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Abstract: Early diagnosis and treatment of surgical wound infection can be challenging. This is
especially relevant in the management of periprosthetic joint infection: early detection is key to
success and reducing morbidity, mortality and resource use. ‘Smart’ dressings have been developed
to detect parameters suggestive of infection. This scoping review investigates the current status of the
field, limited to devices tested in animal models and/or humans, with a focus on their application to
arthroplasty. The literature was searched using MEDLINE/PubMed and Embase databases from 2000
to 2023. Original articles assessing external sensing methods for the detection of wound infection in
animal models or human participants were included. Sixteen articles were eligible. The results were
broadly divided by sensing method: colorimetric, electrochemical and fluorescence/photothermal
responses. Six of the devices detected more than one parameter (multimodal), while the rest were
unimodal. The most common parameters examined were temperature and pH. Most ‘smart’ dressings
focused on diagnosing infection in chronic wounds, and none were tested in humans with wound
infections. There is limited late-stage research into using dressing sensors to diagnose wound
infection in post-surgical patients. Future research should explore this to enable inpatient and remote
outpatient monitoring of post-operative wounds to detect wound infection.

Keywords: smart dressing; wearable sensor; wound infection; periprosthetic joint infection; PJI;
remote monitoring

1. Introduction

Surgical site infection (SSI) is the infection of wounds created by invasive surgical
procedures, characterized by erythema, localized pain, wound discharge and dehiscence.
Whilst SSIs are a relatively common post-operative complication, the impact of SSI occur-
rence on subsequent clinical outcomes varies by surgical specialty and procedure. These
may be classified and described as superficial incisional, involving the skin or subcutaneous
tissue layers; deep incisional, involving the deeper structures; or involving the organ or
space operatively managed [1]. Post-operative wound infection is the third biggest cause
of healthcare-associated infection [2]. They cost the US healthcare system over $3 billion
per year and increase mortality by 2–11 times [1,3]. A total of 69% of these are diagnosed
as outpatients [4] and are often overlooked or diagnosed late [5]. In arthroplasty surgery,
superficial wound infection can lead to deeper periprosthetic joint infection (PJI), which is a
potentially devastating surgical complication. PJI is one of the most common indications for
early revision surgery [6,7]. The first 30 days are the highest risk period [8]. PJI is associated
with a high rate of morbidity, and has a five-year mortality rate following infection of
25.9% [9]. Data from over 10 years ago showed up to 27% of revisions were due to infection.
This is a costly complication, with over £30,000 costs per PJI knee revision in the National
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Health Service [10]; with inflation, this equates to approximately £40,000 today [11]. For
comparison, this was triple the cost of an aseptic revision.

Diagnosis of infection remains challenging. Physical findings of warmth, erythema,
pain and deranged laboratory parameters in blood tests are suggestive but are neither
specific nor sensitive [12]. In the absence of a sinus tract or visible implant through the
wound, invasive investigations remain the only way to diagnose PJI definitively, with
no other clinical tool confirming the diagnosis with complete accuracy [12,13]. Remote
monitoring of wounds following arthroplasty for early indicators of SSI and wound leakage
with infective features in the early post-operative period would provide the opportunity for
timely diagnosis of superficial and deep infections. This association enables the potential
to intervene when treatment is more effective. The use of “smart” dressings is increasingly
being identified as a method of improving the early diagnosis of SSIs. Unlike traditional
dressings, “smart” dressings incorporate materials with advantageous biochemical prop-
erties to enhance healing and may also include integrated sensors to allow for real-time
monitoring of surgical wounds. A range of sensing parameters have been explored, with
changes in temperature, pH, uric acid and glucose all frequently evaluated owing to their
ubiquity and low cost [14]. A range of monitoring methods have also been developed,
allowing for the monitoring of these parameters in wearable dressings, including the use of
microelectronic sensors, microprocessors and optical (colorimetric and fluorometric) and
electrochemical sensors.

A number of reviews describe progress in the monitoring of healing and diagnosis
of infection in chronic wounds [15–17], but many of the studies presented have not yet
progressed beyond in vitro testing [18–20]. Meanwhile, the use of smart dressings to
improve post-operative wound monitoring is an area of increasing interest, but most of the
literature focuses on the management of chronic wounds rather than acute surgical wounds.
Additionally, the current state of products tested ex vivo, in vivo and in clinical practice
has not recently been reviewed. It follows that a need for a review of the existing literature
is evident to identify and evaluate the range of novel biomaterials, sensing parameters and
sensing methods in use in current “smart” dressing technologies.

This scoping review aims to evaluate the current literature to identify the range of
materials, parameters and methods being used in animal models and humans. This is
with the goal to identify products most likely to have potential for application as wound
dressing sensors to detect infection in post-operative patients. If studies are available that
focus on acute surgical wounds, this will be further examined to establish the current state
of products and their future potential.

2. Materials and Methods

A scoping review of the literature was undertaken. A pre-determined search strategy
was used. MEDLINE/PubMed and Embase were searched from 1 January 2000 to 11
December 2023 for potential eligible studies. Search terms relating to sensors and smart
and wearable technology were combined with those relating to infection, which were in
turn combined with those relating to wounds, incisions and injuries. A full description of
this strategy is available in Table 1. De-duplication of the results was performed using a
strategy described by Bramer et al. [21].

Table 1. Example of search strategy as utilized in OVID EMBASE.

1 (sensor or biosens* or smart or wearable or detector).ab. 398767
2 (infect* or septic* or sepsis or purulen* or pji or cellulit*).ab. 3601356
3 (wound or incision or incised or injur* or operat* or scar*).ab. 4711934
4 1 and 2 and 3 1501
5 remove duplicates from 4 1206

Studies were eligible for inclusion if they were published between 1 January 2000 and
11 December 2023 with a full text available that was written or translated into English. Other
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mandatory inclusion criteria were as follows: assessment of the use of external sensing
methods to detect and/or diagnose wound infection; and use in ex vivo or in vivo animal
models of wound infection or wound infection in human participants. In vitro studies,
conference abstracts, trial protocols and those that did not fulfil the inclusion criteria
were excluded. Review articles were excluded, but their reference lists were searched for
additional studies eligible for inclusion. Trial protocols and conferences were used to search
for full-text published results.

Two authors (AA and TD) reviewed the results of this search, with the first author
(SWK) providing input to arbitrate any disagreement. The senior author (HGP) was
available to provide input when required. A title/abstract review was performed first,
followed by a full-text review. A PRISMA [22] flow diagram demonstrating the results of
the review is shown in Figure 1.

Figure 1. PRISMA flow diagram illustrating the results of the search and review strategy.

3. Results

Sixteen manuscripts were eligible for inclusion. These articles were classified by
sensing method, which were broadly characterized as colorimetric, electrochemical and
fluorescence/photothermal responses. Ten articles detected a single parameter used for
the detection of infection while six were multimodal. There were no studies in human
participants. The most common parameters examined were temperature and pH. A break-
down of the frequency of parameters examined is available in Figure 2. The literature was
searched from 2000, but 13 of the 16 included studies are from the current decade and none
were published before 2017 (Figure 3).
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Figure 2. Breakdown of studies by parameter assessed and class of method utilized [23–38].

Figure 3. Publication years of studies included and broken down by detection method.

3.1. Colorimetric

Color changes in dressing sensors can be analyzed with photographic software or the
naked eye, depending on the product [23]. They require no power source and are gener-
ally less resource-intensive to produce; however, real-time monitoring requires constant
observation and challenges include the calibration of color changes and leaching of indi-
cator dyes. Color changes may also be converted into electrical signals for more objective
interpretation. This is performed in a process schematically represented in Figure 4.

3.1.1. Unimodal

The pH of intact skin is slightly acidic at approximately 4–6, and while an acute wound
exposes the neutral (pH 7.4) underlying tissue, inflammatory activity soon reduces this
back to 4–6 as a mechanism for discouraging pathogenic growth [14,39], while chronic
and infected wounds are closer to 7–9 [24,39,40]. An increase in pH often precedes clinical
symptoms, and so is a common parameter monitored for wound infection [41]. Colorimetric
methods mostly monitored pH, which was likely due to the ready availability of pH
indicators that change color within the visual spectrum.
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Figure 4. Schematic representation of conversion of colorimetric sensor output into electronic data.

A hydrogel-based wound dressing made from bacterial nanocellulose was reported. A
pH-responsive dye was encapsulated within mesoporous silica nanoparticles in an attempt
to prevent dye leakage [24]. This dressing was applied to infected and non-infected porcine
wound models; the former was created by inoculation with Staphylococcus aureus (S. aureus).
Dressings applied to non-infected wounds demonstrated a yellow-green color, indicating
physiological pH, while those applied to infected wounds displayed a yellow to deep blue
transition in under a minute, suggesting a pH of approximately 8. The difference was easily
discriminated with the naked eye.

Another hydrogel dressing was produced that included phenol red to demonstrate
the pH of infected wounds [23]. S. aureus-infected abscess models in mice were used to
validate this. The pH was calculated using color images captured and processed with a
smartphone application. Color changes seen with infection demonstrated a pH decrease
to 5.6 on initial infection, up to 7.2 within 2 days to demonstrate infection, and a decrease
back to normal skin pH (6.5) over 4 days.

A film-based band aid was assessed by Dong et al. [25]. This consisted of Bi2S3
nanoflowers loaded with rhodium nanoparticles and bromothymol blue in an LB agar film.
They were applied to S. aureus-infected wound models in mice, with a color change of blue
to yellow to indicate the presence of S. aureus. NIR light was used to induce a photothermal
response as part of the treatment of these infected wounds

A full evaluation of “theranostic” systems is out of the scope of this review but
must also be mentioned. The general principle of theranosis is combining diagnosis with
treatment [42]. Within the field of wound infection, this is relevant in the context of
topical antimicrobial delivery. Over-treatment in non-infected wounds contributes to the
development of antimicrobial resistance. The capacity to accurately diagnose infection and
deliver antimicrobials from within the wound dressing system promises to combine the
advantages of early treatment whilst avoiding the danger of over-treatment.

A theranostic dressing was produced by Singh et al., consisting of a polyurethane
scaffolding loaded with a ciprofloxacin-based prodrug (Pro-Cip) and a chromogenic probe
for lipase [26]. This detects lipase in some lipase-secreting bacteria, e.g., P. aeruginosa. A
full-thickness skin burn on ex vivo pig skin was inoculated with P. aeruginosa, resulting in a
color change from yellow to dark green. Additionally, the presence of lipase resulted in the
cleavage of ester linkages in Pro-Cip and the release of antibiotics.

GelDerm (patented by 4M Biotech, Victoria, BC, Canada) is a dressing that uses an
array of porous sensors consisting of mesoporous resin beads doped with a pH-responsive
dye embedded in a 3D-printed alginate dressing [27]. In a study evaluating this device,
image processing software with a phone application was used to detect color change, with
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brilliant yellow and cabbage juice as indicators. Ex vivo testing was undertaken in pig
skin inoculated with Pseudomonas aeruginosa (P. aeruginosa) and color change was viewed
by the naked eye and image processing. A clear color change was observed in colonized
skin, with a dose–response curve based on the quantity of bacteria calculated using the
smartphone application.

3.1.2. Multimodal

The same group recently published on a developed version of GelDerm capable
of mapping bacterial infection by a colorimetric pH sensor [28]. Glucose sensors were
also incorporated for a diabetic population and utilized glucose oxidase to ultimately
oxidize iodine, causing a light yellow to dark red color change. In murine wound infection
models with Escherichia coli (E. coli), the pH was significantly higher compared with non-
infected wounds, which was consistent with independent pH probe testing. Treatment
with antibiotics reduced this pH in a manner consistent with infection resolution.

3.2. Electrochemical

Electrochemical measurement of parameters was most often conducted in conjunction
with wireless Bluetooth communication of information to an electronic device. This allows
for the real-time transfer of information with a greater ability to analyze trends of parameter
changes. It is also more feasible to measure multiple parameters, and several of the
devices described were multimodal. However, there is a concomitant increase in costs
and challenges associated with data transfer and device powering. Figure 5 schematically
demonstrates the detection of analyte and its conversion to electronic data.

Figure 5. Detection of chemical analyte and its conversion to electronic data.

3.2.1. Unimodal

Local temperature increase is an early predictor of wound infection [43,44]. Wound
temperature is often raised compared with the surrounding skin before other more obvious
symptoms of wound infection, such as redness, swelling or odor, are present [45,46]. It is,
therefore, a popular target for monitoring wound status.

Lou et al. report a double-layer dressing with a flexible temperature-sensing external
layer with a power manager, Bluetooth transmitter and data processing circuit, and a
lower layer consisting of collagen–chitosan [29]. This communicated with a smartphone
application. Pig models with incisional wounds were inoculated with S. aureus. Rectal
temperature is expected to be higher than skin temperature given the cooling effects of the
ambient environment. In control experiments, the group found this to be approximately
1–1.5 ◦C below rectal temperature in a 24 ◦C environment. Early wound infection models
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were inoculated at the time of wound creation, and wound temperature peaked quickly
to 39 ◦C, which was 0.5 ◦C above rectal temperature. Late infection (inoculation at day
14 after wounding) exhibited a gradual increase, starting below rectal temperature and
exceeding it approximately 12 h after inoculation. Early and late models of infection
using wound temperature provided a warning of infection at 30 and 20 h before rectal
temperature, respectively.

The same group developed a wound dressing that also incorporated antimicrobial
treatment [30]. There was an upper layer of polydimethylsiloxane encapsulating flexible
electronics, temperature sensors and ultraviolet-light-emitting diodes (UV-LEDs), and a
lower UV–responsive antibacterial hydrogel layer with gentamicin. Bluetooth was used
to transmit data. When the local temperature reached >40 ◦C, an infection alarm was
triggered. Treatment was started by activating UV-LEDs, which in turn released antibiotics
from the UV–responsive hydrogel. A pig model of an infected wound with S. aureus was
used. Early and late (14 days post-injury) models of wound infection both demonstrated a
warning of infection prior to pathological increases in rectal temperature measurement.

Zhang et al. developed a flexible integrated sensing platform with a flexible sensing
chip for temperature, a printed circuit board and a customised smartphone application
with Bluetooth communication [31]. Rabbit back wounds were infected with S. aureus,
P. aeruginosa and K. pneumoniae, and the temperature was updated every 2–10 s in real
time. In the uninfected, temperature increased for first the 3–4 days during hyperaemia
and inflammation, plateauing at this point. Bacteria were added to some of the wounds
on the third day. Local temperature increased from 37 to 38.5 ◦C in S. aureus infection,
while responses to P. aeruginosa and K. pneumoniae were less marked. An increase in rectal
temperature on day two after inoculation or day two for wound temperature was predictive
of a risk of infection, suggesting direct measurement of local temperature gave an earlier
warning for infection.

3.2.2. Multimodal

A multifunctional wound dressing was designed with a sensing layer sandwiched
within a self-healing elastomer, which was able to monitor glucose, pH and temperature [32].
It utilized a dual-electrode system for glucose (Prussian blue/glucose oxidase) and pH
(polyaniline). In mouse models of infected versus uninfected wounds, pH and temperature
were higher in the infected models by day 2–3 following inoculation, while glucose was
not as discriminating.

Wound infection may lead to sepsis, which is a leading cause of morbidity and
mortality globally [47]. Procalcitonin is a key biomarker, rising sharply during a septic
state [48]. Li et al. developed a wearable battery-free wound dressing sensor with a
microfluidic module, a wound sensing module for pH and procalcitonin and a near-
field communication module and temperature sensor embedded within a flexible printed
circuit board [33]. The unit was encapsulated within a thin layer of Ecoflex (Smooth-On
Inc., Macungie, PA, USA). Data transmission and power supply were wireless with a
smartphone that activated the circuit. The microfluidic system collected and filtered the
wound exudate. Rats were used as wound models, with dorsal circular incisions. Infection
was simulated by intra-peritoneal injection of lipopolysaccharide versus a control of PBS.
No bacteria were introduced into the wound. A significant increase in temperature was
detected by the sixth hour in the sepsis model compared with controls. Procalcitonin and
pH were also significantly higher by the second hour.

Uric acid cannot be metabolized endogenously in mammals but is metabolized by
bacteria containing uricase such as S. aureus and P. aeruginosa [14]. A group developed
a multiplex-sensing bandage system for real-time monitoring of sodium, potassium and
calcium ions, urate, pH and temperature [34]. They used a graphene-based thermally
responsive resistor for temperature, and electrochemical detection of the ions. These
formed a multi-sensor array in conjunction with a flexible circuit board. An external power
supply was required, and information was transmitted via Bluetooth. Rat wound models
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were created and then inoculated with S. aureus. Compared with controls, the infected
wound demonstrated progressively more alkaline conditions, an increase in uric acid and a
temperature difference of around 1.5 ◦C in the infected wound by around 20 h. There was
a significantly lower concentration of calcium ions in infected wounds, while sodium and
potassium ions were less discriminating.

A stretchable wearable dressing was designed with sensors for temperature, pH, am-
monium, glucose, lactate and uric acid using electrochemical biosensor arrays [35]. Zucker
diabetic fatty rats were used as a model for diabetic infected wounds with a mixture of
MRSA and P. aeruginosa. Uric acid, lactate, ammonium, pH and temperature were detected
and increased daily from baseline in infected models compared with minimal change
after wounding in non-infected models. These all returned toward baseline following
antimicrobial treatment.

3.3. Fluorescence/Photothermal

Substances may be detected using a fluorescence or photothermal reaction, whereby
exposure of a signaling substance to a specific wavelength of light produces a corresponding
light signal that can be detected by the naked eye and/or with an electronic sensor. The
latter process is demonstrated in Figure 6.

Figure 6. Schematic illustration of a fluorescence sensor.

3.3.1. Unimodal

Reactive oxygen species were detected with a smart dressing evaluated by Duan et al. [36].
IR820 exhibits photothermal conversion in response to near-infrared (NIR) light. When a near-
infrared (NIR)-active dye (IR820) was trapped in calcium-ion sealed porous silicon-based
carriers, a superior photothermal response was observed. These carriers were embedded
within a polyurethane membrane and decay in response to reactive oxygen species (ROS).
The resulting reduced photothermal signal from free released IR820 was detectable with a
smartphone thermal camera. By applying the wound dressing to diabetic mouse wound
models inoculated with S. aureus, the presence of ROS could be detected. However, a control
group without infection was not utilized.

Gwynne et al. used alkaline phosphatase (ALP) as a biomarker for bacterial infec-
tion [37]. It is responsible for the hydrolysis of phosphoesters to release the phosphate
required for bacterial cell growth. It is present in E. coli, P. aeruginosa and S. aureus. The
authors used an ALP-responsive colorimetric and fluorescent probe. The probe was en-
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capsulated in polyvinyl alcohol-based hydrogels. This displayed a yellow to purple color
change in fluorescence after 24 h of incubation in ex vivo S. aureus porcine skin wound
models, with the difference easily visible with the naked eye.

3.3.2. Multimodal

Chen et al. devised a smart bandage with luminescent porous silicon particles loaded
with ciprofloxacin sandwiched between a polyurethane membrane and chitosan film [38].
These responded to increases in pH and the presence of ROS, which are both features
of infected wounds. Exposure to oxidant species oxidized the red luminescent surface
of the particles, releasing blue luminescent ciprofloxacin, which was visible to the naked
eye or smartphone camera. They compared responses in surgically created wounds in
mice, comparing S. aureus inoculation versus uninfected acute wounds. The pH in the
infected wounds increased to 7.9, while the uninfected remained at approximately 7.5.
There was a significant difference in luminescence (bluer in the infected model) by day two
following application, which was maintained to day four, i.e., the end of the observation
period. Under UV light, a difference in color was visible to the naked eye and could also be
interpreted by a phone camera.

4. Discussion

At the time of searching, there were no in-human studies of wound infection diagnosis
using wearable sensors in a dressing, although some of the devices had been tested in
healthy human participants for durability and tolerance, or with in vitro testing of wound
exudates. Most of the studies focused on the diagnosis of infection in chronic wounds.
There were inherent limitations to the methodology used in the included studies. The lack
of clinical studies means caution must be exercised when interpreting results.

Many of the included studies included the application of relatively large numbers of
bacteria, given they were intended to mimic the environment of a non-sterile chronic wound.
Surgical wounds are much less likely to be grossly contaminated. Additionally, while many
of the animal model wounds were created in a manner similar to a surgical wound, only
one study reported closure of the wound [32]. There were no studies of orthopedic surgery
or models of orthopedic wounds. Finally, this review was purposefully limited in scope to
identify wound dressing sensors at a more advanced stage of development, and searched
only biomedical journal databases. Sensors in earlier stages of development and published
in journals in other fields are, therefore, excluded from this review, introducing a potential
bias in the review process.

It is apparent that the field of wound infection dressing sensors is, therefore, in its
relative infancy and has not progressed past the in vitro stage of development. There is
additionally a gap in the literature with respect to wound dressing sensors for the diagnosis
of wound infection in post-surgical patients.

The included studies are broadly categorized by type of sensing method utilized:
colorimetric, electrochemical and fluorescence/photothermal responses. Each method has
its limitations. Colorimetric sensors may be less resource-intensive to produce and can
often be interpreted by the naked eye, negating the requirement for technological input.
However, data resolution is minimal; they are often only able to undergo a color change
once; and remote monitoring potential is limited unless they are used in conjunction with
further technology. Electrochemical sensing can provide detailed real-time information
about the local environment of a wound. However, this may be costly, especially to produce
sensors for individual analytes and when used to detect changes in multiple parameters.
Additionally, a greater degree of data processing, data storage and/or power supply may
be required, further increasing cost and size. Finally, fluorescence/photothermal response
sensors may be used as “theranostic” sensors, i.e., simultaneous diagnosis and treatment.
Here, the application of light will both produce a visible signal for the diagnosis of infection
and cause the release of antimicrobial agents for its treatment. However, development costs
are high, and the field of theranostic wound dressings remains experimental.
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There is a growing interest in wound monitoring for the early detection of infection.
The “Blackbox” nature of healing and infection under traditional dressings [29] and the
potentially devastating consequences of a wound infection make an objective early warning
system an extremely attractive prospect. At present, the UK’s National Institute for Health-
care and Clinical Excellence and the USA’s Centers for Disease Control and Prevention
both provide guidance around the prevention and treatment of surgical site infections but
not around their routine surveillance in terms of the frequency or nature of assessment.
Smart dressings for wound infection would allow constant monitoring and also data on
the presentation and features of early surgical site infection to assist further guidelines.

A wound dressing sensor for use in post-operative patients would allow the detection
of a suspected infection without removal of the dressing itself. This could also be remotely
monitored by a clinical team. This would allow monitoring without additional resource-
intensive follow-up appointments and provide peace of mind for surgical patients in the
community. Patients with wounds demonstrating a higher likelihood of infection can be
further assessed by a surgical team.

Overuse of antibiotics in healthcare is a major global concern. The development of
antibiotic-resistant bacteria is accelerated by indiscriminate use of broad-spectrum agents.
Smart dressings could provide an opportunity for the early detection of infection to limit
antibiotic use to appropriate, targeted and timely therapy.

The use of these solutions in clinical practice would have to be contextualized. The
diagnostic reliability of any dressing sensor would need to be formally quantified. In
addition, infrastructure around monitoring information from wound dressing sensors for
patients in the community would have to be developed. Development of a clear protocol
would be key to ensuring that responsibility and liability around data from dressing sensors
was acted upon in an appropriate and timely manner.

Future studies should focus on the development of wound dressing sensors that allow
inpatient and remote outpatient monitoring of post-operative wounds to allow the early
detection of wound infection in this patient cohort. The most promising parameters appear
to be pH and temperature; these are the best understood and most frequently studied
parameters. They have both demonstrated the detection of infection in animal models, and
sensors to detect changes in pH and temperature are readily available, accurate and rela-
tively inexpensive to produce. Additionally, moisture detection would be informative given
the strong association of infection in the context of wound leakage for surgical wounds.

5. Conclusions

Wound dressing sensors have been studied in animal models with some success and
aim to diagnose infection using a range of parameters. They are in their relatively early
stages of development and have not yet been tested in humans. They have the potential
to revolutionize the remote monitoring of post-operative patients in the community but
require further study to understand their possible applications and the infrastructure
required to support their use in a clinical context.

Author Contributions: Conceptualization, S.W.K. and H.P.; methodology, S.W.K., H.P. and J.P.;
formal analysis, S.W.K., A.A., T.D., B.H.v.D., M.T. and B.F.; data curation, S.W.K., A.A. and T.D.;
writing—original draft preparation, S.W.K., A.A. and T.D.; writing—review and editing, S.W.K., A.A.,
T.D., M.T., J.P., B.F., H.P. and B.H.v.D.; supervision, H.P. and B.H.v.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.



Bioengineering 2024, 11, 1049 11 of 13

Acknowledgments: HP is a National Institute for Health Research (NIHR) Senior Investigator. SWK
is a NIHR Academic Clinical Fellow. The views expressed are those of the authors and not necessarily
those of the NIHR or the Department of Health and Social Care.

Conflicts of Interest: SWK: National Institute for Health and Care Research (NIHR) Academic
Clinical Fellow (ACF). Institutional funding from B Braun to conduct a study related to wearable
sensors in patients with TKA. AA: No conflicts of interests to declare. TD: No conflicts of interests to
declare MT: No conflicts of interests to declare. JP: Institutional funding from B Braun to conduct a
study related to wearable sensors in patients with TKA. BF: Partial funding for doctoral studies from
Eventum Orthopaedics Limited. HP: National Institute for Health and Care Research (NIHR) senior
investigator. Consultant for Medacta International, Smith and Nephew, MicroPort, JRI Orthopaedics,
Allay Therapeutics, Invibio, Teleflex, Paradigm pharma, MAT Ortho and Zimmer Biomet. Institu-
tional industry funding from B Braun, Zimmer Biomet, Depuy Synthes and Paradigm Pharma for
unrelated projects. Institutional NIHR funding for unrelated projects. Institutional funding from B
Braun to conduct a study related to wearable sensors in patients with TKA. BHVD: NIHR Biomedical
Research Council funding. Institutional research funding from Medacta International. Editorial Board
Member for BJJ 360.

References
1. Hughes, C.M.L.; Jeffers, A.; Sethuraman, A.; Klum, M.; Tan, M.; Tan, V. The detection and prediction of surgical site infections

using multi-modal sensors and machine learning: Results in an animal model. Front. Med. Technol. 2023, 5, 1111859. [CrossRef]
[PubMed]

2. Meara, J.G.; Leather, A.J.; Hagander, L.; Alkire, B.C.; Alonso, N.; Ameh, E.A.; Bickler, S.W.; Conteh, L.; Dare, A.J.; Davies, J.; et al.
Global Surgery 2030: Evidence and solutions for achieving health, welfare, and economic development. Int. J. Obstet. Anesthesia
2016, 25, 75–78. [CrossRef] [PubMed]

3. Zimlichman, E.; Henderson, D.; Tamir, O.; Franz, C.; Song, P.; Yamin, C.K.; Keohane, C.; Denham, C.R.; Bates, D.W. Health
Care–Associated Infections: A meta-analysis of costs and financial impact on the US health care system. JAMA Intern. Med. 2013,
173, 2039–2046. [CrossRef] [PubMed]

4. Woelber, E.; Schrick, E.J.; Gessner, B.D.; Evans, H.L. Proportion of Surgical Site Infections Occurring after Hospital Discharge: A
Systematic Review. Surg. Infect. 2016, 17, 510–519. [CrossRef]

5. Geubbels, E.L.P.E.; Nagelkerke, N.J.D.; Groot, A.J.M.-D.; Vandenbroucke-Grauls, C.M.J.E.; Grobbee, D.E.; De Boer, A.S. Reduced
risk of surgical site infections through surveillance in a network. Int. J. Qual. Health Care 2006, 18, 127–133. [CrossRef]

6. National Joint Registry for England and Wales. NJR 17th Annual Report. 2020. Available online: https://www.ncbi.nlm.nih.gov/
books/NBK566660/ (accessed on 10 October 2024).

7. Lenguerrand, E.; Whitehouse, M.R.; Beswick, A.D.; Kunutsor, S.K.; Burston, B.; Porter, M.; Blom, A.W. Risk factors associated
with revision for prosthetic joint infection after hip replacement: A prospective observational cohort study. Lancet Infect. Dis.
2018, 18, 1004–1014. [CrossRef]

8. Pulido, L.; Ghanem, E.; Joshi, A.; Purtill, J.J.; Parvizi, J. Periprosthetic joint infection: The incidence, timing, and predisposing
factors. Clin. Orthop. Relat. Res. 2008, 466, 1710–1715. [CrossRef]

9. Zmistowski, B.; Karam, J.A.; Durinka, J.B.; Casper, D.S.; Parvizi, J. Periprosthetic Joint Infection Increases the Risk of One-Year
Mortality. J. Bone Jt. Surg. 2013, 95, 2177–2184. [CrossRef]

10. Kallala, R.F.; Vanhegan, I.S.; Ibrahim, M.S.; Sarmah, S.; Haddad, F.S. Financial analysis of revision knee surgery based on NHS
tariffs and hospital costs. Bone Jt. J. 2015, 97, 197–201. [CrossRef]

11. Inflation Calculator. Available online: https://www.bankofengland.co.uk/monetary-policy/inflation/inflation-calculator
(accessed on 12 July 2024).

12. Parvizi, J.; Tan, T.L.; Goswami, K.; Higuera, C.; Della Valle, C.; Chen, A.F.; Shohat, N. The 2018 Definition of Periprosthetic Hip
and Knee Infection: An Evidence-Based and Validated Criteria. J. Arthroplast. 2018, 33, 1309–1314.e2. [CrossRef]

13. Zahar, A.; Sarungi, M. Diagnosis and management of the infected total knee replacement: A practical surgical guide. J. Exp.
Orthop. 2021, 8, 14. [CrossRef] [PubMed]

14. Pang, Q.; Yang, F.; Jiang, Z.; Wu, K.; Hou, R.; Zhu, Y. Smart wound dressing for advanced wound management: Real-time
monitoring and on-demand treatment. Mater. Des. 2023, 229, 111917. [CrossRef]

15. Li, S.; Renick, P.; Senkowsky, J.; Nair, A.; Tang, L. Diagnostics for Wound Infections. Adv. Wound Care 2021, 10, 317–327. [CrossRef]
[PubMed]

16. Tang, N.; Zheng, Y.; Jiang, X.; Zhou, C.; Jin, H.; Jin, K.; Wu, W.; Haick, H. Wearable Sensors and Systems for Wound Healing-
Related pH and Temperature Detection. Micromachines 2021, 12, 430. [CrossRef]

17. Youssef, K.; Ullah, A.; Rezai, P.; Hasan, A.; Amirfazli, A. Recent advances in biosensors for real time monitoring of pH,
temperature, and oxygen in chronic wounds. Mater. Today Bio 2023, 22, 100764. [CrossRef]

18. Du, Y.-C.; Ciou, W.-S. A Sensor Gauze with Multi-Channel Moisture and pH Monitoring for Chronic Wound Care. IEEE Access
2019, 7, 29185–29192. [CrossRef]

https://doi.org/10.3389/fmedt.2023.1111859
https://www.ncbi.nlm.nih.gov/pubmed/37138726
https://doi.org/10.1016/j.ijoa.2015.09.006
https://www.ncbi.nlm.nih.gov/pubmed/26597405
https://doi.org/10.1001/jamainternmed.2013.9763
https://www.ncbi.nlm.nih.gov/pubmed/23999949
https://doi.org/10.1089/sur.2015.241
https://doi.org/10.1093/intqhc/mzi103
https://www.ncbi.nlm.nih.gov/books/NBK566660/
https://www.ncbi.nlm.nih.gov/books/NBK566660/
https://doi.org/10.1016/S1473-3099(18)30345-1
https://doi.org/10.1007/s11999-008-0209-4
https://doi.org/10.2106/JBJS.L.00789
https://doi.org/10.1302/0301-620X.97B2.33707
https://www.bankofengland.co.uk/monetary-policy/inflation/inflation-calculator
https://doi.org/10.1016/j.arth.2018.02.078
https://doi.org/10.1186/s40634-021-00333-2
https://www.ncbi.nlm.nih.gov/pubmed/33619607
https://doi.org/10.1016/j.matdes.2023.111917
https://doi.org/10.1089/wound.2019.1103
https://www.ncbi.nlm.nih.gov/pubmed/32496977
https://doi.org/10.3390/mi12040430
https://doi.org/10.1016/j.mtbio.2023.100764
https://doi.org/10.1109/ACCESS.2019.2901061


Bioengineering 2024, 11, 1049 12 of 13

19. Guinovart, T.; Valdés-Ramírez, G.; Windmiller, J.R.; Andrade, F.J.; Wang, J. Bandage-Based Wearable Potentiometric Sensor for
Monitoring Wound pH. Electroanalysis 2014, 26, 1345–1353. [CrossRef]

20. Pan, N.; Qin, J.; Feng, P.; Li, Z.; Song, B. Color-changing smart fibrous materials for naked eye real-time monitoring of wound pH.
J. Mater. Chem. B 2019, 7, 2626–2633. [CrossRef]

21. Bramer, W.M.; Giustini, D.; de Jonge, G.B.; Holland, L.; Bekhuis, T. De-duplication of database search results for systematic
reviews in EndNote. J. Med. Libr. Assoc. 2016, 104, 240–243. [CrossRef]

22. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, 71.
[CrossRef]

23. Ran, P.; Xia, T.; Zheng, H.; Lei, F.; Zhang, Z.; Wei, J.; Li, X. Light-triggered theranostic hydrogels for real-time imaging and
on-demand photodynamic therapy of skin abscesses. Acta Biomater. 2023, 155, 292–303. [CrossRef] [PubMed]

24. Eskilson, O.; Zattarin, E.; Berglund, L.; Oksman, K.; Hanna, K.; Rakar, J.; Sivlér, P.; Skog, M.; Rinklake, I.; Shamasha, R.; et al.
Nanocellulose composite wound dressings for real-time pH wound monitoring. Mater. Today Bio 2023, 19, 100574. [CrossRef]
[PubMed]

25. Dong, M.; Sun, X.; Li, L.; He, K.; Wang, J.; Zhang, H.; Wang, L. A bacteria-triggered wearable colorimetric band-aid for real-time
monitoring and treating of wound healing. J. Colloid. Interface Sci. 2022, 610, 913–922. [CrossRef]

26. Singh, H.; Li, W.; Kazemian, M.R.; Yang, R.; Yang, C.; Logsetty, S.; Liu, S. Lipase-Responsive Electrospun Theranostic Wound
Dressing for Simultaneous Recognition and Treatment of Wound Infection. ACS Appl. Bio Mater. 2019, 2, 2028–2036. [CrossRef]
[PubMed]

27. Mirani, B.; Pagan, E.; Currie, B.; Siddiqui, M.A.; Hosseinzadeh, R.; Mostafalu, P.; Zhang, Y.S.; Ghahary, A.; Akbari, M. An
Advanced Multifunctional Hydrogel-Based Dressing for Wound Monitoring and Drug Delivery. Adv. Health Mater. 2017,
6, 1700718. [CrossRef]

28. Mirani, B.; Hadisi, Z.; Pagan, E.; Dabiri, S.M.H.; van Rijt, A.; Almutairi, L.; Noshadi, I.; Armstrong, D.G.; Akbari, M. Smart
Dual-Sensor Wound Dressing for Monitoring Cutaneous Wounds. Adv. Health Mater. 2023, 12, e2203233. [CrossRef]

29. Lou, D.; Pang, Q.; Pei, X.; Dong, S.; Li, S.; Tan, W.-Q.; Ma, L. Flexible wound healing system for pro-regeneration, temperature
monitoring and infection early warning. Biosens. Bioelectron. 2020, 162, 112275. [CrossRef]

30. Pang, Q.; Lou, D.; Li, S.; Wang, G.; Qiao, B.; Dong, S.; Ma, L.; Gao, C.; Wu, Z. Smart Flexible Electronics-Integrated Wound
Dressing for Real-Time Monitoring and On-Demand Treatment of Infected Wounds. Adv. Sci. 2020, 7, 1902673. [CrossRef]

31. Zhang, Y.; Lin, B.; Huang, R.; Lin, Z.; Li, Y.; Li, J.; Li, X. Flexible integrated sensing platform for monitoring wound temperature
and predicting infection. Microb. Biotechnol. 2021, 14, 1566–1579. [CrossRef]

32. Tang, N.; Zhang, R.; Zheng, Y.; Wang, J.; Khatib, M.; Jiang, X.; Zhou, C.; Omar, R.; Saliba, W.; Wu, W.; et al. Highly Efficient
Self-Healing Multifunctional Dressing with Antibacterial Activity for Sutureless Wound Closure and Infected Wound Monitoring.
Adv. Mater. 2022, 34, 2106842. [CrossRef]

33. Li, J.; Huang, X.; Yang, Y.; Zhou, J.; Yao, K.; Li, J.; Zhou, Y.; Li, M.; Wong, T.H.; Yu, X. Wearable and battery-free wound dressing
system for wireless and early sepsis diagnosis. Bioeng. Transl. Med. 2023, 8, e10445. [CrossRef] [PubMed]

34. Liu, Z.; Liu, J.; Sun, T.; Zeng, D.; Yang, C.; Wang, H.; Yang, C.; Guo, J.; Wu, Q.; Chen, H.-J.; et al. Integrated Multiplex Sensing
Bandage for In Situ Monitoring of Early Infected Wounds. ACS Sensors 2021, 6, 3112–3124. [CrossRef]

35. Sani, E.S.; Xu, C.; Wang, C.; Song, Y.; Min, J.; Tu, J.; Solomon, S.A.; Li, J.; Banks, J.L.; Armstrong, D.G.; et al. A stretchable wireless
wearable bioelectronic system for multiplexed monitoring and combination treatment of infected chronic wounds. Sci. Adv. 2023,
9, eadf7388. [CrossRef]

36. Duan, W.; Zhao, J.; Liu, X.; Zheng, Y.; Wu, J. Trapping and release of NIR-active dye in porous silicon as a theranostic strategy for
ROS photothermal monitoring and chronic wound management. J. Control. Release 2023, 359, 428–440. [CrossRef]

37. Gwynne, L.; Williams, G.T.; Yan, K.-C.; Patenall, B.L.; Gardiner, J.E.; He, X.-P.; Maillard, J.-Y.; James, T.D.; Sedgwick, A.C.; Jenkins,
A.T.A. TCF-ALP: A fluorescent probe for the selective detection of Staphylococcus bacteria and application in “smart” wound
dressings. Biomater. Sci. 2021, 9, 4433–4439. [CrossRef] [PubMed]

38. Chen, X.; Wo, F.; Jin, Y.; Tan, J.; Lai, Y.; Wu, J. Drug-Porous Silicon Dual Luminescent System for Monitoring and Inhibition of
Wound Infection. ACS Nano 2017, 11, 7938–7949. [CrossRef]

39. Schneider, L.A.; Korber, A.; Grabbe, S.; Dissemond, J. Influence of pH on wound-healing: A new perspective for wound-therapy?
Arch. Dermatol. Res. 2007, 298, 413–420. [CrossRef]

40. Metcalf, D.G.; Haalboom, M.; Bowler, P.G.; Gamerith, C.; Sigl, E.; Heinzle, A.; Burnet, M.W. Elevated wound fluid pH correlates
with increased risk of wound infection. Wound Med. 2019, 26, 100166. [CrossRef]

41. Ono, S.; Imai, R.; Ida, Y.; Shibata, D.; Komiya, T.; Matsumura, H. Increased wound pH as an indicator of local wound infection in
second degree burns. Burns 2015, 41, 820–824. [CrossRef]

42. Kelkar, S.S.; Reineke, T.M. Theranostics: Combining Imaging and Therapy. Bioconjugate Chem. 2011, 22, 1879–1903. [CrossRef]
43. Armstrong, D.G.; Lipsky, B.A.; Polis, A.B.; Abramson, M.A. Does dermal thermometry predict clinical outcome in diabetic foot

infection? Analysis of data from the SIDESTEP trial. Int. Wound J. 2006, 3, 302–307. [CrossRef] [PubMed]
44. Fierheller, M.; Sibbald, R.G. A Clinical Investigation into the Relationship between Increased Periwound Skin Temperature and

Local Wound Infection in Patients with Chronic Leg Ulcers. Adv. Ski. Wound Care 2010, 23, 369–379. [CrossRef] [PubMed]

https://doi.org/10.1002/elan.201300558
https://doi.org/10.1039/C9TB00195F
https://doi.org/10.3163/1536-5050.104.3.014
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/j.actbio.2022.11.039
https://www.ncbi.nlm.nih.gov/pubmed/36435439
https://doi.org/10.1016/j.mtbio.2023.100574
https://www.ncbi.nlm.nih.gov/pubmed/36852226
https://doi.org/10.1016/j.jcis.2021.11.146
https://doi.org/10.1021/acsabm.9b00076
https://www.ncbi.nlm.nih.gov/pubmed/35030691
https://doi.org/10.1002/adhm.201700718
https://doi.org/10.1002/adhm.202203233
https://doi.org/10.1016/j.bios.2020.112275
https://doi.org/10.1002/advs.201902673
https://doi.org/10.1111/1751-7915.13821
https://doi.org/10.1002/adma.202106842
https://doi.org/10.1002/btm2.10445
https://www.ncbi.nlm.nih.gov/pubmed/38023725
https://doi.org/10.1021/acssensors.1c01279
https://doi.org/10.1126/sciadv.adf7388
https://doi.org/10.1016/j.jconrel.2023.06.007
https://doi.org/10.1039/D0BM01918F
https://www.ncbi.nlm.nih.gov/pubmed/34075906
https://doi.org/10.1021/acsnano.7b02471
https://doi.org/10.1007/s00403-006-0713-x
https://doi.org/10.1016/j.wndm.2019.100166
https://doi.org/10.1016/j.burns.2014.10.023
https://doi.org/10.1021/bc200151q
https://doi.org/10.1111/j.1742-481X.2006.00269.x
https://www.ncbi.nlm.nih.gov/pubmed/17199766
https://doi.org/10.1097/01.ASW.0000383197.28192.98
https://www.ncbi.nlm.nih.gov/pubmed/20631603


Bioengineering 2024, 11, 1049 13 of 13

45. Feiner, R.; Wertheim, L.; Gazit, D.; Kalish, O.; Mishal, G.; Shapira, A.; Dvir, T. A Stretchable and Flexible Cardiac Tissue–Electronics
Hybrid Enabling Multiple Drug Release, Sensing, and Stimulation. Small 2019, 15, e1805526. [CrossRef] [PubMed]

46. Dargaville, T.R.; Farrugia, B.L.; Broadbent, J.A.; Pace, S.; Upton, Z.; Voelcker, N.H. Sensors and imaging for wound healing: A
review. Biosens. Bioelectron. 2013, 41, 30–42. [CrossRef]

47. Rudd, K.E.; Johnson, S.C.; Agesa, K.M.; Shackelford, K.A.; Tsoi, D.; Kievlan, D.R.; Colombara, D.V.; Ikuta, K.S.; Kissoon, N.; Finfer,
S.; et al. Global, regional, and national sepsis incidence and mortality, 1990–2017: Analysis for the Global Burden of Disease Study.
Lancet 2020, 395, 200–211. [CrossRef]

48. Guven, H.; Altintop, L.; Baydin, A.; Esen, S.; Aygun, D.; Hokelek, M.; Doganay, Z.; Bek, Y. Diagnostic value of procalcitonin levels
as an early indicator of sepsis. Am. J. Emerg. Med. 2002, 20, 202–206. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/smll.201805526
https://www.ncbi.nlm.nih.gov/pubmed/30838769
https://doi.org/10.1016/j.bios.2012.09.029
https://doi.org/10.1016/S0140-6736(19)32989-7
https://doi.org/10.1053/ajem.2002.33005

	Introduction 
	Materials and Methods 
	Results 
	Colorimetric 
	Unimodal 
	Multimodal 

	Electrochemical 
	Unimodal 
	Multimodal 

	Fluorescence/Photothermal 
	Unimodal 
	Multimodal 


	Discussion 
	Conclusions 
	References

