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Abstract
Piezoelectric chemosensors and biosensors translate molecular binding, microbial capture, cellular
adhesion, and biomarker recognition into label-free mechanical responses. Their diagnostic value,
however, depends on more than a low limit of detection. This study asks which piezoelectric
diagnostic sensors satisfy a linked set of near-patient requirements: analyte-relevant signal, explicit
sample-to-answer time, transferable resonator format, practical receptor chemistry, medical decision
relevance, and sufficient operational documentation. Twelve named sensor architectures were
organized as a seventy-two-cell gate matrix using Bottleneck-Resolved Evidence Concordance
(BREC), with each architecture evaluated across six readiness gates. The clinical-concordant
group consisted of the quartz crystal microbalance aptasensor for K562 cells, the quartz crystal
microbalance immunosensor for Staphylococcus aureus, and the quartz crystal microbalance
procalcitonin biosensor. Heat shock protein and miR-106b sensors showed high analytical strength but
were limited respectively by hardware transferability and incomplete sample-to-answer definition.
Prostate-specific antigen, lactoferrin, and N6-methyladenine assays required protocol completion,
time compression, or proof that added instrument complexity improves diagnostic discrimination.
Molecularly imprinted polymer assays were most coherent as chemical-recognition or toxicology
tools rather than bedside medical tests, while the SARS-CoV-2 antibody wafer assay required exact
analytical limits and timing before fair comparison. The main conclusion is that piezoelectric diagnos-
tic translation is controlled by the identity of the first unresolved bottleneck, not by detection limit alone.

Keywords: piezoelectric biosensor; quartz crystal microbalance; bottleneck analysis; ana-
lytical validation; point-of-care diagnostics; assay documentation; recognition chemistry; diagnostic
instrumentation

1. Introduction

Piezoelectric biosensing is attractive for diagnostic instrumentation
because a surface recognition event can be converted directly into
a mechanical or acoustic signal. In principle, this allows compact
readout, label-free operation, and real-time monitoring. In practice,
the same physical diversity that makes piezoelectric sensing versatile
also complicates evaluation. A bacterial capture assay, a leukemia-cell
aptasensor, a nucleic-acid hybridization assay, a protein immunosensor,
and a synthetic small-molecule recognition surface do not carry the
same diagnostic meaning, even when each is summarized by a numerical

detection limit.
The quartz crystal microbalance (QCM) is the most familiar piezo-

electric platform because the relationship between rigid surface mass
and resonant-frequency change is well established, while liquid-phase
operation requires attention to viscosity, density loading, hydration, and
interfacial softness [1–4]. These physical constraints are not secondary
details in diagnostic work. Serum, plasma, saliva, urine, bacterial
suspensions, cell lysates, and food-associated matrices can contribute
nonspecific adsorption, unstable fluid loading, or viscoelastic artifacts.
A credible diagnostic sensor must therefore connect its frequency
response to a controlled sample pathway and a reproducible surface
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preparation.
Mechanical and acoustic biosensors have been reviewed as powerful

alternatives to optical assays because they can detect binding, mass
change, and interfacial events without fluorophores or chromogenic
labels [5–10]. Yet the deployment path differs sharply across lateral-
field resonators, surface acoustic wave devices, lithium niobate wafers,
gold-coated quartz transducers, conventional QCM chips, and hybrid
QCM-D/surface-enhanced Raman systems. A specialized resonator
may deliver excellent sensitivity, but a near-patient instrument also
requires cartridge reproducibility, thermal tolerance, fluidic control,
and straightforward calibration.

Recognition chemistry adds another layer of variation. Antibody
layers are clinically familiar but must address orientation, immobiliza-
tion yield, stability, and lot-to-lot variation. Aptamers and hairpin
probes can be chemically programmable and traceable to nucleic-acid
selection principles [11–13]. Molecularly imprinted polymers offer
synthetic recognition surfaces that may be robust and inexpensive,
although selectivity must be demonstrated in realistic matrices [14,15].
Hybrid optical-acoustic detection, including surface-enhanced Raman
readout, can increase chemical specificity, but it also adds hardware
and interpretation burden that must improve decision quality rather
than simply add complexity [16].

Point-of-care diagnostics are judged by clinical actionability, time-to-
result, sample handling, robustness, connectivity, operator burden, and
cost, not by analytical sensitivity alone [17–22]. Diagnostic validation
guidance similarly emphasizes transparent documentation of detection
capability, precision, bias, specimen matrix, interference, and accuracy
[23–25]. Piezoelectric sensor assessment should therefore ask whether
a device has the operational evidence needed for validation: a stated
working range, specimen context, total assay time, chip conditioning
procedure, receptor immobilization route, replicate structure, and clear
interpretation of the readout.

The research question is specific: which piezoelectric diagnostic
sensors are concordant across signal, time, platform, receptor, medical-
use, and documentation requirements, and which first bottleneck
determines the next experiment when concordance is absent? The
answer is developed using Bottleneck-Resolved Evidence Concordance
(BREC), a gate-based method that preserves the native analytical
units of each assay and assigns a readiness lane according to the first
condition that blocks near-patient analytical use.

The five-panel overview in Figure 1 defines the measurement
domains used throughout the paper. Detectability, specimen context,
transducer format, receptor chemistry, documentation quality, and
validation direction are treated as connected conditions rather than
independent descriptors. This visual logic is important because the
later conclusions depend on the relationship among these domains:
a sensor with excellent signal can still be limited by unclear timing,
unsuitable platform transfer, or insufficient documentation.

The domain overview functions as the organizational map for the
analysis. It explains why the study separates target class, platform
type, receptor chemistry, assay timing, and documentation rather than
merging them into a single sensitivity order. The same limit-of-
detection value can have different implications depending on whether
the measurement concerns microbial burden, circulating protein, cancer-
associated cells, viral antibodies, methylated nucleotides, or small-
molecule chemical recognition.

A B
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Figure 1: Concordance gate domains.

2. Materials and Methods

2.1. Sensor set and coding principles

Twelve piezoelectric medical-diagnostic sensors were identified
from a tabulated survey of chemosensor and biosensor applications
[26]. Each sensor was coded by platform, recognition element, target
analyte, analytical specification, and time-to-result when numerically
available. Native units were retained because pg mL-1, ng L-1, pmol
L-1, CFU mL-1, cell count, nmol L-1, and µmol L-1 describe different
measurement objects and cannot be ranked responsibly on one universal
numerical axis.

The structured analytical dataset in Table 1 was used in the BREC
analysis. It contains the specific platforms, receptors, analytes, de-
tection limits, ranges, and timing values used for all gate decisions.
Missing or approximate entries are retained because absence of timing,
range, matrix, or specificity information directly affects readiness for
validation.

The dataset contains more than a list of devices; it contains a set
of distinct measurement problems. QCM-based formats dominate,
but the set also includes lateral-field, surface acoustic wave, lithium
niobate, gold-coated quartz, and dual-mode QCM-D/SERS architec-
tures. Recognition elements include antibodies, aptamers, hairpin
probes, molecularly imprinted polymers, transcription-activator-like
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Table 1: Piezoelectric sensor dataset.

ID Piezoelectric platform Recognition element Target analyte Analytical specification used for gating

A1 Lateral-field piezoelectric resonator Antibody Heat shock proteins from myeloma cells Limit of detection 7.5 pg mL-1 ; assay time up
to 5 min

A2 LiTaO3 surface acoustic wave substrate Hairpin loop capture probe miR-106b from cancer cells Linear range 0.1 pmol L-1 to 1.0 µmol L-1;
limit of detection 0.0034 pmol L-1

A3 Quartz crystal microbalance Antibody Staphylococcus aureus Limit of detection 10 CFU mL-1; assay time
up to 30 min

A4 128° YX lithium niobate piezoelectric wafer SARS-CoV-2 Spike protein Antibodies against SARS-CoV-2 Detection from approximately nanogram level;
assay duration variable from minutes to hours

A5 Quartz crystal sensor Transcription-activator-like effectors N6-methyladenine Limit of detection 0.63 pmol L-1 ; total assay
time approximately 3 h

A6 Quartz crystal microbalance Antibody Prostate-specific antigen Limit of detection 48 pg mL-1 ; assay time not
numerically stated

A7 Quartz crystal microbalance with dissipation
and surface-enhanced Raman scattering
coupling

Nucleic-acid aptamer Prostate-specific antigen Limit of detection 1.9 ng mL-1; rapid readout
described in minutes

A8 Quartz crystal microbalance Antibody–gold nanoparticle conjugate Procalcitonin Limit of detection 37.8 ng L-1; total assay
time less than 1 h

A9 Quartz crystal microbalance Molecularly imprinted polymer N-nitroso-l-proline Piezoelectric microgravimetry limit of
detection 10 µmol L-1

A10 Gold-coated quartz transducer Molecularly imprinted polymer Biotin methyl ester and other biotinyl moieties Limit of detection 50 nmol L-1

A11 Quartz crystal microbalance Aptamer K562 cells associated with chronic myeloid
leukemia

Limit of detection 263 K562 cells;
approximate assay time 40 min per sample

A12 Quartz crystal microbalance Aptamer Lactoferrin Linear detection range 10–500 ng mL-1 ; limit
of detection 8.2 ng mL-1

effectors, and immobilized viral protein. These platform and receptor
differences are the reason the analysis assigns readiness lanes rather
than a sensitivity-only rank.

The bench-material panels in Figure 2 connect the analytical dataset
to the physical operations required in a laboratory assay. Chips,
standards, biological media, sample tubes, and frequency-monitoring
hardware are not decorative elements; they define whether a frequency
shift can be reproduced across operators and instruments. The image
therefore supports the methodological decision to treat operational
documentation as part of the scientific evidence.

A B
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Figure 2: Sensor materials and assay handling.

The material context explains why a limit of detection cannot be
interpreted alone. The same numerical sensitivity has different value if
it requires unstable chip conditioning, poorly specified washing, unde-
fined sample volume, or a hard-to-transfer resonator. For that reason,
the method evaluates assay information as a complete measurement
pathway from recognition surface to interpretable readout.

2.2. Bottleneck-Resolved Evidence Concordance method

BREC evaluates each sensor through six gates: signal adequacy, tem-
poral definition, platform transferability, receptor continuity, medical-
decision alignment, and documentation sufficiency. A gate is coded
as solid when the information is explicit and practically meaning-
ful, conditional when the information is promising but incomplete
or hardware-specific, and unresolved when the missing detail would
prevent near-patient analytical planning. The outcome is a bottleneck
profile rather than a mathematical score.

The six gates in Table 2 define the coding criteria. Signal adequacy
is judged within analyte class, not across all numerical units. Temporal
definition requires the full assay or sample-to-answer interval. Plat-
form transferability concerns whether the resonator can plausibly move
toward a standardized QCM or quartz-cartridge pathway. Receptor
continuity covers reproducible fabrication, storage, and surface use.
Medical-decision alignment asks whether the target supports infection,
cancer, inflammation, sepsis, or hematological decisions. Documen-
tation sufficiency asks whether enough operational detail exists for
validation design.

The gate criteria prevent arbitrary weighting. A sensor may have
excellent signal adequacy and still remain protocol-limited if sample-
to-answer time is missing. Another sensor may use a familiar QCM
platform and still remain use-limited if its analyte does not match a
bedside medical decision. This structure is useful because it identifies
the experiment or documentation item that should be completed next.

The BREC workflow in Figure 3 is organized as a gate ladder. The
sequence begins with analyte-relevant signal and medical-decision
alignment, proceeds through timing, platform, and receptor checks, and
ends with documentation sufficiency and readiness-lane assignment.
This order reflects practical development logic: a near-patient sensor
must have a meaningful target, credible signal, timed workflow, trans-
ferable hardware, reproducible receptor surface, and a validation-ready
procedure.

The workflow clarifies why the method does not ask which sensor has
the smallest numerical detection limit. It asks where translation would
stop first if a laboratory attempted to turn the sensor into a near-patient
procedure. The resulting lane assignment can recommend different
actions for high-performing sensors, including platform comparison,
timed protocol completion, matrix verification, or use-case redirection.

The data-coding audit in Figure 4 illustrates how each assay was
read as a combination of target, chip, receptor, sample context, and
instrument observation. The visual sequence supports traceability:
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Table 2: BREC gate criteria.

Gate Solid condition Conditional or unresolved condition
Signal adequacy Detection or range is strong within the analyte class and

stated in usable units.
Approximate, qualitative, weak, or context-poor sensitivity
statement.

Temporal definition Total assay or sample-to-answer time is explicit and
compatible with near-patient decision making.

Time is absent, broad, workflow-dependent, or too long for
the intended decision.

Platform transferability Device format is compatible with a plausible standardized
QCM or quartz-cartridge pathway.

Hardware is specialized, hybridized, or not yet demonstrated
in a deployable format.

Receptor continuity Recognition element has a plausible route to reproducible
preparation, storage, and surface regeneration or single use.

Receptor is biologically complex, difficult to standardize, or
insufficiently documented.

Medical-decision alignment Target is directly linked to infection, cancer, inflammation,
sepsis, or hematological monitoring.

Target is mainly chemical, food-toxicological, exploratory, or
not yet tied to bedside action.

Documentation sufficiency Limit, range or specificity context, time, matrix direction, and
operational constraints are sufficiently visible for validation
planning.

Key elements are missing, approximate, or expressed too
broadly for validation planning.

Analyte-relevant signal

Medical-decision alignment

Sample-to-answer timing

Platform transferability

Receptor continuity

Validation-ready documentation

Readiness
lane

First
bottleneck

Gate outcomes identify the next required validation step

Figure 3: BREC gate workflow.

each readiness claim must be connected to a defined analytical attribute
before it becomes a validation recommendation.

A B

C D

Figure 4: Assay coding audit.

The audit view is important because several lane decisions are driven

by absent operational detail rather than by weak analytical performance.
Sensors with missing timing, approximate sensitivity statements, or
broad procedural descriptions are not rejected; they are assigned to
the lane that identifies the exact information needed before stronger
diagnostic claims can be made.

3. Results

3.1. Gate-matrix structure

The twelve sensors produced a seventy-two-cell BREC matrix: six
gates for each sensor. The matrix is intentionally heterogeneous. Seven
sensors used QCM or QCM-derived formats, while the remaining
sensors used lateral-field, surface acoustic wave, lithium niobate,
gold-coated quartz, or quartz sensor formats. The analytes also
differed sharply, including protein biomarkers, microbial cells, cancer-
associated cells, nucleic-acid targets, viral antibodies, small molecules,
and chemical-recognition targets.

This heterogeneity is the first major result. A table of detection limits
alone would hide the development problem. A2 has an exceptionally
low miR-106b detection limit, but the full sample-to-answer time is
not stated. A6 uses a familiar QCM immunoassay format for prostate-
specific antigen, but numerical assay time is absent. A1 is fast and
sensitive, but its lateral-field resonator creates a hardware-transfer
question. The BREC matrix therefore places each sensor in a lane that
corresponds to its first practical barrier.

The lane assignments in Table 3 answer the research question more
directly than a scalar rank. A11, A3, and A8 are concordant because
their targets are medically interpretable, their platforms are familiar,
their recognition strategies are plausible, and their timing is compatible
with near-patient use. A1 and A2 remain strong but require different
next experiments: A1 needs hardware-transfer evidence, whereas A2
needs a complete molecular workflow. A9 and A10 are not failed
sensors; their best validation path is chemical-recognition testing rather
than bedside diagnosis.

The platform views in Figure 5 connect the readiness lanes to
laboratory implementation. They show why a recognizable QCM-like
hardware chain can reduce transfer uncertainty, whereas specialized or
hybrid devices require more operational documentation before their
analytical advantage can be judged against instrument burden.

The hardware panels support the distinction between analytical
strength and deployability. A sensor that uses a recognizable chip holder,
controller, liquid-contact path, and response display can move more
directly into repeatability and matrix testing. Specialized resonators
may still be superior for a given analyte, but they need an explicit
transfer plan before they can be placed in the clinical-concordant lane.
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Table 3: BREC readiness lanes.

ID Target analyte Readiness lane First bottleneck Immediate validation action

A11 K562 cells associated with chronic myeloid
leukemia

Clinical-concordant candidate Matrix and cell-line specificity remain to be
proven.

Test patient-like blood matrices, non-K562 cell
controls, chip-to-chip precision, and storage
stability.

A3 Staphylococcus aureus Clinical-concordant candidate Strain breadth and matrix selectivity need
confirmation.

Challenge the immunosensor with clinical
isolates, commensal bacteria, and realistic
sample pretreatment.

A8 Procalcitonin Clinical-concordant candidate Calibration must be tied to clinically relevant
decision intervals.

Perform serum or plasma calibration, imprecision
testing, interference assessment, and
comparator-method checks.

A1 Heat shock proteins from myeloma cells Hardware-specific high performer Fast, sensitive readout is tied to a less
standardized lateral-field platform.

Compare the lateral-field format with a
transferable cartridge or QCM-compatible
implementation.

A2 miR-106b from cancer cells Molecular-sensitivity high per-
former

Total sample-to-answer time and matrix handling
are not explicit.

Define extraction, hybridization, washing, and
readout time in a complete protocol.

A12 Lactoferrin Protocol-completion target Analytical range is stated, but timing and matrix
context are incomplete.

Document total assay time, specimen matrix,
cross-reactivity, and calibration precision across
the stated range.

A7 Prostate-specific antigen Hybrid-instrument verification tar-
get

QCM-D/SERS complexity must justify its
diagnostic value.

Demonstrate whether Raman information
improves discrimination beyond QCM response
alone.

A5 N6-methyladenine Protocol-compression target Three-hour operation and receptor handling limit
near-patient use.

Shorten recognition and readout steps while
preserving methylation selectivity.

A6 Prostate-specific antigen Documentation-completion target Clinically familiar QCM immunoassay lacks
numerical assay time.

Add a timed protocol, matrix tests, dynamic
range, and decision-threshold calibration.

A10 Biotin methyl ester and biotinyl moieties Chemical-recognition target Strong synthetic recognition is not directly linked
to bedside diagnosis.

Redirect validation toward chemical exposure,
process monitoring, or affinity-selective quality
control.

A9 N-nitroso-l-proline Chemical-recognition target Medical point-of-care anchoring is weaker than
analytical chemistry relevance.

Compare against toxicology, food-safety,
nitrosamine-monitoring, or process-control
requirements.

A4 Antibodies against SARS-CoV-2 Documentation-repair target Detection and assay duration are too approximate
for development planning.

Define limit of detection, range, timing, matrix,
specificity panel, replicates, and wafer
reproducibility.

A B

C D

Figure 5: QCM handling and readout.

3.2. Clinical-concordant candidates

Three sensors formed the clinical-concordant lane. A11, the K562
cell aptasensor, is notable because cell-level detection is a demanding
target class. The 263-cell detection limit and approximate 40-min assay
time create a plausible measurement window for hematological use. Its
next challenge is not basic proof of aptameric QCM response; it is matrix
verification, specificity against non-target cells, and reproducibility of
the aptamer-modified chip.

A3, the S. aureus QCM immunosensor, combines a low microbial
burden with a 30-min assay window. This pairing is valuable because
pathogen detection loses clinical utility when reporting time becomes
too long. The lane assignment nevertheless remains cautious. A
microbial QCM immunosensor must still address strain diversity,
nonspecific adsorption, specimen pretreatment, and the difference
between buffer-spiked performance and clinical-specimen behavior.

A8, the procalcitonin QCM biosensor, also belongs in the clinical-
concordant lane because it joins a medically interpretable inflammatory

marker with a sub-hour workflow and a familiar mass-sensitive platform.
Its next experiment differs from A3 and A11. For procalcitonin,
calibration near clinical decision intervals, imprecision at relevant
concentrations, serum or plasma interference, and comparison with
established immunoassays are more important than further sensitivity
claims.

The preparation and platform-harmonization view in Figure 6 illus-
trates the operational conditions that the clinical-concordant candidates
must satisfy next. Weighing, standards, chip handling, and instrument
arrays form the traceability chain through which a promising resonator
response becomes a reproducible analytical procedure.

A B

Figure 6: Preparation and platform harmonization.

The paired views define the operational bridge between prototype
sensitivity and analytical validation. A candidate in the strongest
BREC lane should now be tested through controlled preparation, repli-
cate chips, lot-to-lot receptor deposition, and instrument-to-instrument
reproducibility. Without that bridge, a fast and sensitive piezoelec-
tric assay remains a bench demonstration rather than a diagnostic
measurement system.

3.3. Conditional sensors and bottleneck-specific actions

A1 and A2 show why BREC separates signal quality from translation
bottleneck. The heat shock protein assay has excellent sensitivity and
the fastest stated time, but the lateral-field resonator creates a hardware-
transfer question. A platform-comparison experiment would be more
useful than another sensitivity experiment. By contrast, the miR-106b
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assay has a very low molecular detection limit and a broad range, but
the missing sample-to-answer time prevents placement in the clinical-
concordant lane. Its immediate need is a complete molecular workflow
that covers extraction, hybridization, washing, readout, and matrix
tolerance.

The two prostate-specific antigen sensors show different bottlenecks
for the same clinical marker. A6 uses a familiar QCM immunoassay
format and a low concentration limit, but numerical assay time is absent.
A7 uses an aptameric QCM-D/SERS configuration with rapid readout
described in minutes, yet the hybrid instrument must prove that Raman
information changes diagnostic interpretation. The question is therefore
not which PSA assay has the lower detection limit. The relevant issue is
whether the low-limit QCM assay can supply missing workflow detail
and whether the hybrid assay can justify added hardware.

A5 and A12 are protocol-completion cases. N6-methyladenine
detection has strong molecular sensitivity, but a three-hour assay is
difficult to reconcile with near-patient use unless the clinical decision
tolerates delayed reporting. Lactoferrin detection has an aptameric
QCM format and a stated range, but absent timing and matrix context
prevent stronger development placement. Both sensors need detailed
protocol documentation and specimen-specific interference studies
before diagnostic readiness can be claimed.

A9 and A10 demonstrate that target context changes the proper
validation path. Molecularly imprinted polymer recognition is valu-
able in analytical chemistry, especially when synthetic receptors im-
prove robustness and storage. Their lower medical-diagnostic place-
ment in this study reflects target-context mismatch, not failure of the
chemistry. Food safety, chemical exposure, process monitoring, or
affinity-selective quality control would provide more suitable decision
requirements for these two sensors.

A4 is the clearest documentation-repair case. It targets SARS-CoV-
2 antibodies, a medically relevant class, yet its detection statement
is approximate and its assay duration spans minutes to hours. That
breadth is too large for near-patient planning. Exact analytical lim-
its, working range, time-to-result, sample matrix, specificity panel,
replicate structure, and wafer-to-wafer variability are required before
comparison with better documented architectures.

The quality-control view in Figure 7 reinforces the interpretation of
these conditional sensors. Sensor development depends on instrument
stability, sample positioning, chip conditioning, and response docu-
mentation. BREC assigns penalties to missing operational descriptions
because those omissions directly obstruct replication and validation,
not because the sensor concept lacks scientific merit.

Figure 7: Frequency-assay quality control.

The quality-control image gives practical meaning to the docu-
mentation gate. A laboratory attempting to reproduce a piezoelectric
assay must know whether chip conditioning, washing, stabilization,

frequency-drift correction, temperature control, and endpoint selection
were handled consistently. When these items are absent, the first
bottleneck is documentation even if the target and sensitivity appear
promising.

3.4. Action paths from the first bottleneck

The first action path for each non-concordant lane is summarized
in Table 4. The table is not a speculative performance forecast; it
identifies the most useful experiment or documentation item for each
architecture. This shifts the analysis from ranking to development
design: each sensor is linked to a concrete step that would make the
next comparison fairer and more analytically meaningful.

The action matrix shows that additional work should be sensor-
specific. A1 needs platform evidence more than a lower detection
limit. A2 and A6 need timed protocols. A7 needs proof that the
spectroscopic channel improves discrimination. A9 and A10 need
non-bedside validation requirements. A3, A8, and A11 need matrix
validation and precision testing rather than re-ranking. This specificity
is the main practical output of BREC.

The assay-readout panels in Figure 8 connect the action matrix
to documentation practice. Sample layouts, instrument screens, chip
positions, and readout contexts are interpreted as traceability elements.
Reproducible assay development depends on consistent physical ar-
rangement and response logging, not only on a single attractive sensor
image.

Figure 8: Assay readout documentation.

The readout panels reinforce a central methodological point: time-
to-result and procedural completeness are assay properties. A sensor
that does not state the full workflow duration cannot be evaluated fairly
against a sensor that documents a 30- or 40-min procedure, even if the
incomplete sensor has a lower detection limit.

4. Discussion

The BREC analysis changes the interpretation of piezoelectric
diagnostic sensor comparison in three ways. First, it treats mixed
analytical units as different measurement problems rather than values
to be forced into a single ranking. This protects the analysis from
assuming that the smallest numerical detection limit is automatically the
strongest translational candidate. A picomolar nucleic-acid response,
a CFU mL-1 microbial count, a cell-number threshold, and a ng L-1

inflammatory-marker result occupy different calibration spaces and
must be interpreted in their biological decision contexts.

Second, the results show that translation is blocked by identifiable
bottlenecks. The K562, S. aureus, and procalcitonin sensors are
strongest because they are balanced across target relevance, platform
familiarity, recognition plausibility, timing, and documentation. Their
immediate need is formal validation. The heat shock protein and
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Table 4: Bottleneck-specific action paths.

Bottleneck type Affected sensors Why it matters Most useful next evidence

Hardware transferability A1, partly A2 and A7 Specialized or hybrid platforms may be hard to standardize even
when analytically strong.

Cartridge comparison, instrument-to-instrument reproducibility,
and environmental stability testing.

Temporal uncertainty or delay A2, A5, A6, A12, partly A4 Near-patient decisions require a defined sample-to-answer interval,
not only a detection endpoint.

Timed workflow from specimen introduction to reportable result,
including preparation and washing.

Hybrid-channel justification A7 Dual-mode QCM-D/SERS readout increases information but also
adds optical hardware and interpretation burden.

Ablation comparison showing whether the Raman channel
improves discrimination or specificity.

Target-context mismatch A9, A10 Chemically valuable targets may not be aligned with bedside
medical decision making.

Toxicology, food-safety, chemical-exposure, or process-control
validation requirements.

Documentation repair A4 Approximate detection and broad timing prevent replication and
fair comparison.

Complete analytical description with LOD, range, matrix,
specificity, timing, replicate number, and wafer variability.

Clinical-concordance valida-
tion

A3, A8, A11 Strong sensors still require formal analytical validation before
clinical claims.

Matrix interference, precision, stability, comparator methods, and
clinically relevant specimen testing.

miR-106b sensors are analytically strong, but they do not require the
same next experiment: one needs hardware-transfer evidence, while
the other needs a complete molecular workflow.

Third, BREC separates analytical chemistry value from medical
point-of-care alignment. Molecularly imprinted polymer sensors may
be excellent candidates for chemical recognition, toxicology screening,
or process monitoring, but the targets in this dataset are less directly
connected to bedside diagnosis than K562 cells, procalcitonin, prostate-
specific antigen, or S. aureus. The method therefore does not dismiss
them as weak sensors; it places them under a more suitable development
question.

The practical implication is that piezoelectric diagnostic studies
should include a minimum operational evidence package. Limit
of detection should be accompanied by dynamic range, specimen
matrix, sample volume, total assay time, chip conditioning, receptor
immobilization route, drift-stabilization procedure, nonspecific binding
control, replicate number, chip-to-chip variation, interference testing,
storage condition, and comparator method where applicable. These
details are consistent with broader expectations for diagnostic validation,
where analytical sensitivity must be integrated with reproducibility,
bias control, and decision-relevant interpretation [23–25].

The final platform-check view in Figure 9 brings together controller
hardware, sample organization, chip handling, and response monitoring.
It supports the conclusion that near-patient readiness is an instrument-
level property, not a sensitivity claim attached to an isolated receptor
surface.

Figure 9: Platform readiness check.

The final check image emphasizes that a candidate assay must carry
its receptor chemistry, surface preparation, resonator format, sample
operation, readout trace, and validation evidence together. Weakness
in any one component creates the first bottleneck and determines
the next experiment. This interpretation is especially important for
piezoelectric diagnostics because analytical sensitivity can improve
while deployment readiness remains unchanged.

Several limitations should be recognized. The analysis uses tabu-
lated sensor information rather than raw frequency traces, calibration

replicates, patient-level measurements, or manufacturing files. BREC
assignments therefore indicate development priorities rather than clini-
cal accuracy. The gate language is transparent, but it still depends on
expert judgment about what is sufficient for near-patient analytical plan-
ning. Food-safety or environmental-monitoring applications would use
different timing and decision requirements. Cost-of-goods, regulatory
feasibility, user-interface performance, shelf life, and maintenance
burden are also outside the present analysis.

5. Conclusion

This study answered its research question by identifying which
piezoelectric diagnostic sensors are concordant across near-patient an-
alytical requirements and by specifying the first bottleneck for sensors
that are not yet concordant. The strongest candidates are the QCM
aptasensor for K562 cells, the QCM immunosensor for Staphylococcus
aureus, and the QCM procalcitonin biosensor. They combine medi-
cally interpretable targets, plausible receptor chemistry, transferable
resonator formats, usable timing, and enough procedural detail to
justify matrix validation and precision testing. Heat shock protein
detection and miR-106b detection remain analytically strong but are
limited by different barriers: the first needs hardware-transfer evidence,
whereas the second needs a complete sample-to-answer workflow.
Prostate-specific antigen, lactoferrin, and N6-methyladenine sensors
require timed protocols, time compression, specimen-context testing,
or proof that hybrid readout improves diagnostic discrimination. The
molecularly imprinted polymer sensors should be advanced through
chemical-recognition, toxicology, food-safety, or process-control val-
idation rather than bedside diagnostic claims. The SARS-CoV-2
antibody wafer sensor requires exact analytical limits, working range,
timing, matrix, specificity panel, replicate structure, and wafer-to-wafer
variation before reliable comparison. The central conclusion is there-
fore direct: piezoelectric diagnostic translation is governed by the first
unresolved bottleneck, not by detection limit alone. BREC provides
a sensor-specific decision method for choosing validation, platform
transfer, workflow completion, documentation repair, or target-context
redirection.
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