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Abstract

Anthracycline agents, principally doxorubicin and daunorubicin, are widely used in oncology yet
carry a narrow therapeutic index and pronounced interindividual pharmacokinetic variability that
exposes patients simultaneously to the risk of subtherapeutic dosing and cumulative cardiotoxicity.
Conventional therapeutic drug monitoring (TDM) based on periodic venous sampling and offline
high-performance liquid chromatography cannot resolve the sub-minute concentration dynamics
that determine organ-specific drug exposure. Electrochemical aptamer-based (EAB) sensors couple
nucleic-acid aptamers, self-assembled monolayers, and methylene blue redox reporters on gold
microelectrodes to convert binding-induced conformational changes into real-time, reagent-free
electrochemical signals. Recent advances in this field fall into five areas: signal interrogation
strategies, from kinetic differential measurement to calibration-free Fourier-transform impedance
spectroscopy (FFT-EIS); interface engineering including nanostructured electrodes and Al-guided
aptamer design; in vivo multi-compartment pharmacokinetic monitoring and closed-loop feedback
drug delivery; the mechanisms of in vivo signal drift alongside antifouling countermeasures
spanning hydrogel barriers, zwitterionic brushes, and xenonucleic acid backbone substitution; and
FDA premarket pathways and clinical translation, including Premarket Approval requirements and
the emerging Real-Time Clinical Trial (RTCT) framework. In live rodents, dual-compartment
monitoring has resolved a reproducible 30-60 minutes plasma-to-ISF lag for doxorubicin at 12-second
temporal resolution; calibration-free FFT-EIS interrogation achieves inter-animal coefficients of
variation below 12% without individual pre-calibration; and xenonucleic acid backbone substitution
has extended continuous in vivo operation to seven consecutive days. Three gaps still separate rodent
proof-of-concept work from chemotherapy patients: clinical-context validation, tumor
microenvironment calibration, and anthracycline-specific XNA aptamer design.

Keywords: electrochemical aptamer-based sensor; anthracycline; doxorubicin; daunorubicin;
therapeutic drug monitoring; pharmacokinetics; FFT-EIS; xenonucleic acid; antifouling; clinical
translation

1. Introduction

1.1. Clinical Significance of Anthracyclines and the Need for TDM
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Anthracyclines, including doxorubicin and daunorubicin, remain standard agents in
contemporary combination chemotherapy for acute leukemias, breast cancer, sarcomas, and
lymphomas [1], exerting cytotoxicity primarily through topoisomerase II inhibition and DNA
intercalation [2]. Despite decades of clinical experience, dosing remains predominantly weight- or
body-surface-area (BSA)-based, a convention that correlates poorly with individual area under the
curve (AUC) values [3,4]. Multiple prospective studies have documented substantial (often exceeding
fivefold) interpatient variability in plasma exposure at identical nominal doses, driven by
polymorphisms in carbonyl reductases (e.g., CBR1/3) and drug efflux transporters [5,6]. Underdosed
patients face compromised tumor response; overdosed patients accumulate cardiac exposure that
may precipitate irreversible anthracycline-induced cardiomyopathy, whose incidence rises sharply
beyond 400 mg/m? of doxorubicin equivalent [7,8].

An underappreciated contributor to pharmacokinetic heterogeneity is the gut microbiome.
Certain intestinal bacteria, notably Raoultella planticola, harbor molybdopterin-dependent
oxidoreductases capable of reductive deglycosylation of doxorubicin under anaerobic conditions,
converting it to less active aglycone metabolites whose production varies widely across individuals
depending on diet, prior antibiotic exposure, and microbiota composition [9]. Real-time, patient-
specific drug-level data would capture the net pharmacokinetic outcome of this multifactorial
variability, making continuous TDM more informative than genotype-only or BSA-based predictions
alone [4].

1.2. Limitations of Conventional Monitoring Approaches

Serial venipuncture followed by reversed-phase HPLC or LC-MS/MS remains the clinical gold
standard for anthracycline quantification, providing confirmed specificity and nanomolar-range
sensitivity [10,11]. The principal limitation is temporal: even intensive sampling protocols, typically
four to eight time points over six hours, cannot capture the rapid distribution phase during which
plasma concentrations fall by an order of magnitude within the first thirty minutes after bolus
infusion [3,12]. As shown in Figure 1A,B, a continuous kinetic lag separates plasma and the interstitial
compartment —dynamics that discrete sampling generally misses. Peak cardiac exposure, rather than
cumulative AUC alone, has been linked to acute myocardial injury in preclinical models [13].
Implantable microdialysis probes can access interstitial fluid (ISF) in real time but introduce their
own distortions: continuous perfusion dilutes local bioactive concentrations, probe insertion elicits
inflammatory tissue responses that alter local drug transport [14], and the extraction efficiency of
amphiphilic small molecules such as anthracyclines is severely hindered by non-specific hardware
adsorption and slow transmembrane transport kinetics [15-17].
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Figure 1. Pharmacokinetic distribution and EAB sensor mechanisms. (A) Drug transport from the vascular
compartment (plasma) to the interstitial fluid (ISF), illustrating the delayed penetration phase. (B) Continuous
monitoring profiles showing the pharmacokinetic lag between plasma and ISF compared to conventional
discrete sampling methods. (C) Sensor interface on a gold electrode. An outer antifouling hydrogel excludes
large proteins. The inner self-assembled monolayer contains aptamers that undergo a binding-induced
conformational change, reducing the distance between the methylene blue (MB) reporter and the electrode to

alter the electron transfer rate.

1.3. EAB Sensors: Operating Principle and Distinct Advantages

Electrochemical aptamer-based (EAB) sensors address these limitations through a reagentless,
reversible operating principle. A thiolated nucleic-acid aptamer modified with a methylene blue (MB)
redox reporter at its distal terminus is immobilized on a gold microelectrode within a self-assembled
monolayer (SAM) of passivating alkanethiols [18,19]. Ligand binding induces a conformational
change, typically a coil-to-fold transition that alters the distance and electronic coupling between MB
and the gold surface. As shown in Figure 1C, this modifies the apparent heterogeneous electron-
transfer rate constant, ko [20]. This rate shift is transduced into a quantitative current signal by
electrochemical interrogation methods that selectively probe faradaic processes [21]. Neither the
aptamer nor the electrode material participates catalytically, so the sensor operates in complex,
undiluted biological matrices without added reagents. Early demonstrations in awake rodents used
square-wave voltammetry (SWV) to track cocaine and tobramycin at ten-second resolution [22];
subsequent work extended the platform to doxorubicin and daunorubicin as clinically relevant
anthracycline targets [23-25]. Sections 2-5 cover interface engineering, in vivo pharmacokinetics,
stability, and regulatory translation.

2. Signal Transduction Mechanisms and Interface Engineering
2.1. Aptamer Design: Truncation, Surface Density, and Al-Assisted Engineering

Small-molecule-binding aptamers identified by SELEX frequently require structural
optimization before they can function effectively as EAB sensor components [26,27]. A truncated
aptamer must simultaneously retain sufficient affinity to cover the clinical concentration window —
typically 0.1-5 pM for doxorubicin following standard infusion doses [28], and preserve enough
conformational flexibility to produce measurable signal gain upon binding [29]. Shaver et al.
illustrated that these objectives can conflict: a single base-pair truncation in the stem of the
vancomycin aptamer that reduced stem-loop stability improved the in vivo signal-to-noise ratio
(SNR) from 1.03 to 1.62, shifting the dynamic range into the pharmacologically relevant window;
however, excessive truncation collapsed the affinity from Kd ~ 3.9 uM to 45 uM, rendering the sensor
unusable during trough periods [30]. Nguyen et al. extended this principle by demonstrating that in
silico docking of truncated aptamer variants against target small molecules correlates with
experimental signal gain, offering a computational alternative to empirical truncation screens [31].

Surface probe density introduces an orthogonal variable. White et al. established that sub-
saturating probe packing, achieved by diluting the aptamer thiol with a spacer alkanethiol, can
improve signal gain by relieving steric constraints on conformational switching, though the
minimum density maintaining adequate current amplitude must be empirically determined for each
aptamer-target pair [32]. Freeze-thaw directed assembly has since been proposed to reduce inter-
electrode variability in SAM formation by aligning thiolated DNA molecules in an extended
conformation before annealing [33].

Diffusion-model-based aptamer design has advanced rapidly. Wang et al. introduced AptaDiff,
a discrete diffusion model guided by Bayesian optimization, which generated dissociation constants
two- to fourfold lower than SELEX candidates for protein targets initially tested [34]. Baek et al.
concurrently reported RoseTTAFoldNA, extending RoseTTAFold to model nucleic acid tertiary
structures in protein-nucleic acid complexes with predicted template modeling (pTM) scores
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validated against solved crystal structures [35]. Neither tool has yet been applied to anthracycline-
specific aptamer engineering in published reports or validated experimentally for doxorubicin or
daunorubicin aptamers; moreover, RoseTTAFoldNA remains optimized for large protein—nucleic
acid complexes, and its capacity to predict small-molecule docking geometry within dynamic
aptamer binding pockets is still unproven. Table 1 also lists MAWS and AptaLoop as iGEM
competition software repositories.

Table 1. Computational tools for aptamer design relevant to EAB sensor engineering.

Computational - . Target Application and el
Algorithmic Mech Key Limitat Ref
Tool gorithmic Mechanism Validation Status ey Limitations e
Generative discrete De novo sequence
diffusion model with  generation; Ka reductions Validated mainly for
AntaDiff Bayesian optimization for 2-4x vs SELEX protein targets; small- [34]
P affinity-guided sequence  candidates for protein  molecule benchmarks
generation in a motif- targets; anthracycline remain limited
dependent latent space validation pending
e IGEM open-source
Entropy-minimization . ..
loorithm drivin repository; eliminates Structural accuracy
rs gressive nucleofi de requirement for initial ~ depends heavily on
MAWS P seglection based on physical oligonucleotide force-field calibration [36]
Kullback-Leibler pool; useful for rational quality (e.g.,, AMBER
divereence small-molecule aptamer parameters)
& design
IGEM open-source Does not nativel
Computational pipeline pipeline for general account for E ABy
integrating secondary aptamer-ligand electrochemical
AptaLoop structure prediction, evaluation; applied to interface effects or [37]
MAWS, AutoDock Vina, environmental (e.g., exolicitly predict sienal
and molecular dynamics PFAS) biosensor Pt precict sig
development transduction
T ti
Structural docking of  Correlates drug-aptamer . ru?:asm; SIi)raifel
In Silico iteratively truncated  docking parameters with vjﬁlc;ateior? ofpre d(a)lx
Docking &  aptamer sequences to map experimental EAB signal reporter collision [31]
Truncation essential functional gain to optimize P ]
. . . dynamics and SAM
binding domains truncation length .
sterics
RoseTTAFold 3-track High-confidence L .
. Primarily validated for
neural network framework structural prediction for laree complexes: small
RoseTTAFoldN  extended to protein— aptamer-target Er;nolec lie bin(,iin [35]
A nucleic acid complexes; complexes; enables v & .
. . . ) geometry and dynamics
generates 3D models with  rational binding-site .
. . . less well characterized
confidence scores engineering

Ref: cited reference; MAWS, Making Aptamers Without SELEX; SELEX, systematic evolution of
ligands by exponential enrichment; PFAS, per- and polyfluoroalkyl substances.

2.2. Nanostructured Electrodes and Signal Amplification

The absolute faradaic current from a planar gold microelectrode (diameter ~ 200 pum) limits
achievable detection sensitivity, which nanostructured interfaces address through increased
roughness and available surface area [38]. Jahani et al. modified screen-printed carbon electrodes
with NiO nanosheets, achieving a nanomolar detection limit (~3 nM) for daunorubicin by differential
pulse voltammetry [39]. In vivo studies have used nanoporous gold EAB systems: Qin et al.
demonstrated hours-long continuous daunorubicin tracking in rat blood, resolving pharmacokinetic
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parameters including distribution and elimination half-lives directly from the sensor output [23].
Nanoconfined aptamer constructs, in which aptamer strands are tethered inside nanoscale cavities
that concentrate target analytes while restricting nonspecific interactions, offer one route to higher
sensitivity and reduced biofouling [40].

Flexible electrodes are being developed in parallel. Laser-induced graphene and MOF-derived
porous carbons patterned on polyimide substrates yield electrodes that conform to tissue surfaces
without mechanical damage [41,42]. For long-term monitoring in vascularly constrained or
subcutaneous anatomical locations, mechanical compliance can reduce the foreign-body response
that accelerates biofouling and signal loss [43].

2.3. Signal Interrogation: From SWV to Calibration-Free FFT-EIS

The performance ceiling of an EAB sensor depends mainly on the electrochemical interrogation
strategy. SWV applies staircase potential steps superimposed with square-wave pulses, recording the
net difference current to suppress capacitive background [47]. Kinetic differential measurement
(KDM) exploits the frequency dependence of the MB electron-transfer rate: because ligand-bound
and unbound aptamer conformations have different ko values, subtracting (or taking the ratio of)
currents recorded at a signal-on frequency and a signal-off SWV frequency cancels common-mode
drift while amplifying the binding-dependent signal [48,49]. KDM extended operational windows to
several hours in blood but cannot decouple sensor-to-sensor manufacturing variation from
concentration measurements without individual calibration curves [22].

FFT-EIS was developed to remove this calibration requirement. Roehrich et al. superimposed
multi-frequency sinusoidal perturbations on a DC bias and extracted impedance spectra via fast
Fourier transform within 1.7 seconds per scan. Equivalent-circuit fitting using a Randles model
revealed that the heterogeneous electron transfer rate constant (ko)—which can be extracted by
evaluating the charge-transfer resistance (Rct) alongside the double-layer capacitance—responds
systematically to ligand concentration, while solution resistance remains essentially invariant [44].
Because ko is an intrinsic kinetic parameter that is independent of the absolute number of surface-
bound methylene blue reporters and relatively insensitive to electrode area variation and electrolyte
conductivity fluctuations, it circumvents the two dominant sources of inter-sensor calibration drift—
microscopic deviations in electrochemical surface area and variations in self-assembled monolayer
packing density —thereby enabling calibration-free readout. In live rats, FFT-EIS interrogation of
doxorubicin-targeted EAB sensors achieved inter-animal coefficients of variation below 12% without
individual precalibration. Calibration-free readout is a prerequisite for clinical deployment, because
recalibration in vivo is impractical [19,50]. Table 2 summarizes key interrogation methods.

Table 2. Comparison of electrochemical signal interrogation strategies for in vivo EAB sensors.

Method Operating Principle Key Advantages Key Limitations  Ref
Staircase potential + Mature instrumentation;  Baseline drift from
symmetrical pulse; net ~10 s resolution; non-specific
SWV . . . e (22]
forward-minus-reverse compatible with portable adsorption; individual
current measured potentiostats calibration required

Signal difference at high

Partial calibration still
and low SWV frequencies; Suppresses common-mode artia’ cabration st

KDM (dual- ired; f

fre uenc( ;;VV) exploits ko frequency  drift; extends operational ori?SIiZZtio;egiZ?CZt [22]

1 y dependence of bound vs window to several hours p . 8

specific
unbound aptamer
1ti-f i idal
Multi-frequency S inusoida Calibration-free across Complex data

perturbation sensors; <2 s resolution; ipeline; requires

FFT-EIS superimposed on DC bias; ! PP - Teq [44]

decouples concentration ~ high-bandwidth

Randles-model Rct .
from electrode geometry electronics; hardware

extracted via FFT
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miniaturization
remains a challenge

Background-current
subtraction critical;

Step potential; measures Subsecond data .
Chronoampero . e surface-state sensitive; [45]
current decay transient at  acquisition; very low . . .
metry . . limited published in [46]
sub-second timescale hardware complexity

vivo anthracycline
data

SWYV, square-wave voltammetry; KDM, kinetic differential measurement; FFT-EIS, fast Fourier

transform electrochemical impedance spectroscopy; Rct, charge-transfer resistance.

3. In Vivo Multi-Compartment Pharmacokinetics and Feedback Drug Delivery
3.1. Simultaneous Plasma and Interstitial-Fluid Pharmacokinetic Monitoring

Anthracyclines exhibit triphasic plasma pharmacokinetics with a rapid distribution half-life on
the order of minutes, reflecting extensive partitioning into tissues, including the tumor interstitium
and cardiomyocytes, followed by slower metabolic elimination over tens of hours. The plasma-to-
tissue concentration gradient and its time course determine organ-specific exposure and therefore the
balance between antitumor efficacy and cardiotoxicity. Conventional monitoring informs only
plasma levels [10,19].

Emmons et al. addressed this gap by implanting two EAB sensors simultaneously in
anesthetized rats, one in the jugular vein and a second in the subcutaneous interstitial space, each
sampling at approximately twelve-second intervals [28]. The resulting data revealed a reproducible
plasma-to-ISF lag of 30-60 minutes, with ISF peak concentrations consistently 30-40% lower than
plasma Cmax. This temporal and quantitative offset arises from restricted transmembrane diffusion
and lymphatic clearance kinetics in the interstitial compartment [51]. Plasma sampling at the one-
hour mark, the most common clinical collection point, underestimates ongoing drug delivery to
peripheral tissues, including the myocardium, at that instant [52]. An independent study confirmed
seconds-resolved EAB monitoring of irinotecan in rat jugular vein with strong agreement against LC-
MS/MS, establishing methodological transferability across structurally diverse chemotherapeutics
[48].

3.2. Closed-Loop Feedback-Controlled Dosing

The dual-sensor plasma-ISF pharmacokinetic framework provided the basis to test closed-loop
feedback drug delivery. Emmons et al. coupled a jugular-vein EAB sensor to a PID (proportional-
integral-derivative) controller operating at a seven-second feedback interval, modulating infusion-
pump delivery to maintain a target plasma doxorubicin concentration in live rats [25]. Once the
plasma setpoint was achieved, subcutaneous ISF concentrations converged within the expected lag
period with a root-mean-square deviation of 8-21% [25]. The inter-sensor agreement between two
independent EAB sensors implanted in the same compartment (R? = 0.95-0.99) validated device
reproducibility under in vivo conditions [25].

The closed-loop system worked under anesthesia, but several constraints limit near-term
translation. PID control assumes a time-invariant plasma-ISF relationship, which is unlikely in
patients with fluctuating hemodynamics, edema, or tumor interstitial hypertension. Cardiotoxicity
does not scale monotonically with instantaneous plasma concentration; rather, cumulative exposure,
peak rate, and individual susceptibility each contributes independently [53,54]. A clinically
meaningful closed-loop algorithm will require multiparameter endpoints incorporating cardiac
biomarkers (e.g., high-sensitivity troponin I [55]) alongside real-time drug concentration data, rather
than using plasma concentration alone as the control variable [56].

3.3. Multiplexed Sensing and Tumor Microenvironment Monitoring
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Anthracyclines are rarely administered as single agents; the AC (doxorubicin plus
cyclophosphamide) and TAC regimens widely used in breast cancer neoadjuvant chemotherapy
require simultaneous concentration monitoring of structurally distinct agents [59-61]. Multiplexed
EAB platforms address this by spatially segregating aptamers for different targets across a
microelectrode array, with differential redox reporters enabling potential-domain discrimination of
simultaneously acquired signals [62-66]. To resolve structurally similar analytes, cross-reactive
aptamers have been exploited in two complementary ways. One design pairs a cross-reactive
aptamer with a specific aptamer in a dual-channel array, allowing mathematical deconvolution of the
overlapped signal [58]. Modulation of electrode surface charge enables quantification based on
differential binding responses, without requiring a second aptamer. The latter strategy has been
validated directly on the doxorubicin/doxorubicinol pair—two compounds that differ only by a
ketone-to-hydroxyl reduction—illustrating its potential for simultaneous monitoring of
anthracycline drugs and their cardiotoxic metabolites [11,67].

The tumor microenvironment (TME) adds another layer of difficulty. Solid tumors maintain
interstitial pH values of 6.0-6.5 (Warburg acidosis) [68], altering both the protonation state of
anthracycline amino sugars (which reduces transmembrane uptake efficiency) and the standard
reduction potential of the methylene blue reporter [69]. Studies show that the MB peak potential shifts
linearly with pH at approximately -59 mV per unit, close to the Nernstian value for a two-proton,
two-electron process [70,71]. Simultaneous recording of MB peak amplitude and peak potential can,
in principle, deconvolve drug concentration from local pH, but whether this dual-output strategy
retains sufficient discrimination in the complex ionic milieu of tumor ISF remains to be demonstrated
under in vivo tumor microenvironment conditions, where competing ionic and redox effects may
shift Nernstian MB behavior [72,73]. Table 3 provides a structured comparison of the in vivo EAB
performance data for anthracyclines and related chemotherapeutic agents reported in the literature.

Table 3. In vivo EAB sensor performance data for anthracycline and related chemotherapeutic monitoring.

Electrode Dynamic Time Compartmen

Analyte Platform  Range Resolution t Key Finding Ref
Planar Au Plasma + 30_60a;n<;111;;$fli)re;:\i,rele\?i\ljciasma
Doxorubicin SWV/KDM 0.1-10uM  12s  subcutaneou simultaneous plasma-ISF PK [28]
s ISF
resolved
. PK parameters (t'2, Cmax,
Daunorubicin Nanoporou 0.004-450 ~30s Invivo 1' at AUCQC) resolved in real time; 3— [23]
s Au, SWV uM blood (iv) . .
5x signal gain vs planar Au
H 1-
Z(iz(c):%: d Rabbit whole Hydrogel preserves function in
Doxorubicin ! 0.1-50 M 30s blood (ex complex matrix; 7-day storage [24]
Au/aptame . e . .
. Vivo) stability; biofouling suppressed
Irinotecan  Planar Au, 0.5-15uM  20s Rat jugular Va:;datijt:i?f—trgs%lﬁ?c/}r\fs; [48]
(CPT-11) swy K vein PPOT'S JUEATTESO
temporal tracking
Au . Seconds-resolved tracking of
. Rat jugular .
Methotrexate microelectr 0.01-5uM  10s . plasma PK; revealed large inter- [57]
vein . . .
ode, SWV subject differences in exposure
Dual- Whole blood . I?lff'erer.ltlal metabohtg .
Methotrexate Target discrimination; cross-reactivity
channel Au ) ~10s / Complex ) [58]
& DAMPA specific addressed by mathematical
array, SWV buffer .
deconvolution
Doxorubicin Planar Au + 7 Rat jugular Plasma setpoint maintained; ISF

PID 0.5-4 uM feodback  vein + ISF tracked within 8-21% RMSE; [25]

losed-1
(closed-loop) algorithm inter-sensor R2 = 0.95-0.99
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ISF, interstitial fluid; KDM, kinetic differential measurement; SWV, square-wave voltammetry;
RMSE, root-mean-square error; PK, pharmacokinetics; DAMPA, 2,4-diamino-N10-methylpteroic
acid; PID, proportional-integral-derivative.

4. In Vivo Stability: Mechanisms of Signal Drift and Engineering
Countermeasures

4.1. Biphasic Signal Decay and Its Mechanistic Basis

Signal drift limits continuous EAB deployment to less than 24 hours under standard conditions
[74]. Leung et al. resolved this into two mechanistically independent phases through systematic
manipulation of blood components and interrogation protocols [72]. The initial exponential decay,
occurring within approximately ninety minutes of blood contact, was determined to be driven by
high-molecular-weight proteins (>100 kDa) through the use of size-fractionated serum, confirming
that macromolecular fouling and enzymatic aptamer cleavage act as primary drivers [72,74]. Non-
specific adsorption of serum proteins contributes a parallel blocking component that sterically
hinders conformational dynamics and reduces MB electron-transfer efficiency [72,74]. The second,
linear decay phase persisted even in enzyme-free buffers but was suspended when electrochemical
interrogation was paused, identifying reductive SAM desorption driven by the applied potential as
its cause [75]. Sustained in vivo operation therefore requires independent engineering solutions:
enzymatic resistance for the exponential phase, and optimized scanning protocols (reduced potential
window, lower interrogation frequency) for the linear phase.

4.2. Xenonucleic Acid Substitution for Enzymatic Resistance

Phosphorothioate backbone modification and 3'-inversion termini provide partial resistance to
exonuclease activity but do not eliminate recognition by the predominant endonucleases in blood
[66]. Backbone replacement with xenonucleic acids (XNA), non-natural sugar or backbone
chemistries that blood nucleases lack the active-site geometry to cleave, more directly addresses
enzymatic degradation. Leung et al. initially replaced the DNA backbone of a tobramycin aptamer
with 2'-O-methyl RNA, a chemically modified nucleic acid that blood endonucleases cannot
efficiently cleave, classified functionally as a xenonucleic acid in the EAB literature (though truly
synthetic XNA backbones such as threose nucleic acid and hexitol nucleic acid have not yet been
demonstrated in vivo for any EAB system), confirming that this modification attenuated in vivo EAB
signal drift by more than 50% relative to DNA sensors. The 2'-O-methyl variants unexpectedly
exhibited higher affinity than the DNA parent, attributable to the C3'-endo sugar pucker more closely
matching the RNA conformation sampled during the original SELEX, recovering rigid binding-
pocket geometry [77]. Building on this stability, Son et al. subsequently deployed an XNA-modified
sensor in a live rat for seven consecutive days, accumulating more than 47,000 measurements at 12.8-
s resolution [76].

The XNA strategy carries practical constraints. Not all DNA-to-XNA substitution patterns
preserve high-affinity binding; optimal modification patterns are target-specific and require iterative
synthesis and characterization. XNA phosphoramidites cost more to synthesize than natural-
backbone monomers. No published report yet describes a high-affinity 2'-O-methyl RNA or full-XNA
aptamer for doxorubicin or daunorubicin, limiting direct transfer of the XNA stability advantage to
the anthracycline monitoring context.

4.3 Antifouling Coatings: Hydrogels and Zwitterionic BrushesPhysical exclusion and
thermodynamic repulsion are complementary ways to limit fouling [78]. Table 4 summarizes the
principal antifouling strategies, their mechanisms, and associated trade-offs for in vivo EAB sensors.
Tetra-polyethylene glycol (tetra-PEG) hydrogels form a sieving network that physically blocks
proteins larger than the mesh-size cutoff; Nguyen TT et al. showed that tetra-PEG coated EAB sensors
in undiluted whole blood reduced drift from ~25.1% to ~5.7% over eight hours while maintaining
comparable signal gain for the target molecule [79]. Combinatorial acrylamide hydrogels selected by
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machine learning from a large copolymer library were found to outperform PEG and standard
zwitterionic coatings on sensors implanted intravenously in rodents, showing that computational
screening can identify effective coating compositions [78]. Hydrogel-protected EAB detection of
doxorubicin was demonstrated in undiluted whole blood [24], confirming functional biofouling
suppression in the most clinically relevant matrix [80].

Zwitterionic  polymer brushes, typically polysulfobetaine methacrylate (SBMA) or
polycarboxybetaine, resist protein adsorption through a tightly organized hydration layer [81,82].
Yao et al. showed that microgel-reinforced carboxybetaine/sulfobetaine hydrogels reduced fibrin
deposition and hemolysis on blood-contacting surfaces implanted in rats and rabbits [81]. Duan et al.
integrated SBMA with polydopamine and a gold nanoparticle/MXene nanocomposite,
demonstrating antifouling performance maintained across temperature, pH, and mechanical stress
variations [83]. When zwitterionic brush grafting density is too high, polymer chains physically
constrain aptamer conformational transitions, reducing absolute signal gain despite effective fouling
suppression [82]. Resolving this density-function conflict through sub-nanometer spatial control of
aptamer and polymer chain positioning remains a challenge for co-immobilized aptamer—polymer
interfaces [21].

Table 4. Antifouling strategies for in vivo EAB sensors. Mechanisms, performance, and trade-offs.

Effecton Demonstrate
hani Drift R i Key Limitati Ref
Strategy =~ Mechanism rift Reduction Signal Gain  d Matrix ey Limitation e
Physical
sievig S'l:flesh ~75% drift Near-uni Mesh must be
Tetra-PEG & ” Y Undiluted  tuned per analyte
excludes  reduction over 8 (~95% . [79]
hydrogel ) saliva; serum MW; slows
proteins above h preserved) response kinetics
MW cutoff P
ML-guided
Combinato gride Exceeds PEG ~ Preserved Lo Composition
. copolymer In vivo iv ;
rial . and standard when . . requires ML-
) selection; e . implantation | ) [78]
acrylamide . zwitterionic ~ composition assisted design; not
combined L in rodents .
hydrogel . controls optimized yet standardized
repulsion
Dense
onifi i .
SBMA hydration layer; Slgfu 1'cantt Reduced at In vitro and Grafting density vs
e e .’albumin/fibrinog . . . .. aptamer
zwitterioni thermodynamic . high grafting  in vivo . [83]
brush  exclusionof adsorption density (hours) conformational
¢ . reduction freedom trade-off
proteins
Microgel- Mechanical Compatible Complex
. 8 ) Reduced fibrin p Ex vivo fabrication;
reinforced reinforcement + L with . . .
... . _ deposition; low . rat/rabbit adhesion requires [81]
CB/SB  dual-zwitterion . electrochemic
. hemolysis blood contact roughened
hydrogel chemistry al readout
electrode surfaces
Backbone not Target-specific
. o) 1 L
2.0- recognized by >50% d‘rlft Often ‘ optlmlzat%on
methyl blood reduction improved vs In vivo rat needed; high
s LTy Gy Mool smiioestne 71
(XNA) , : (better Kd) y acy
enzymatic  operation (Son) specific XNA
cleavage aptamer published
Collagen + Physical barrier RNA apt.amer Maintained . n VYo inhibitor
RNase _ half-life ) In vitro persistence and
4 er s + enzymatic . over 6 hin . s [84]
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Notes: SBMA, polysulfobetaine methacrylate; CB/SB, carboxybetaine/sulfobetaine; XNA, xenonucleic
acid; PEG, polyethylene glycol; ML, machine learning.

5. Toward Clinical Translation: Device Formats and Regulatory Pathways
5.1. Intravascular Implants Versus Wearable Microneedle Arrays

Two device formats have been proposed for clinical monitoring, each with distinct risk profiles
[85]. Intravascular EAB sensors access plasma directly —the pharmacokinetically most informative
compartment, but expose the sensing surface to high shear stress, platelet-rich flow, and protein
deposition [74]. Long-term catheter placement invites thrombosis, bloodstream infection, and
progressive foreign-body encapsulation [43,86-88]. Engineering countermeasures include low-
thrombogenic antifouling coatings, ultrasound-powered wireless transmission to avoid
transcutaneous wires, and miniaturized implantable potentiostats [89].

Transdermal microneedle arrays sample ISF at 200-700 pm depth without vascular access,
reducing infection and thrombosis risk [73]. Zhu et al. addressed mechanical resilience using a
nanostructured bioelectrode (RNB) microneedle array, gold-deposited nanocavity surfaces that
maintained electrochemical performance through hundreds of insertion-retraction cycles with less
than 15% signal degradation, enabling six days of continuous preclinical monitoring in a freely
moving rat [90]. Beyond mechanical stability, microneedle-based anthracycline TDM faces the
fundamental pharmacological challenge that the plasma-ISF concentration ratio is not fixed: local
inflammation, edema, and altered tissue perfusion, common in chemotherapy patients, shift it
unpredictably [28]. Patient-specific calibration using concurrent venipuncture samples during an
initial sensor initialization period would still be required for clinical-grade use [91].

5.2. FDA Regulatory Classification and PMA Requirements

Under FDA device taxonomy, EAB sensors intended for in vivo anthracycline TDM are likely to
be classified as Class III, given their direct patient contact in a life-sustaining pharmacotherapy
context and their potential to drive algorithmic dosing decisions for a drug class with known lethal
cardiotoxicity [92]. Class III designation mandates Premarket Approval (PMA), requiring prospective
clinical trial data demonstrating that device use improves patient outcomes, operationalized as
reduced cardiotoxicity incidence or improved objective tumor response at equivalent doses.
Development timelines often exceed five years from design lock [92].

De Novo classification might apply to sensors used solely for data collection without real-time
dosing feedback, but no regulatory precedent exists for intravascular molecular monitoring devices
in oncology [92]; Table 5 compares the principal FDA regulatory pathways relevant to EAB-based in
vivo TDM devices. Pre-Submission (Q-Sub) engagement with FDA before formal device
categorization is advisable, particularly to negotiate acceptable discordance limits versus the LC-
MS/MS reference method and to establish the minimum required performance data for the intended
clinical claim [93]. Breakthrough Device Designation, available when an unmet clinical need is clearly
documentable, could reduce PMA review burden through expedited FDA interaction and review
cycles [94].

5.3. Emerging Policy Frameworks: In Silico Evidence and Real-Time Clinical Trials

Two recent FDA policy developments may shorten regulatory timelines. FDA’s formal
acceptance of in silico modeling data as supporting evidence in device submissions, under FDA
Computational Modeling and Simulation (CM&S) guidance and harmonized with the broader New
Approach Methodology (NAM) framework, means that computational PK models validated against
existing animal data could support the design of human dosing algorithms before large-scale clinical
trials [95,96]. For an EAB-driven closed-loop system, this pathway could shorten pre-trial
development by replacing some early-phase clinical experiments with validated digital twins of the
sensor-controller-patient system [97].
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The Real-Time Clinical Trial (RTCT) initiative, launched by FDA in April 2026, allows agency
reviewers to access pre-specified safety and efficacy endpoints as data accumulate during an ongoing
trial [98]. This approach aims to reduce the administrative “dead time” between trial phases and may
shorten regulatory review [99,100]. Continuous sensor streams fit this trial model: the persistent
timestamped data stream from an EAB device can be directed to a regulatory-access cloud platform
inreal time. AstraZeneca and Amgen have initiated RTCT pilots in oncology [99,101]. Whether RTCT
can shorten the PMA timeline for a Class III combination device ultimately depends on how FDA
defines the primary efficacy endpoint and on the agency’s willingness to accept sensor-measured
continuous PK parameters (e.g.,, Cmax and AUC) as a surrogate for hard cardiac outcomes—a
possibility that is consistent with FDA’s existing framework for surrogate endpoints [102] and the
documented PK/PD relationships for anthracyclines [103], but which has not yet been formally
addressed in FDA guidance for sensor-based continuous monitoring in oncology.

Table 5. FDA regulatory pathway comparison for EAB-based in vivo therapeutic drug monitoring devices.

Applicable Key Evidence Typical Implication for
Pathway Risk Class Requirements Timeline Anthracycline EAB Ref
510(k) Class -1 Su.bstantlal Unlikely to apply; no valid
(low— equivalence to 3-12 : o
Premarket ) predicate for in vivo [104]
S moderate predicate; no RCT months -
Notification . . chemotherapy monitoring
risk) required
Novel low—  Risk-based special Possible forldata-couectlon-
De Novo . .. 12-24 only variant; dosing-
... .. moderate risk, controls; clinical data . : [105]
Classification . . months feedback functionality
no predicate  may be required .
triggers Class 111
Multicenter RCT;
Premarket Class III (high demonstrated clinical Most probable pathway;
. . . . .. —8 years .
Approval risk, life-  benefit (cardiotoxicity requires robust outcome  [92]
. . . total
(PMA) sustaining) reduction or improved data
response)
Expedited review;
Breakthrough Any class interactive FDA Reduces Applicable; unmet need for
Device with unmet development;no  review time real-time anthracycline [94]
Designation clinical need  reduced evidence ~30% TDM is well documented

requirement

) Continuous pre- ) ) . .
Real-Time o P Pilot phase Compatible with continuous
specified data stream

Clinical Trial ~Any class to FDA reviewers; launched  EAB data streams; may  [96]

RTCT 202 -trial review 1
(RTCT) adaptive endpoints 026 reduce post-trial review lag

RCT, randomized controlled trial; FDA, U.S. Food and Drug Administration; PMA, premarket

approval; RTCT, real-time clinical trial; CM&S, computational modeling and simulation.

6. Conclusions and Future Directions

Over the past decade, EAB sensors have moved from proof-of-concept experiments toward tools
that can track pharmacokinetics in vivo [22,50]. EAB sensors can now resolve anthracycline
concentration dynamics at seconds-scale resolution across two tissue compartments simultaneously,
drive closed-loop dosing in animal models with sub-minute feedback, and, with XNA backbone
substitution, operate continuously in vivo for periods approaching a week [25,78]. Calibration-free
FFT-EIS interrogation has removed one of the most practically limiting requirements for clinical
deployment, and combinatorial antifouling strategies have extended operational lifetimes that once
collapsed within hours [44,78].
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Three barriers remain. First, data from healthy rodents may not transfer to oncology patients
[19,59]. Every published in vivo EAB validation to date has used non-tumor-bearing, anesthetized or
freely moving rodents. Anthracycline pharmacokinetics in patients is shaped by hepatic dysfunction,
altered protein binding, tumor-associated vascular permeability, and concurrent polypharmacy, all
absent from current preclinical models [3,106]. As shown in Figure 2A, dedicated studies in tumor-
bearing animals treated with clinically representative regimens are necessary before the ISF-to-
plasma concentration relationship can be assigned with sufficient confidence for clinical application

[107].
A Translational In Vivo B TME Drift Compensation ~ C AI-Guided XNA
Validation (Dual-Reporter) Aptamer Engineering
idi Corrected ili -
{Ir"urlﬁ‘:r) // N Plasma %ﬁdéco’gl‘g)]a aschins In Silico Design
Model /' ‘\ Tumor ISF /’
/ t ~30mV/pH lecorr‘qcled =
@ Q
W) ", PK Distribution Jel g
W/ ‘// Delay S 2 £ 1HS > e ’
\ / @ @S0 & 3
: 4 @ 7 5
Plasma g 5

In Vivo Tumor Sensing
(ISF) Probe

\\/ / ey {

Planar electrode interface Microelectrode interfac

Reference 2-O-methyls

Probe Substitution

PK Distribution Delay Drift Correction Proposed Computational Pipeline

Figure 2. Optimization and translational validation of EAB sensors. (A) In vivo validation setup in a mouse
model, depicting sensor placement in plasma and tumor ISF to measure pharmacokinetic distribution delays.
(B) Proposed dual-reporter drift-compensation strategy. A sensing probe and a reference probe on a planar
electrode are intended to compensate for baseline variations in acidic tumor microenvironments (pH 6.0-6.5); in
vivo tumor validation remains pending. (C) Computational pipeline for aptamer engineering, indicating target
sites for 2'-O-methyl and XNA substitutions.

Second, sensors must be calibrated for acidic, hypoxic tumor tissue. TME acidification (pH 6.0—
6.5), elevated interstitial pressure, and hypoxia alter both aptamer binding thermodynamics and
redox reporter behavior in ways that EAB sensors calibrated in normal tissue cannot fully account
for. As shown in Figure 2B, dual-reporter designs pairing a drug-sensitive channel with a non-
binding reference aptamer of identical surface chemistry offer a route to real-time compensation for
baseline drift in acidic environments, but such designs have not yet been validated under relevant in
vivo tumor microenvironmental conditions [108].

Third, anthracycline-binding aptamers still need targeted engineering. Published XNA and Al-
assisted design advances— AptaDiff and RoseTTAFoldNA —have to date been validated against
cocaine, tobramycin, vancomycin, or protein targets [34,35]. No high-affinity 2'-O-methyl RNA or
full-XNA aptamer for doxorubicin or daunorubicin has yet been reported for in vivo EAB monitoring,
despite the need in anthracycline TDM [109]. As shown in Figure 2C, applying the computational
design-test-optimize cycle to anthracycline-binding aptamers should be tested next; success would
address enzymatic stability, calibration drift, and sensitivity through strategies such as Al-guided
XNA substitution [31].
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