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Abstract: Chronic wounds represent a major global health burden, often leading to limb amputation and
high treatment costs. Real-time monitoring of wound biomarkers, particularly pH, plays a critical role in
guiding clinical decisions and improving patient outcomes. This review explores recent advances in
electrochemical pH biosensors, focusing on their integration into smart bandage systems. pH fluctuations in
the wound microenvironment serve as reliable indicators of infection and healing progression, making pH a
key target for biosensing technologies. We discuss the fundamental principles of biosensor operation, with
emphasis on electrochemical modalities—such as conductometric, potentiometric, amperometric, voltametric,
and impedimetric sensors—and their performance parameters including sensitivity, biocompatibility, and
response time. Challenges in sensor miniaturization, long-term stability in exudate-rich environments, and
large-scale manufacturing are also addressed. Furthermore, we highlight the potential of printed electronics,
conductive polymers, and wireless data transmission as enablers for flexible, cost-effective, and wearable pH
sensing platforms. By enabling continuous, non-invasive monitoring of chronic wounds, smart dressings
incorporating pH biosensors have the potential to transform wound care through early infection detection
and personalized therapeutic delivery.
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Abbreviations: BLE, Bluetooth Low Energy. C, Carbon. FET, Field-Effect Transistor. IDF, International
Diabetes Federation. IrOx, Iridium Oxide. ISFET, Ion-Sensitive Field-Effect Transistor. NFC, Near Field
Communication. PANI, Polyaniline. PEDOT:PSS, Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate).
Pt, Platinum. PVB, Polyvinyl Butyral. SBACYV, Brazilian Society of Angiology and Vascular Surgery. SUS,
Unified Health System (Sistema Unico de Satde). USD, United States Dollar.
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chronic wounds. In the United States, chronic
wound care costs around USD 25 billion
annually, and other estimates suggest that
developed countries spend approximately 2—4%
of their annual healthcare budgets on this type of
medical treatment. In Brazil, the Oswaldo Cruz
Foundation estimates that 5 million Brazilians
suffer from chronic wounds. Data from the
Unified Health System (SUS) and the Ministry
of Health indicate that chronic wound treatments
account for 8% of all hospitalization expenses,
with costs averaging 60% higher than other
treatments. Also in Brazil, according to the
Brazilian Society of Angiology and Vascular
Surgery (SBACV), historical data from 2012 to
2023 show that 282,000 lower limb amputations
related to diabetes were performed within the
SUS—an average of 85 amputations per day [4,
5,6,7,8].

Different approaches have been recommended
for the treatment of chronic wounds, including
the appropriate selection of dressings based on
the etiology of the lesion.[9] Conventional
dressings serve to protect damaged tissue from
environmental factors that could hinder the
healing process. However, this approach is
passive and does not provide any information
about the current status of the wound. As a
result, it relies heavily on the expertise of
healthcare professionals, whose decisions are
based on visual and sensory observations such
as wound size, color, odor, and the amount of
exudate. Additionally, frequent dressing changes

are common, which can interfere with healing
ISSN: 2357-7592

by exposing the wound to microorganisms and
causing damage to newly formed tissue. In this
context, smart dressings have emerged as a
solution, capable of providing real-time
physicochemical data from the wound site.
These devices help minimize complications
related to dressing changes and can detect
infections by analyzing biological indicators
commonly referred to as biomarkers. Among the
biochemical parameters associated with the
wound microenvironment, pH has emerged as a
critical ~ biomarker,  providing  valuable
information about infection status and healing
progression. Healthy skin exhibits an acidic pH
(4.0-6.0), which supports fibroblast activity,
angiogenesis, and bacterial control. However,
when the skin is injured, the exposed tissues
tend to show elevated pH values, especially in
infected or poorly healing wounds, where levels
may reach up to 10.0. These changes can disrupt
cellular signaling and exacerbate inflammation
[5].

Therefore, monitoring pH in real time offers an
effective strategy to assess the wound condition
and support timely therapeutic interventions. In
this  context, electrochemical biosensors
integrated into smart bandages offer a promising
solution for continuous, non-invasive pH
monitoring in chronic wound care. Thus, this
study aims to provide a brief review of
electrochemical biosensors for pH monitoring in
chronic wounds, focusing on their integration

into smart bandage systems, recent technological
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14].
Colorimetric pH biosensors are devices that
perform transduction based on the optical

sensitivity of light (color/brightness) to identify

XI INTERNATIONAL SYMPOSIUM ON INNOVATION AND TECHNOLOGY
Quantum Technologies: The information revolution that will change the future - 2025



XI SIINTEC

INTERNATIONAL SYMPOSIUM ON
INNOVATION AND TECHNOLOGY

SENAi

TECHNOLOGIES: iMATEC

The information revolution
that will change the future

..  CiM
Quantum Science
and Technology

the presence of hydrogen ions in biological

materials. This type of transducer is
characterized by high sensitivity, selectivity, and
rapid detection. They are divided into two
groups according to the detection mechanism.
The first type is a detection technique that
includes markers attached to the receptor, which
help produce colored or fluorescent flash signals
after sensor binding. The second type is defined
as a marker-free process, which includes direct
interaction between the analyte and the receptor.
Colorimetric biosensors are divided into five
different types based on their optical output:
fluorimetric, luminometric, colorimetric, optical
fiber, and plasmonic resonance. They are
designed to be robust, easy-to-use dressings and
can be employed without integrated electronic
instrumentation. The advantages of these
biosensors are low-cost manufacturing, visual
estimation, and no need for probes (e.g.,

smartphone). The disadvantages include

possible biocompatibility issues of the dye, need
for probes (e.g., optoelectronic probe), and the
requirement for algorithm development [10, 11,
15].

Electrochemical biosensors are defined as

devices that perform the transduction of

electrochemical parameters from biological

systems into electrical parameters such as
voltage, current, and impedance. They are

extensively employed due to their high

selectivity, sensitivity, and detection capability.
The advantages of these biosensors are lower

cost, simplified low-waste
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operation,

manufacturing,  potential  for

high

large-scale

production,  and versatility.  The

disadvantages include long detection time,
difficulty in miniaturizing potentiostats, need for
external power sources, possible electrode
fouling in contact with wound fluid, and low
repeatability, stability, and adaptability to more
complex clinical samples [10, 11, 15].

The basic structure of a biosensor consists of
five main components (Figure 1): the analyte,
which is the biological material containing the
target parameters (such as viruses or bacteria);
the receptor, composed of specific biological
molecules—such as enzymes, antibodies, or
nucleic acids—responsible for selectively
interacting with the analyte; and the transducer,
which

electrodes, convert this

typically
interaction into an electrical signal proportional
to the analyte concentration. Electrodes are
classified into three types: working (where the
reaction occurs), reference (with a known and
stable potential), and counter (which completes
the circuit and stabilizes the voltage). The
generated signal is processed by an electronic
system, including amplifiers and processors, and
displayed on a readout device, such as a

computer or smartphone, which translates the

signal into interpretable graphical data.
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Figure 1. Biosensor structure. Source: Noori

and Abdulameer [10].

3.1. Conductometric

This work by measuring a variation in electrical
conductivity resulting from redox reactions
between receptors and analytes, occurring
between the working and reference electrodes.
When an interaction occurs between receptors
and analytes, such as the action of enzymes,
changes in ion numbers may occur, altering the
sensor’s conductivity [10].
The conductivity of the conductometric
electrochemical sensor results in the dissociation
of the dissolved substance, an electrolyte, into
ions, and their migration through an electric
field. When a potential difference is applied to
the electrode, there is an electric field within the
electrolyte, making so that the movement of the
ions is influenced by the orderly and opposite
movement of the ions (those with negative
charge move toward the anodes, while those
with positive charge move toward the cathodes).

Thus, the electric current in the electrolyte

ISSN: 2357-7592

occurs, caused by the movement of ions toward
the electrodes, where the ions are neutralized
and isolated as atoms or neutral molecules [19].

Conductometric transducers present a series of
advantages compared to other electrochemical
sensors. These advantages are lack of sensibility
to light, not requiring reference electrodes, can
be miniaturized, and thin-film manufacturing
technology is applicable to this type of sensor.
One disadvantage is the wave frequency, which
can affect the performance of the biosensor. At
low frequencies,

the biosensor presents a

capacitive response, measuring capacitive
properties of the interface between the electrode
and the solution, instead of detecting pH

changes [10, 16, 20].

3.2 Potentiometric

Operate by measuring the resulting electric
potential on the surface of a working electrode
with accumulated charges, when the current is
equal to zero. When biological molecules

interact with the analyte, there is either
consumption or production of charged species
that accumulate selectively on the electrode
surface [10].

Potentiometric transducers can be ion-selective
electrodes, which are electrochemical sensors
and may be made of thin films or selective
membranes, acting as the recognition element
for the desired material in the sensor. ISFETs
Field-Effect

(Ion-Sensitive Transistors) are

examples of electrodes using FET transistors,
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which are used to determine ion concentrations
and consist of an ion-selective membrane
applied directly to the insulated gate of the FET
[10, 16].

Conductive polymers could selectively detect
ions, however, the choice of polymer is very
important, as it defines the sensor’s application,
sensitivity, and selectivity. One polymer used
for pH measurements is polyaniline (PANI), due
to its high conductivity, ease of synthesis, and
stability. Andrade et al. developed a
potentiometric sensor placed on a band-aid,
using PANI as the working electrode and
polyvinyl butyral (PVB) as the reference
electrode (Figure 1). The results showed the
efficiency of a potentiometric sensor with a
Nernstian response of -58 mV/pH in the pH
range of 4.35 to 8.00, with a response time of
less than 20 seconds. The authors also reported
that after 1000 bending cycles, the band-aid

showed the same Nernstian response as before

[17].

3.3. Amperometric

Operate by measuring a variation in electric
current resulting from oxidation and reduction
reactions when the voltage at the working
electrode is constant relative to the reference
electrode. Typically, a working electrode made
of Pt, Au, or C is used, or a set of electrodes
relative to a reference electrode, which also

serves as an auxiliary electrode. The currents for

ISSN: 2357-7592

this type of sensor need to be in the order of 10¢

to 10 A [10, 16].

3.4. Voltammetric
These operate by applying an electric current

through oxidation and reduction reactions when
the voltage applied to the working electrode is

not fixed [10].

3.5. Impedimetric

These operate by measuring the electrical
impedance of oxidation and reduction reactions
between the working electrode and the solution
when voltages are applied over a range of

different frequencies [10].

4. Specific Applications for Smart Bandages
The development of pH biosensors applied to

smart dressings requires the observance of

essential technical criteria  to ensure

functionality, biological safety, analytical

precision, and clinical applicability. The main

requirements include flexibility and
conformability to  the skin  surface,
biocompatibility, stability under  wound

microenvironment conditions, high sensitivity
and selectivity within the physiological pH
range, fast response time, and feasibility for
large-scale production.

The use of conductive polymers with a well-
established biomedical history is an important
advantage, as it reduces the risk of rejection or

inflammation in adjacent tissues [6, 22, 23].
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Maintaining functional stability under adverse
conditions is a critical requirement. Sensors with
carbon electrodes have shown reproducibility
within physiological pH ranges, but the time
limitation of 125 minutes is still insufficient for
long-term clinical applications. The durability of
sensors with PANI and PEDOT:PSS for up to 7
days is a relevant advantage. However, these
materials are susceptible to oxidation and
chemical degradation in the presence of complex
exudates [6, 21, 23].

Electrochemical sensors with low Nernstian
response offer high precision in the clinical
interest range, which is essential for monitoring
inflammatory or infectious processes. Systems
with PEDOT:PSS/IrOx ensure high response
current but are subject to electrochemical
instability in high-humidity environments.
Obtaining responses within seconds is a clear
advantage for immediate clinical interventions.
Colorimetric and electrochemical sensors with
reading times under 1 minute are effective for
continuous monitoring [6, 21, 23].

The production of sensors with a thickness
below 620 pum and unit cost under US$ 1
represents an efficient solution for technological
democratization and large-scale application.
Methods such as screen printing and spray
coating are suitable for industrial environments
and allow high reproducibility. However,
miniaturized sensors may suffer losses in
electrochemical performance, especially if there

is no proper control of the uniformity of the

active materials. Direct printing on disposable
ISSN: 2357-7592

substrates, such as treated paper and medical
cotton, is advantageous due to its simplicity and
accessibility, but these materials are more
vulnerable to moisture and mechanical
degradation, which may compromise sensor
durability. The economic viability is clear, but
the challenge lies in balancing cost, stability,
and analytical fidelity [6,12,21,22,23,24].

In summary, pH biosensors used in smart
bandages combine optical and electrochemical
strategies with flexible and biocompatible
materials, ensuring precise, responsive, and

accessible readings of the chronic wound

microenvironment. The choice  between
technologies — encapsulated dyes versus
electronic reading — will depend on clinical
need, cost, robustness, and integration
requirements with mobile or therapeutic
platforms.

The integration of pH biosensors with smart

dressing platforms is essential to enable

continuous, safe, and effective monitoring of the

wound microenvironment. This integration

involves four main dimensions: wireless

data
The

communication, energy management,

processing, and user interface.
transmission of data collected through wireless
connectivity can be performed by sensors and is
enabled by technologies such as Bluetooth Low
Energy (BLE) and Near Field Communication
(NFC), which offer low energy consumption and
compatibility with mobile devices. An example
with Bluetooth sensors for

was systems
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simultaneous monitoring of pH and oxygen

demonstrated in functional dressings [6].

4. Conclusion
Chronic wounds pose a significant burden to

healthcare systems worldwide. Real-time

monitoring of biomarkers, particularly pH, is
crucial for reducing costs, enhancing patient
comfort, and improving clinical outcomes. This

review highlights recent advances in pH

biosensing using flexible substrates and their

integration into smart bandages. Despite

ongoing challenges—such as monitoring large
wound areas and developing biocompatible,
low-cost materials—emerging technologies like
artificial intelligence and smart drug delivery

hold great promise for transforming wound care.
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