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Abstract

Tuberculosis (TB) treatment is hampered by the pharmacokinetic variability of the cornerstone 

drug, rifampicin (RIF). This can lead to sub-therapeutic dosing, treatment failure, and the 

subsequent emergence of drug resistance. Therapeutic drug monitoring (TDM) is essential but is 

often inaccessible in high-burden, resource-limited settings due to its reliance on slow, 

expensive, and lab-based techniques like HPLC, while point of care systems offer a rapid and 

low-cost alternative. To address this critical gap, we have developed a low-cost, rapid, and 

scalable electrochemical biosensor for point-of-care RIF monitoring. The sensor platform 

integrates a highly selective molecularly imprinted polymer (MIP) with a highly porous gold 

(HPG) nanomaterial on a disposable printed circuit board (PCB) electrode, costing 

approximately £0.09 per unit. The HPG layer significantly enhances the electroactive surface 

area and provides exceptional resistance to biofouling, a critical feature for clinical utility. This 

allows the sensor to operate directly in complex biological matrices, demonstrating robust 

performance in undiluted human serum. The sensor achieves a clinically relevant detection range 

of 8−24 μg mL−1 with a limit of detection (LOD) of 0.848 μg mL−1 and a limit of quantification 

(LOQ) of 1.31 μg mL−1. This work presents a significant step towards democratizing TDM, 

offering a practical tool to personalize TB therapy and combat drug resistance at the frontline of 

patient care.

Key words: Therapeutic drug monitoring (TDM), Point-of-care (POC), Rifampicin, Phenol red 

(PhR), Pyrrole (Py), Molecularly imprinted polymers (MIP), Highly porous gold (HPG)
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Introduction 

Tuberculosis (TB) is an infectious disease caused by the bacterium Mycobacterium tuberculosis, 

which primarily infects the lungs but can spread to other organs if untreated. Mycobacterium 

tuberculosis can be transmitted to the lungs by breathing the airborne droplet nuclei created when 

an infected person coughs, sneezes, or talks1. Once inhaled, Mycobacterium tuberculosis survives 

and replicates within alveolar macrophages. Mycobacterium tuberculosis can escape host immune 

defences by preventing phagosome–lysosome fusion as well as manipulating host cell apoptosis2. 

The immune system holds the infection in a latent stage, but if the immune system wanes, the 

infection can be reactivated and cause active disease. 

Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains a preventable and curable yet 

urgent public-health threat shaped by complex, overlapping, and trans-national epidemiology. In 

2021 there were an estimated 10.6 million new cases and 1.3 million deaths, making TB the 

world’s leading infectious cause of mortality; most new cases were concentrated across 30 high-

burden countries in South-East Asia and Africa3. Multidrug-resistant TB (MDR-TB), driven by 

mutations that render first-line of defense ineffective, is growing; only ~40% of people with drug-

resistant disease were treated in 2,3. Resistance is fueled by inappropriate drug use erroneous 

prescribing, poor-quality medicines, or premature treatment interruption and, critically, by 

suboptimal drug exposure that fails to exert adequate selective pressure, enabling resistant 

Mycobacterium tuberculosis to survive and expand4,5. Accurate drug monitoring is therefore not 

just patient management but a public-health intervention to break the resistance cycle. 

Rifampicin (RIF) is the mainstay of TB therapy, dramatically improving treatment success since 

its introduction in the late 1960s and to shorten treatment regimens from ~24 months to about 6 

months4,6. With only three truly novel TB drugs approved in the last 50 years (bedaquiline, 2012; 

delamanid, 2014; pretomanid, 2019) it is critical that RIF is preserved7–9. The clinical dosage of 

RIF for children under the age of 11 months and 17 years are 5-10 mg/kg and 10 mg/kg (600 mg 

maximum per dose) twice daily, respectively10. However, for adults the dose is much higher at 

600-1200 mg daily divided into two or four doses10. The clinical role of RIF is further complicated 

by its highly variable pharmacokinetics with patients receiving the same dose typically showing 
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wide differences in serum and lesion concentrations stemming primarily from absorption issues, 

genetic variability (i.e., SLCO1B1 polymorphisms) and powerful cytochrome P450 enzyme 

induction resulting in major drug-drug interactions4,11,12. Inadequate exposure due to either under-

dosing or poor absorption is associated with poorer clinical outcomes, worse bacteriological 

outcomes, delayed response and development of resistance. Adverse effects of low serum RIF 

concentrations have also been described for rpoB mutations4,5. 

Therapeutic drug monitoring (TDM) measuring blood concentrations to guide dose adjustment to 

a therapeutic window offers a practical route to personalize therapy. Exposure metrics such as area 

under the curve (AUC)/minimum inhibitory concentration (MIC) are more predictive of outcomes 

than prescribed dose, and certain groups (drug-resistant TB, HIV co-infection, renal/hepatic 

impairment) may benefit most4,13. TDM can enable timely, evidence-based adjustments, 

potentially preventing resistance, accelerating response, and reducing costs4 .

However, widespread TDM is constrained by reliance on high performance liquid chromatography 

(HPLC) or liquid chromatography mass spectrometry/mass spectrometry (LC-MS/MS) which is 

accurate and sensitive, but these are expensive, infrastructure-intensive, and slow workflows from 

sampling to result can take hours to weeks making them ill-suited to point-of-care use in high-

burden settings4,14. This gap underscores the urgent need for rapid, affordable, and user-friendly 

alternatives for RIF monitoring4. 

Electrochemical biosensors are a very exciting new form of technology that could help solve these 

problems and provide a path towards real-time, point-of-care measurement of drugs in complex 

biological fluids like blood or serum15,16. They are compact, easy to use, and work by converting 

a specific biological recognition event into a quantifiable electrical response. An electrochemical 

biosensor will typically consist of a biological recognition event and an electrochemical 

transducer15. Biosensors have several advantages like high sensitivity/selectivity, low-cost, rapid 

analysis time, miniaturization and portability, low-cost and ease of use15,17. There are a few 

limitations that prevent biosensors from becoming general clinical adoption. The most common 

two limitations of biosensors are biofouling, which is the non-specific adsorption of biological 

materials to the sensor surface and selectivity, which is the ability to detect RIF in the presence of 

molecules structurally like RIF and in complex sample matrices16,18.
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The primary biorecognition element of this biosensor is a molecularly imprinted polymer (MIP) 

that is designed for selective binding of RIF. Although aptamers have high-affinity and sequence-

tunable, their use in TDM is more demanding. But it is challenging to optimise and surface 

immobilization add complexity, and ribonucleic acid (RNA) aptamers are susceptible to nuclease 

degradation in serum19,20.  In contrast, MIPs are highly chemically stable, stable at high 

temperatures, reusable due to multiplexing regeneration cycles, does not break down due to 

enzymatic degradation, and fit the portable point-of-care diagnostics perspective in resource-

constrained settings21–23. We replace costly screen-printed electrodes (SPEs), typically priced at 

£8 per unit, with custom-designed printed circuit boards (PCBs), which are highly scalable and 

cost as little as £0.09 per unit. The PCB electrode platform was chosen for its low cost, 

reproducibility, and scalability in manufacturing electrodes with specific geometries, enabling 

easy integration into compact diagnostic systems. However, to overcome the electrochemical 

inactivity of the standard ENIG finish, we introduce a silver barrier layer followed by electroplated 

gold, ensuring stable electrochemical performance. It is also compact and can be modified easily24–

26.  The electrode surface was modified with highly porous gold (HPG) to address the challenge of 

biofouling, as its high surface-area-to-volume ratio and excellent conductivity enhance 

electroactive surface area while reducing non-specific protein adsorption, thereby maintaining 

accessibility for smaller analytes such as RIF. 

The MIP layer was electropolymerized directly onto the HPG-modified PCB electrode, using 

phenol red as the functional monomer and pyrrole as a co-monomer, in the presence of RIF as the 

template. Pyrrole was selected for its known properties as conductive polymer, as well as easy 

electropolymerisation, and it also can produce polar interactions with the naphthoquinone region 

of RIF and can form hydrogen bond interactions with the carbons from both hydroxyl and carbonyl 

groups27. The electropolymerisation of phenol red adds another redox-active dye polymer that can 

build a film at a low oxidation potential (~0.08 V), and this considerably reduces interference from 

redox processes from, e.g., ascorbic acid and paracetamol. The electropolymerisation was 

conducted in a mixed acetonitrile-PBS solvent mixture that would allow rapid template–monomer 

complexation while adhering to a physiological pH. 

The binding mechanism between RIF and the functional monomers is governed by a synergistic 

combination of hydrogen bonding between the pyrrole NH group and RIF's carbonyl and hydroxyl 
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groups, along with electrostatic interactions between phenol red’s sulfonate groups and the 

protonatable amine groups of RIF as shown in Figure 1. Docking simulations showed affinities 

ranging from –6.39 to –0.43 kcal/mol, with most values clustering between –6.3 and –5.0 kcal/mol. 

The strongest pose (–6.39 kcal/mol) and an average of –5.14 kcal/mol indicate moderate but stable 

interactions of RIF with phenol red and pyrrole, while higher values suggest weaker or non-

specific binding. Following polymerization, the template is removed, revealing recognition 

cavities that are complementary in shape, size, and chemical functionality to RIF, ensuring high 

specificity even in the presence of other structurally similar anti-TB drugs28. The integration of an 

antifouling HPG-modified PCB electrode with a chemically specific MIP bioreceptor provides a 

robust sensing interface, combining the stability of inorganic nanostructures, the molecular 

selectivity of engineered receptors, and the scalability of PCB technology critical attributes for 

developing effective point-of-care TDM systems for tuberculosis. 
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Title Technique Dynamic range 
(reported)

Sample matrix Ref

An ultrasensitive electrochemical 
sensing platform based on silver 
nanoparticle-anchored 3D reduced 
graphene oxide for rifampicin 
detection 

DPV / modified 
electrode (Ag NPs 
/ 3D rGO)

0.01 nM – 45 μM (linear). Human blood, pharmaceutical 
samples, aquatic products.

29

A highly sensitive and ecofriendly 
assay platform for the simultaneous 
electrochemical determination of 
rifampicin and isoniazid 

DPV on 
Ni(OH)₂@rGO-
modified SPCE

RIF: 1.0×10⁻⁹ – 2.0×10⁻⁷ 
M and 2.0×10⁻⁷ – 

5.0×10⁻⁵ M (two linear 
ranges); LOD ≈ 3.0×10⁻⁹ 

M.

Human serum, pharmaceutical 
formulations.

30

An electrochemical sensor based 
on the composite of molybdenum 
carbides and MWCNT-modified 
electrode for ultrasensitive 
detection of rifampicin 

Voltammetric 
sensor (MWCNT–
Mo₂C composite 
on GCE)

(reported as 
ultrasensitive; calibration 
reported in paper — LOD 

at low nM/μM levels 
depending on technique).

Pharmaceutical formulations / 
model solutions.

31

Electrochemical Determination of 
Rifampicin Based on Its Oxidation 
Using Multi-Walled Carbon 
Nanotube-Modified Glassy Carbon 
Electrodes 

CV, DPV, SWV 
on MWCNT-
modified GCE

0.04 – 10 μM (linear); 
LOD (DPV) ≈ 7.51 nM.

Pharmaceutical dosage forms 
(tablets), buffer.

32

Rifampicin: Electrochemical effect 
on blood component by cyclic 
voltammetry using nano-sensor 

Cyclic 
voltammetry on 
nanoparticle-
modified 
electrodes

Reported sensitive 
electrochemical responses 

in blood matrix; 
LOD/linear range given in 

article (see paper).

Blood (investigates 
electrochemical oxidation in 
blood).

33

A Simple UPLC-MS/MS Assay of 
Rifampin in a Small Volume of 
Human Plasma 

UPLC–MS/MS 
(MRM)

0.025 – 10 μg/mL 
(quantifiable).

Human plasma (0.02 mL 
sample).

34

Quantification of rifampicin in 
human plasma and cerebrospinal 

LC–MS/MS 
(MRM)

25 – 6400 ng/mL (i.e., 
0.025 – 6.4 μg/mL).

Human plasma and 
cerebrospinal fluid (CSF).

35
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fluid by a highly sensitive and 
rapid LC–MS/MS method 
Spectrophotometric determination 
of rifampicin through chelate 
formation and charge transfer 
complexation 

Visible / charge-
transfer 
spectrophotometry 
(various reagents)

For different reagents: 5–
140 μg/mL, 2–45 μg/mL 

(or 5–120 μg/mL), 15–
200 μg/mL; alternate 

method 10–240 μg/mL.

Capsules, human serum, urine. 36

Sub-minute determination of 
rifampicin and isoniazid in fixed 
dose combination tablets by 
capillary zone electrophoresis with 
UV detection 

Capillary zone 
electrophoresis 
(CZE) with UV

LOD for RIF 0.34 mg/L; 
LOQ 1.13 mg/L (method 

validated for tablets).

Fixed-dose combination tablets 
(pharmaceutical formulations).

37

Table 1: Shows some of the current technologies developed for the detection of RIF.
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Methods and Materials
Reagents  

RIF (1GM) was purchased from Sigma-aldrich (China). Potassium hexacyanoferrate (II) 

trihydrate (K₄[Fe(CN)₆]·3H₂O, P9387), potassium hexacyanoferrate (III) (K₃[Fe(CN)₆], 

244023), and phosphate-buffered saline (PBS) tablets (P4417) were obtained from Sigma-

Aldrich (Dorset, UK). Potassium chloride (KCl, 10735874), gold (III) chloride (AuCl₃), 

ammonium chloride (NH₄Cl), HEPES(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) from 

sigma-aldrich, Acetonitrile(CAN), pyrrole (Py)(functional monomer) and phenol red sodium salt 

(PhR)(functional monomer) were procured from Thermo Fisher Scientific (Loughborough, UK). 

All aqueous solutions were prepared using deionized (DI) water with a resistivity of 15.6 

MΩ·cm. Human serum(H4522) from human male AB plasma, US origin from sigma- Aldrich 

was sourced as a reagent and stored at -20 °C until use.

Electrode fabrication 

Printed circuit boards (PCBs) electrode chip consists of four integrated three-electrode system. 

The central circular element serves as the reference electrode (RE), while the surrounding 

horseshoe-shaped structure functions as the counter electrode (CE). Four outer circular segments 

act as working electrodes (WEs), enabling simultaneous or comparative electrochemical 

measurements, serves as the substrate used in this study. Prior to electrode modification, the PCBs 

were thoroughly cleaned to eliminate any manufacturing residues or surface contaminants. by 

immersing in 70% (v/v) ethanol for 15 min, then the PCBs were rinsed extensively with deionized 

(DI) water. After rinsing, the chips were dried under a gentle stream of nitrogen gas to ensure 

complete removal of residual moisture. 

The reference (RE) and counter electrodes (CE) were modified by electroplating with a 

commercially available silver-brush plating solution (Spa Plating, UK). The electroplating was 

performed by configuring a galvanic cell with a platinum (Pt/Ti type) rod as the counter electrode. 

Silver was electroplated onto the RE and CE by performing multistep potentiometry (MSP) under 

vigorous by applying 15 cycles of – 0.5 mA for 30 s followed by 0.1 mA for 5 s. The PCBs were 

then rinsed and dried under a nitrogen stream. 
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The working electrodes were electroplated by setting a galvanic cell with a Pt/Ti type rod as the 

CE and the PCB WEs as the WE. Spa plating’s gold brush plating solution was used as the 

electrolyte. 25 cycles of MSP were performed at -1.0 mA for 30 s followed by 0.2 mA for 5 s 

under vigorous stirring. The electrodes were then rinsed and dried under a nitrogen stream. 

Subsequently, the silver-plated reference electrode was converted to an Ag/AgCl pseudo-reference 

by incubating 20 µL of 3 M KCl solution onto the CE and RE for 30 s, followed by aspiration, 

rinsing with DI water, and drying under a nitrogen stream. 1.5 µL of 100 mM Ferric chloride 

(FeCl₃) solution was carefully added onto the RE only for 30 s. The electrode was then rinsed 

thoroughly with DI water and dried once more under a gentle nitrogen stream. 

Highly porous gold surface modification 

The working electrodes were modified with highly porous gold (HPG) to enhance the 

electrochemically active surface area (ECSA) and electron transfer kinetics. This was achieved 

using a two-step electrochemical procedure in a solution of 20 mM AuCl₃ and 2.5 M NH₄Cl, 

mixed in a 1:1 ratio. Initially, a soft gold layer was deposited by performing ten cycles of cyclic 

voltammetry (CV) from +0.8 V (vs. Ag/AgCl) to +0.3 V (vs. Ag/AgCl) at a scan rate of 0.1 V/s. 

The soft gold layer was then electroporated by performing chronoamperometry at –1.2 V (vs. 

Ag/AgCl) for 60 seconds25,38–40. At this potential, the evolution of ammonia gas acts as a dynamic 

template, producing a porous nanostructure within the gold layer. 

Molecularly imprinted polymers (MIPs)

The RIF-imprinted pPhR-pPy polymer was synthesized on the HPG-modified working electrode 

(WE). Functional monomer analyte cocktail was prepared as follows: a 40 mM stock solution of 

the functional monomer, pyrrole (Py), was prepared in 100mM HEPES buffer (pH 6). Separately, 

a 5 mM stock solution of the co-monomer, phenol red (PhR), was also prepared in 100 mM HEPES 

and deoxygenated by bubbling nitrogen gas through the solution for 15 min. In a microcentrifuge 

tube, 100 µL of the Py solution and 100 µL of the 5 mM PhR solution were combined with 250 

µL of a 7.2 mg mL⁻¹ RIF solution (prepared in acetonitrile). To this mixture, 50 µL of 100 mM 

phosphate-buffered saline (PBS, pH 7.4) was added. The resulting solution was briefly vortexed 
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and incubated at room temperature for one hour to facilitate the formation of non-covalent 

complexes between the monomers and the template molecule. 

For electropolymerization, a 100 µL aliquot of the functional monomer analyte cocktail solution 

was carefully dropped onto the PCB electrode surface within a potentiostatic cell, using an external 

Pt/Ti type counter electrode. To promote the electrostatic attraction of the zwitterionic RIF 

template onto the working electrode, a pre-conditioning potential of 0.2 V (vs. Ag/AgCl) was 

applied for 30 s which allows the electrode potential to reach a steady baseline, minimizing drift 

during measurement. Subsequently, the cross-linked polymer film was formed by performing 40 

cycles of cyclic voltammetry (CV) between 0.3 V and +0.9 V (vs. Ag/AgCl) at a scan rate of 0.1 

V/s. 

To remove the RIF template, the sensor was incubated in methanol for 10 min, followed by 

washing with DI water, and drying under a nitrogen stream. 
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Figure 1 Schematic illustrating the fabrication process of molecularly imprinted polymers. RIF–

functional monomer cocktail is prepared, where the non-covalent bonds are formed. The functional 

monomer is then crosslinked to form a rigid structure. The template molecule (Rifampicin) is then 

removed. 

Electrochemical characterization 

Each step of the electrode fabrication and surface modification process was monitored by 

performing 5 cycles of CV from -0.2 V (Vs Ag/AgCl) to 0.5 V (Vs Ag/AgCl) at a scan rate of 0.1 

V/s in 5mM [Fe(CN)₆]³⁻/⁴⁻ solution with 0.1 M KCl. The synthesis of MIPs was monitored by 

performing differential pulsed voltammetry (DPV) -0.2 V (Vs Ag/AgCl) to 0.5 V (Vs Ag/AgCl) 

with an increment of 0.02 V, amplitude of 0.05 V, pulse width of 0.1 s and pulse period of 0.5s in 

10 mM PBS. 

The biofouling resistance of HPG was assessed by performing CV on freshly prepared HPG from 

-0.2 V (Vs Ag/AgCl) to 0.5 V (Vs Ag/AgCl) at a scan rate of 0.1 V/s in 5mM [Fe(CN)₆]³⁻/⁴⁻ 

solution with 0.1 M KCl. The electrodes were incubated in 100 µL human serum for 30 min. The 

human serum was then rinsed off and CV was performed with the conditions mentioned above. 

Planar gold electrodes were used as a control for this study. 

Cross-linking by electrochemical
polymerization

Template removal by incubation in
Methanol for 10 mins

Functional monomers
(phenol red/ Pyrrole)

Template molecule (Rifampicin)

Hydrogen bonds

Interaction of monomer
with rifampicin
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Surface characterization 

Scanning electron microscopy (SEM) was performed on planar gold, HPG and MIP electrodes 

using a ZEISS Gemini 2. The samples were prepared by rinsing with DI water and drying under a 

nitrogen stream, and sputter coated with chromium at 7 x 106 mBar for 1 min. 

Sensor performance 

For detection of RIF, dose-response studies were conducted in PBS buffer and in spiked human 

serum that. A 100 µL of sample was pipetted onto the surface of the four-electrode system. A 

baseline signal was first recorded using DPV. The sample was then incubated on the sensor surface 

for 30 min at room temperature to allow for analyte binding. After incubation, a second DPV 

measurement was recorded. The sensor response in signal loss was calculated using equation 1.

Signal loss (%) =
Ibaseline ― Itest

Ibaseline
× 100

(equation 1)

The specificity and selectivity of the sensor was studies by performing interference tests in a pH 

range of 6.5 to 8.5 adjusted with tris-HCl and KOH. The sensor was tested against vancomycin 

(17.5 µg mL-1 41), paracetamol (15 µg mL-1 42) and RIF spiked serum. The concentration of 

vancomycin and paracetamol using the mean of the therapeutic window.  

All experiments were performed in compliance with institutional and national guidelines. Human 

serum samples used in this study were commercially procured standard reagents (non-

identifiable pooled serum) and therefore did not require ethical approval or informed consent.
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Results and discussion

Electrochemical characterization 

The fabrication of the biosensor was monitored using CV at each step-in a [Fe(CN)₆]³⁻/⁴⁻ redox 

probe solution before polymerization and in 10 mM PBS after modification with the polymer. The 

bare planar gold electrode exhibited reversible redox behavior with peak-to-peak separation 

denoting normal electron transfer kinetics with peak current of 91.1 μA. Upon modification with 

a HPG layer, a substantial enhancement in the redox peak currents and a reduction in peak-to-peak 

separation were observed with peak current of 110.3 μA. The peak current for the HPG-modified 

electrode was 10.58 μA larger than the peak current observed for the planar gold electrode, 

representing a 1.16-fold increase. This improvement in both oxidation and reduction currents is 

attributed to the significantly larger electrochemically active surface area provided by the 

nanostructured morphology of the HPG, which increases the number of active sites and facilitates 

more efficient electron transfer. The reduced peak-to-peak separation of approximately 0.085 V 

(85 mV) suggests faster electron transfer kinetics, contributing to enhanced electrochemical 

performance. These improvements make the HPG-modified gold electrode especially effective for 

biosensor applications that require high sensitivity and rapid detection. 

Upon modification with a HPG layer, enhancement in the redox peak currents and a reduction in 

peak-to-peak separation was observed. HPG exhibits the largest peak currents and the greatest 

separation in curves, which is indicative of improved electron transfer kinetics.  The porous 

structure increases the number of active sites and increases double-layer capacitance, resulting in 

increased current density for the same potential sweep. This increase has been attributed to the 

very high electroactive surface area due to the nanostructure morphology of the HPG, which allows 

for more efficient electron transfer across the surface of the electrode and the redox probe. The 

biofouling study shows exposure to undiluted human serum markedly reduced the redox response 

on planar Au where the peak reduced from ~91 µA to ~59 µA. In contrast, HPG retained most of 

its signal from ~110 µA to ~99 µA with the voltametric profile largely preserved as shown in 

Figure 2B. After electropolymerizing a MIP film on the HPG surface, there was a reduction in 

peak currents as expected.  This reduction in signal/fluctuation was expected and demonstrates 

that a polymer layer has been deposited and therefore insulates the electrode surface.  
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After electropolymerizing a MIP film on the HPG surface, a reduction in peak currents is expected 

due to presence of two different redox probes. This blocks the diffusion of redox species to the 

electrode, thus lowering the current response, as reported in previous studies by Amouzadeh 

Tabrizi et al.,43  and Siciliano et al44. 

An important step to develop a working MIP sensor is the removal of the template molecule to 

yield specific binding cavities that are free and accessible. The polymer film containing the RIF 

template molecule is a significant barrier to the redox probe prior to completing the template 

removal process, effectively decreasing the electrochemical signal output. After initiating the 

template removal from the incubated polymer film with methanol for the extraction of the RIF 

template, a marked increase in peak currents is observed. The recovery of the electrochemical 

signal indicates that the template molecules are fully removed as shown in Figure S1, as this frees 

the polymer matrix and creates recognition sites which increase surface area. This observation was 

supported by DPV measurements which also showed a distinct enhancement in peak current after 

template removal, confirming improved probe accessibility to the electrode surface. DPV results 

confirm the successful creation of the “molecular memory" effect fundamental to the sensor’s 

selectivity. 

Figure 2A) Cyclic voltammogram comparing the older dual working electrode design (planar 

gold) to the newer quad-working planar and HPG. B) Cyclic voltammogram comparing the 

biofouling resistance of the HPG to planar gold. 

A B
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Surface characterization 

The morphological changes at each stage of the electrode modification were visualized using 

Scanning Electron Microscopy (SEM), as shown in the figure below. The bare planar gold 

electrode (Figure 3A) presents a relatively smooth and uniform surface, characteristic of a 

standard electrode finish. In stark contrast, the surface modified with highly porous gold (HPG) 

(Figure 3B) reveals a complex, three-dimensional nanostructure with extensive porosity. This 

sponge-like morphology is directly responsible for the significantly increased electrochemically 

active surface area observed in the CV experiments. Following electropolymerization, the planar 

gold electrode is coated with the MIP film (Figure 3C and 3D), resulting in a more conformal 

surface that partially fills the underlying pores while retaining significant texture. This visual 

evidence confirms the successful deposition of a stable polymer film onto the HPG scaffold, 

creating the integrated sensing interface crucial for both signal amplification and selective 

molecular recognition. The inherent porosity of the HPG is key to its anti-biofouling properties, 

as it resists the adsorption of large biomolecules from serum while allowing small analytes like 

RIF to access the recognition sites.
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Electrochemical Detection of RIF 

The analytical performance of the fabricated MIP sensor for RIF detection was evaluated using 

DPV in both phosphate-buffered saline (PBS) (Figure S2) and human serum. This dual testing 

approach allowed assessment of sensor performance in an ideal buffer system and in a complex 

biological matrix. Figure 4B illustrates the sensor's response to increasing concentrations of RIF, 

from 0 µg mL−1 to 32 µg mL−1, in PBS and in spiked human serum. In the absence of RIF (0 µg 

mL−1), the DPV displayed a well-defined peak current corresponding to the redox activity of the 

pPhR/pPy-based MIP film. Upon introduction of RIF and subsequent incubation, a concentration-

dependent decrease in the DPV peak current was observed. This decline is attributed to the 

rebinding of RIF molecules to the complementary cavities within the MIP film, progressively 

1 µm

1 µm

1 µm

400 nm

A B

C D

Figure 3 Surface characterization: Scanning Electron Micrographs (SEM) A) SEM image of 
planar gold. B) SEM image of highly porous gold electrode. C) SEM image of molecularly imprinted 
polymer (MIP) on planar gold electrodes. D) SEM image of molecularly imprinted polymer on planar 
gold electrodes. 
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blocking the electrode surface and restricting electron transfer of the redox probe. The systematic 

reduction in peak current with increasing RIF concentration confirms both the sensor’s specificity 

towards the target analyte and the quantifiable nature of the rebinding process. 

Sensor Calibration and Performance in PBS and Human Serum 

To quantify the connection between sensor response and RIF concentration, a calibration curve of 

the percentage signal loss based on RIF concentration in spiked human serum samples was 

produced Figure 4B Signal loss was defined as the relative variation in the DPV peak current 

before and after RIF incubation. The biosensor exhibited an apparent dose-dependent reduction in 

current across a clinically relevant concentration range of 8-24 µg mL−1 with measurable responses 

between 0 µg mL−1 to 32 µg mL−1. 

The calibration data were analyzed with a non-linear Hill equation model, resulting in reliable 

coefficients of determination (PBS: R² =0.987; Human Serum: R² = 0.975). These robust R² values 

represent a high degree of correlation between RIF concentration and percentage signal loss, 

providing confidence in the reliability of the fit and the capacity of the sensor for quantification. 

The dynamic range of the biosensor (0-32 µg mL⁻¹) was well within the therapeutic plasma 

window for RIF; 8-24 µg mL⁻¹ , thereby confirming clinical relevance of the biosensor for 

therapeutic drug monitoring (TDM). The comparative response of the sensor in both PBS and 

serum solutions, the complexities of biological matrices aside demonstrate its reliability and 

practicality for use with direct patient samples. 

The sensor demonstrated a limit of detection (LOD) of 0.848 µg mL⁻¹ and a limit of quantification 

(LOQ) of 2.54 µg mL⁻¹ for the linear range of 0-25 µg mL⁻¹. The LOD and LOQ were calculated 

using the standard IUPAC equations 2 and 3

LOD = 3.3
σ
S

(equation 2)

𝐿𝑂𝑄 = 10 
σ
S

(equation 3)
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where, σ is the standard deviation of the blank (0.424 µg mL⁻¹), and S is the slope of the linear fit 

of a linear region in the dose-response (S = 1.65). The ability to perform these measurements 

directly in human serum with high precision underscores the sensor’s robustness and resistance to 

fouling from complex biological matrices, a critical attribute for any point-of-care diagnostic 

device. This performance can be attributed to the combined benefits of the selective MIP 

recognition layer and the signal-amplifying properties of the HPG-modified electrode surface, 

which together provide high sensitivity, reproducibility, and reliable detection of RIF in clinically 

relevant concentrations.  

Sensor Specificity and Stability
To validate the sensor's robustness for clinical applications, its performance was assessed under 

varying pH conditions and in the presence of potential chemical interferents (N=4). 

Figure 4C demonstrates the sensor's remarkable stability across a physiologically relevant pH 

range from 6.5 to 8.5. The dose-response curves at each pH value are highly consistent, indicating 

that minor fluctuations in the pH of biological samples will not compromise the accuracy of the 

RIF measurement. More importantly, the sensor's selectivity was confirmed through an 

interference study, with the results presented in Figure 4D. The sensor's response to increasing 

concentrations of RIF was measured in human serum spiked with potentially interfering 

compounds, paracetamol (15 µg mL-1) and vancomycin (17.5 µg mL-1). The resulting dose-

response curves for the spiked samples were nearly superimposable on the curve obtained from 

unadulterated human serum. This lack of significant deviation confirms that the sensor does not 

cross-react with these common medications and specifically binds to RIF. This high degree of 

selectivity is crucial for a diagnostic tool, ensuring reliable and accurate measurements in complex 

patient samples where multiple drugs may be present.
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Figure 4: Analytical performance and specificity of the MIP-based RIF sensor. A) Differential 

Pulse Voltammetry (DPV) curves showing a concentration-dependent decrease in peak current 

with increasing concentrations of RIF in human serum. B) Calibration curves illustrating the 

sensor's response (% signal loss) to RIF in PBS versus spiked human serum, fitted with a non-

linear Hill equation model. The highlighted green area indicates the therapeutic range for RIF (0 

– 32 µg mL-1). C) Sensor stability analysis showing a consistent dose-response across a 

physiological pH range of 6.5 to 8.5. D) Specificity test demonstrating that the sensor's response 

to RIF is unaffected by the presence of potential interferent, vancomycin, in spiked human serum. 

However, an interference from paracetamol was observed, saturating the sensor at 24 µg mL-1. 

Such an interference can be dealt with integration of machine learning (ML) models which can 

potentially attenuate the effects of interference. A multiple input single output (MISO) model can 

potentially improve the sensor performance in complex matrices by using multiple feature to 

predict the concentration more accurately. 

C D

A B

C D

Under-dosing :
0-8µg mL−1

Therapeutic range :
8-24µg mL−1

Toxic dosing :
Above 24µg mL−1

A B
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Advancements in the Current Work and Alignment with AMR Goals

This work represents a significant leap forward from our previous sensor iterations, marked by key 

improvements in design, fabrication, and performance. The transition from a dual-working 

electrode (2-WE) to a quad-working electrode (4-WE) platform is a major advancement, enabling 

higher data throughput and the potential for internal calibration or multiplexed detection on a 

single, low-cost chip. Furthermore, the fabrication protocol has been substantially refined; the 

optimized electrodeposition of HPG has resulted in a nanostructure with a larger electrochemically 

active surface area and, consequently, improved electron transfer kinetics compared to our earlier 

planar gold designs. This enhancement is critical for achieving the high sensitivity needed for 

clinical applications.

This technology directly supports the strategic goals of the UK's 20-year vision and the EU's One 

Health Action Plan to combat Antimicrobial Resistance (AMR). A primary driver of drug 

resistance is sub-optimal antibiotic exposure, which allows resistant strains to survive and 

multiply. By enabling rapid, affordable, point-of-care Therapeutic Drug Monitoring (TDM), our 

sensor provides a direct mechanism for antibiotic stewardship. It allows clinicians to personalize 

RIF dosing, ensuring concentrations remain within the therapeutic window to maximize efficacy 

and minimize the risk of resistance developing. This moves precision medicine from a centralized 

lab to the frontlines of global health, a core objective in the fight against AMR.

Future Work

Looking ahead, while the sensor currently demonstrates excellent selectivity against common 

drugs like paracetamol and vancomycin, we aim to build an even more robust "smart" sensor 

system. Our next phase of development will involve the integration of machine learning (ML) 

regressors. We plan to train an ML model on electrochemical data from samples containing known 

concentrations of both RIF and various interferents. This model will learn to recognize and 

deconstruct the subtle voltammetric signatures of each compound, allowing it to computationally 

compensate for any minor signal interference from paracetamol or other co-administered drugs. 

The implementation of this ML layer will enhance the sensor's accuracy in complex polypharmacy 
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scenarios, ensuring its reliability for deployment in real-world clinical settings without the need 

for extensive sample cleanup.

Conclusion 
In response to the urgent global health need for accessible TB care, this research successfully 

delivers a pioneering electrochemical biosensor capable of quantifying RIF with high precision 

directly in human serum. Our key innovation lies in the synergistic integration of three core 

components: 

1) a molecularly imprinted polymer (MIP) for specific molecular recognition, 

2) a highly porous gold (HPG) nanostructure for signal amplification and outstanding anti-

biofouling performance, and 

3) a mass-producible printed circuit board (PCB) that reduces the per-unit cost to just £0.09.

This platform directly overcomes the primary obstacles to widespread TDM by eliminating the 

need for expensive equipment and complex sample pre-treatment. The sensor's ability to operate 

effectively in undiluted human serum is a critical differentiator, proving its robustness and 

readiness for real-world clinical applications. By achieving a clinically relevant detection range of 

8−24 μg mL−1 and a low limit of detection (0.848 μg mL−1), this device provides the analytical 

performance required to guide personalized dosing regimens. This work bridges the gap between 

laboratory-grade precision and point-of-care practicality, presenting a disruptive tool poised to 

enhance treatment efficacy, reduce the emergence of drug resistance, and advance the personalized 

management of TB in the settings that need it most.
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