nm 
were evaluated for such purpose. A peptidoglycan concentration of 5 
mg/mL and a red-ox indicator medium solution at pH 7.2 were fixed for 
this study. 

As schematized in Fig. 5A, for the smaller nanopore size (20 nm) the 
peptidoglycan molecules in the opposite walls of the nanochannels are 
very close, and this proximity leads to a steric blockage that prevents the 
flow of [Fe(CN)6]4- ions. However, when increasing the nanopore size, 
the distance between the nanochannel walls increases, which facilitates 
the ions’ flow, leading to a decrease in the steric blockage. 

From the obtained results (Fig. 5B) it can be concluded that the 
higher is the nanopore size, the lower the steric blockage. The blocking 
percentage found for the 20 nm membranes (47%) decreases to 17% 
when using the intermediate nanopore size (100 nm) membranes, and 
further to 6% for the higher nanopore size (200 nm) membranes. In line 
with these results, nanoporous membranes containing pores of 20 nm, 
for which the maximum signal blocking by the peptidoglycan was ach-
ieved, were chosen for lysozyme sensing. 

3.2. Electrochemical detection of lysozyme 

As previously detailed (Fig. 2), the proposed sensing system is based 
on the specific cleavage of the β-(1,4)-glycosidic bonds of the peptido-
glycan by lysozyme, which leads to the unblockage of the nanochannels. 
For this purpose, the peptidoglycan-modified membranes were incu-
bated with lysozyme (concentration range from 1 to 50 μg/mL) at the 
optimum conditions for the enzymatic reaction (37 ◦C, 30 min) (Sam-
brook et al., 1989). 

As expected (Fig. 6A), the voltammetric signal obtained for the 
peptidoglycan-modified membranes (blue continuous line) gradually 
increases with the amount of lysozyme (dotted lines), evidencing the 
unblockage of the nanochannels by specific degradation of the pepti-
doglycan. As a result, the analytical signal ([Fe(CN)6]4- oxidation peak 
current at +0.40 V) increases with the lysozyme concentration in the 
range 0–50 μg/mL. Both parameters are adjusted to a linear relationship 
in the range 0-10 μg/mL (Fig. 6B), with a correlation coefficient of 
0.9994, according to the following equation: 

Fig. 4. Measurement buffer pH effect on the nanochannels blockage. (A) 
Schematic illustration of the different net charge of the peptidoglycan (pI: 6.5) 
depending on the pH of the measurement buffer, and its effect on the [Fe 
(CN)6]4- ions diffusion to the electrode. (B) Comparative bar chart of the signal 
blockage (expressed in percentage) for measurement buffer solutions at 
different pH. Data are given as average ± SD (n = 3). Peptidoglycan concen-
tration: 5 mg/mL. K4[Fe(CN)6] concentration: 10 mM (at different pH mea-
surement buffer solutions). 

Fig. 5. Effect of the nanopore size on the nanochannels blockage. (A) Sche-
matic representation of the effect of different nanopore sizes on the [Fe(CN)6]4- 

ions diffusion to the electrode, together with SEM top-view micrographs of the 
nanoporous membranes. The inset in the image of the 200 nm-pores membrane 
corresponds to a cross-section view. (B) Comparative bar chart of the signal 
blockage (expressed in percentage) for nanoporous membranes with different 
nanopore sizes. Data are given as average ± SD (n = 3). Peptidoglycan con-
centration: 5 mg/mL. K4[Fe(CN)6] concentration: 10 mM (in buffer at pH 7.2). 
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Peak current (µA) = 2.2 [Lysozyme] (µg/mL) + 31                                    

The method shows a good reproducibility, with a relative standard 
deviation (RSD) of 5% (n = 3). A limit of detection (LOD, calculated as 
three times the standard deviation of the intercept divided by the slope) 
of 280 ng/mL of lysozyme was found. This value is in agreement with 
the obtained by standard ELISA assays (260 ng/mL) (Vidal et al., 2005), 
being our method considerably simpler, faster and cheaper, without the 
need of labels or competitive immunoassay formats. This LOD is low 
enough for detecting lysozyme in wounds, whose concentration is ex-
pected to be at μg/mL levels (Hasmann et al., 2011). 

Moreover, the developed methodology presents improved charac-
teristics weight up against other previously reported procedures for 
lysozyme detection in terms of complexity, assay time, assay cost and 
point-of-care suitability (Table 1). Although some of the alternative 
approaches also show low cost and low complexity features, the shorter 
assay time and the miniaturization/portability of the materials and in-
struments involved in our nanochannels-based sensing system makes it 
outstanding for point-of-care analysis. 

3.3. System selectivity and stability 

The selectivity of our system against other proteins that are 
commonly present in wound exudates, such as avidin, hyaluronidase 

(HYAL) and bovine serum albumin (BSA) (at a concentration of 25 μg/ 
mL), was evaluated. As shown in Fig. 6C, no significant changes in the 
nanopore blockage were noticed for any of such proteins, as it is 
observed for lysozyme, demonstrating the excellent selectivity of the 
system. 

The long-term stability of the peptidoglycan-modified membranes 
was evaluated by storing a set of them at 4 ◦C for one month. The 
nanochannel blocking was evaluated in different days during this 
period. As shown in Fig. 6D, the response of the system was stable and 
reproducible for at least 14 days, noticing a decrease in the effectivity of 
the immobilized peptidoglycan after 21 days of storage. The response 
was then stable at least after 28 days. A longer-term stability study was 
not considered. 

3.4. Lysozyme determination in chronic wound exudates 

The detection of excessive lysozyme levels in wound exudates is a 
sign of infection. This would allow to monitor the evolution of the 
healing status of the wound and to assess the effectiveness of the applied 
therapies. 

Nanoporous alumina membranes are ideal platforms for such real 
application, thanks to their ability to also act as filter of biomolecules (de 
la Escosura-Muñiz and Merkoçi, 2011) (de la Escosura-Muñiz et al., 
2013) (Espinoza-Castañeda et al., 2015), which also allows in situ studies 
on live cells and bacteria cultures (de la Escosura-Muñiz et al., 2018) (de 

Fig. 6. Lysozyme determination through the enzy-
matic cleavage of peptidoglycan, leading to nano-
channels unblockage. (A) Differential pulse 
voltammograms registered in 10 mM K4[Fe(CN)6]/ 
0.1 M (in buffer at pH 7.2) for 5 mg/mL 
peptidoglycan-modified membranes (20 nm nano-
pores) after incubation with increasing concentra-
tions of lysozyme (0–50 μg/mL, from down to up). 
DPV parameters: pre-concentration potential: -0.1 V; 
pre-concentration time: 30 s; step potential: 10 mV, 
modulation amplitude: 50 mV, scan rate: 20.1 mV/s. 
(B) Calibration plot obtained for standard solutions of 
lysozyme as well as the analytical signals obtained for 
swab exudates (diluted 1:10) from three patients with 
potentially clean ulcers and three patients with 
clearly infected ones. Data are given as average ± SD 
(n = 3). (C) Selectivity study of lysozyme (Lys) 
detection, evaluated against avidin, hyaluronidase 
(HYAL) and bovine serum albumin (BSA) (proteins 
concentration 25 μg/mL). (D) Long-term stability 
study of the peptidoglycan-modified membranes 
(Peptidoglycan concentration: 5 mg/mL).   

Table 1 
Analytical characteristics of different methodologies for lysozyme detection, in terms of limit of detection (LOD), assay time, assay cost, complexity and point-of-care 
suitability.  

Method LOD (ng/ 
mL) 

Assay time 
(min) 

Assay cost (estimated, 
€) 

Complexity Point-of-care 
suitability 

Ref. 

ELISA 260 120–240 8–15 Higha NO Vidal et al. (2005) 
Colorimetric lytic activity against Micrococcus 

lysodeikticus 
7800 120 4–5 Medium NO Hasmann et al. 

(2011) 
Peptidoglycan stabilized-gold nanoparticles 

aggregation 
35 90–120 4–5 Low NO Fu et al. (2018) 

Nanochannels 280 40 4–5 Low YES This work  

a High complexity related to the need of a considerably number of reagents (antibodies, enzymes-substrates, etc.) and incubation/washing steps. 
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la Escosura-Muniz et al., 2019). It is well-known that alumina has a low 
protein adsorption rate, what is indeed the reason for its use as a filtering 
material. This filter-like property minimizes matrix effects in the 
analytical signal, allowing for the direct detection of lysozyme, without 
any pre-treatment of the sample. As detailed in the experimental section, 
swab exudates from three patients with potentially bacteria-free skin 
ulcers and three patients with infected ones were analysed following the 
experimental procedure previously detailed for lysozyme standard so-
lutions. Dilution of the swab exudates to a 1:10 ratio was necessary to 
obtain analytical signals within the range of the calibration curve. As 
observed in Fig. 6B, substantially different analytical signals were ob-
tained for infected and non-infected samples evidencing the ability of 
our method to discriminate them. The concentration of lysozyme in each 
sample was directly extrapolated from the calibration curve, taking 
advantage of the above detailed low matrix effects noticed when 
working with alumina membranes. In this way, lysozyme concentrations 
of 30 ± 5, 13 ± 2 and 20 ± 3 μg/mL were estimated in the clean ulcer 
samples while these values notably increase to 78 ± 6, 83 ± 6 and 94 ±
9 μg/mL for the infected ones. The observed behaviour correlates with 
the few existing literature reporting the lysozyme levels in such kind of 
samples (Hasmann et al., 2011) which found levels at μg/mL in both 
clean and infected ulcers, being notably higher for the infected ones, 
thus validating the feasibility of our system for the wound infection 
screening in a real scenario. Two of the wound exudates were also 
analysed by ELISA technique (see Figure S2 at the Supporting Infor-
mation), providing a value of 28 μg/mL for the clean ulcer sample and 
76 μg/mL for the infected one, what correlates with the values obtained 
by our method (30 ± 5 μg/mL and 78 ± 6 μg/mL respectively for such 
samples). 

4. Conclusions 

We have demonstrated that the infection biomarker lysozyme can be 
detected in chronic wound exudates using nanoporous alumina mem-
branes, owing to the enzymatic cleavage of the peptidoglycan substrate 
used for blocking the alumina nanochannels. Both steric and electro-
static contributions are of key relevance for maximizing the nano-
channels blocking by the substrate, which allows detecting low levels of 
lysozyme. Our findings suggest that while steric blocking is highly 
dependent on the pore size and the peptidoglycan concentration, the 
electrostatic blocking mainly depends on the pH of the red-ox indicator 
solution used for the voltammetic measurements. As far as we know, this 
is the first time that nanoporous membranes are used for electro-
chemical monitoring of enzymatic cleavage processes through the 
unblocking of previously blocked nanochannels, leading to an analytical 
method for the enzyme determination. 

Our electrical method reached a lysozyme detection limit of 
280 ng/mL, which is low enough for detecting lysozyme in wounds, with 
a good selectivity and long-term stability. This result is in line with 
previous reports based on ELISA assays, being our method faster and 
cheaper, without the need of labels or competitive immunoassay 
formats. 

The proposed method is of particular interest for the discrimination 
of exudates from infected and non-infected wounds without sample pre- 
treatment, taking advantage of the low protein absorption rate and thus 
outstanding filtering properties of the nanoporous alumina membranes. 
The increased levels of lysozyme in infected ulcer samples (around 85 
μg/mL) compared with non-infected ones (around 21 μg/mL) correlate 
with previously reported data for wound fluids, demonstrating the 
feasibility of our system for the early wound infection diagnosis in the 
clinical scenario. Early diagnosis would allow to select a correct treat-
ment, avoiding patients’ disability and saving resources for hospitali-
zation. Furthermore, the miniaturization and low cost of the proposed 
analytical methodology would allow its implementation in out-of- 
hospital settings as well. 
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de la Escosura-Muñiz, A., Chunglok, W., Surareungchai, W., Merkoçi, A., 2013. 
Nanochannels for diagnostic of thrombin-related diseases in human blood. Biosens. 
Bioelectron. 40, 24–31. https://doi.org/10.1016/j.bios.2012.05.021. 
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de la Escosura-Muñiz, A., Merkoçi, A., 2016. Nanochannels for electrical biosensing. 
TrAC Trends Anal. Chem. (Reference Ed.) 79, 134–150. https://doi.org/10.1016/j. 
trac.2015.12.003. 
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