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Background: The global rise of multidrug-resistant (MDR) infections has
intensified the clinical reliance on last-resort antibiotics such as vancomycin,
linezolid, and tigecycline, particularly in critically ill patients. These agents possess
narrow therapeutic windows, complex pharmacokinetics, and substantial inter-
patient variability, making therapeutic drug monitoring (TDM) a cornerstone of
individualized therapy. Traditional TDM methodologies though accurate are often
limited by centralized processing, slow turnaround times, and cost constraints,
which hinder real-time clinical decision-making in intensive care settings.
Objective: This review aims to critically evaluate emerging bioanalytical platforms,
modeling frameworks, and decision-support systems for optimizing TDM of last-
resort antibiotics. It focuses on enhancing precision dosing, improving clinical
outcomes, and addressing antimicrobial resistance through integration of
innovative sensor technologies and artificial intelligence.

Methods: A comprehensive literature search was conducted across databases,
including PubMed, Google Scholar, Scopus, and Nature. Relevant studies were
analyzed for analytical techniques, matrix types, extraction strategies, assay
validation parameters, and clinical applicability. Emphasis was placed on
comparing high-performance liquid chromatography (HPLC), LC-MS/MS, and
immunoassays with novel approaches such as microneedle-based biosensors,
real-time urinary antibiotic monitoring, wearable devices, and luciferase-based
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bioluminescent sensors. Mechanism-based pharmacokinetic/pharmacodynamic
(PK/PD) modelling and Bayesian forecasting frameworks were reviewed for their
role in adaptive dosing.

Results: LC-MS/MS emerged as the most sensitive and specific platform, while
immunoassays provided practical solutions for near-patient testing. Innovations
such as microsampling, temperature-responsive two-dimensional
chromatography, and bioluminescent sensor platforms demonstrated potential
to overcome the limitations of conventional assays. Integration of population
pharmacokinetic (PPK) models and Al-driven decision-support algorithms
enhanced predictive precision, allowing dynamic dose optimization for -lactam
antibiotics, tetracyclines, vancomycin, linezolid, and tigecycline. A three-tiered
TDM model was proposed, combining site-specific sensing, real-time analysis,
and computational forecasting to improve antimicrobial stewardship.
Conclusion: Emerging bioanalytical technologies and predictive PK/PD modeling
are transforming TDM from a static laboratory tool into a real-time, precision-
guided clinical decision platform. The integration of minimally invasive sensing
technologies with Al-enabled dose optimization offers a path toward personalized
antibiotic therapy, optimized clinical outcomes, and the mitigation of antimicrobial
resistance in critical care settings. This paradigm shift supports a more adaptive and
responsive approach to TDM, ensuring last-resort antibiotics are used effectively
and sustainably.

KEYWORDS
antibiotics, antimicrobial resistance (AMR), artificial intelligence, bayesian forecasting,
bioanalytical-biosensor technologies, population pharmacokinetics, precision dosing,

therapeutic drug monitoring (TDM)

Highlights

o Precision TDM integration: Emerging bioanalytical platforms
enable rapid and sensitive detection of last-resort antibiotics in
critically ill patients, overcoming the limitations of conventional
centralized laboratory testing.

o Technological advancements: Innovative approaches such as
luciferase-based bioluminescent sensors, microneedle devices,
and temperature-responsive chromatography enhance point-of-
care antibiotic monitoring.

o Predictive modeling: Population PK/PD models and Al-driven
Bayesian algorithms support individualized dose adjustments
and real-time therapeutic optimization.

o Clinical relevance: A three-tiered TDM model is proposed to
integrate site-specific sensing, real-time quantification, and
computational  forecasting, strengthening antimicrobial
stewardship.

o Strategic impact: These advancements have the potential to
improve treatment outcomes, reduce therapeutic failures, and
mitigate the emergence of resistant bacterial strains.

o Novelty statement: This review introduces an integrative
framework that merges next-generation sensing technologies
with advanced PK/PD modeling and AI-based decision-support
systems to modernize TDM of last-resort antibiotics. Unlike
traditional static monitoring approaches, this model emphasizes
real-time, minimally invasive, and site-specific ~drug
quantification, coupled with predictive dosing strategies. Such
an approach represents a paradigm shift from empirical dosing
toward dynamic, precision-guided antimicrobial therapy,
directly addressing the clinical and global challenge of AMR.

Frontiers in Pharmacology

Introduction

The increasing global crisis of AMR poses a profound threat to
public health, jeopardizing the effectiveness of conventional
antibiotics and compelling increased reliance on last-resort
therapeutics (Cafaro et al, 2024). Among these, glycopeptides
such as vancomycin and novel antibiotics like linezolid and
tigecycline have become indispensable in managing life-
threatening infections, particularly in intensive care units (ICUs),
where critically ill patients are highly susceptible to MDR pathogens
(Cafaro et al., 2024). Recognizing the escalating burden of AMR, the
World Health Organization (WHO) and National Health
Authorities have repeatedly emphasized the critical importance of
rational antimicrobial use and highlighted therapeutic drug
monitoring (TDM) as a central strategy to preserve drug efficacy
(Cafaro et al., 2024).

TDM is a precision-guided clinical intervention that enables
individualized optimization of drug dosing by quantifying antibiotic
concentrations in biological matrices, predominantly plasma or
whole blood (Cafaro et al, 2023). Its integration into
antimicrobial stewardship programs is particularly vital for agents
with narrow therapeutic indices, such as glycopeptides, whose
pharmacokinetics are highly variable across patients due to
differences in renal function, protein binding, and critical illness-
induced pathophysiological changes (Landi et al., 2020; Pea, 2020;
Pea et al, 2005). By linking pharmacokinetic (PK) parameters,
including peak plasma concentration (Cmax), area under the
plasma concentration-time curve over 24 h (AUC24), and trough
levels (Cgougn) With pharmacodynamic (PD) indices such as the
minimum inhibitory concentration (MIC), clinicians can precisely

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2026.1761582

Inamdar et al.

tailor therapy to maximize efficacy while minimizing toxicity
(Castagnola et al., 2021; Cangemi et al., 2022; Gatti et al., 2022).

Understanding the pharmacokinetic/pharmacodynamic (PK/
PD) relationship is essential because the antimicrobial effect
depends not only on drug exposure but also on the pathogen’s
susceptibility. Antibiotics are classified into time-dependent,
concentration-dependent, or hybrid modalities (Castagnola et al.,
2021; Cattaneo et al., 2020; Reed, 2000; Eyler and Shvets, 2019;
Onufrak et al.,, 2016). Time-dependent agents exert optimal activity
when plasma concentrations remain above the MIC for a substantial
portion of the dosing interval (%t > MIC), making Cyougn @ key
monitoring parameter (Castagnola et al., 2021; Cangemi et al., 2022;
Cattaneo et al., 2020; Reed, 2000; Eyler and Shvets, 2019). The
Cmax/MIC ratio best guides concentration-dependent antibiotics
(Castagnola et al., 2021; Gatti et al,, 2022; Cattaneo et al., 2020; Eyler
and Shvets, 2019), while drugs with mixed PK/PD characteristics
require evaluation of the AUC24/MIC ratio to reflect cumulative
exposure relative to bacterial susceptibility (Cattaneo et al., 2020).
TDM thus functions as a precision tool, safeguarding therapeutic
exposure and reducing the likelihood of subtherapeutic dosing or
toxicity in patients with altered physiology.

Bioanalytical methodologies are foundational to TDM, with
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
widely regarded as the gold standard for antibiotic quantification
(Cafaro et al, 2023; van der Gugten, 2020; Carvalho, 2012;
Himmelsbach, 2012; Seger and Salzmann, 2020; Leung and Fong,
2014; Vogeser and Seger, 2008). LC-MS/MS combines high
sensitivity and specificity with multiplexing capability, allowing
simultaneous measurement of multiple drugs from minimal
sample volumes, a significant advantage in vulnerable
populations such as pediatrics or critically ill adults (Cafaro et al.,
2023; Guerra et al, 2022; Dorofaeff et al., 2016). However,
widespread clinical adoption is limited by high costs, the
requirement for specialized expertise, and longer turnaround
times due to complex sample preparation and analysis, which
typically ranges from 5 to 10 min per sample depending on

analyte properties, chromatographic conditions, and mass
analyzer configuration (Cattaneo et al., 2020).
Where rapid or point-of-care monitoring is required,

immunoassays provide a practical alternative, particularly when
LC-MS/MS resources are unavailable (Barco et al., 2016). These
assays can deliver timely concentration data, though their
application is limited to select antibiotics and often requires
cross-validation against LC-MS/MS for accuracy (Cattaneo et al,,
2020). The integration of these bioanalytical strategies into ICU
workflows enables dynamic, individualized dosing, enhancing
clinical outcomes and supporting stewardship of critical antibiotics.

This review systematically aims to critically synthesize emerging
bioanalytical platforms, predictive pharmacokinetic/
pharmacodynamic (PK/PD) modeling frameworks, and Al-
integrated decision-support systems for optimizing TDM of last-
resort antibiotics, specifically vancomycin, linezolid, tigecycline, and
B-lactams, with a unifying focus on bridging the analytical-clinical
gap to enable precision antimicrobial therapy in critical care settings
(Abdul-Aziz et al., 2020). The diversity of technologies discussed
(biosensors, chromatographic innovations, wearable devices, AI/ML
algorithms, and population PK models) is not incidental but

deliberate: each serves the singular translational goal of real-time,
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precision TDM for last-resort antibiotics in critically ill patients, and
their convergence represents the next frontier of antimicrobial
stewardship (Rawson et al, 2021). This integrative approach is
consistent with the framework adopted by leading multi-
technology TDM reviews in the field (Brasier et al, 2023).
Overall, the review is organized as follows: TDM at the site of
infection and the three-tiered sensing model using advanced
biosensor platforms. The clinical relevance of TDM for f-
lactams, vancomycin, linezolid, and tigecycline in the ICU,
including emerging bioanalytical techniques and population PK
analysis. The critical value identification framework and AI-
TDM their
limitations. Mechanism-based PK/PD modeling and model-

driven predictive systems, including current
informed precision dosing (MIPD). Clinical trial evidence for
TDM-guided precision dosing and its implications for combating
AMR. The review includes future directions for clinical translation

of these converging technologies.
Literature search

We conducted a comprehensive narrative literature review, by
searching such as PubMed/MEDLINE, Scopus, Google Scholar,
Web of Science, Embase, and National Library of Medicine
(NLM)
ClinicalTrials.gov was also conducted for registered clinical TDM

databases respectively. A supplementary search of
trials. The search terms and Boolean strategy were applied using key
MeSH and free-text terms used including therapeutic drug
TDM,

linezolid,

antimicrobial  resistance,
LC-MS/MS,
microneedle, wearable sensor, artificial intelligence, machine

learning, population pharmacokinetics, Bayesian forecasting, PK/

monitoring, antibiotics,

vancomycin, tigecycline, biosensor,

PD modelling, and precision dosing. Boolean operators (AND, OR,
NOT) were applied to refine searches. Peer-reviewed original
articles, systematic reviews, clinical guidelines, and position
papers published between 1980 to till today were included. Non-
English publications without available translations, conference
abstracts without full-text data, and opinion pieces without
supporting evidence were excluded. For article selection, the titles
and abstracts were screened for relevance by three independent
authors (AI, NB, HVPR). Full-text articles were reviewed for final
inclusion. The final selection comprised over 240 peer-reviewed
sources, of which 258 were cited in the manuscript. The literature
searches were conducted between August 2025 and May 2026, with a
final update completed in May 2026.

TDM at site of infection and sensors to tackle
antibiotic resistance

Multifaceted mechanisms contributing to AMR and subsequent
therapeutic failure. Improper antibiotic usage, suboptimal dosing,
and lack of new drug development drive the selection of resistant
microbial populations. Genetically encoded mechanisms, including
target modification, efflux pump activation, and enzymatic
degradation, enable pathogens to evade last-resort antibiotics
such as vancomycin, linezolid, tigecycline, amikacin, and
gentamicin. The figure also highlights how these mechanisms
reduce drug binding affinity and intracellular accumulation,

leading to clinical treatment failure. Furthermore, it illustrates the
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FIGURE 1

Mechanistic landscape of antimicrobial resistance and antibiotic treatment failure. This schematic illustrates the multifactorial causes and

consequences of antimicrobial resistance (AMR) and antibiotic therapy failure. (A) Overuse and misuse of antibiotics in humans, livestock, and aquaculture,
along with inadequate infection control and suboptimal dosing, accelerate resistance development. (B) Genetically encoded antibacterial resistance (ABR)
mechanisms include target site modification, efflux pump activation, enzymatic inactivation, and drug-binding site alteration. Examples include
VanA/VanB-mediated cell wall remodeling conferring vancomycin resistance, Cfr-dependent 23S rRNA methylation diminishing linezolid binding, and
aminoglycoside-modifying enzymes that inactivate amikacin and gentamicin. (C) Antibacterial susceptibility testing distinguishes resistant from
susceptible strains, guiding evidence-based therapy in critical care and surgical settings. (D) Antibiotic treatment failure manifests clinically as persistent
infections (endocarditis, meningitis, sepsis) accompanied by systemic inflammatory symptoms such as fever, tachycardia, fatigue, and pancytopenia

reflecting immunopathological dysregulation.

importance of antimicrobial susceptibility testing in infection
management and emphasizes the link between resistance,
systemic inflammation, and poor treatment outcomes in critically
ill patients (Figure 1). The integration of TDM directly at the site of
infection (SOI) using advanced sensing platforms represents a
transformative strategy to confront the escalating global challenge
of antibiotic resistance (Brasier et al., 2023). This approach can be
conceptualized as a three-tiered TDM model that extends
conventional serum-based monitoring into a spatiotemporal,
multi-compartmental framework, enabling the quantitative
assessment of antibiotic distribution across interconnected
2023). This model
systematically integrates multi-compartmental sensing to assess
drug concentration dynamics in real time: (1) upstream

compartment (systemic circulation): The first level focuses on the

physiological compartments (Brasier et al,

systemic bioavailability of antibiotics, traditionally assessed through
blood sampling. This upstream compartment establishes baseline
pharmacokinetic parameters such as peak plasma concentration,
clearance, and elimination half-life. (2) local compartment (SOI

Frontiers in Pharmacology

microenvironment): The second level captures drug distribution at
the infection site, for instance, epithelial lining fluid in pulmonary
infections. This compartment is critical for understanding tissue
penetration and bioavailability, which determines whether the
antibiotic reaches therapeutic levels at the SOI Real-time
assessment at this level can provide direct insights into local
(distal
the third level involves the monitoring of drug

pharmacodynamics. (3) Downstream
biofluids):
diffusion and elimination markers in distal or excretory biofluids,

such as exhaled breath condensate, sweat, saliva, tears, or urine.

compartment

These fluids can be accessed non-invasively or minimally invasively
and serve as surrogate matrices for real-time drug level estimation
(Brasier et al., 2023). Overall, this tiered design aims to provide a
real-time understanding of pharmacokinetics and tissue-specific
antibiotic penetration profiles (Brasier et al., 2023).

Recent advancements in wearable biosensing technologies have
created new possibilities to operationalize this multi-level TDM
concept through minimally invasive or non-invasive methods,
bypassing the need for centralized laboratory infrastructure.
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These next-generation devices include lightweight, cost-effective,
and capable of continuous data acquisition, enabling precision drug
monitoring in real-world clinical settings (Brasier et al., 2023). By
capturing dynamic concentration gradients across biofluids,
wearable sensors could facilitate individualized dosing regimens,
improve therapeutic efficacy, and reduce the risk of resistance
emergence through optimized antibiotic exposure windows. As
proposed by Brasier et al., this integrated model represents, to
the best of our knowledge, one of the earliest conceptual
propose
of antibiotic pharmacodynamics simultaneously

frameworks  to continuous, multi-compartmental
visualization
across blood, infection site, and distal biofluids, building upon
the three-level model (Brasier et al., 2023).

Historically, over the past 6 decades, biosensors have evolved
from bulky laboratory instruments to portable and miniaturized
diagnostic tools, gradually replacing conventional benchtop systems
in centralized laboratories (Abdul-Aziz et al., 2020). Commercial
handheld point-of-care devices such as glucose and lactate meters
have revolutionized self-monitoring of metabolic biomarkers,
offering rapid and decentralized diagnostics (Brasier et al., 2023).
However, despite their advantages, most of these biosensors rely on
invasive blood sampling, which may increase the risk of infection
and compromise patient adherence (Brasier et al, 2023). To
overcome these barriers, current research is shifting toward the
development of wearable and skin-integrated biosensors that allow
for non-invasive and minimally invasive monitoring (Jager et al.,
2019). These devices not only provide drug-level information but
also offer broader health insights, integrating multiple physiological
markers into a unified sensing interface.

A wide array of biofluids can serve as alternative analytical
matrices, including sweat, (Roberts et al., 2014a; Skhirtladze et al.,
2006), saliva (Shipkova and Jamoussi, 2022), tears (Nordmann et al.,
2011), and interstitial fluid (ISF) (Nordmann et al., 2011; Roberts
et al,, 2016), which are rich in clinically relevant biomarkers and
accessible without the need for venipuncture. Sweat, in particular,
contains diverse electrolytes, metabolites, and xenobiotics that
reflect systemic physiological states. Its high gland density
(exceeding 100 glands per cm’ in certain regions) (Kim et al,
2019) facilitates flexible sampling strategies, while its pH and
composition dynamically vary according to environmental and
metabolic  stimuli. Innovative sweat-monitoring platforms
including temporary tattoo sensors, skin patches, wristbands, and
epidermal microfluidic devices have demonstrated the ability to
track small-molecule analytes such as glucose, alcohol, uric acid,
tyrosine, and cortisol, with reported correlations to blood
concentrations (Roberts et al., 2014a; Wang et al., 2022; Yang
et al, 2020; Sempionatto et al, 2021; Lee et al, 2016).
Furthermore, sweat-based sensing is being explored for the
detection of exogenous compounds, including therapeutic drugs
(Brasier and Eckstein, 2020). Yet, the mechanistic understanding of
the pharmacokinetic relationship between blood and sweat remains
incomplete, necessitating further research on diffusion kinetics,
biofluid partitioning, and inter-individual variability.

Parallel to sweat sensing, breath analysis has emerged as another
non-invasive platform for drug monitoring. The discovery of
volatile organic compounds in exhaled breath associated with
metabolic processes has stimulated the development of gas sensor
arrays, or “electronic noses,” which mimic olfactory receptor
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function (Khatib and Haick, 2022). These platforms have been
successfully used in the clinical management of respiratory
conditions such as asthma and for the non-invasive diagnosis of
systemic diseases including diabetes, viral infections (Bordbar et al.,
2022), and lung cancer (Chen et al, 2020). Additionally, the
detection of respiratory biomarkers such as hydrogen peroxide
via paper-based sensing systems integrated into face masks
(Maier et al., 2019) exemplifies the potential of this technology in
infectious disease monitoring. Groundbreaking work has
demonstrated nucleic acid detection of COVID-19 directly from
exhaled breath using CRISPR-based wearable biosensors (Nguyen
2021).  Notably,

pharmacokinetics in exhaled breath condensate (Ates et al., 2022)

et al, studies monitoring  antibiotic
reveal parallel transport behaviors with blood, suggesting the lung-
blood interface as an efficient conduit for non-invasive drug level
assessment.

Saliva is another attractive alternative matrix due to its ease of
collection and large daily output (Zheng et al., 2021). However, its
clinical utility is complicated by challenges including microbial
contamination, food debris interference, and drug ion-trapping
phenomena. Sensor biofouling remains a key limitation, although
recent material engineering advances aim to enhance sensor
biocompatibility. Similarly, urine, a metabolic byproduct of renal
excretion can be efficiently sampled and analyzed using lateral flow
devices (Kenaan et al., 2020; Chan et al., 2022). Because recurrent
urinary tract infections often involve multidrug-resistant pathogens,
real-time urinary antibiotic monitoring could play a pivotal role in
improving treatment outcomes and reducing antimicrobial misuse.

Tear fluid offers distinct advantages as a biomatrix because of its
low and stable volume, continuous replenishment, and relatively low
propensity for biofouling compared to saliva, ISF, or sweat (Jeon
et al,, 2021). Tear-based sensing technologies, often integrated into
contact lenses, are being developed to monitor ocular biomarkers
and to support early detection and treatment of ocular infections
(Jeon et al., 2021; Ma et al, 2021). Likewise, stool analysis has
become a powerful tool for assessing gut microbiota, evaluating
probiotic colonization, and diagnosing inflammatory bowel
conditions (Karu et al, 2018). Its potential application for
antibiotic pharmacokinetic monitoring in patients with altered
gut transit represents an emerging frontier in personalized
antimicrobial therapy.

In summary, integrating TDM across upstream, local, and
downstream  compartments non-invasive
could

stewardship. By moving beyond static, blood-centric models

using sensing

technologies fundamentally  redefine  antibiotic

toward continuous, wearable-enabled biofluid monitoring,
clinicians can achieve more precise dosing strategies, reduce
resistance development, and improve patient outcomes. This
systems-level approach bridges pharmacology, bioengineering,
and clinical microbiology, heralding a new era of spatiotemporal
precision in antimicrobial therapy. The proposed multi-level TDM
framework is designed to provide a systems-level approach for
continuous antibiotic monitoring across various biological
matrices, providing a comprehensive, spatiotemporal view of
antibiotic pharmacokinetics at and around the site of infection
(Brasier et al., 2023).

This tri-compartmental approach departs from conventional,

blood-only TDM strategies by incorporating wearable and skin-
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integrated biosensing systems capable of continuous, autonomous
data collection. Moreover, integrating these data streams with
machine learning-based pharmacokinetic modeling can allow for
individualized dose adjustment and prediction of drug behavior in
complex physiological states (Brasier et al., 2023). The translation of
this three-tiered TDM model into clinical practice holds the
potential to revolutionize antimicrobial therapy and combat
antibiotic resistance. First, by enabling continuous monitoring of
druglevels in real time, clinicians can ensure that antibiotic exposure
remains within the optimal therapeutic window maximizing efficacy
while minimizing subtherapeutic dosing that drives resistance
selection. Second, real-time drug concentration feedback allows
personalized dosing strategies for patients with variable
pharmacokinetic profiles (e.g., critically ill, elderly, or patients
with organ dysfunction), addressing the heterogeneity in tissue
penetration often overlooked by standard dosing regimens. This
can be particularly impactful in conditions where plasma
concentrations do not accurately reflect drug levels at the SOI,
such as in pulmonary infections, urinary tract infections, or gut-
related pathologies (Brasier et al., 2023). Third, the use of non-
invasive biosensing platforms can significantly reduce patient
burden, improve compliance, and decrease hospital visits, making
TDM feasible not only in intensive care units but also in outpatient
and resource-limited settings. Furthermore, integrating these
sensors with digital health platforms can enable remote
monitoring, telemedicine-driven dose optimization, and earlier
detection of treatment failure. Lastly, by providing a
comprehensive picture of drug pharmacokinetics across multiple
physiological compartments, this framework supports more rational
antimicrobial stewardship programs, improves clinical decision-
making, and helps delay the emergence of multidrug-resistant

organisms (Brasier et al., 2023).

Analytical validation of a versatile biosensor
for on-site TDM

To enable the seamless clinical integration of TDM, antibiotic
levels can be accurately determined using either blood-based point-
of-care testing (POCT) or non-invasive biofluid sampling strategies.
In this context, a versatile polymer-based biosensing platform has
been developed, employing an antibody-free assay for real-time, on-
site antibiotic quantification (Brasier et al., 2023). The analytical
performance of the biosensor was rigorously assessed in a controlled
animal study, where antibiotic concentrations were determined
across multiple biological matrices, including whole blood,
plasma, saliva, urine, and exhaled breath condensate (EBC)
(Brasier et al., 2023). This multi-matrix approach enabled a
comprehensive pharmacokinetic assessment of drug distribution
and clearance in vivo. Temporal evaluation of antibiotic levels in
both plasma and EBC demonstrated the platform’s capacity to
capture dynamic clearance profiles with high temporal resolution.
Matrix-dependent variations in measured concentrations were
systematically analyzed by comparing plasma reference values
with those from non-invasive samples, thereby -elucidating
biofluid-specific transport and partitioning phenomena (Brasier
et al.,, 2023). In addition, the biosensor demonstrated the ability
to track B-lactam concentrations in untreated whole blood samples,
supporting its feasibility as a POCT device suitable for bedside or
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decentralized clinical use. Multiplexing functionality was further
validated by simultaneous multianalyte and multi-sample analysis,
paving the way for high-throughput, real-time monitoring in
personalized antibiotic therapy (Brasier et al., 2023).

Current challenges in breath-based
antibiotic detection

Recent innovations have focused on developing non-invasive
strategies for antibiotic quantification, particularly in exhaled breath
condensate. For example, a fluorescence spectrometry technique
using copper nanocrystals has been applied to measure vancomycin
levels in EBC following drug administration (Rahimpour et al.,
2021). Although spike-recovery tests confirmed detectability,
temporal drug profiling and plasma-EBC correlation analyses
were not performed. Similarly, UV-visible spectroscopy has been
used to detect tobramycin in the breath of healthy volunteers after
controlled inhalation (Khoubnasabjafari et al., 2021); however, this
study also did not investigate correlations between plasma and EBC
concentrations. Chromatographic methods have been explored to
quantify antibiotics in EBC samples from patients treated with
piperacillin/tazobactam or meropenem, employing ultrahigh-
pressure liquid chromatography coupled with high-resolution
mass spectrometry (Herregodts et al., 2019). While preliminary
correlation analyses were conducted, no clinically reliable
relationship between EBC and plasma levels was established.

To date, in-depth biosensor-based investigations examining
time-resolved correlations between antibiotic levels in EBC and
plasma remain scarce. Consequently, there is no standardized
interpretive framework to guide clinical translation of EBC-
derived TDM data. This lack of consensus raises several critical
clinical questions that must be addressed to advance precision
antimicrobial therapy. First, it is essential to determine whether
antibiotic concentrations can be measured with adequate sensitivity
to enable reliable PK/PD modeling. Second, understanding how
transport mechanisms and matrix effects impact drug concentration
measurements in non-invasive biological samples is crucial for
ensuring analytical accuracy. Finally, establishing a quantitative
correlation between blood and non-invasive fluid levels on a
single analytical platform could transform therapeutic drug
monitoring, enabling real-time, patient-specific dosing strategies.

Pharmacokinetic correlation using an
advanced microfluidic biosensor

To address these wunresolved questions, an advanced
microfluidic biosensing platform integrating synthetic-biology-
enabled,
developed and validated to enable real-time, multi-matrix

antibody-free B-lactam detection chemistry was
pharmacokinetic correlation analysis (Ates et al, 2022). This
platform was validated in preclinical studies on Landrace pigs,
receiving under-, standard-, and over-dosed regimens of
piperacillin/tazobactam. For the first time, real-time detection
and temporal monitoring of piperacillin/tazobactam in EBC were
plasma-EBC

correlation analysis (Ates et al., 2022). The biosensor is capable

demonstrated, accompanied by a systematic

of detecting drug concentrations in the ng mL™ range, significantly

exceeding the sensitivity of conventional chromatographic
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techniques (Ates et al., 2022; Trittler et al.,, 2002). Benchmarking
against HPLC, the current gold standard confirmed excellent
analytical concordance in plasma measurements (Ates et al,
2022). The influence of matrix effects was further explored
through parallel measurements in plasma, EBC, saliva, and urine,
enabling a more nuanced understanding of inter-matrix drug
kinetics. Whole blood samples were analyzed without any pre-
treatment, demonstrating the platform’s potential for rapid,
point-of-care deployment in both hospital and outpatient settings
(Ates et al., 2022).

Multiplexing capability and translational
clinical potential

A major advantage of this microfluidic biosensor lies in its
which  allows the
quantification of multiple B-lactam antibiotics and multi-matrix

multiplexing  capacity, simultaneous
analysis on a single chip. For example, piperacillin/tazobactam
EBC,

creation of

levels were measured in plasma, saliva, and urine

simultaneously, enabling the cross-correlation
databases that can inform precision dosing algorithms (Ates et al.,
2022). This integrated, low-cost, and high-sensitivity TDM platform
has the potential to transform clinical practice by moving away from
empirical dosing toward real-time, individualized therapeutic
optimization. By overcoming the limitations of traditional,
invasive, and laboratory-dependent assays, it lays the foundation
for a next-generation antimicrobial stewardship framework, one that

is proactive, data-driven, and clinically actionable (Ates et al., 2022).

Antimicrobial resistance and antibiotic
optimization by TDM

AMR represents one of the most critical global health threats of
the 21st century, undermining decades of medical advancements and
posing severe challenges to patient outcomes and healthcare systems
worldwide (Naghavi et al., 2024). A cornerstone of AMR mitigation
involves precision-guided antibiotic dosing, with TDM serving as a
central tool to optimise drug exposure and minimise resistance
development (Rawson et al, 2021) by ascertaining quantitative
measurement of antibiotic plasma concentrations to guide dosing
adjustments, thereby achieving optimal therapeutic windows while
avoiding subtherapeutic exposure or toxic accumulation.

Among currently available antimicrobials, vancomycin remains a
first-line agent for treating life-threatening Gram-positive infections,
including methicillin-resistant Staphylococcus aureus (MRSA),
where maintaining steady-state concentrations within the narrow
therapeutic index is vital for both clinical efficacy and renal safety
(Rybak et al., 2020; Rose et al., 2022). However, the clinical impact of
TDM is often curtailed by the intrinsic delays of conventional
laboratory workflows. Standard TDM techniques are dependent
on centralised analytical platforms, and results frequently take
several hours, delaying timely dose optimisation (Mabilat et al.,
2020). Currently, widely wused assays for vancomycin
quantification such as LC/MS, ELISA, and fluorescence-based
immunoassays are technically robust but often cost-intensive,
centralised, and time-consuming (Bian et al., 2021). These assays
usually involve sample transportation and laboratory processing,
with turnaround times of 2-3 h and actual clinical dose
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modification occurring 12 h or more post-collection (Klapkova
et al, 2020). Despite technological progress, there remains an
unmet need for rapid, decentralised, and cost-efficient TDM
strategies that can be deployed at the bedside.

Recent advances in point-of-care (POC) diagnostic technologies
provide a potential paradigm shift in antibiotic stewardship. Lateral
flow assays (LFAs), historically used for qualitative diagnostics, align
strongly with the WHO ASSURED criteria (affordable, sensitive,
specific, user-friendly, rapid, robust, equipment-free, and
deliverable) (Calucho et al, 2020; Liu et al, 2021). Emerging
portable detection modalities such as smartphone-integrated
imaging have further expanded LFAs into quantitative detection
platforms for antibiotic monitoring (Urusov et al., 2019). A typical
LFA consists of a nitrocellulose membrane coated with immobilised
biomolecules, functioning in either sandwich or competitive assay
configurations. Because vancomycin is a small molecule, competitive
assay formats are required (Calucho et al., 2020; Nuntawong et al.,
2022; Sajid et al., 2015). Although traditional competitive LFAs can
generate rapid quantitative signals, they often suffer from narrow
dynamic ranges and dependence on external detectors, making
accurate detection at clinically relevant vancomycin levels
(15-20 mg/L) challenging (Bian et al, 2021; Sajid et al, 2015;
Jacinto et al., 2018). To address this, previous authors (Riezk et al.,
2025) designed an innovative competitive LFA incorporating two test
lines an antibody line and an avidin line to improve sensitivity and
broaden the quantifiable range. This dual-line format leverages biotin-
avidin interactions to capture excess labeled conjugate, enabling
differential signal analysis between the two lines and enhancing
analytical accuracy across a broader concentration range (Riezk
et al,, 2025). In phase one, the assay was designed and optimised
for serum-based vancomycin quantification and benchmarked against
standard ELISA and conventional competitive LFA platforms. In
phase two, spiked serum samples were used to validate assay
precision, reproducibility,  specificity, TDM
applicability (Riezk et al., 2025).

Conventional single-line LFAs showed limited sensitivity and

and  practical

narrow detection ranges, often below the clinically relevant threshold
for effective TDM (Riezk et al., 2025). This limitation arises from the
inverse signal-concentration relationship intrinsic to competitive
formats, where increasing vancomycin concentrations displace the
labeled conjugate from the antibody site, resulting in lower signal
concentrations (Riezk et al, 2025).
Consequently, traditional LFAs require impractical sample
dilutions (2,000-5,000 fold) to detect therapeutic trough levels
(Rybak et al., 2020; Verch et al.,, 2016; Li W. et al., 2024). Such
dilution introduces significant pipetting variability, compromising
reliability in real-world POC Additionally,
conventional LFAs are highly susceptible to environmental

intensities at higher

environments.

variability, including illumination conditions, camera parameters,
and angle of detection, often leading to coefficients of variation
exceeding 20% (Li W. et al., 2024; Cheng et al., 2017; Li et al., 2017;
Scherr et al., 2016; Xiao et al., 2018; Ruppert et al., 2019; Guler et al.,
2017; Saisin et al., 2018; Park et al., 2022). While some assays attempt
to mitigate this through test-to-control line signal ratios, these
control lines typically act only as procedural checks, with minimal
contribution to analytical accuracy (Li et al., 2019). In contrast, dual-
line LFA design introduces an avidin-coated secondary test line,
which produces a positive concentration-dependent signal by
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capturing free biotinylated conjugate (Riezk et al., 2025). The ratio
between the two test lines, rather than absolute intensity, forms the
analytical basis greatly improving robustness against environmental
and instrumental variability (Riezk et al, 2025). This internal
ratiometric normalisation compensates for variations in external
illumination or camera performance, maintaining analytical
fidelity even under ambient clinical conditions (Riezk et al., 2025).
By integrating this dual-line strategy with a custom R-based image
analysis algorithm, the assay achieved enhanced sensitivity, expanded
detection range, and environmental stability, making it a strong
candidate for near-patient vancomycin monitoring (Riezk et al.,
2025). Future development will involve clinical validation with
patient-derived samples, comparative benchmarking with gold-
standard LC-MS/MS, and stability testing under real-world field
conditions. Incorporating a dedicated internal control line with
orthogonal signal reporters may further enhance assay reliability
(Riezk et al., 2025). In summary, this work introduces a next-
generation competitive dual-line LFA for vancomycin TDM,
combining quantitative analytical performance with point-of-care
deployability. The speed,
robustness position it as a transformative tool for antimicrobial

platform’s cost-effectiveness, and
stewardship, enabling precision dosing and potentially reducing
AMR propagation through optimised antibiotic exposure (Riezk
et al., 2025).

However, the clinical utility of conventional TDM methods such
as LC/MS and ELISA is limited by centralised processing, extended
turnaround times, and cost constraints (Mabilat et al., 2020; Bian
et al,, 2021; Klapkova et al., 2020). These delays often result in
suboptimal dose adjustments, compromising both efficacy and
safety, and potentially accelerating the development of resistance.
Future steps include clinical validation with patient samples, head-to-
head comparisons with gold-standard LC-MS/MS methods, and
integration into existing stewardship programs. This dual-line
LFA platform represents a clinically translatable, scalable solution
to enhance precision antibiotic therapy and address the global AMR
crisis (Riezk et al., 2025).

Clinical relevance of TDM of p-Lactam
antibiotics, tetracycline antibiotics,
vancomycin, linezolid, and tigecycline in
ICU settings

TDM of antibiotics is increasingly recognized as an essential
component of precision antimicrobial therapy, particularly in
critically ill patients admitted to ICUs. In these settings, altered
pathophysiological states such as augmented renal clearance,
hypoalbuminemia, capillary leak, and dynamic fluid shifts
modify
pharmacodynamics. These changes can lead to subtherapeutic

significantly drug pharmacokinetics and
exposures or toxicity when standard dosing regimens are applied.
Hence, TDM plays a pivotal role in individualized dosing, ensuring

optimal therapeutic efficacy and minimizing the emergence of AMR.

TDM of B-lactam antibiotics to tackle
antimicrobial resistance

B-Lactam antibiotics, including penicillins, cephalosporins,
monobactams, and carbapenems, remain the cornerstone of
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empirical therapy in ICU patients. Achieving and maintaining
adequate plasma concentrations relative to the MIC is critical to
prevent therapeutic failure and resistance selection. A robust
analytical infrastructure is required to support real-time, high-
throughput TDM. In a previous report (Colin et al., 2013). A
UPLC-MS/MS platform capable of simultaneously quantifying
12 B-lactam antibiotics in human plasma was developed. The
assay used a mixed-mode SPE extraction protocol, demonstrating
exceptional analytical performance with low LOQs, minimal matrix
interference, and high reproducibility. This strategy enables rapid
and  reliable P-lactam  measurement, supporting dose
individualization. However, clinical translation requires validation
in larger patient populations with variable pharmacokinetic profiles.

Similarly, Ohmori et al. (2011) described an LC-MS/MS method
for eight B-lactams in serum using a high-resolution octadecyl silica
column and SPE preparation. This method exhibited broad linearity,
low LOQs, and high recovery (>80%) for most analytes, except
doripenem and meropenem. Such variability in recovery describes
the need for method optimization for specific p-lactams, especially
those with unstable structures or low protein binding in critically ill
patients. Sestdkova et al. (2017) compared micellar electrokinetic
capillary chromatography (MEKC) and LC-MS/MS for cefepime
quantification in serum and plasma, demonstrating comparable
analytical performance and validating MEKC as an alternative
tool for routine TDM. This is clinically significant, as cefepime
underexposure is a known predictor of poor outcomes in septic
shock. Addressing specific populations, a HILIC/ESI-MS method
for cefuroxime, cefoxitin, and cefazolin detection in breast milk and
plasma was reported (Kiriazopoulos et al, 2017), enabling
pharmacokinetic evaluation in lactating patients, a clinically
relevant but often overlooked population. Bellouard et al. (2020)
further expanded analytical capability by developing a rapid
LC-MS/MS assay for simultaneous quantification of eight (-
lactams in plasma and CSF. This method demonstrated broad
applicability in over 2,200 clinical plasma samples, highlighting
the feasibility of implementing advanced LC-MS/MS workflows
in high-volume clinical laboratories.

Analytical advancements supporting real-
time ICU TDM

A rapid HPLC-UV platform for simultaneous detection of 12 -
lactams was developed by Verdier et al. (2011), offering accuracy
and reproducibility with <8% CV and minimal interference,
allowing integration into routine ICU workflows. Stability studies
by Martens-Lobenhoffer et al. (Verdier et al., 2011) revealed that
ceftolozane remains stable in plasma at refrigerated and frozen
temperatures but degrades at ambient conditions, emphasizing
the importance of timely sample transport in real-world ICU
settings. Abdulla et al. (2017) developed an
HILIC-UPLC-MS/MS method targeting nine
plasma, achieving high sensitivity and precision suitable for

ultrafast
B-lactams in

critically ill patients, where dynamic clearance profiles demand
frequent monitoring. Volumetric absorptive microsampling
(VAMS) has emerged as an alternative to traditional DBS.
Moorthy et al. (2020) demonstrated a HPLC-MS/MS method for
cefepime quantification using VAMS with low matrix effects and
acceptable stability, offering a minimally invasive TDM strategy
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suitable for frequent sampling in ICU patients with limited vascular
access. Rigo-Bonnin et al. (2017) introduced a UPLC-MS/MS
workflow for [-lactams in patients on continuous infusion,
enabling real-time pharmacokinetic adjustment. Likewise,
Magréault et al. (2022) established a high-throughput LC-MS/MS
platform for 10 B-lactams using automated protein precipitation and
online sample handling, reducing turnaround time and supporting
near-real-time therapeutic decision-making in septic patients.

Extending TDM to other critical antibiotics
in ICU

Beyond fB-lactams, TDM of tetracyclines, vancomycin, linezolid,
and tigecycline is also clinically crucial. Vancomycin TDM is well-
established to minimize nephrotoxicity and ensure therapeutic
exposure, particularly against Staphylococcus aureus (MRSA).
Linezolid, with variable clearance in critically ill patients, benefits
from TDM to prevent hematological toxicity and therapeutic failure.
Tigecycline, characterized by extensive tissue distribution and
TDM to
subtherapeutic exposures in severe infections. Tetracyclines,

variable serum concentrations, requires avoid
though less commonly monitored, may require TDM in patients
with altered clearance or those on extracorporeal support.

Model framework and clinical workflow for TDM of critical
antibiotics in ICU settings: To achieve precision antimicrobial
therapy in critically ill patients, a structured and adaptive TDM
framework is required to integrate analytical data with real-time
clinical decision-making (Kousi et al., 2025). This model involves
three interconnected layers: (1) Pharmacological assessment layer:
this foundational layer involves identifying antibiotic classes that
exhibit high pharmacokinetic variability, narrow therapeutic
indices, or PK/PD targets that strongly influence clinical
outcomes (Kousi et al., 2025). Key antibiotic groups include -
lactams, vancomycin, linezolid, tigecycline, and tetracyclines. In
ICU patients, pathophysiological factors such as augmented renal
fluid capillary  leak,
extracorporeal support, and dynamic organ dysfunction alter

clearance, overload, sepsis-induced
drug distribution and clearance (Kousi et al.,, 2025). Therefore,
individualized TDM
treatment course (usually within the first 24-48 h of therapy). At

this stage, the pharmacodynamic targets (e.g., %fT > MIC for -

strategies are triggered early in the

lactams, AUC/MIC for vancomycin or linezolid, or steady-state
concentration for tigecycline) are defined. Real-time physiological
parameters, renal function indices, and infection severity scores are
incorporated into dose prediction algorithms (Kousi et al., 2025). (2)
Analytical quantification layer: This layer integrates advanced
bioanalytical platforms with clinically viable sampling strategies.
Plasma remains the gold standard; however, complementary use of
non-invasive and microsampling techniques (e.g., VAMS, saliva,
exhaled breath condensate, and interstitial fluid) improves patient
comfort and enables serial sampling in unstable patients. High-
performance platforms such as LC-MS/MS, HILIC-UPLC-MS/MS,
or MEKC provide the accuracy and sensitivity necessary for
detecting antibiotics at subtherapeutic, therapeutic, and
supratherapeutic levels. Automated protein precipitation and
microfluidic-based platforms allow high-throughput and low-
turnaround analysis, which is critical for ICU settings where
windows are short.

therapeutic Emerging point-of-care
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biosensors and lateral flow immunoassays are integrated at
bedside to generate real-time data, which can be transmitted to
clinical decision-support systems for immediate interpretation. (3)
Clinical translation layer: The final layer transforms TDM data into
actionable clinical interventions. Measured concentrations are
mapped against target PK/PD indices, allowing dose optimization
in real time. Decision-support algorithms or Bayesian forecasting
models can automatically suggest dose escalation, de-escalation, or
interval modification based on patient-specific pharmacokinetics
(Kousi et al., 2025).
A closed-loop workflow can be established (Figure 2):

« Sample collection (plasma, VAMS, or alternative matrices) —
 Rapid quantification (on-site or near-patient platforms) —

« PK/PD model integration and interpretation —

e Dose

adjustment (guided by clinical pharmacists and

intensivists).

This framework not only enhances antimicrobial exposure
precision but also contributes to antimicrobial stewardship,
minimizing the resistant while

emergence of organisms

improving clinical outcomes.
Conceptual workflow diagram

This structured approach can be integrated into electronic
health to facilitate
subtherapeutic or supratherapeutic

record systems automated alerts for

exposures and guide
antimicrobial stewardship programs in ICU environments (Kousi

et al., 2025).

TDM of tetracyclines and last-resort
antibiotics in critical care settings

TDM of tetracyclines to tackle AMR

TDM represents a cornerstone of precision medicine for
antimicrobial agents with narrow therapeutic indices and variable
pharmacokinetics in critically ill patients. Among tetracyclines,
omadacycline has gained prominence as a next-generation (Wang
et al, 2025), semi-synthetic antibiotic with activity against
multidrug-resistant pathogens. Quantification of drug exposure
through TDM is essential to optimize dosing and suppress
resistance emergence.

Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) provides superior analytical sensitivity and specificity,
enabling the reliable detection of single peaks within the
complex milieu of blood matrices (Wang et al.,, 2025). In this
context, an optimized LC-MS/MS protocol was established
employing acetonitrile as a protein precipitant and 0.1% formic
acid in aqueous phase to enhance chromatographic peak
resolution. Separation on a 50 mm C18 reverse-phase column
allowed rapid retention of omadacycline with reduced run time,
meeting regulatory limits for LLOQ with high analytical accuracy,
precision, and minimal matrix interference (Wang et al., 2025).
This methodology fulfils rigorous clinical validation requirements
and is suitable for routine implementation in hospital laboratories
(Wang et al., 2025).
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FIGURE 2
Schematic representation of a closed-loop precision therapeutic drug monitoring (TDM) workflow for optimizing last-resort antibiotic therapy in
critically ill patients. The framework integrates patient assessment, matrix selection, rapid bioanalytical quantification, PK/PD-guided dose calculation, and
real-time clinical dose optimization to enable individualized antimicrobial exposure. Continuous feedback through repeat TDM and dynamic monitoring
supports adaptive dosing, improves antimicrobial stewardship, and minimizes the emergence of antimicrobial resistance

In a clinical evaluation of 127 patients, plasma omadacycline
levels post-intravenous infusion were distributed within the
expected therapeutic range, with observed variability across
individuals. Previous reports indicate peak plasma concentrations
of approximately 1,990 ng/mL in healthy adults under similar dosing
regimens (Yang et al,, 2022). In contrast, this study found marginally
reduced mean concentrations, likely influenced by patient-specific
physiological alterations such as advanced age, severe pneumonia,
comorbidities, and altered drug distribution volumes. Gender
differences have also been documented, with women
demonstrating higher plasma concentrations than men (Wang
et al, 2024), a finding relevant to patient stratification in real-
world clinical settings. Additional variability arises from diet and
(Tzanis et al, 2017).

Limitations included the lack of isotopic internal standards and

other uncontrolled clinical variables
the absence of standardized dosing timing among participants,
which may have contributed to observed inter-individual
differences.

Notably, few studies have defined a clear reference range for
omadacycline plasma concentrations. Existing data are primarily
derived from preclinical investigations of AUC/MIC targets against
common respiratory pathogens (Lepak et al., 2017; Rodvold and Pai,
2019; Lepak et al,, 2019). Establishing robust PK/PD breakpoints
through well-designed clinical pharmacokinetic studies is therefore
an urgent research priority. Future work should integrate
longitudinal TDM, real-world pharmacodynamic analyses, and
population PK modeling to establish individualized dosage
algorithms for critically ill patients receiving omadacycline therapy.

Mechanistically, omadacycline evades classical tetracycline
resistance mechanisms, including efflux pumps and ribosomal
protection, thereby maintaining efficacy against resistant strains
(Duraes and Sousa, 2019). As a time-dependent antibiotic, its
clinical efficacy correlates strongly with the 24-h area under the
plasma concentration-time curve to minimum inhibitory
concentration (AUCy—p4 h/MIC) ratio (Yaghoubi et al.,, 2022).
ill  patients often exhibit altered
pharmacokinetic behavior due to capillary leak, fluid shifts, and

However, critically

organ dysfunction, necessitating TDM-driven adaptive dosing
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(Annoni et al,, 2020; Taccone et al., 2010; Jacobs et al., 2018;
Beumier et al., 2014; Joukhadar et al., 2001; Donadello et al.,
2015). LC-MS technology remains the gold standard for
quantification (Seger and Salzmann, 2020), though few validated
methods for omadacycline quantitation exist (Flarakos et al., 2017;
Suhang et al., 2024; Hu et al,, 2024). The development of rapid,
sensitive, and clinically deployable LC-MS platforms will facilitate
PK/PD-guided dose individualization in this high-risk population
(Wang et al., 2025).

TDM of vancomycin, linezolid, and tigecycline to
combat AMR

Vancomycin, linezolid, and tigecycline are key agents in the
treatment of multidrug-resistant infections, including those caused
by MRSA, VRE, and CRE. Their use is particularly prevalent in
ICUs, where pharmacokinetics are profoundly influenced by
pathophysiological changes such as augmented renal clearance,
hypoalbuminemia, vasopressor use, extracorporeal support, and
dynamic fluid shifts. These factors significantly affect drug
disposition thereby
standardized dosing strategies.

and exposure profiles, complicating

Vancomycin

Vancomycin remains the gold standard for MRSA infections but
is associated with notable limitations including slow bactericidal
activity, tissue penetration challenges, nephrotoxicity, and emerging
resistance (Revilla et al., 2010; Edwards et al., 2012). PK/PD
modeling identifies an AUC/MIC ratio >400 as the critical
efficacy threshold (Brink, 2012). In ICU patients, vancomycin
disposition is highly variable (Pea et al, 2005), leading to
frequent subtherapeutic exposure when standard dosing is
(PPK)
Bayesian dose optimization offer a precise approach
individualizing therapy and reducing mortality in patients with
difficult-to-treat infections (Ibrahim et al.,, 2000; Alqahtani et al.,
2018) (Table 1). Studies have demonstrated covariate influences

applied. Population pharmacokinetic modeling and

to
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TABLE 1 Emerging bioanalytical strategies and clinical implications for precision antibiotic therapeutic drug monitoring (TDM) and AMR mitigation.

Novel bioanalytical
strategy/antibiotic

Method/analytical
platform

Implication in TDM

Implication to
enhance precision
dosage therapy
against AMR-
resistant bacteria

Polymer-based microfluidic
biosensor for $-Lactams

(Piperacillin/Tazobactam)

Antibody-free synthetic-biology-

enabled electrochemical detection

Enables real-time, multiplexed
quantification of B-lactams
across plasma, saliva, urine, and
EBG; supports on-site
monitoring without pre-

treatment

Facilitates dynamic dose
adjustment, prevents
subtherapeutic exposure, and
optimizes PK/PD targets for
resistant Gram-negative

infections

Brasier et al. (2023), Ates et al.
(2022), Trittler et al. (2002)

Fluorescence spectrometry for

Vancomycin

Copper nanocrystal-assisted

fluorescence spectroscopy

Demonstrates feasibility of
non-invasive vancomycin
detection in exhaled breath
condensate (EBC)

Promotes localized pulmonary
drug exposure monitoring,
guiding optimized dosing
against MRSA and VRSA

infections

Rahimpour et al. (2021)

UV-Visible spectroscopy for

Tobramycin

Breath-based optical quantification

Enables rapid, non-invasive
antibiotic screening from

inhaled aerosols

Provides insights into drug
absorption at respiratory
infection sites, supporting
targeted therapy against

Pseudomonas aeruginosa

Khoubnasabjafari et al. (2021)

UHPLC-HRMS for p-Lactams
(Meropenem, Piperacillin/

Tazobactam)

Ultrahigh-pressure liquid
chromatography-high-resolution

mass spectrometry

Quantifies antibiotic levels in
exhaled breath condensate with

high analytical resolution

Advances in translational PK
correlation between plasma and
pulmonary biofluids, enabling
precision therapy for

ventilator-associated infections

Herregodts et al. (2019)

Dual-Line competitive lateral
Flow Assay (LFA) for

Vancomycin

Biotin-avidin enhanced dual-test
line format with R-based image

quantification

Achieves rapid bedside
detection with improved
sensitivity, reproducibility, and

environmental robustness

Provides decentralized, low-
cost monitoring of vancomycin
exposure to minimize
nephrotoxicity and resistance

emergence in MRSA therapy

Bian et al. (2021), Calucho et al.
(2020), Nuntawong et al.
(2022), Sajid et al. (2015),
Jacinto et al. (2018), Riezk et al.
(2025)

Volumetric Absorptive
Microsampling (VAMS) for f-

Lactams

LC-MS/MS analysis coupled with

microsampling

Minimally invasive sampling
with reduced matrix
interference, suitable for

frequent ICU monitoring

Enables individualized dose
titration in critically ill patients
with variable clearance,
enhancing antimicrobial

stewardship

Moorthy et al. (2020)

HILIC-UPLC-MS/MS for

multiple B-Lactams

Automated protein precipitation
and hydrophilic interaction

chromatography

Rapid, high-throughput
quantification for multi-

drug TDM

Supports near-real-time
therapeutic optimization and
stewardship in septic ICU

patients

Abdulla et al. (2017),
Magréault et al. (2022)

Wearable biosensing devices (e.g.,

Sweat/Interstitial Fluid Sensors)

Continuous electrochemical or
optical sensing integrated into skin

patches

Provides non-invasive,
continuous monitoring of
systemic and tissue drug

concentrations

Enhances compliance and real-
time therapy adjustment,
reducing risk of resistance in

chronic infection management

Brasier et al. (2023), Jager et al.
(2019)

Tear-integrated biosensors for

ocular antibiotics

Contact lens-based sensing

platform

Enables continuous, local-level
antibiotic detection for ocular

infections

Improves therapeutic targeting
and early detection of resistance

at ocular sites

Jeon et al. (2021), Ma et al.
(2021)
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TABLE 1 Continued

Novel bioanalytical
strategy/antibiotic

Method/analytical
platform

Implication in TDM

10.3389/fphar.2026.1761582

Implication to
enhance precision
dosage therapy
against AMR-
resistant bacteria

Three-tiered spatiotemporal

TDM model

Multi-compartmental (upstream,
local, downstream) biosensing

integration

Offers real-time
pharmacokinetic mapping
across blood, infection site, and

distal fluids

Provides systems-level control | Brasier et al. (2023)
over antibiotic exposure,
mitigating resistance via tissue-

targeted dosing

Al-Integrated Bayesian Machine learning-based PK/PD

forecasting framework predictive modelling

Converts biosensor data into
dose predictions for

individualized therapy

Enables automated, adaptive Kousi et al. (2025)
dosing to sustain optimal drug
levels and suppress resistance

evolution

such as body weight, creatinine clearance, burn injury, and
dopamine co-therapy on clearance and volume of distribution
(Alqgahtani et al.,, 2018; Okada et al.,, 2018), supporting the need
for model-based TDM in this subgroup (Lin et al., 2021).

Emerging point-of-care solutions, such as quantitative lateral
flow assays, are being developed to enable decentralized vancomycin
monitoring. A dual-line competitive binding design with gold
nanoparticle-vancomycin conjugates allows smartphone-based
quantification over a dynamic range offering high analytical
accuracy and clinical applicability for rapid dose adjustments
(Riezk et al., 2025).

Linezolid and tigecycline

Linezolid’s PK/PD efficacy is primarily driven by time above
MIC, while tigecycline’s therapeutic success correlates with AUC/
MIC (El-Gaml et al., 2022; Hui et al., 2022; Hui et al., 2024; De
Pascale et al., 2014). Both drugs exhibit extensive distribution, and
their pharmacokinetics are strongly affected by altered protein
binding and organ function in critical illness. Drug interactions
particularly nephrotoxic or serotonergic co-medications further
complicate optimal dosing. TDM of linezolid can minimize
hematological and neurologic toxicities, while tigecycline TDM
can help counteract variable exposure seen in patients on renal
replacement or extracorporeal support (Rao et al, 2020; Tietjen
et al., 2022).

In critically ill patients, fixed-dose regimens are inadequate due
to large inter- and intra-patient pharmacokinetic variability. TDM
provides a dynamic, evidence-based framework for individualized
dosing, allowing clinicians to: (1) achieve PK/PD targets (e.g., AUC/
MIC >400 for vancomycin, time above MIC for linezolid, AUC/MIC
for tigecycline and omadacycline). (2) reduce toxicity risk through
early detection of drug accumulation. (3) optimize efficacy in the
presence of organ dysfunction or extracorporeal support. (4)
support antimicrobial stewardship, minimizing resistance
emergence (Rao et al., 2020; Tietjen et al., 2022).

The integration of advanced analytical methods such as LC-MS/
MS, microfluidic biosensors, and lateral flow devices with clinical
PK/PD modeling represents a critical evolution in precision
antimicrobial therapy in the ICU (Rao et al.,, 2020; Tietjen et al.,
2022). These approaches will support real-time therapeutic decision-
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making, improve patient outcomes, and contribute to global efforts
against antimicrobial resistance.

Emerging bioanalytical techniques for TDM

Accurate quantification of antibiotics in biological matrices is
essential for TDM, which relies on bioanalytical methods that
combine sensitivity and selectivity. Traditional TDM analytical
platforms include HPLC, LC-MS/MS, and immunoassay-based
techniques. The selection of an appropriate analytical method
depends on clinical requirements, desired sensitivity, turnaround
time, availability of instrumentation, and matrix complexity.
Commercially available vancomycin assays, such as LC/MS,
ELISA, and fluorescence-based detection, often involve centralized
laboratory processing (Bian et al., 2021). This process entails sample
transportation, resulting in a turnaround time of 2-3 h, while dose
adjustments may not occur until 12 h post-collection (Klapkova et al.,
2020). Despite technological advances, improvements in assay speed,
simplicity, and cost-effectiveness are limited (Klapkova et al., 2020),
highlighting the need for decentralized, rapid, and user-friendly
platforms for point-of-care vancomycin monitoring (Calucho
et al,, 2020; Liu et al,, 2021). As we discussed above, traditionally
qualitative, LFAs now exploit advanced detection systems, including
smartphone-based imaging, for quantitative measurement of
antibiotics (Urusov et al, 2019). In these assays, a nitrocellulose
membrane with immobilized biomolecules can use sandwich or
competitive formats. Small-molecule antibiotics require a
competitive LFA configuration (Calucho et al., 2020; Nuntawong
et al,, 2022; Sajid et al.,, 2015). However, conventional competitive
LFAs face challenges such as narrow dynamic ranges and
dependence on specialized detectors, limiting their utility at
clinically relevant concentrations (15-20 mg/L) for vancomycin
(Hale et al., 2017). To address these limitations, a novel
competitive LFA featuring two test lines, an antibody line and an
avidin line has been developed. This dual-line design leverages
biotin-avidin interactions to sequester excess conjugate, enabling
differential signal analysis. By correlating the intensity of both lines,
accurate quantification across a broader dynamic range is achieved.
Validation involved a two-phase study: first, the LFA was optimized
for vancomycin quantification in serum and benchmarked against
ELISA and traditional LFAs; second, spiked serum samples assessed
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accuracy, reproducibility, specificity, and applicability for TDM
(Riezk et al., 2025).

HPLC remains a staple in antibiotic TDM, offering moderate
sensitivity, high reproducibility, and compatibility with UV or
fluorescence detection. Nonetheless, low-concentration antibiotics
such as tigecycline and linezolid necessitate the heightened
sensitivity and specificity of LC-MS/MS, which also allows
multiplexed analyte detection, establishing it as the gold standard in
bioanalysis. Immunoassays like fluorescence polarization immunoassay
(FPIA), enzyme-multiplied immunoassay technique (EMIT), and
ELISA remain widely used for vancomycin due to rapid processing
and integration with hospital laboratory workflows, though they may
suffer from cross-reactivity and limited specificity.

FPIA, extensively applied in China and abroad, provides rapid
TDM information for vancomycin dose adjustments (Farin et al.,
1998; Pfaller et al., 1984). However, no specific TDM system for
norvancomycin exists. Currently, norvancomycin concentrations
are determined by HPLC or microbiological assays (de Jesus
Valle et al., 2008; Najjar et al., 1995). Both approaches present
challenges: HPLC is technically demanding, and microbiological
assays are time-intensive and susceptible to interference from
concomitant medications. This study employed FPIA and HPLC
to measure serum norvancomycin in 300 clinical samples, deriving a
correlation-based FPIA algorithm subsequently validated in
70 additional samples (Wu et al., 2012).

Blood plasma and serum are rich in diagnostic information but
require extensive processing for analysis. Real-time analyte detection
is particularly critical for TDM. Surface-enhanced Raman scattering
(SERS) represents a highly sensitive, label-free technique with
molecular specificity (Bantz et al, 2011; Anker et al, 2008;
Anema et al, 2011), adaptable to small molecules, drugs,
proteins, nucleic acids, cells, and microorganisms (Kneipp et al.,
2010; Cao et al.,, 2002; Qian et al., 2008). Therapeutic drugs, often
containing conjugated rings, exhibit strong Raman scattering,
enabling sensitive detection (Taylor et al., 2014). While SERS has
been applied to saliva and urine, blood analysis necessitates prior
separation to overcome competitive adsorption by proteins and
metabolites, which impede analyte access to SERS-active hotspots
and reduce assay sensitivity (Schliicker, 2014; Moskovits, 2005;
Bonifacio et al., 2014; Stosch et al., 2005).

To overcome these obstacles, a hierarchical zwitterionic surface
modification for SERS-based optofluidic systems was developed.
The inner layer consists of self-assembled monolayers (SAM) with
functional thiols to attract analytes or amplify weak Raman signals,
while the outer layer employs zwitterionic poly (carboxybetaine
acrylamide) (pCBAA) grafted via surface-initiated atom transfer
radical polymerization (SI-ATRP) to resist protein fouling. This
configuration enables continuous real-time quantification of
doxorubicin in undiluted human plasma, alongside monitoring of
other TDM-requiring drugs, fructose, and pH, providing a
generalized platform for SERS-based biosensing in complex
biological matrices (Sun et al., 2016).

Population pharmacokinetic analysis for
TDM of antibiotics: bayesian model

A previous study (Lin et al, 2021) detailed population
pharmacokinetic (PopPK) investigation was performed using
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993 serum concentration-time data points obtained from
374 adult patients. Of these, 294 subjects were allocated for
model construction and 80 for external validation, both subsets
being randomly assigned through Kinetica software (Alqahtani et al.,
2018; Lin et al.,, 2021). The analysis employed a nonlinear mixed-
effects modeling framework, a robust approach capable of
variability
unexplained variance, thereby improving model precision and
clinical applicability (Alqahtani et al., 2018; Lin et al., 2021).
Model selection and performance evaluation were guided by

distinguishing  inter-individual from  residual

maximum likelihood estimation (MLE) metrics, including the log-
likelihood (LL), Akaike Information Criterion (AIC), and Bayesian
Information Criterion (BIC). Superior model performance was
indicated by lower AIC/BIC and higher LL values. In addition,
diagnostic  plots including conditional weighted residuals,
population-predicted versus observed concentrations, and residual
distributions were visually inspected to confirm homoscedasticity,
lack of bias, and appropriate random error dispersion (Lin et al.,
2021). External validation was executed using an 80-patient subset
through the Bayesian feedback method implemented in Kinetica.
This approach integrates prior population information with
individual patient data to refine parameter estimation and assess
predictive adaptability under real-world variability. The mean
prediction error (MPE) and mean absolute error (MAE) were
calculated as indices of model bias and precision, respectively
(Lin et al.,, 2021). The final PopPK model demonstrated robust
predictive capability, confirming its suitability for individualized
TDM of antibiotics. The integration of EM-based population
modeling with Bayesian feedback enables dynamic, patient-
specific dose optimization. This model-informed precision dosing
framework enhances clinical decision-making by minimizing
underexposure and toxicity risks, particularly for narrow
therapeutic index agents such as vancomycin and related

glycopeptides (Lin et al., 2021).

Implications of bioluminescent sensors for
effective TDM of antibiotics

Achieving an optimal balance between therapeutic efficacy and
toxicity remains a cornerstone of precision pharmacotherapy. For
many antibiotics and narrow therapeutic index drugs, TDM
provides essential feedback to ensure drug concentrations remain
within a safe and effective range (Griss et al., 2014). Traditional
TDM methods, however, depend on centralized laboratories
equipped with sophisticated analytical systems, imposing
logistical delays and limiting real-time dose optimization. The
advent of semisynthetic bioluminescent sensors introduces a
transformative alternative for near-patient and at-home drug
monitoring, offering rapid, accurate, and low-cost quantification
directly from minimal blood samples (Griss et al., 2014). These
bioluminescent sensors operate on a modular platform that
integrates a protein-based recognition element with a synthetic
chemical moiety, collectively designed to confer selectivity toward
diverse analytes, including immunosuppressants, anticancer drugs,
antiepileptics, and antibiotics (Griss et al., 2014). Minimal sample
volumes merely a drop of serum or plasma can be applied onto a
paper substrate, and luminescent emission is captured using a

simple point-and-shoot or smartphone-based imaging system.
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This simplified, portable configuration has the potential to
democratize access to TDM, particularly in resource-limited or
decentralized clinical settings, enhancing both treatment safety
and patient autonomy (Griss et al., 2014).

A key innovation in this domain is the development of
luciferase-based indicators of drugs (LUCIDs), a new class of
ratiometric, bioluminescent biosensors engineered to fulfill the
stringent requirements of modern

point-of-care  testing:

quantitative  accuracy, minimal  operator  intervention,
compatibility with portable devices, and single-drop sample
handling (Griss et al., 2014). Structurally, each LUCID consists of
three integral components: (i) a receptor protein selective for the
target analyte, (ii) a luciferase enzyme acting as the light-emitting
source, and (iii) a synthetic molecule harboring both a fluorophore
and a ligand capable of binding the receptor protein. When the
tethered ligand binds intramolecularly, the fluorophore and
luciferase are brought into close proximity, enabling
bioluminescent resonance energy transfer (BRET) (Griss et al.,
2014). Upon analyte binding, the ligand is displaced, causing a
measurable decrease in BRET efficiency. Quantification is achieved
by recording the emission ratio of blue light (from the luciferase) to
red light (from the fluorophore), providing a self-referenced,
concentration-independent signal (Griss et al., 2014).

This approach builds on prior studies demonstrating the
feasibility of Forster resonance energy transfer (FRET)-based
biosensors (Bru et al., 2009; Brun et al., 2012; Brun et al., 2011;
Masharina et al.,, 2012), yet LUCIDs offer distinct advantages by
eliminating dependence on external excitation light sources,
enhancing detection sensitivity, and reducing background noise
attributes that are particularly valuable for portable and battery-
operated diagnostic devices. By integrating bioluminescence-driven
quantification into TDM, LUCIDs mark a significant leap toward
personalized, real-time (Griss
et al.,, 2014).

Decentralizing diagnostics from the laboratory to the individual

pharmacokinetic monitoring

represents a paradigm shift akin to the evolution of personal health
tracking. Analogous to how wearable technologies and smartphones
have revolutionized fitness monitoring, bioluminescent TDM
systems promise individualized therapeutic oversight from
virtually any setting. While electrochemical biosensors (e.g.,
glucose meters) remain the predominant point-of-care devices,
few quantitative biosensors for other analytes have achieved
clinical implementation (Turner, 2013). LUCIDs address this gap
by providing a novel, luciferase-based bioluminescent mechanism
that enables accurate drug quantification in complex biological
matrices using only ambient-level technology. A defining feature
of the LUCID design is its adaptability (Griss et al., 2014). By
reconfiguring the receptor-ligand pair through protein engineering
and rational ligand design, the system can be tailored to detect
virtually any small-molecule analyte. Two parameters are critical in
this process: (i) the geometry of the binding protein, which governs
energy transfer efficiency, and (ii) the binding affinity of the tethered
ligand, which determines the sensor’s responsiveness within the
therapeutic range (Griss et al., 2014). Rigid polyproline linkers
the SNAP-tag
background BRET in the sensor’s open state, while optimized

connecting and luciferase can minimize
attachment points ensure maximal transfer efficiency in the

closed state. When neither terminus aligns appropriately, circular
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permutation strategies can be employed to reposition the termini
near the binding pocket, enhancing signal dynamics (Griss et al.,
2014) (Table 2).

The sensor’s functionality is governed by the equilibrium
between its open and closed states, a process defined by the
relative affinities of the tethered ligand and free analyte
(Krishnamurthy et al, 2007). Empirical studies estimate an
effective molarity of approximately 100 pM, implying that a
tethered ligand with an affinity below 10 uM will favor the
closed (high BRET) configuration under analyte-free conditions.
The concentration-response (cso) of the sensor thus becomes
tunable by adjusting ligand affinity to align with clinically
Unlike this
intramolecular displacement mechanism confers higher precision,
faster response kinetics, and improved reproducibility.

LUCIDs represent the first generation of BRET-based
with
substantial ratio metric change, surpassing the signal dynamics of

relevant drug levels. intermolecular ~ assays,

biosensors capable of quantifying small molecules
previously reported indicators (Saito et al., 2010). This advancement
establishes a foundation for next-generation diagnostics that could
integrate microfluidic channels, multiplexed analyte detection, and
automated data processing for real-time decision support in
antimicrobial ~stewardship and dose optimization. Future
prototypes envision a fully self-contained paper-based assay,
wherein the luciferase substrate and sensor proteins are
immobilized on layered membranes. Upon application of a blood
drop, serum components would diffuse through a red blood
cell-filtering layer, activating the luminescent reaction. A
handheld photometric reader or even a smartphone camera
could then measure the emitted blue and red-light intensities,
automatically computing the analyte concentration via onboard
algorithms. This system would require no specialized training,
making it equally suitable for clinicians and patients. Stability
studies suggest that dried protein reagents and luciferase
substrates can retain activity for extended periods, enabling long-
term storage and transportation under ambient conditions (Pollock
et al.,, 2012). With continued optimization, LUCIDs could become a
universal bioluminescent TDM platform, providing accessible,
rapid, and cost-effective therapeutic monitoring across global
healthcare infrastructures. By bridging the gap between synthetic
biology, optics, and clinical pharmacology, these biosensors hold the
potential to redefine precision dosing paradigms and extend the

reach of personalized medicine (Griss et al., 2014).

Minimally invasive microneedle-based TDM
for antibiotics

A recent investigation (Ranamukhaarachchi et al, 2016a)
introduced a painless and minimally invasive alternative for
TDM through the development of hollow microneedle systems
capable of extracting ultra-trace volumes (<1 nL) of interstitial
fluid (ISF) drug quantification. Unlike
venipuncture-based TDM methods, this
utilizes a microneedle lumen functionalized as an

for conventional

innovative system
in  situ
microreactor, which enables simultaneous analyte capture and
binding during sample collection, eliminating the need for
additional transfer steps (Ranamukhaarachchi et al., 2016a). The

extracted analytes are immediately processed within an integrated
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TABLE 2 Emerging bioanalytical strategies for Therapeutic Drug Monitoring (TDM) of critical antibiotics and their role in precision dosing against AMR

pathogens.

Novel bioanalytical
strategy/Antibiotic

Method/Analytical
platform

Implication in TDM

Implications to enhance
precision dosage
therapy against AMR-
resistant bacteria

Refs

Omadacycline (Next-

Generation Tetracycline)

LC-MS/MS using acetonitrile
protein precipitation and
C18 reverse-phase column with

0.1% formic acid mobile phase

Provides high analytical precision
and sensitivity for omadacycline
quantification in plasma; meets
LLOQ and regulatory standards

for clinical validation

Enables individualized dose
optimization in critically ill patients;
minimizes resistance emergence by
maintaining target AUC0-24 h/
MIC ratios against MDR respiratory
pathogens

Riezk et al. (2025), Wang
et al. (2025), Yang et al.
(2022), Tzanis et al. (2017),
Lepak et al. (2017), Rodvold
and Pai (2019), Lepak et al.
(2019), Durées and Sousa
(2019), Yaghoubi et al.
(2022), Annoni et al. (2020),
Flarakos et al. (2017),
Suhang et al. (2024), Hu

et al. (2024)

immunoassay (FPIA) and HPLC

correlation algorithm

intensive assay compared with
microbiological methods for

serum level estimation

Vancomycin LC-MS/MS, HPLC, and dual-line | Allows both centralized (LC-MS/ | Supports Bayesian model-informed | Riezk et al. (2025), Revilla
competitive LFA with gold MS) and rapid bedside (LFA) dosing to maintain AUC/MIC >400; | et al. (2010), Edwards et al.
nanoparticle conjugation and monitoring with wide dynamic reduces nephrotoxicity and MRSA | (2012), Brink (2012),
smartphone quantification range (2.88-45,000 ng/mL) resistance by real-time dose Ibrahim et al. (2000),
correction Alqahtani et al. (2018),
Okada et al. (2018), Lin et al.
(2021), Rao et al. (2020),
Tietjen et al. (2022), Hale
et al. (2017)
Linezolid LC-MS/MS and immunoassay- Facilitates TDM-guided Enhances efficacy in critically ill Rao et al. (2020), Tietjen
based quantification integrated optimization of linezolid plasma patients with renal or hepatic et al. (2022)
with PK/PD modeling exposure to reduce hematologic dysfunction, preventing resistance
and neurologic toxicities development in VRE and MRSA
strains
Tigecycline LC-MS/MS coupled with Provides accurate monitoring of Enables adaptive dosing to sustain | Rao et al. (2020), Tietjen
microextraction; validated for tigecycline plasma levels under AUC/MIC targets and overcome et al. (2022)
low-concentration antibiotic extracorporeal support and renal | variable clearance in multidrug-
quantitation replacement resistant Enterobacteriaceae
infections
Norvancomycin Fluorescence polarization Offers a faster, less resource- Facilitates accurate, real-time Farin et al. (1998), Pfaller et

vancomycin analogue monitoring to
optimize therapy and minimize

cross-resistance

al. (1984), de Jesus Valle
et al. (2008), Najjar et al.
(1995), Wu et al. (2012)

Surface-Enhanced Raman
Scattering (SERS)-Based
Optofluidic Platform

Hierarchical zwitterionic surface-
modified SERS chip with
antifouling SAM and poly
(carboxybetaine acrylamide) layer

Enables continuous, label-free
quantification of small-molecule
drugs (e.g., doxorubicin,
vancomycin analogues) in

undiluted plasma

Establishes a generalizable real-time
TDM platform capable of detecting
nanomolar drug levels in complex
biological matrices to prevent

resistance

Bantz et al. (2011), Anker
et al. (2008), Anema et al.
(2011), Kneipp et al. (2010),
Cao et al. (2002), Qian et al.
(2008), Taylor et al. (2014),
Schliicker (2014), Moskovits
(2005), Bonifacio et al.
(2014), Stosch et al. (2005),

Sun et al. (2016)
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TABLE 2 Continued

Novel bioanalytical
strategy/Antibiotic

Method/Analytical
platform

Implication in TDM

Implications to enhance
precision dosage
therapy against AMR-
resistant bacteria

10.3389/fphar.2026.1761582

Population Pharmacokinetic
(PopPK) Model-Bayesian

Framework

Nonlinear mixed-effects
modelling using large serum
datasets and Bayesian feedback

validation

Allows individualized dose
prediction by integrating
population PK parameters with

patient-specific data

Reduces underexposure and toxicity
for narrow therapeutic index
antibiotics such as vancomycin;
supports precision antimicrobial

stewardship

Ibrahim et al. (2000),
Alqahtani et al. (2018), Lin
et al. (2021)

Luciferase-Based
Bioluminescent Biosensors

(LUCIDs)

Protein-luciferase hybrid sensors
employing bioluminescent

resonance energy transfer (BRET)

Achieves portable, rapid, and
quantitative antibiotic TDM from
single-drop samples using

smartphone imaging

Empowers near-patient and at-
home antibiotic monitoring;
improves treatment adherence and

adaptive dosing in resource-limited

Griss et al. (2014), Bru et al.
(2009), Brun et al. (2012),
Brun et al. (2011),
Masharina et al. (2012)

settings

optofluidic biosensing platform, which employs a high-sensitivity
optical absorbance detection scheme for rapid and quantitative
analysis (Ranamukhaarachchi et al, 2016a). In conventional
assays, vancomycin, a glycopeptide antibiotic requires sample
volumes of 50-100 pL and exhibits a LoD in micromoles (uM)
(Ranamukhaarachchi et al.,, 2016a). In contrast, the newly proposed
microneedle-optofluidic biosensor achieves a substantial analytical
enhancement, detecting vancomycin at concentrations below
nmol nM of sample. This unprecedented sensitivity demonstrates
the system’s capacity for real-time, bedside monitoring, potentially
reducing patient discomfort, hospitalization duration, and
healthcare expenditure (Ranamukhaarachchi et al., 2016a).

Vancomycin serves as an exemplary candidate for interstitial
fluid-based TDM, owing to the strong pharmacokinetic correlation
between interstitial fluid and plasma concentrations (Kiang et al.,
2012). Clinically, vancomycin (VANC) is employed as a last-line
therapeutic agent against MRSA infections (Jarvis, 1998; Loll et al.,
1999). It is typically administered intravenously, maintaining
therapeutic peak levels between 20 and 40 pg/mL and trough
concentrations of 3-10 ug/mL (Kiang et al., 2012; Jarvis, 1998;
Loll et al., 1999; Hierholzer et al., 1995). However, exceeding this
therapeutic window is associated with nephrotoxicity and
irreversible ototoxicity (Hierholzer et al., 1995). To mitigate these
risks, several commercial immunoassay kits are available, including
VANC Flex® (Siemens Healthcare Diagnostics, United Kingdom),
QMS® Vancomycin (Thermo Fisher Scientific, United States), and
Emit® 2000 Vancomycin (Beckman Coulter, United States). These
kits, while analytically robust, necessitate multiple invasive blood
draws (>1 mL) per day and large serum volumes (50-100 pL),
thereby increasing patient burden, procedural costs, and the risk of
iatrogenic complications. Consequently, self-administered point-of-
care TDM systems would represent a transformative advancement
in precision antibiotic dosing.

Microneedle technology offers a promising avenue toward this
goal. Microneedles, typically sub-millimetre in dimension, were
originally designed for transdermal drug delivery (Mansoor et al.,
2013; Sivamani et al., 2005; Stoeber and Liepmann, 2005; Mansoor
et al,, 2015; Prausnitz and Langer, 2008). By penetrating the stratum
corneum, the skin’s primary diffusion barrier, they enable direct access
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to the viable epidermis and dermis layers (Ranamukhaarachchi et al.,
2016b). Importantly, hollow microneedles can also function in
reverse, serving as micro-sampling devices for the extraction of
blood (Li et al, 2013) or interstitial fluid (Mukerjee et al., 2004).
Interstitial fluid, which bathes all tissue cells, is a biochemically rich yet
particulate-free matrix, containing markedly fewer proteins, 5 to
10 times less protein than serum, making it ideal for biosensing.
However, the limited ISF volume within the skin (epidermis: ~20 nL/
mm?; dermis: ~800 nL/mm?) (Groenendaal et al., 2010) presents a
significant challenge for efficient extraction. Previous studies have
achieved ISF sampling up to 200 nL per microneedle via capillary
action over 15-20 min (Mukerjee et al,, 2004) or 1-10 uL using
vacuum-assisted glass microneedles under negative pressures of
27-67 kPa for 2-10 min (Wang et al., 2005).

Recent advances in lab-on-a-chip architecture have integrated
hollow microneedles for ISF-driven biosensing (Mukerjee et al., 2004;
Strambini et al., 2015). However, most designs still rely on post-
extraction ISF transfer, which introduces delays, signal loss, and
volume constraints. To overcome these limitations, the present study
reports a unified microneedle-optofluidic system that performs dual
functions: (i) passive ISF collection (sub-nanoliter scale) via capillary
forces, and (ii) real-time biochemical reaction and quantification of
VAN within the same microneedle lumen (Ranamukhaarachchi
et al, 2016b). The inner lumen operates as a bioreactive domain
where VAN binding occurs concurrently with sampling, followed by
optical signal transduction through a microfluidic channel that
introduces reagents for detection. This configuration enables
ultra-sensitive quantification within therapeutic ranges, even at
picoliter-scale sample inputs, and offers an elegant solution for
continuous, painless, and patient-friendly TDM applications in
infectious disease management (Ranamukhaarachchi et al., 2016a).

Novel two-dimensional temperature-
responsive chromatography system using
dual PNIPAAm-modified columns for safe
and efficient TDM

Various analytical platforms, including immunoassay-based and
chromatographic techniques, have been employed for TDM (Koch-
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Weser, 1972; Gross, 1998; Ates et al., 2020; Kumps, 1982). Among
these, liquid chromatography remains the most versatile and
selective approach for serum drug analysis, as it circumvents the
need for specific ligand interactions (Wong, 1989). However,
conventional liquid chromatography methods pose practical
challenges in clinical environments. They frequently rely on
organic solvent-based mobile phases to fine-tune analyte
retention, exposing operators to volatile solvents that are
unsuitable for point-of-care or hospital laboratories. Moreover,
pre-analytical
precipitation or denaturation with organic solvents, is labor-

sample  pretreatment, involving  protein
intensive and time-consuming, thus delaying timely therapeutic
decisions. To address these limitations, a temperature-responsive,
two-dimensional chromatography system was developed using dual
poly (N-isopropylacrylamide) (PNIPAAm)-modified bead-
packed columns. This approach eliminates the need for
organic solvents and extensive sample pretreatment, enabling a
rapid, safe, and fully aqueous TDM platform. PNIPAAm-based
temperature-responsive chromatography harnesses the unique
phase-transition properties of this polymer to modulate analyte
retention by simply altering column temperature (Kanazawa
et al.,, 1996; Nagase and Okano, 2016; Nagase and Kanazawa,
2020; Nagase et al., 2022a).

Thermoresponsive polymers such as poly(N-alkyl acrylamide)s,
poly(alkyloxide) copolymers, and poly(2-alkyl-2-oxazoline)s have
been explored for similar applications (Roy et al, 2013), yet
PNIPAAm remains the benchmark material owing to its sharp
and reversible phase transition near physiological temperature
(32 °C) (Halperin et al., 2015; Nagase, 2021; Nagase et al., 2018a).
This polymer undergoes hydration-dehydration transitions,
switching between hydrophilic and hydrophobic states across its
lower critical solution temperature (LCST) (Halperin et al., 2015;
Nagase, 2021; Nagase et al., 2018a; Nagase et al., 2015). Structural
fluctuations within PNIPAAm chains swelling at low temperatures
and contraction above LCST have been widely exploited across
diverse biomedical domains, including thermally modulated drug
and gene delivery systems (Nakayama and Okano, 2011; Akimoto
et al,, 2014; Kono, 2001; Nagase et al., 2019; Maekawa-Matsuura
et al.,, 2019; Nemoto et al., 2019), biosensing and imaging platforms
(Mori et al,, 2001; Mori and Maeda, 2004; Miyamoto et al., 2007;
Tang et al., 2018; Matsuura et al., 2018; Malmstadt et al., 2003),
chemically actuated nanodevices (Masuda et al., 2015a; Masuda
et al., 2015b; Homm et al, 2017), cell separation technologies
(Nagase et al., 2012; Nagase et al., 2017a; Nagase et al., 2017b;
Nagase et al, 2020), and temperature-controlled cell culture
matrices for tissue engineering (Nagase et al, 2022a; Yamada
et al, 1990; Yamato et al, 2007; Nagase et al., 2009; Matsuura
et al., 2014; Nagase et al., 2018b; Nagase et al., 2017¢; Nakao et al.,
2019). Therefore, Figure 2 presents emerging hybrid analytical
technologies designed to revolutionize antibiotic TDM through
Novel
biosensors incorporating aptamer and antibody interfaces allow

multi-analyte detection and real-time monitoring.
specific antibiotic detection across complex biological matrices
such as plasma, saliva, urine, and exhaled breath. Temperature-
responsive chromatographic systems using PNIPAAm-modified
silica beads offer dynamic analyte separation and efficient protein
elimination for enhanced quantification accuracy. The integration of

electrochemical detection, mass spectrometry, and microfluidic
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platforms enables seamless PK-PD correlation. These innovations
improve analytical throughput, reduce sample processing time, and
support decentralized TDM implementation at the point of
care (Figure 3).

Notably, PNIPAAm  brush-type
synthesized via atom transfer radical polymerization exhibit

stationary  phases
superior performance, offering high uniformity, controlled
surface architecture, and predictable analyte interaction
profiles (Nagase et al., 2022a; Nagase et al., 2008). Analyte
immobilized onto a chromatographic
PNIPAAm’stunable
dependent

stationary phase,
hydrophobicity  allows
of
thereby enabling analyte separation using entirely aqueous
phases. The

performance depend on the

temperature-

modulation analyte-polymer interactions,

mobile retention behavior and column
surface graft density and
molecular chain length of PNIPAAm immobilized on the
stationary matrix (Nagase and Kanazawa, 2020). A two-
dimensional (2D) temperature-responsive chromatography
platform, consisting of two PNIPAAm brush-modified bead-
packed columns connected via a switching valve and in this
configuration, the primary column performs serum pretreatment
and initial analyte extraction, while the secondary column
conducts precise quantitative separation and detection
1990). PNIPAAm
brush-modified silica beads were synthesized via atom transfer
radical polymerization and used as packing materials for both

columns. The dual-column system demonstrated effective

(Majors, 1980; Bushey and Jorgenson,

separation of protein-bound and free drug fractions, thereby
validating its suitability for clinical TDM applications (Nagase
et al., 2022a).

The temperature-dependent elution profiles of model drugs
revealed sharp and reproducible peaks at 30 “°C-40 °C, consistent
with PNIPAAm’s volume phase transition behavior. At elevated
temperatures, polymer contraction reduced analyte diffusion into
the PNIPAAm hydrogel matrix, thereby enhancing elution
efficiency (Nagase et al., 2022a). Using this all-aqueous mobile
phase, drugs were successfully separated from serum proteins,
and concentrations were quantified through calibration-based
the reproducibility
robustness of the system. Importantly, this process circumvented

correlation, confirming analytical and
the use of organic solvents entirely, aligning with hospital safety
standards and reducing both cost and environmental impact
(Nagase et al., 2022a). Further refinement was achieved using a
thermoresponsive cationic copolymer, poly(N-isopropylacrylamide-
co-n-butyl methacrylate-co-N,N-dimethylaminopropyl acrylamide)
[P(NIPAAm-co-BMA-co-DMAPAAm)|, which was immobilized
on silica beads to enhance selectivity for charged analytes.
Structural characterization confirmed the successful incorporation
functionalities, tunable electrostatic

of cationic providing

interactions complementary to PNIPAAm’s hydrophobicity.
Optimized chromatographic conditions identified 30 “C as the
ideal operational temperature, ensuring efficient analyte recovery
and minimal matrix interference (Nagase et al., 2022a).
Evaluation using a panel of 13 clinically relevant drugs,
including voriconazole, demonstrated reliable quantification in
human serum using an all-aqueous mobile phase at
physiologically compatible pH values (Nagase et al., 2022a). The

system’s performance describes its feasibility as a green analytical
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FIGURE 3

antibiotics.

Emerging hybrid analytical and biosensing platforms for multi-analyte antibiotic quantification and PK-PD correlation. This multi-panel figure
presents novel analytical architectures designed for next-generation therapeutic drug monitoring (TDM). (A) Depicts the integration of multi-matrix
sampling (plasma, saliva, urine, breath condensate) into biosensor-based antibiotic detection, employing aptamer-antibody conjugates for specific
binding and real-time quantification using electrochemical or mass spectrometric readouts. (B) Demonstrates the fabrication and application of
PNIPAAM hydrogel-modified silica beads for temperature-responsive chromatography. Radical polymerization and functional surface modification
enable selective analyte retention and release based on hydrophilic—hydrophobic phase transitions. (C) Illustrates a two-dimensional, dual-column
chromatographic system combining protein elimination and drug quantification columns for high-throughput, precise TDM. This hybrid
thermoresponsive technology enhances separation efficiency and analytical stability for f-lactam, oxazolidinone, tetracycline, and aminoglycoside

technology suitable for on-site, real-time therapeutic drug
monitoring, consistent with the growing demand for solvent-free,
patient-safe analytical methodologies (Nagase et al., 2022a; Nagase
et al, 2007; Nagase et al., 2022b). Collectively, these findings
highlight  that dual ~PNIPAAm-based
temperature-responsive  chromatography provides novel,
solvent-free, and automated solution for clinical TDM. This

two-dimensional
a

innovation combines the principles of polymer thermodynamics
and analytical chemistry to achieve rapid, reproducible, and
environmentally sustainable quantification of drug concentrations
directly from serum matrices paving the way for next-generation
hospital-integrated monitoring systems (Nagase et al, 2022a;
Nagase et al., 2022b).
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Need for the identification and
characterization of critical values in TDM
and Al implications

TDM  represents cornerstone  of  precision
pharmacotherapy, allowing clinicians to tailor drug dosing to
individual PK/PD characteristics (Xiao et al., 2024; Hagel et al.,
2019). It encompasses a broad spectrum of drug classes, such as

a

antibiotics, cardioactive agents, immunosuppressants,
antiepileptics, and psychotropic medications (Kang and Lee,
2009; Fang et al, 2024). Among these, vancomycin, a
glycopeptide antibiotic remains indispensable for treating

Gram-positive bacterial infections, particularly those caused
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by methicillin-resistant Staphylococcus aureus (Rybak, 2006;
Kalil et al., 2014). When serum drug concentrations exceed a
defined critical threshold level that may induce severe or life-
immediate clinical evaluation and

threatening  toxicity

intervention become imperative. Timely recognition and
management of such critical values in TDM are vital to
prevent iatrogenic harm and ensure therapeutic success (Bidu
et al., 2020). Laboratory professionals play an instrumental role
in promptly communicating critical results to attending
physicians, thus bridging analytical data with clinical decision-
making (Li et al., 2020). Although reporting systems for critical
values are well-established in fields such as clinical chemistry,
hematology, coagulation, and microbiology (Li et al., 2020; Pai
etal., 2011) comprehensive frameworks for TDM-specific critical
values remain underexplored. Most existing TDM studies are
drug-centric rather than systemic, limiting insights into cross-
category patterns of critical thresholds.

A previously study (Xiao et al., 2024) retrospectively analyzed
TDM critical values to delineate their distribution and clinical
associations across three key therapeutic agents such as
vancomycin, digoxin, and tacrolimus (Xiao et al, 2024). Drugs
TDM  generally

characteristics, including a quantifiable relationship between

selected  for share key pharmacological
plasma concentration and therapeutic effect, narrow therapeutic
indices, substantial interindividual variability, prolonged treatment
duration, and potential for severe toxicity upon overdose (Ates et al.,
2020). Ensuring analytical integrity and prompt interpretation of
critical values is paramount, especially in critically ill patients where
overdose events may rapidly translate into life-threatening toxicities
(Sergi, 2018; Coetzee et al., 2020).

Notably, the prevalence of laboratory critical values exhibits
significant heterogeneity among different analytes. A previous
report reported 601 (0.83%) critical values among electrolyte and
glucose measurements in 72,259 clinical chemistry samples (Niu
et al, 2013). Another study assessed hematology, chemistry,
coagulation, and microbiology parameters, identifying a 0.49%
(38,020/7,706,962) incidence, with the majority (63%) originating
from inpatients (Li et al., 2020). However, systematic data on TDM-
related critical values remain scarce for effective antibiotics (Xiao
et al., 2024).

A national survey from China indicated that vancomycin,
phenytoin
methotrexate are the most frequently monitored drugs for TDM

valproic acid, carbamazepine, sodium, and
(Yin et al., 2023). Despite its clinical utility, the role of vancomycin
trough concentration remains debated (Xiao et al., 2024). Recent
pharmacometric evidence indicates that AUC provides a more
accurate index of cumulative drug exposure and correlates more
strongly with therapeutic efficacy and nephrotoxicity risk.
Consequently, while American and Japanese guidelines now
endorse AUC-guided monitoring exclusively, Chinese and
European recommendations still include both AUC and trough
levels (Matsumoto et al., 2022). Nevertheless, in resource-limited or
critically ill settings, trough concentrations continue to serve as
pragmatic surrogates for AUC, particularly in non-dialysis patients
(Yu etal., 2023). Similarly, tacrolimus TDM predominantly relies on
trough monitoring in most transplant centers, though the
superiority of AUC-guided warrants

validation (Brunet et al., 2019).

strategies prospective
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Laboratory turnaround time (TAT) represents a critical
determinant in the efficiency of TDM-based critical value
reporting. In a closed-loop notification system for non-TDM
parameters, median total and reporting times were 393 and
41 min, respectively (Li et al, 2020). Median TAT for TDM
critical values ranged from 186 to 251 min, with reporting times
between 108 and 170 min. Delays largely stemmed from multi-
campus logistics and centralized laboratory operations. To mitigate
such delays, decentralization of analytical workflows via on-site
TDM laboratories or Al-integrated biosensing platforms can
substantially enhance responsiveness (Xiao et al., 2024; Goswami
et al., 2010; Chauhan et al., 2014).

Currently, analytical methodologies for TDM encompass
immunoassays,  chromatographic  separations,  biosensors,
electrochemical detection, capillary electrophoresis, and microbial
assays (Ates et al, 2020; Fang et al., 2024; Wicha et al.,, 2021).
Although LC-MS offers superior selectivity and sensitivity, its
routine adoption remains constrained by cost, technical expertise,
and infrastructural demands (Wicha et al, 2021). Emerging
biosensor-based TDM platforms integrating microfluidics,
nanomaterials, and artificial intelligence (AI)-driven analytics
represent a promising frontier for real-time, bedside monitoring
of therapeutic agents potentially transforming critical value
detection and reporting paradigms (Xiao et al, 2024). Future
prospective
pharmacogenetics, Al-assisted prediction models, and real-world

multicentric, investigations integrating
clinical outcomes are warranted to elucidate the dynamic evolution
of critical drug levels. In summary, TDM continues to be an
indispensable component of individualized pharmacotherapy,
enabling precise dose optimization to maintain a balance between
efficacy and toxicity (Xiao et al, 2024). The identification and
systematic characterization of TDM critical values hold immense
potential to improve patient safety. Al-supported analytics can
revolutionize the management of critical values in modern
precision medicine (Xiao et al., 2024).

Integration of artificial intelligence into
predictive TDM frameworks

AI/ML technologies are rapidly transforming the landscape of
therapeutic drug monitoring by enabling predictive modeling,
individualized dosing algorithms, and automated critical value
surveillance. Al-driven pharmacometric models can integrate
data
genomics,

multidimensional including pharmacokinetics,

pharmacodynamics, metabolomics, and clinical
parameters to forecast drug concentration-time profiles with
remarkable precision. Deep learning architectures, such as
recurrent (RNNs)

models, can continuously learn from real-world hospital data

neural networks and transformer-based

streams to anticipate impending toxic or subtherapeutic
concentrations even before laboratory confirmation (Arnold
et al., 2025). These models can flag potential critical values,
recommend dosage adjustments, and trigger early clinical alerts,
thus shortening the latency between laboratory detection and
clinical action (Arnold et al., 2025).

Moreover, the incorporation of pharmacogenomic data such as
polymorphisms in drug-metabolizing enzymes (e.g., CYP450,

CYP3A5, UGTIAY9) and transporters (ABCBI, SLCOIBI) can
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enhance Al algorithms’ ability to predict interindividual differences
in drug exposure and toxicity risk. By coupling genomic data with
Bayesian forecasting, Al-assisted TDM systems can provide real-
time, adaptive dose recommendations that evolve with patient-
specific factors such as organ dysfunction, drug-drug interactions,
or inflammatory biomarker levels (Arnold et al., 2025).

The emerging paradigm of closed-loop TDM, powered by Al
and biosensor technologies, envisions a system where patient
samples are analyzed at the point of care, data are automatically
interpreted by predictive algorithms, and optimized dosing
suggestions are relayed to clinicians in real time (Arnold et al,
2025). Such integration not only reduces turnaround time but also
minimizes human error in data interpretation. In the near future,
hybrid models combining electronic health records, laboratory data,
and wearable biosensing inputs could autonomously identify
patients at risk of crossing critical thresholds, initiating proactive
interventions before clinical deterioration (Arnold
et al.,, 2025).

In essence, the convergence of TDM with Al-enabled analytics

occurs

heralds a shift from reactive to predictive pharmacotherapy,
transforming critical value management into an anticipatory,
precision-guided process that ensures optimal drug efficacy,
minimizes toxicity, and enhances overall patient safety in both
inpatient and outpatient settings (Arnold et al., 2025).

Machine learning and artificial intelligence in
AMR prediction and TDM optimization

ML and AI have emerged as transformative tools for
antimicrobial resistance prediction and personalized TDM, owing
to their ability to integrate complex clinical, microbiological, and
genomic datasets (Arnold et al, 2025). The ML-based AMR
predictions, numerous investigations predominantly conducted in
high-resource healthcare systems have utilized multifaceted data
sources, including demographic characteristics, prior antibiotic
exposures, historical antimicrobial susceptibility testing results
(Arnold et al., 2025), and microbiome profiles to forecast drug
resistance in infected patients and optimize antibiotic dosage at both
national and international levels of surveillance and intervention
programs (Liu et al., 2017). By incorporating next-generation
sequencing data such as whole genome sequencing (WGS),
metagenomics, and transcriptomics, AI/ML approaches can
discern the presence of resistance-conferring genes, single-
nucleotide  polymorphisms, and transcriptomic —signatures
associated with altered drug sensitivity. These computational
frameworks have been instrumental in elucidating resistance
evolution and supporting precision-based antimicrobial therapy
design (Arnold et al., 2025).

With the continuing decline in sequencing costs and the
exponential rise in publicly available genomic datasets, model
interpretability and predictive resolution for AMR are rapidly
advancing (Evans et al., 2021). Predictive ML models provide a
powerful approach for extracting latent patterns from large-scale
surveillance data, employing analytical modalities such as temporal
trend modeling, network topology analysis, and phylogenetic
inference to track the dynamics of resistance gene dissemination.
These methods can detect rare phenotypic behaviors, micro-
epidemic clusters, and overexpression of antibiotic-resistance
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determinants, key elements for early containment of resistance
spread in hospital and community settings (Arnold et al., 2025;
Vandenberg et al., 2020).

The diagnostic utility of matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
remains contingent upon the comprehensiveness of reference
spectral databases, which often lack adequate representation of
rare or novel microbial taxa (Arnold et al, 2025; Ates et al,
2024). These limitations stem primarily from restricted data
coverage rather than the technological methodology itself. AI-
MALDI-TOF
performance by automating spectral pattern recognition and

driven  solutions, however, can enhance
database enrichment, allowing for rapid, objective identification
of resistant pathogens. By reducing the dependence on manual
interpretation, AI integration into diagnostic microbiology can
drastically shorten turnaround times, streamline workflows, and
improve diagnostic precision compared to conventional culture-
based methods (Arnold et al., 2025; Ates et al., 2024).

Intravenous antibiotic administration particularly with p-lactam
antibiotics constitutes the cornerstone of sepsis management
(Williams et al,, 2023). Prompt initiation of antimicrobial
therapy, ideally within 1 hour of diagnosis and following
appropriate specimen collection, is critical to improving patient
survival (Hagel et al., 2022). However, the heterogeneity of sepsis
presentation frequently impedes early detection, leading to
therapeutic delays and subsequent organ dysfunction. Critically
ill patients often exhibit profound alterations in pharmacokinetics
due to sepsis-induced pathophysiology and intensive care
interventions (Jager et al., 2016; Adnan et al., 2013; Roberts et al.,
2010), resulting in highly variable p-lactam exposures (Roberts et al.,
2014a). The increased antibiotic pressure in ICUs further promotes
the emergence of less susceptible pathogens, complicating dose
optimization and attainment of pharmacodynamic targets
(Gongalves-Pereira and Pdvoa, 2011).

TDM offers a precision-based strategy to maintain plasma
antibiotic concentrations within target therapeutic windows,
potentially mitigating treatment failure and toxicity. Nevertheless,
several logistical and operational barriers, including cost,
turnaround time, and analytical availability, limit the widespread
implementation of B-lactam TDM in clinical settings (Ates et al.,
2020). Consequently, clinical prioritization strategies must identify
patient subgroups most likely to derive measurable benefits (Legg
etal., 2023). Despite multiple randomized controlled trials assessing
B-lactam TDM in ICUs (Hagel et al., 2019; Abdulla et al., 2020; De
Waele et al., 2014; Sime et al., 2015), Evidence remains inconclusive
regarding its direct impact on patient survival. Therefore, holistic
evaluation frameworks encompassing clinical cure, microbiological
eradication, resistance emergence, and cost-effectiveness are
necessary for meaningful outcome interpretation (Ates et al,
2022; Ates et al., 2024; Roberts et al., 2010; Gongalves-Pereira
and Po6voa, 2011).

Traditional statistical methods struggle to process the
multidimensional, non-linear, and heterogeneous data typical of
ICU cohorts. ML techniques offer a compelling alternative by
learning complex, dynamic associations from large temporal
datasets (Arnold et al., 2025). By integrating clinical, biochemical,
and PK/PD information, ML algorithms can generate a latent

multidimensional “patient state” representation that captures
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disease progression and treatment response in real time. This data-
driven representation allows differentiation between stable and
deteriorating states, facilitating continuous monitoring of patient
trajectories and quantifying therapeutic response patterns. Such
analyses provide novel mechanistic insights into the dynamic
interplay among antibiotic exposure, immune response, and
recovery outcomes.

ML methodologies to quantify the influence of TDM on patient
recovery dynamics, focusing on three interlinked domains: (1)
modelling patient state trajectories during piperacillin/tazobactam
therapy, (2) evaluating the impact of TDM-guided dose adjustments
on patient recovery rates, and (3) determining the association
between TDM implementation and patient survival. A
randomized controlled trial data (DRKS00011159), demonstrates
that ML algorithms can effectively identify high-dimensional clinical
features that distinguish between healthy and critical states. These
models hold potential as computational biomarkers for disease
severity stratification and as a foundation for developing a
continuous, data-derived “multidimensional SOFA score.” The
integration of ML within TDM thus bridges the gap between
therapy
transforming static drug monitoring into a dynamic, adaptive

empirical and individualized precision medicine,
clinical tool.

Recent advancements further conclude the superior predictive
capability of ML over traditional (PopPK) models (Arnold et al.,
2025; Li QY. et al,, 2024). As described previously (Arnold et al.,
2025; Li QY. et al,, 2024), Most ML frameworks achieved lower
prediction errors and enhanced accuracy compared with PopPK-
based predictions. Deep learning models, such as those developed by
Nigo et al, outperformed Bayesian algorithms in predicting
vancomycin trough and random concentrations by incorporating
broader, nonlinear patient-specific variables (Nigo et al., 2022).
Similarly, the ML model developed by Woillard et al. (Woillard
et al, 2021), for tacrolimus AUC estimation using limited
concentration data surpassed the conventional maximum a
posteriori Bayesian estimation (MAP-BE) approach, highlighting
the potential of ML to reduce sampling frequency and resource use.
Moreover, ML-driven covariate analyses have yielded results
comparable to PopPK models but with markedly improved
computational efficiency (Sibieude et al., 2021).

From a methodological perspective, ML algorithms can be
classified into supervised, unsupervised, and reinforcement
learning categories based on the nature of input data and
training strategies (Eckardt et al., 2021). Supervised learning
relies on labeled datasets to predict or classify outcomes, while
unsupervised learning uncovers hidden structures within unlabeled
datasets, facilitating hypothesis generation and pattern discovery.
Reinforcement learning, through iterative trial-error feedback, is
particularly suited for modeling optimal dynamic dosing strategies
in adaptive clinical environments. However, real-world data rarely
produce a single robustly supervised model capable of universal
generalization. To overcome this limitation, ensemble learning
frameworks such as boosting, bagging, and stacking combine
multiple weakly supervised models into a stronger, unified
predictor. Among studies examined, ensemble models constituted
over half of all final ML algorithms (N = 33, 51.6%), with boosting-
based architectures (e.g., XGBoost, LightGBM, CatBoost) being

most prevalent (66.7%), followed by bagging (Random Forest;
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21.2%) and stacking (12.1%). Additionally, 26.6% of studies
incorporated neural network architectures, emphasizing the
growing utility of deep learning paradigms in clinical
pharmacology (Li QY. et al., 2024).

The analytical performance of MALDI-TOF MS in AMR
diagnostics remains inherently dependent on the diversity of its
which lack

representation of rare or emerging pathogens. Such limitations

spectral reference databases, often sufficient
primarily arise from sampling bias and incomplete dataset
acquisition, rather than shortcomings in analytical technology
(Arnold et al., 2025; Ates et al., 2024; Li QY. et al,, 2024). Al-
driven augmentation of diagnostic workflows has thus become
indispensable, accelerating spectrum interpretation, automating
pattern  recognition, and reducing manual labor in
microbiological testing (Arnold et al.,, 2025; Ates et al.,, 2024; Li
QY. et al.,, 2024). These algorithmic efficiencies not only shorten
diagnostic turnaround times but also enhance reproducibility and
throughput compared to conventional phenotypic methods,
offering a paradigm shift in routine antimicrobial diagnostics
(Arnold et al., 2025; Ates et al., 2024; Li QY. et al.,, 2024).

For instance, the intravenous antibiotic therapy, particularly
involving B-lactams, represents a cornerstone of sepsis management
(Williams et al., 2023). Timely antibiotic administration, ideally
within the first hour following diagnostic suspicion and culture
acquisition, is associated with improved survival outcomes (Hagel
etal,, 2022). Nonetheless, the inherently heterogeneous presentation
of sepsis often delays recognition and treatment initiation, elevating
risks of multiorgan failure and adverse outcomes. Critically ill
patients in ICUs frequently experience altered pharmacokinetics
due to dynamic pathophysiological states, volume shifts, and organ
dysfunction (Jager et al., 2016; Adnan et al., 2013; Roberts et al.,
2010), leading to unpredictable B-lactam exposures (Roberts et al.,
2010). As ICU environments are hotspots for antimicrobial use,
selective pressure often results in isolates exhibiting decreased
of

pharmacodynamic targets (Gongalves-Pereira and Pévoa, 2011).

susceptibility, complicating attainment optimal

TDM offers a precision-based strategy to individualize dosing
and ensure sustained antibiotic concentrations within therapeutic
windows, mitigating risks of both underexposure and toxicity.
However, widespread clinical implementation of TDM of f-
lactam/vancomycin/linezolid/tigecycline faces logistical, financial,
and operational barriers, including assay unavailability, delayed
result reporting, and resource constraints (Ates et al, 2020).
Consequently, prioritization of patient subsets most likely to
benefit from TDM becomes essential (Legg et al, 2023).
Although multiple randomized controlled trials have assessed the
impact of B-lactam TDM in ICU settings (Hagel et al., 2019; Hagel
et al., 2022; Abdulla et al., 2020; De Waele et al., 2014; Sime et al.,
2015), definitive improvements in mortality or clinical cure rates
remain elusive for vancomycin/linezolid/tigecycline. Addressing
this evidence gap requires integrating multidimensional outcome
measures encompassing microbiological eradication, resistance
emergence, and cost-effectiveness to

morbidity, mortality,

construct a holistic framework for optimizing p-lactam/
vancomycin/linezolid/tigecycline therapy for tackling AMR and
precision-based antibiotic therapy (Roberts et al, 2010;
Gongalves-Pereira and Poévoa, 2011; Roberts et al., 2014b)

(Figures 4, 5).
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the MIPD approach integrates pharmacokinetic/pharmacodynamic

Conventional statistical models often struggle to accommodate
the non-linear, temporally dependent nature of such clinical data.
ML approaches, however, excel at disentangling complex variable
interdependencies. By leveraging high-dimensional temporal
datasets, ML can generate dynamic patient-state representations,
facilitating ~ differentiation between stable and deteriorating
conditions. This enables continuous, data-driven tracking of
recovery trajectories and therapeutic response. Through such
modelling, it becomes possible to quantify the influence of TDM
interventions on clinical progression, integrating physiological,
biochemical, and treatment-related variables into a unified
analytical construct (Ates et al, 2020; Arnold et al, 2025; Ates
et al,, 2024; Li QY. et al., 2024).

ML-based inference to elucidate the relationship between TDM
and patient recovery dynamics. Specifically, it aims to: (1) quantify
patient-state variations during piperacillin/tazobactam therapy, (2)
determine the influence of TDM-guided dosing on these dynamics,
and (3) assess survival outcomes (Ates et al., 2020; Arnold et al.,
2025; Ates et al.,, 2024; Li QY. et al, 2024). The computational
biomarkers may serve as proxies for disease stratification and
contribute to the development of a continuous, multidimensional
alternative to the conventional Sequential Organ Failure Assessment
(SOFA) score. The integration of ML-driven analyses thus reveals
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the concealed relationships between antibiotic exposure, host
response, and therapeutic success, reinforcing the clinical value of
data-informed TDM strategies pertinent to B-lactam/vancomycin/
linezolid/tigecycline therapy for tackling AMR and precision-based
antibiotic therapy (Ates et al., 2020; Arnold et al., 2025; Ates et al.,
2024; Li QY. et al., 2024).

Broadly, ML serves as a complementary paradigm to
mechanism-driven pharmacological modelling. As biomedical
data from multi-omics, electronic health records, and real-world
clinical settings expand, ML integration promises to enhance dose
individualization and adaptive therapy optimization (Ates et al.,
2020; Arnold et al., 2025; Ates et al., 2024; Li QY. et al., 2024). Based
on analytical strategies, ML algorithms can be categorized into
supervised, unsupervised, and reinforcement learning paradigms.
Supervised learning employs labeled datasets to predict predefined
outcomes, while unsupervised approaches explore unlabeled
datasets to uncover hidden biological structures or relationships.
Reinforcement learning, through iterative feedback and reward
optimization, supports the discovery of adaptive therapeutic
strategies (Ates et al., 2020; Arnold et al., 2025; Ates et al,
2024; Li QY. et al., 2024). Collectively, these advances illustrate
that ML and AT approaches complement traditional mechanistic

modelling by uncovering latent, data-driven relationships
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Integrated model-informed precision dosing (MIPD)-machine learning (ML) framework for individualized antibiotic therapy. This integrative
schematic delineates a next-generation precision TDM ecosystem linking invasive and non-invasive biofluid sampling, pharmacokinetic modeling, and
artificial intelligence (Al)-driven decision support. Upstream sampling (plasma, urine) and downstream non-invasive fluids (sweat, saliva, tears, breath)
provide real-time bioanalytical inputs for PK-PD modeling cycles. Mechanism-driven TDM updates dosing protocols by dynamically correlating
measured and predicted drug concentrations (C_meas vs. C_pred) to refine model accuracy. The MIPD-TDM module interfaces with Al/ML-based
clinical databases for individualized dosing simulations of vancomycin, linezolid, tigecycline, amikacin, and gentamicin. Integration with electronic health
records supports adaptive feedback for infection severity assessment and therapeutic optimization. This system represents a transformative shift toward
personalized, data-driven antimicrobial stewardship.

between therapy (Ates et al., 2020; Arnold et al., 2025; Ates et al.,  enabling proactive AMR prediction, individualized dosing, and
2024; Li QY. et al., 2024), host response, and resistance evolution.  real-time therapeutic optimization of p-lactam/vancomycin/
As diverse, large-scale datasets continue to expand spanning linezolid/tigecycline therapy for tackling AMR and precision-
clinical, genomic, and environmental domains ML-based based antibiotic therapy (Ates etal., 2020; Arnold et al., 2025; Ates
frameworks will be integral to precision pharmacotherapy, et al, 2024; Li QY. et al., 2024).
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Critical limitations of Al/ML integration
in TDM

Challenges to clinical translation

Most currently available AI/ML-enabled TDM frameworks for
last-resort antibiotics have been developed using relatively small,
single-centre datasets, increasing susceptibility to overfitting and
robustness patient
populations. Although several models demonstrate strong in-

limiting  model across  heterogeneous
sample predictive performance, their clinical utility may diminish
when applied to populations with differing demographics,
comorbidities, organ dysfunction profiles, antimicrobial resistance
patterns, and microbiological characteristics. Therefore, rigorous
model development strategies incorporating appropriate cross-
validation, calibration testing, and prospective external validation
are essential before clinical implementation. Previous studies have
emphasized that predictive AI models frequently fail to generalize
adequately when trained on limited datasets (Kelly et al., 2019).
Furthermore, external validation across large, multicentre, and
ethnically diverse cohorts remains insufficient for the majority of
Al-assisted TDM platforms, representing a major translational
limitation in precision antibiotic dosing applications (Al-Ewaidat
and Naffaa, 2025). Regulatory agencies such as the U.S. Food and
Drug Administration and the European Medicines Agency
increasingly mandate robust external validation and clinical
evidence prior to deployment of Al-enabled clinical decision-
support systems, yet only a limited number of current TDM
algorithms satisfy these requirements, thereby hindering broader
clinical adoption (De and Lohani, 2026).

Another important limitation involves the interpretability of
advanced deep learning and ensemble-based predictive models.
TDM “black-box”
frameworks with limited mechanistic transparency, potentially

Many Al-driven systems operate as
reducing clinician trust and hindering adoption in high-acuity
environments such as intensive care units, where therapeutic
decisions require clear justification and traceability. In the
context of critically ill patients receiving last-resort antibiotics,
explainability and transparency are particularly important
toxicity

and therapeutic efficacy. Concerns

because dosing decisions directly influence risk,

antimicrobial exposure,
regarding the lack of interpretability in clinical AI systems have
been extensively discussed in biomedical Al literature (Topol, 2019).
Similarly, the challenges associated with explainability and clinician
acceptance of complex machine-learning frameworks in healthcare
have also been highlighted in translational medical informatics
studies (Khosravi et al., 2024). Consequently, explainable AI
approaches and clinically interpretable hybrid pharmacometric-
ATl models are increasingly advocated to improve clinician
confidence and facilitate bedside integration.

From a regulatory perspective, most Al-based dosing
recommendation systems are now classified as Software as a
Medical Device (AI-SaMD), requiring demonstration of analytical
validity, clinical safety, algorithmic transparency, cybersecurity
safeguards, and continuous post-market performance monitoring.
However, the majority of currently reported Al-enabled TDM tools
remain at an early developmental stage and have not yet fully
addressed these stringent regulatory

expectations, thereby
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limiting widespread clinical translation. Recent
further that

healthcare systems still lack adequate evidence regarding safety,

regulatory

analyses have emphasized many Al-enabled
reproducibility, and lifecycle monitoring required for regulatory
approval and real-world implementation (Ebad et al., 2025).
Furthermore, existing AI/ML-assisted TDM frameworks have
largely been developed in high-income healthcare settings with
high-quality
electronic health records, and large longitudinal patient datasets.

access to advanced laboratory infrastructure,
In contrast, low- and middle-income countries, which bear a
disproportionately high burden of antimicrobial resistance, often
face major challenges related to data quality, interoperability, digital
infrastructure, and standardized clinical data acquisition. This
disparity raises concerns regarding algorithmic bias, limited
generalizability, and inequitable deployment of precision
antibiotic monitoring technologies. Recent global digital-health
studies have highlighted the urgent need for equitable and
inclusive AI model development incorporating diverse datasets
from underrepresented healthcare systems to improve fairness
2022).

Therefore, future next-generation hybrid bioanalytical and AI-

and global applicability (Ciecierski-Holmes et al.,

integrated TDM platforms should prioritize inclusive multicentre
collaborations incorporating diverse LMIC datasets to ensure
equitable, globally applicable precision dosing strategies for
optimizing last-resort antibiotic therapy.

Advances in mechanism-based PK/PD
models for precision antibiotic dosing:
towards integrating TDM in clinical
decision-making

The integration of mechanism-based PK/PD models into TDM
frameworks represents a transformative approach for optimizing
antibiotic therapy. Unlike conventional PK/PD indices that rely on
single-point summaries of drug exposure, mechanism-based models
provide a dynamic, time-resolved depiction of drug-bacteria
(Wicha et al, 2021). This
individualized dose optimization, incorporation of resistance

interactions approach enables
development, and the rational design of combination regimens
(Wicha et al., 2021). Here, recent advances in mechanism-based
PK/PD modeling, their translational potential, and their emerging
role in model-informed precision dosing (MIPD), highlighting
opportunities for clinical implementation and future research
directions. Traditional antibiotic dosing strategies often rely on
population-based PK/PD
metrics at single timepoints with clinical efficacy (Wicha et al,
2021; Nielsen and Friberg, 2013). While informative, these indices
fail to capture the full temporal dynamics of drug-pathogen

indices, which correlate exposure

interactions, limiting their predictive power for individual
patients (Wicha et al, 2021; Nielsen and Friberg, 2013).
Mechanism-based PK/PD models overcome this limitation by
simultaneously modeling the pharmacokinetics of the antibiotic
and the pharmacodynamics of bacterial growth and killing,
thereby providing a holistic framework for dose individualization
related to [-lactam/vancomycin/linezolid/tigecycline therapy for
tackling AMR (Wicha et al, 2021; Nielsen and Friberg, 2013).
Figure 3 figure contrasts the traditional TDM workflow with the
advanced model-informed precision dosing (MIPD) approach.
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Conventional TDM relies on empirical dosing, steady-state
and delayed
therapeutic inefficiency. In contrast, MIPD incorporates PK/PD

measurements, adjustments, often leading to
models, optimal sampling strategies, and real-time quantification
to personalize antibiotic therapy. Using tools such as WinNonlin
software, individualized PK parameters and microbial MIC values
are integrated for predictive dose optimization. The inclusion of
biomarkers like CRP and procalcitonin enhances infection severity
assessment, supporting rapid, evidence-based adjustments. This
model-driven framework accelerates clinical decision-making and
reduces adverse drug events in intensive care settings (Figure 4).

Components of Mechanism-Based PK/
PD models

Mechanism-based models typically consist of three interrelated
modules: (1) bacterial growth module characterizes intrinsic
bacterial replication rates and natural clearance. (2) drug kinetics
module describes temporal changes in drug concentrations within
biological compartments. (3) effect module defines how drug
exposure influences bacterial killing or growth inhibition. These
models are often parameterized using in vitro time-kill curve
experiments, which quantify bacterial dynamics under constant
or dynamically varying drug concentrations that mimic clinical
PK profiles (Nielsen and Friberg, 2013). Mechanism-based
models offer several critical advantages over conventional
approaches by retaining the temporal structure of PK/PD data,
these models improve translational accuracy across species,
accounting for interspecies differences in pharmacokinetics
(Kristoffersson et al., 2016) and also by temporal modeling that
facilitates the prediction of resistance emergence and allows
integration into dosing optimization strategies (Rees et al., 2016).
The inclusion of combination antibiotic PD interactions enables
rational design of synergistic or additive regimens (Yadav et al.,
2017; Aranzana-Climent et al., 2020). Both in vitro and in vivo
datasets including immune response data can be combined,
enhancing translational fidelity and supporting patient-specific
dose adjustment (Sou et al., 2021).

Empirical studies demonstrate that mechanism-based models
derived from in vitro data accurately replicate PK/PD index results
obtained from dose-fractionation studies in neutropenic mouse
models (Kristoffersson et al., 2016). Translating these findings to
humans remains challenging due to variability in patient
populations, infecting organisms, infection sites, and practical
constraints in exploring multiple dosing regimens. Consequently,
clinical validation of in vitro and preclinical targets remains limited,
highlighting a critical area for ongoing research. Early
characterization of bacterial parameters such as maximal killing
rate, potency (EC50), and growth rate can enable bedside
application of pre-existing models, even in the presence of sparse
patient data (Wicha et al., 2021; Nielsen and Friberg, 2013).

Role of TDM and MIPD in precision-
antibiotic therapy

TDM is particularly valuable for vulnerable populations,

including critically ill patients, and is recommended for
antibiotics with narrow therapeutic ~windows, such as
Frontiers in Pharmacology

25

10.3389/fphar.2026.1761582

aminoglycosides,  glycopeptides, beta-lactams, vancomycin/
linezolid/tigecycline therapy for tackling AMR and precision-
based antibiotic therapy. Mechanism-based MIPD approaches
can streamline TDM workflows, enhance prediction accuracy,
and allow integration of patient-specific biomarkers of treatment
response and toxicity. Rapid and sensitive bioanalytical techniques
are critical for implementing mechanism-based MIPD. Emerging
strategies such as dried blood spot sampling, noninvasive fluid
collection, and wearable sensors for real-time drug monitoring
may overcome current logistical limitations. Well-designed
prospective clinical trials are necessary to quantify the clinical
and pharmacoeconomic benefits of precision dosing (Wicha
et al, 2021; Nielsen and Friberg, 2013). Early incorporation of
PK/PD-informed evaluation during drug development may
accelerate identification of clinical scenarios in which precision
dosing yields maximal benefit. Mechanism-based PK/PD models
represent a paradigm shift in antibiotic dosing, bridging the gap
between in vitro, preclinical, and clinical data. By integrating TDM,
resistance dynamics, combination therapy effects, and patient-
these

opportunities to enhance individualized therapy and optimize

specific  biomarkers, models offer unprecedented

clinical outcomes. Continued research and technological
innovation will be pivotal in translating these models into

routine clinical practice.

Trials in TDM for precision therapeutic-
based antibiotics

For instance, sepsis, a life-threatening syndrome characterized
by dysregulated host immune responses to infection, continues to
carry hospital mortality rates exceeding 40% (Hagel et al., 2019).
Conventional antibiotic therapy often fails to achieve optimal
pharmacokinetic/pharmacodynamic targets due to interindividual
variability, delayed therapy initiation, or inappropriate dosing.
Recent evidence supports the use of prolonged or continuous
infusion strategies for B-lactam antibiotics, such as piperacillin/
tazobactam (TZP), to improve drug exposure. Integrating TDM
offers a personalized approach to dosing, potentially enhancing
efficacy while minimizing toxicity.

TDM-guided dosing significantly enhances PK/PD target
attainment in critically ill patients (Hagel et al., 2019), a critical
determinant of antimicrobial efficacy. By individualizing therapy
based on measured drug concentrations, clinicians can avoid
underdosing that leads to treatment failure and overdosing that
predisposes to toxicity. This approach is particularly relevant in the
dynamic physiological context of sepsis, where conventional dosing
may be inadequate. Furthermore, precision-guided therapy may
reduce the emergence of antibiotic resistance by maintaining
effective drug concentrations without unnecessary exposure. The
study also highlights the practical feasibility of daily TDM in
intensive care settings, reinforcing its potential as a standard of
care for high-risk patients receiving -lactam antibiotics. Integration
with continuous infusion regimens may further optimize time-
dependent killing and improve clinical outcomes (Hagel et al.,
2019). Daily TDM-guided dosing of meropenem or piperacillin/
tazobactam improves PK/PD target attainment and supports the
resolution of organ dysfunction, outperforming conventional
dosing strategies. Adoption of TDM in clinical practice may
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enhance patient outcomes, reduce toxicity, and mitigate
antimicrobial resistance, providing a foundation for precision-
guided critical care therapeutics.

A prospective, partially blinded, randomized controlled trial was
conducted in critically ill patients with normal renal function
receiving either meropenem (MEM) or piperacillin/tazobactam
(PTZ). Patients in the intervention arm underwent daily TDM,
with dose adjustments performed as indicated by real-time PK
measurements. The predefined PD target was 100% fT > 4xMIC,
representing the percentage of time during the dosing interval in
which free drug concentrations exceeded four times the MIC (De
Waele et al., 2014). Daily TDM-guided dosing in critically ill patients
with normal renal function significantly improves PK/PD target
attainment compared to conventional dosing strategies. By tailoring
therapy to individual PK profiles, this approach not only enhances
antimicrobial efficacy but may also reduce the risk of toxicity and the
emergence of resistance, supporting its integration into precision

antibiotic therapy protocols (De Waele et al., 2014).

Precision dosing to counter pB-lactam
resistance

The recent trials investigating TDM-guided therapy of p-lactam
antibiotics, such as piperacillin/tazobactam and meropenem,
highlight the critical role of individualized dosing in mitigating
antimicrobial resistance. In critically ill patients, conventional
dosing often fails to achieve pharmacodynamic targets due to
altered pharmacokinetics, leading to subinhibitory antibiotic
exposure, a key driver of resistance selection. Daily TDM enables
dose optimization to maintain drug concentrations above the MIC
for extended periods, enhancing bacterial killing while minimizing
selective pressure for resistant strains. Continuous or prolonged
infusion strategies, combined with real-time TDM, provide a
precision approach that could be generalized to other time-
dependent antibiotics, ensuring maximal efficacy and reduced
emergence of B-lactam-resistant pathogens.

Optimizing tetracycline use through PK/
PD guidance

Tetracycline-class antibiotics, including doxycycline and
minocycline, exhibit complex pharmacokinetics influenced by
absorption variability and tissue penetration. Subtherapeutic
exposure in critically ill or obese patients may inadvertently
promote resistance, particularly among Gram-negative pathogens.
Leveraging insights from TDM-based P-lactam trials, adaptive
dosing guided by PK/PD monitoring could ensure sustained
therapeutic concentrations of tetracyclines, particularly in tissues
where bacterial biofilms form. Personalized dosing strategies may
also minimize off-target effects that contribute to microbiome
disruption, a recognized contributor to horizontal gene transfer
and resistance propagation.

Vancomycin and targeted concentration
management

Glycopeptide antibiotics like vancomycin pose significant

challenges due to  narrow therapeutic = windows
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and nephrotoxicity risks. TDM-guided have

recognized as

strategies

already been essential in vancomycin
stewardship. Integrating lessons from B-lactam PK/PD trials,
precise measurement of trough or AUC values allows clinicians
to maintain bactericidal concentrations against MRSA while
that

intermediate or -resistant Staphylococcus aureus (VISA/

preventing  underexposure fosters  vancomycin-
VRSA). By dynamically adjusting doses based on real-time
PK data, TDM not only enhances efficacy but also extends
the useful lifespan of vancomycin as a critical agent in AMR

management.

Linezolid and Tigecycline use beyond
conventional dosing

For oxazolidinones like linezolid and glycylcyclines such as
tigecycline, prolonged or suboptimal dosing can rapidly select for
resistant strains. Linezolid’s reversible myelosuppression often

limits dosage escalation, while tigecycline’s low serum

concentrations insufficient bloodstream

may be
infections. Incorporating TDM-informed dose adjustment,

against

inspired by recent P-lactam trials, allows clinicians to balance
efficacy and toxicity, particularly in critically ill patients with
variable drug clearance. These strategies are crucial for preserving
the activity of last-line antibiotics and delaying the spread of
multidrug-resistant organisms.

Integrating TDM into a comprehensive
AMR strategy

Collectively, these findings demonstrate the importance of a
precision-based, TDM-informed framework in combating AMR
across multiple antibiotic classes. By ensuring optimal PK/PD

target attainment, healthcare providers can maximize
bactericidal activity while reducing selective pressures that
drive resistance. When combined with antimicrobial

stewardship programs, infection source control, and rapid
diagnostic testing, TDM-guided therapy provides a rational
and evidence-based approach to antibiotic management.
Future research should focus on expanding TDM protocols to
a broader spectrum of antibiotics, integrating real-time
resistance surveillance, and developing predictive PK/PD
models to support

dynamic dosing in diverse patient

populations, ultimately enhancing the effectiveness of

interventions against AMR.

Conclusion

Therapeutic drug monitoring is evolving beyond
conventional analytical methods into a sophisticated, Al-
augmented precision medicine tool. The integration of
LC-MS/MS, biosensors, microneedle platforms, and PK/PD
modeling offers unprecedented opportunities to optimize
antibiotic dosing in critically ill patients. This integrated TDM
framework not only enhances clinical efficacy and safety but also
plays a strategic role in combating the growing threat of

antimicrobial resistance.
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Future directions

Large-scale clinical trials are needed to validate the proposed
three-tiered TDM model and establish standardized protocols for
bedside Further
multiplexed biosensors and wearable devices will enhance real-

implementation. development of portable,

time monitoring capabilities. Expanding AI and machine learning

frameworks will enable adaptive, patient-specific dosing
recommendations and  predictive  therapeutic = outcomes.
Development  of  regulatory pathways and healthcare

infrastructure to support decentralized TDM platforms will
Embedding advanced TDM
technologies within antimicrobial stewardship programs can help

accelerate  clinical adoption.

shape a proactive, data-driven response to the global AMR crisis.
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