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A B S T R A C T

Therapeutic drug monitoring of antibiotics in critically ill patients with sepsis remains challenging due to highly 
variable pharmacokinetics, increasing the risk of under- or overdosing. This paper presents a novel single-use 
tetrapolar electrochemical impedance spectroscopy (EIS) biosensor for the rapid detection of meropenem in 
human serum. The sensor is based on a gold microband electrode functionalised with a self-assembled mono
layer, protein G and anti-meropenem antibodies to enable selective antigen capture and impedance-based 
quantification. The biosensor demonstrated sensitive detection of meropenem over a range of 1–100 μg/mL in 
phosphate-buffered saline and within clinically relevant concentrations (8-16 μg/mL) in spiked human serum, 
with the lowest measured concentration of 1 μg/mL. Binding specificity was validated using tandem mass 
spectrometry and immunocapture liquid chromatography-mass spectrometry. The total assay time was under 
15 min. This platform represents a promising approach for rapid, bedside-compatible monitoring of meropenem. 
While the impedance results demonstrate the potential of the biosensor for therapeutic drug monitoring, further 
validation is required to establish its specificity, robustness, and performance in clinically relevant samples. 
Additional studies are also needed to evaluate its potential role in supporting antibiotic dose optimisation in 
sepsis management and intensive care settings.

1. Introduction

Sepsis remains a leading cause of morbidity and mortality worldwide 
(Singer et al., 2026; Rudd et al., 2020; Vincent et al., 2020). Even in 
well-resourced healthcare systems, mortality rates reach 20%–30%, 
with even higher rates observed in frail or immunosuppressed patients. 
Among survivors, approximately 40% experience long-term complica
tions, including recurrent infections, physical weakness, cognitive 
impairment and psychological effects (Iwashyna et al., 2010). The 
economic burden is substantial, with an estimated annual direct cost of 
two billion Sterling to the UK National Health Service (https://www. 
gov.uk/government/news/new-action-to-reduce-sepsis. Last accessed 
13 April).

A cornerstone of sepsis management is timely and appropriate 

antibiotic therapy. However, standard practice is reliant on fixed anti
biotic dosing, but this is inadequate for critically ill patients whose 
antibiotic pharmacokinetics often deviate markedly from the norm 
(Novy et al., 2023). These variations arise from multiple physiological 
changes during critical illness, including vascular leak with increased 
volume of distribution, reduced protein binding, impaired hepatic 
metabolism and fluctuating renal clearance. Consequently, many 
receive subtherapeutic dosing that risks treatment failure and develop
ment of antimicrobial resistance, while others receive excessive dosing 
associated with toxicity (Roberts et al., 2014) (Hagel et al., 2022).

Apart from a few antibiotic classes (aminoglycosides and glycopep
tides), therapeutic drug monitoring (TDM) of serum antibiotic levels is 
generally unavailable in most hospitals. This applies particularly to 
β-lactam antibiotics, such as penicillins and carbapenems, the most used 
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agents in hospital practice (Williams et al., 2023). In the few hospitals 
where TDM of β-lactam antibiotics is performed as a laboratory service, 
results are often not available on the same day or even on a daily basis. 
However, antibiotic dosage optimisation should be time-critical to 
improve outcomes and avoid toxicity. A key solution is to develop rapid 
and reliable near-bedside measurement techniques.

Electrochemical biosensors principally work on electrochemical re
actions that cause electron movement driven by the interaction of the 
analyte with the bioreceptor on the transducer surface, producing 
measurable changes in current, impedance, potential and capacitance. 
The electrical signals in response to the chemical change are propor
tional to the analyte concentration (Naresh and Lee, 2021) (Gundogdu 
et al., 2023).

In this study, initial efforts focused on measuring meropenem, a 
β-lactam antibiotic commonly used in critically ill patients, with the aim 
of subsequent expansion to other antibiotics. The development of a 
novel single-use tetrapolar electrochemical impedance spectroscopy 
(EIS) biosensor for the detection of meropenem is presented, enabling 
quantifiable monitoring of meropenem levels in human fluids.

2. Methods

2.1. Materials

The biosensor was developed on a microelectrode array manufac
tured by MicruX Technologies (Asturias, Spain) and composed of four 
gold microband electrodes fabricated using standard microfabrication 
technology on a p-doped silicon substrate (Fig. 1). The gold surface was 
coated with an organic polymer passivation layer, leaving an open 
window of 1 mm × 1 mm that exposed a 1 mm length of each gold 
microband electrode - the active area. The microelectrode array was 
connected to a printed circuit board via four gold-plated pins and then to 
a Solarton 1260 impedance gain-phase analyser (Amtek, formerly 
Solartron Analytical, Farnborough, U.K.). Phosphate buffer saline (PBS), 
3,3′-dithiobis (sulfosuccinimidyl propionate) (DTSSP), and protein G 
were from Thermo Fisher (Basingstoke, U.K.). Human serum, Type AB 
(HCV, HIV, HBs Ag-free) was from Fisher (Loughborough, U.K.). Etha
nolamine, potassium hexacyanoferrate (II) trihydrate (455989) and 
potassium hexacyanoferrate (III) (244023) were from Sigma-Aldrich 
(Gillingham, U.K.). Anti-meropenem antibody (abx170011) was from 
Abbexa (Milton, U.K.) and meropenem from ACS Dobfar S.p.A. (Tri
biano, Italy).

Fig. 1. Electrochemical impedance spectroscopy (EIS) biosensor (A) Schematic cross-sectional view of the biosensor with biolayers used for functionalising the 
biosensor. Bottom to top: gold on glass substrate, SAM layer (DTSSP), protein G and antibody. (B) Geometry and dimensions of the electrode. (C) Ready-for- 
measurement biosensor with the redox on top. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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2.2. Development of the biosensor

Four gold microbands were fabricated on a glass substrate and 
connected to the appropriate Bayonet Neill–Concelman (BNC) socket of 
the impedance analyser via pogo pins attached to the drop cell connector 
carrying the electrode for impedance measurements. The first electrode 
was the working electrode (WE), connected to the impedance analyser's 
signal generator output. The fourth electrode was the counter electrode 
(CE), connected to the instrument's current input BNC socket. The sec
ond and third electrodes were reference electrodes (RE) and were con
nected to the instrument's V1 Hi and V1 Lo BNCs, respectively. A shield 
was used to protect the measurements from external electromagnetic 
noise.

The gold microband electrodes were washed with 5 mL of 100% 
ethanol, followed by de-ionised water and PBS to remove any dielectric 
material from the sensor surface. The self-assembled monolayer of cross- 
linker DTSSP was attached to the cleaned microband electrodes by 
dissociative chemisorption, forming a self-assembled monolayer (SAM). 
Protein G and antibodies were added layer by layer, with 45 min of 
incubation in PBS between layers, and washed to remove excess un
bound substrate after each incubation. DTSSP attaches protein G via the 
interaction between the N-hydroxysulfosuccinimide (sulpho-NHS) ester 
and amino groups. Ethanolamine was used to saturate any unreacted 
sulpho-NHS ester groups on DTSSP after protein G binding, before 
addition of the antibody. A range of anti-meropenem antibody concen
trations was evaluated to determine the optimum concentration with 
100 μg/mL identified as optimal and used in all subsequent experiments.

2.3. Electrodes

The electrode array was designed to build on the authors’ previous 
work with the tau biosensor (Wang et al., 2016), which used a 
four-microband printed-circuit board electrode (Fig. 1). In the current 
study, a four-microband array was designed using computer-aided 
design (CAD) on a glass substrate to reduce the cost per unit and 
allow sensors to be disposable (Bayford et al., 2022).

2.4. Electrochemical impedance spectroscopy (EIS)

At each stage of biosensor assembly, impedance measurements were 
recorded in 5 mM K4Fe(CN)6/K3Fe(CN)6 (potassium ferro/ferricyanide) 
(1:1 ratio) in PBS at pH 7 using SMaRT software (Ametek Inc., USA) on 
the Solartron analyser.

A sinusoidal signal of 5 mV amplitude was applied between WE and 
CE electrodes (Fig. 1) over a frequency range of 100-100,000 Hz to 
produce EIS measurements. The fully built biosensor was subjected to 
successive incubations with meropenem in PBS (1, 5, 10, 50 and 100 μg/ 
mL) for 15 min at room temperature. After each reaction, the biosensor 
electrodes were flood-washed with 5 mL of de-ionised water and PBS, 
and impedance was recorded in the presence of a redox mediator. EIS 
parameters Rs (solution resistance), Rct (charge-transfer resistance or 
interfacial resistance) and Cp (constant phase element, an equivalent 
model of double-layer capacitance) were generated by fitting the data to 
Randles equivalent circuit model using Zview software (Solartron 
Analytical, U.K.).

2.5. Cyclic voltammetry

Cyclic voltammetry (CV) was performed in 50 mM sulphuric acid for 
electrode regeneration and in 5 mM K4Fe(CN)6/K3Fe(CN)6 (1:1 ratio) in 
PBS at pH 7 for the biosensor's layer-by-layer construction. For electrode 
regeneration, the potential was cycled from − 1.0 V to +1.3 V at 
100 mVs− 1, using an external Ag/AgCl reference electrode for 30 cycles 
to remove surface analytes and/or contaminants. For biosensor con
struction, scans were conducted between 0.0 V and +1.0 V.

2.6. LC-MS/MS for confirmation of antibody binding

Immunocapture liquid chromatography tandem mass spectrometry 
(IC-LC-MS/MS) was used to validate the specific binding of the anti- 
meropenem antibody to meropenem, given its small size. A 10 μg/mL 
solution of meropenem was prepared in water to identify product ions 
and optimise dwell time, collision energy and voltages. MS analysis was 
performed using a Shimadzu Prominence ultra-high-performance liquid 
chromatography system connected to an 8060 triple quadrupole mass 
spectrometry (Shimadzu, Milton Keynes, U.K.) comprising a degasser, 
HPLC pumps, a column oven and an autosampler. Meropenem separa
tion was achieved using a binary gradient elution with solvent A as 0.1% 
aqueous formic acid and solvent B as 0.1% formic acid in acetonitrile. 
The gradient profile was set as follows: 0 min at 10% B, increasing to 
90% B over 10 min. Eluates were detected using a Shimadzu 8060 triple 
quadrupole mass spectrometer equipped with an electrospray ionisation 
(ESI) source. Three precursor-to-product ion transitions were moni
tored: m/z 384 → 68, 384 → 141, and 384 → 114, with collision energies 
of − 43, − 19, and − 27, respectively.

2.6.1. Method for the immunocapture IC-LC-MS technique
Dynabeads™ magnetic beads were used to bind the anti-meropenem 

antibody, followed by meropenem to form a Dynabead-antibody- 
antigen complex. The magnetic Dynabead was then dissociated, and 
the Ab-Ag complex analysed. To establish consistent results of mer
openem binding to the anti-meropenem antibody on the biosensor, the 
immunoprecipitation step allowed incubation of meropenem with the 
anti-meropenem antibody for 15 min.

3. Results and discussion

3.1. Functionalisation of biolayers on the electrode surface confirmed by 
EIS and CV

A biosensor was built on the tetrapolar gold microbands (Fig. 1) on a 
glass substrate, with the anti-meropenem antibody used to detect the 
meropenem antibiotic. The biosensor development followed a similar 
coupling chemistry protocol to anchor the antibodies in the correct 
orientation to capture the analyte on the fully developed biosensor, as 
developed in the authors’ previous work (Wang et al., 2016).

Tetrapolar impedance was employed as polarisation effects are 
minimised when current-injecting and voltage-measuring electrodes are 
separated, a limitation that significantly affects bipolar impedance sys
tems (Veil et al., 2025) (Schwan, 1957). It thus enables measurement of 
only the electrical properties of the biological sample. With the elimi
nation of the polarisation effect in a tetrapolar system, the density of 
morphological tissues is measured more sensitively and accurately, 
along with morphological information, making it better suited for bio
impedance measurements (Schwan, 1957) (Grimnes and Martinsen, 
2008) (Geddes, 1997).

The biosensor was built stepwise, functionalising all four microbands 
on the gold electrode with the relevant biomolecules, beginning with the 
development of a SAM layer. This was done by coupling the cross-linked 
polymer DTSSP to the gold surface, binding to gold by chemisorption 
and forming the self-assembled monolayer as explained in Section 2.2. 
The use of crosslinking SAM is necessary as direct immobilisation of 
proteins on the gold surface can lead to loss of structure and confor
mational changes in antibodies with random orientation (Kim et al., 
2008), making binding less effective (Huang et al., 2022). Poor immo
bilisation can lead to a loss of biosensor sensitivity (Barlen et al., 2009). 
Protein G was used in the biosensor construction because of its ability to 
specifically bind to the Fc region of the antibody (Zhang et al., 2020). 
This then binds covalently to the sulpho-NHS ester group of the previ
ously assembled DTSSP monolayer, which in turn binds to the gold 
surface through thiol bonds.

EIS is a popular, non-destructive, steady-state technique that can 
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effectively detect small changes on the electrode electrolyte interface 
occurring in response to the electrochemical interaction of the electro
lyte with the electrode (Jin et al., 2020) (Wang et al., 2021). EIS converts 
biological signals into observable impedance by analysing changes in 
resistance and capacitance on the electrode surface due to chemical 
interactions on the electrode interface by immobilisation of bio
molecules (DNA, enzyme, antibodies) (Jin et al., 2020). Rct was chosen 
as the parameter for interpreting the signal change, offering the 
advantage of directly monitoring the reaction. Faradaic impedance 

measured using a redox mediator (Rushworth et al., 2013) (Wang et al., 
2016) often provides a more prominent signal change (larger ΔRct), 
specifically while observing small binding events or detecting low con
centrations, which can contribute to enhanced sensitivity (Zhang et al., 
2025).

The biosensor response to the deposited biolayers is recorded as 
changes across a range of frequencies. For each layer of biosensor as
sembly, impedance was measured using 5 mM K4Fe(CN)6/K3Fe(CN)6 
(1:1; w/w) in PBS across 100 Hz-100 kHz. The impedance data, when 

Fig. 2. Construction and assembly of the biosensor. (A) Fully constructed biosensor layers verified by EIS. The Nyquist plot was obtained by plotting the imaginary 
component of impedance(Z″) against the real part of impedance (Z′). The impedance data were recorded for each constructed layer: (a) bare gold, (b) SAM, (c) protein 
G, (d) ethanolamine, and (e) anti-meropenem in 5 mM K4Fe(CN)6/K3Fe(CN)6 (1:1; w/w) in PBS at an AC probe of 5 mV and over a frequency range of 100 Hz-100 
kHz. The Randles equivalent circuit model (inset A) used to fit the data is presented with the Nyquist plots. (B) Interfacial charge transfer (Rct in kΩ) varies with each 
functionalised layer on the biosensor surface. N = 3. (C) Characterisation of layer-by-layer construction of the biosensor verified by cyclic voltammetry. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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fitted in the Randles equivalent circuit (shown in the inset Fig. 2A), 
produce a stereotypical semicircular plot describing the interface char
acterisation, with immobilisation of the biolayers on the biosensor ac
counting for surface resistance and capacitance. The changes in 
resistance (Z real) and capacitance (Z imaginary) are presented by the 
Nyquist plot (Fig. 2A).

Fig. 2A represents changes in impedance with each immobilised 
layer modifying the surface of the gold electrode, namely DTSSP, protein 
G, ethanolamine, and the antibody (anti-meropenem) presented as a 
Nyquist plot. The EIS data, when fitted in Randles equivalent circuit 
model, showed a change in impedance with the addition of each layer. 
Ethanolamine was used to block unreacted active sites and prevent non- 
specific binding (Al- et al., 2024). The addition of each layer during 
functionalisation of the biosensor increases impedance (Fig. 2B). The 
successful modification of the biosensor surface with each immobilised 
biolayer, showing a decrease in current with the addition of each layer, 
was confirmed by cyclic voltammetry (Fig. 2C). The decrease in current 
confirmed the successful construction of the layers on the electrode, as 
adding layers increased impedance, allowing less current to flow 
through. CV confirmed successful biosensor construction, showing 
characteristic oxidation and reduction peaks in [Fe (CN6)]3-/4- redox 
solution for anti-meropenem. The surface modification led to reduced 
electron-transfer kinetics, as evidenced by a decrease in current and a 
smaller peak. The final layer in the biosensor construction was the 

antibody (Ab-Au), which showed the lowest current. This was due to 
surface insulation caused by the biolayer addition, resulting in a 
decrease in interfacial charge transfer. The successful surface modifi
cation of the gold electrode was confirmed by both CV and EIS. The 
increase in the interfacial charge transfer Rct in EIS, brought about due 
to increased obstruction in the flow of ions, was supported by the drop in 
current value (I) in CV oxidation/reduction peaks.

3.2. Detection of meropenem in PBS

The range and sensitivity of the constructed biosensor were tested by 
measuring impedance on incubation with increasing concentrations of 
meropenem ranging from 1 to 100 μg/mL. The optimum frequency 
range and incubation time for binding efficiency were tested at each 
meropenem concentration. The biosensor response was monitored by 
changes in impedance values with potassium ferro/ferricyanide [Fe 
(CN6)]3/4- as the redox probe in less than 15 min.

This range was tested to confirm the biosensor's ability to detect low 
and high concentrations, with a lowest concentration of 1 μg/mL to be 
tested on the biosensor. The EIS data were fitted to the Randles equiv
alent circuit and plotted as a Nyquist plot in Fig. 3 to show the biosensor 
response to increasing concentrations of meropenem.

The impedance plots in Fig. 3 show an increasing trend in impedance 
with increasing meropenem concentration as the analyte binds to the 

Fig. 3. (A) Biosensor was optimised for concentrations of meropenem ranging from 1 to 100 μg/mL measured by EIS, with 0 indicating the functionalised biosensor 
with anti-meropenem antibody and PBS only measures PBS without any meropenem. The EIS measurement of the successive incubations of meropenem in PBS on a 
fully constructed biosensor in 5 mM redox in PBS at an AC probe of 5 mV and over a frequency range of 100 Hz-100 kHz. Temperature range 16-20◦C. Each in
cubation was followed by rinsing of electrodes in di-H2O and PBS before each impedance measurement. The Nyquist plot was obtained by plotting the imaginary 
component of impedance (Z″) against the real part of impedance (Z′) after fitting the EIS data into a Randles equivalent circuit (shown in the inset). (B) Rct vs 
concentration of meropenem ranging from 1 to 18 μg/mL. LoQ = 4.95 μg/mL calculated using the formula 10xstrixσ/Slope; SD = 0.02622, Slope = 0.053 (standard 
deviation calculated using ANOVA regression curve and slope calculated from the graph equation of line). (C) Interfacial charge transfer (Rct in kΩ) varying with 
each concentration of meropenem-spiked human serum on the biosensor surface; N = 3.
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biosensor surface. The impedance appeared to increase between 1 and 
10 μg/mL, rising from 6.7 to 10.2 kΩ (Table 1). No further increase in 
impedance was observed at higher meropenem concentrations, which 
may suggest that the available antibodies became saturated and were 
insufficient to bind additional meropenem molecules. A similar phe
nomenon has been reported in previous studies, where electrochemical 
impedance plateaued or even decreased despite increasing target ana
lyte concentrations, consistent with the Langmuir adsorption isotherm 
model (Sopoušek et al., 2021) (Daniels and Pourmand, 2007).

Table 1 presents EIS parameters for meropenem concentrations ob
tained after fitting EIS data to the Randles equivalent circuit model.

3.3. Detection of meropenem in human serum

Fully functionalised biosensors were tested for specificity and 
selectivity by exposing them to various concentrations of meropenem 
(1–100 μg/mL) spiked into commercial human serum. The biosensor 
could successfully detect meropenem down to a concentration of 1 μg/ 
mL (Fig. 4). A trend of increasing impedance was observed with 
increasing meropenem concentrations, while no significant response 
was observed for commercial human serum without meropenem. Cole- 
Cole plots were similar to those with meropenem in PBS (Fig. 3). This 
indicated the biosensor's ability to detect meropenem down to 1 μg/mL 
in human serum, confirming that human serum did not compromise the 
biosensor's specificity nor sensitivity. Impedance increases with 
increasing meropenem concentration, reaching a maximum when the 
electrode surface is saturated with analyte, plateauing and then 
reducing.

Although the biosensor response for meropenem in human serum 
was lower than that for meropenem in PBS, the relative increase in Rct 
for the tested concentration range followed a similar trend. A calibration 
curve constructed for these concentrations had an R2 value of 0.97, 
indicating a strong linear relationship between concentration and 
response, with a calculated signal-to-noise ratio (SNR) of 1.4. The lower 
Rct value for meropenem spiked into human serum may be due to 

competitive binding of other serum components to the anti-meropenem 
antibody.

The functionalised biosensor could potentially detect meropenem 
within a concentration range of 1-100 μg/mL in human serum, which 
includes the therapeutic range of 8–16 μg/mL (Chiriac et al., 2023) 
(Fransson et al., 2021).

Personalising antibiotic therapy is an essential approach towards 
augmented antibiotic efficacy (Ates et al., 2020) (Sjövall et al., 2023). As 
a time-dependent drug, the therapeutic success of meropenem is asso
ciated with the percentage of time the antibiotic level exceeds the 
minimum inhibitory concentration (MIC) at the site of infection 
(Nezarat et al., 2020; Steffens et al., 2021; Saad et al., 2023; Wang et al., 
2024). As a standard, the dosing interval during which the antibiotic 
concentration remains above MIC (T > MIC) should be 40%, and up to 
100% for patients with more resistant bacterial infections (Maimongkol 
et al., 2022) (Angelini et al., 2023). Meropenem has a high bactericidal 
effect at 4x MIC, with no additional bactericidal activity at higher levels 
but an increasing risk of toxicity, especially at levels >8x MIC (Wang 
et al., 2024). A clinical trial concluded that 8-16 mg/L is the desired 
therapeutic serum level, 16-24 mg/L is moderately high, and concen
trations above 24 mg/L are potentially harmful (Chiriac et al., 2023). 
Another study concluded that trough concentrations >8 mg/L could 
achieve the MIC target (Fransson et al., 2021).

Clinically, biosensor-assisted drug monitoring may have potential, 
with further technological development and clinical validation, to sup
port both near-real-time monitoring (e.g. intermittent blood sampling) 
and continuous monitoring (e.g. intravascular sensors) of critically ill 
patients. However, the clinical utility, specificity, and feasibility of such 
approaches remain to be established in prospective clinical studies 
before they can be considered for routine use in disease management or 
antibiotic dose optimisation. This would help overcome the problem of 
slow turnaround times with conventional diagnostic methods (Frigoli 
et al., 2024) (Mishi et al., 2023).

3.4. IC-LC-MS/MS study confirms binding of anti-meropenem antibody to 
meropenem

An alternative technique, immunocapture-LC-MS/MS, was 
employed to validate the specific binding of anti-meropenem antibody 
to meropenem. LC-MS/MS techniques are generally employed to 
determine meropenem levels in patient cerebrospinal fluid and serum 
samples (Jin et al., 2024) (Berska et al., 2024). Due to meropenem's 
small molecular weight (383.46 g/mol), conventional immunoassay 
techniques such as Western blotting are unable to confirm its specific 
binding to anti-meropenem antibodies, as these interactions fall below 
the detection limits of this assay. ELISA was not used as an alternative 
assay because of the lengthy, time-consuming nature of assay develop
ment. Additionally, commercially available ELISA kits for meropenem 
detection do not use the same anti-meropenem antibody as the 

Table 1 
EIS parameters obtained from Randles equivalent circuit of the biosensor for 
meropenem detection.

Meropenem (μg/mL) on aBiosensor Rs (Ω) Cp (F) Rct (Ω)

0 47.2 8.8E-08 5853
PBS only 52.1 7.6E-08 6500
1 55.8 7.3E-08 6715
5 58.4 7.4E-08 7526
10 55.6 7.8E-08 10231
50 54.9 6.7E-08 4814
100 54.1 7.3E-08 6198

* 0 = Anti-meropenem (100 μg/mL) without meropenem added to the biosensor 
for detection.

a Biosensor = Gold + SAM + Protein G + Ethanolamine + Anti-meropenem.

Fig. 4. (A) Biosensor response to varying concentrations of meropenem-spiked human serum and blank human serum. (B) Interfacial charge transfer (Rct in kΩ) 
varying with each concentration of meropenem-spiked human serum on the biosensor surface; N = 3.
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biosensor. As a result, this study reports for the first time the use of 
immunocapture-LCMS to validate the specific binding of an 
anti-meropenem antibody to meropenem.

Meropenem in water had a retention time of 1.5 min. This was highly 
reproducible across runs and concentrations, confirming the effective
ness of the optimisation steps. LC-MS/MS was performed on pure mer
openem in water to establish its retention time, free of protein or other 
molecular interference, before analysing meropenem in commercial 
human serum samples.

The MS/MS ionisation generated daughter ion fragments m/z 68.1, 
141.2 and 114.1, which are frequently used as quantifier ions to deter
mine meropenem levels in patients’ CSF and serum samples (Jin et al., 

2024; Berska et al., 2024; Parker et al., 2019). The total ion chromato
gram and multiple reaction monitoring (MRM) chromatogram in Fig. 5 
A (a-d) display the fragment ion transitions m/z 384.0 > 68.1, 384.0 >
141.2 and 384.0 > 114.1 with chromatograms b-d showing a single 
HPLC peak at a retention time of 1.5 min, attributable to meropenem. 
The chromatogram (b) for the m/z 384.0 → 68.1 fragment ion shows the 
highest HPLC peak, indicating its greatest relative abundance among the 
fragments formed during ionisation, and can therefore be used as the 
quantitative ion, while the less abundant ions in chromatograms (c) and 
(d) act as qualifier ions to confirm the presence of meropenem. Mer
openem was incubated with anti-meropenem antibody bound to Dyna
beads for 15 min to imitate the meropenem-antibody binding time on 

Fig. 5. Abundance vs retention time for (A) 0.5 μg/mL of meropenem in water. (B) Abundance vs retention time for 0.5 μg/mL of meropenem incubated with anti- 
meropenem antibody bound to magnetic beads for 15 min and confirmed binding of meropenem to anti-meropenem antibody through the Ab-Ag complex using the 
immunocapture LCMS/MS technique. Meropenem-bound anti-meropenem antibody complex was analysed using LC-MS/MS.
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the biosensor. A retention time of 1.5 min was observed for meropenem 
captured with antibody-bound Dynabeads, matching that of the refer
ence standard. The MRM chromatograms for transitions m/z 384 → 
68.1, 384 → 141.2, and 384 → 114.1 each showed a single peak at this 
retention time across different antibody incubation periods, with 
consistent relative fragment abundances confirming effective ionisation 
and successful antibody-mediated capture. Fragment abundances 
remained stable, confirming the specificity of the immunocapture 
method and the reliability of MS in detecting meropenem concentrations 
spiked into serum.

The HPLC peaks showed consistent retention time and m/z frag
mentation when meropenem was captured using an anti-meropenem 
antibody when incubated for 15 min (Fig. 5 B). This was an attempt to 
establish the consistent binding of anti-meropenem antibody to mer
openem on the biosensor and for the LC-MS/MS analysis. The amount of 
antibody typically bound to the magnetic beads determines how much 
meropenem can be captured, and thus the incubation time must be 
optimised. This approach would be useful when determining mer
openem levels in patients’ blood samples by using the optimised incu
bation time for the IC-LCMS/MS.

4. Conclusion

A novel tetrapolar electrochemical biosensor for the detection of 
meropenem was developed based on the authors’ previous work. The 
platform shows promise as a rapid and sensitive point-of-care device for 
the detection of meropenem within the clinically relevant range 
(1–100 μg/mL) in under 15 min. Binding specificity was confirmed using 
immunocapture followed by LC–MS/MS analysis, and meropenem was 
quantified in both PBS and human serum, with minimum matrix inter
ference observed. The initial results suggest that the biosensor may have 
potential for rapid therapeutic drug monitoring of meropenem. Several 
limitations should be acknowledged in the current study. First, the 
findings are preliminary and represent an initial proof of concept for the 
developed biosensor platform. The biosensor has not yet been validated 
using clinical samples, and therefore, its performance under clinically 
relevant conditions remains to be established. In particular, the 
analytical performance, specificity, sensitivity, reproducibility, and 
robustness of the sensor require further assessment using complex bio
logical matrices, where potential matrix effects may influence the 
measured response.

A further limitation is that the long-term operational stability, shelf- 
life, and batch-to-batch reproducibility of the biosensor have not yet 
been fully established. These factors are important for determining the 
reliability and practicality of the platform for routine clinical use. In 
addition, although the platform demonstrated potential for biomarker 
detection, its performance under real-time measurement conditions and 
its ability to provide consistent measurements over extended periods 
require further investigation.

Future studies should therefore focus on comprehensive analytical 
and clinical validation, including assessment of sensitivity, selectivity, 
accuracy, reproducibility, stability, and performance in clinically rele
vant samples. Such studies will be necessary to determine whether the 
developed platform can be translated from proof-of-concept research 
into a reliable system for real-time diagnostic and therapeutic 
monitoring.
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Haglund, M., Milos, P., Hanberger, H., Kågedal, B., 2021. Case report: 
subtherapeutic vancomycin and meropenem concentrations due to augmented renal 
clearance in a patient with intracranial infection caused by Streptococcus intermedius. 
Front. Pharmacol. 12, 728075. https://doi.org/10.3389/fphar.2021.728075. PMID: 
34690767; PMCID: PMC8527190. 

Frigoli, M., Krupa, M.P., Hooyberghs, G., Lowdon, J.W., Cleij, T.J., Dilien, H., Eersels, K., 
van Grinsven, B., 2024. Electrochemical sensors for antibiotic detection: a focused 
review with a brief overview of commercial technologies. Sensors 24, 5576. https:// 
doi.org/10.3390/s24175576.

Geddes, L.A., 1997. Historical evolution of circuit models for the electrode–electrolyte 
interface. Ann. Biomed. Eng.

Grimnes, S., Martinsen, Ø.G., 2008. Bioimpedance and Bioelectricity Basics, second ed. 
Academic Press.

Gundogdu, A., Gazoglu, G., Kahraman, E., Yildiz, E., Candir, G., Yalcin, D., Koc, A., 
Sen, F., 2023. Biosensors: types, applications, and future advantages. J. Sci. Rep.-A 
52, 457–481.

Hagel, S., Bach, F., Brenner, T., et al., 2022. Effect of therapeutic drug monitoring-based 
dose optimization of piperacillin/tazobactam on sepsis-related organ dysfunction in 
patients with sepsis: a randomized controlled trial. Intensive Care Med. 48, 311–321.

https://www.gov.uk/government/news/new-action-to-reduce-sepsis. (Accessed 13 April 
2026).

R.H. Bayford et al.                                                                                                                                                                                                                             Biosensors and Bioelectronics 315 (2027) 119218 

8 

https://doi.org/10.1038/s41598-023-50501-w
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref2
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref2
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref2
https://doi.org/10.1016/j.tibtech.2020.03.001
https://doi.org/10.1016/j.tibtech.2020.03.001
https://doi.org/10.1002/pssa.200880478
https://doi.org/10.1002/pssa.200880478
https://doi.org/10.1109/EMBC48229.2022.9871851
https://doi.org/10.1109/EMBC48229.2022.9871851
https://doi.org/10.3343/alm.2023.0250
https://doi.org/10.3343/alm.2023.0250
https://doi.org/10.3390/antibiotics12071112
https://doi.org/10.1002/elan.200603855
https://doi.org/10.1002/elan.200603855
https://doi.org/10.3389/fphar.2021.728075
https://doi.org/10.3390/s24175576
https://doi.org/10.3390/s24175576
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref11
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref11
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref12
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref12
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref13
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref13
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref13
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref14
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref14
http://refhub.elsevier.com/S0956-5663(26)00851-1/sref14
https://www.gov.uk/government/news/new-action-to-reduce-sepsis


Huang, J., Xie, Z., Xie, L., Luo, S., Zeng, T., Zhang, Y., Zhang, M., Wang, S., Li, M., 
Wei, Y., Fan, Q., Xie, Z., Deng, X., Li, D., 2022. Explore how immobilization 
strategies affected immunosensor performance by comparing four methods for 
antibody immobilization on electrode surfaces. Sci. Rep. 12, 22444. https://doi.org/ 
10.1038/s41598-022-26768-w.

Iwashyna, T.J., Ely, E.W., Smith, D.M., Langa, K.M., 2010. Long-term cognitive 
impairment and functional disability among survivors of severe sepsis. JAMA 304 
(16), 1787–1794.

Jin, K., Zhao, P., Fang, W., Zhai, Y., Hu, S., Ma, H., Li, J., 2020. An impedance sensor in 
detection of immunoglobulin G with interdigitated electrodes on flexible substrate. 
Appl. Sci. 10 (11), 4012. https://doi.org/10.3390/app10114012.

Jin, Y., Ma, H., Fu, L., Qi, X., Zhang, M., Di, X., Zheng, L., He, C., Wang, Z., 2024. 
Quantification of meropenem in serum and cerebrospinal fluid in children with 
bacterial meningitis with augmented renal clearance by UPLC–MS/MS. Heliyon 10 
(4), e26132. https://doi.org/10.1016/j.heliyon.2024.e26132.

Kim, D.J., Pitchimani, R., Snow, D.E., Hope-Weeks, L.J., 2008. A simple method for the 
removal of thiols on gold surfaces using an NH4OH-H2O2-H2O solution. Scanning 
30 (2), 118–122. https://doi.org/10.1002/sca.20089. PMID: 18241042. 

Maimongkol, P., Yonwises, W., Anugulruengkitt, S., Sophonphan, J., Treyaprasert, W., 
Wacharachaisurapol, N., 2022. Therapeutic drug monitoring of meropenem and 
pharmacokinetic-pharmacodynamic target assessment in critically ill pediatric 
patients from a prospective observational study. Int. J. Infect. Dis. 120, 96–102. 
https://doi.org/10.1016/j.ijid.2022.04.052. Epub 2022 Apr 27. PMID: 35489632. 

Mishi, R.D., Stokes, M.A., Campbell, C.A., Plaxco, K.W., Stocker, S.L., 2023. Real-time 
monitoring of antibiotics in the critically ill using biosensors. Antibiotics 12, 1478. 
https://doi.org/10.3390/antibiotics12101478.

Naresh, V., Lee, N.A., 2021. Review on biosensors and recent development of 
nanostructured materials-enabled biosensors. Sensors 21, 1109. https://doi.org/ 
10.3390/s21041109.

Nezarat, F., Kobarfard, F., Pourheidar, E., Sistanizad, M., 2020. Evaluation of 
recommended doses of meropenem in patients with augmented renal clearance, a 
prospective observational study. Authorea. https://doi.org/10.22541/ 
au.159594028.83478866.

Novy, E., Martinière, H., Roger, C., 2023. The current status and future perspectives of 
beta-lactam therapeutic drug monitoring in critically ill patients. Antibiotics 12, 681.

Parker, S.L., Pandey, S., Sime, F.B., Lipman, J., Roberts, J.A., Wallis, S.C., 2019. 
A validated LC-MSMS method for the simultaneous quantification of meropenem and 
vaborbactam in human plasma and renal replacement therapy effluent and its 
application to a pharmacokinetic study. Anal. Bioanal. Chem. 411, 7831–7840. 
https://doi.org/10.1007/s00216-019-02184-4.

Roberts, J.A., Paul, S.K., Akova, M., et al., 2014. DALI: defining antibiotic levels in 
intensive care unit patients: are Current—lactam antibiotic doses sufficient for 
critically ill patients? Clin. Infect. Dis. 58, 1072–1083. https://doi.org/10.1093/cid/ 
ciu027.

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., Fleischmann-Struzek, C., 
Machado, F.R., Reinhart, K.K., Rowan, K., Seymour, C.W., Watson, R.S., West, T.E., 
Marinho, F., Hay, S.I., Lozano, R., Lopez, A.D., Angus, D.C., Murray, C.J.L., 
Naghavi, M., 2020. Global, regional, and national sepsis incidence and mortality, 
1990-2017: analysis for the global burden of disease study. Lancet 395, 200–211.

Rushworth, J.V., Ahmed, A., Griffiths, H.H., Pollock, N.M., Hooper, N.M., Millner, P.A., 
2013. A label-free electrical impedimetric biosensor for the specific detection of 
Alzheimer's amyloid-beta oligomers. Biosens. Bioelectron. 56, 83–90.

Saad, S.I., Aglan, B.M., Shaboob, E.A., Abdelghany, H.H., 2023. Continuous versus 
intermittent use of meropenem in septic critically ill patients: a randomized 
controlled trail. Benha Med. J. https://doi.org/10.21608/bmfj.2023.247556.1949.

Schwan, H.P., 1957. Electrical properties of tissues and cell suspensions. Adv. Biol. Med. 
Phys.

Singer, M., Angus, D.C., Annane, D., Bauer, M., Kalil, A.C., Klompas, M., Machado, F.R., 
Martin, G.S., Randolph, A.G., Shankar-Hari, M., Shapiro, N.I., Van den Berghe, G., 
2026. Sepsis. Lancet 407, 1276–1288.
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