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Abstract

Photopolymer platforms can integrate microfluidics, optical paths, electrodes and immobilisation regions into compact biosensors, but
fabrication success does not guarantee analytical validity. Bioreceptor activity can be lost during attachment or storage, analyte transport
can limit response, and nonspecific adsorption can create signal in complex matrices. Printed surfaces also carry residual chemistry and
roughness that influence protein adsorption and cell or biomolecule compatibility. Qualification therefore links surface preparation and
immobilisation to mass transport, blank response, calibration and fouling resistance. Capture capacity, response time, analytical
sensitivity, specificity, precision, drift and recovery in a matrix-relevant sample define the usable state. The engineering result is a
qualified immobilisation protocol, a transport and flow envelope, and an antifouling and calibration-stability criterion. [1-5]
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1. Qualification problem: biosensors integrated with photopolymer platforms

The biosensor is qualified through surface preparation that preserves biological activity, flow conditions that avoid transport-dominated
kinetics, and an antifouling/calibration criterion appropriate to the claimed sample matrix. Receptor survival, mass-transfer time and
nonspecific background are therefore recorded as separate acceptance variables.

1.1 Scope boundary.

ER-380 covers immobilised biological recognition, liquid-phase transport, nonspecific fouling and analytical calibration on photopolymer
platforms. ER-379 owns non-biological chemical and gas sensing, while ER-368 owns hydraulic behaviour of architected flow networks;
neither establishes retained receptor activity or matrix-specific biosensor validity.

2. Governing balances for biosensors integrated with photopolymer platforms

A biosensor requires analyte transport to the recognition interface, selective binding or reaction, and conversion of that event into an
electrical, optical or mechanical signal. [1,3]

Immobilisation density can increase capture capacity but also create steric hindrance or transport limitation. [2,3]

Printed polymer surface chemistry and roughness influence nonspecific adsorption, so fouling is an interface property of the actual
manufactured device rather than only the nominal resin. [4,5]

For biosensor qualification, fabrication state, receptor function, channel transport and background response must remain linked in the
record so analytical sensitivity is not detached from the device that produced it.

3. Regime boundaries for biosensors integrated with photopolymer platforms

Table 1 links receptor survival, transport relative to reaction and nonspecific background to different decisions in assay preparation,
channel operation and calibration stability.

Table 1. Regime indicators and engineering use.

The biosensor envelope is confined to conditions where receptor activity, fluidic transport and background rejection were measured
together in the stated matrix.

Indicator Engineering meaning Use

Measures the fraction of biological recognition function | Used to accept the surface-preparation protocol before

retained receptor activity after immobilisation X . S
P y that survives attachment and post-processing. assay calibration is interpreted.

Compares delivery of analyte to the sensing surface with | Used to identify flow conditions where observed

transport time divided by binding or reaction time AR . . A .
P Y 8 the intrinsic biochemical response timescale. kinetics are not dominated by mass transfer.

Measures matrix and surface fouling relative to the | Used to set antifouling and recalibration limits for the

nonspecific background divided by specific signal intended recognition response. claimed sample matrix.

4. Couplings that move the biosensors integrated with photopolymer platforms
Channel geometry and flow control determine transport to the surface and therefore apparent kinetic constants. [1,3]
Surface activation, washing and post-cure change both receptor attachment and nonspecific adsorption. [2,4]

Complex sample matrices can change transport and background response simultaneously, which is why matrix-matched blanks and
controls are part of analytical validation. [1,4,5]
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5. Failure signatures and false diagnoses

Biosensor loss of response is separated into receptor deactivation, mass-transfer limitation, nonspecific fouling and transducer drift.
Activity controls, flow-rate changes, matrix blanks and reference channels are evaluated before any one mechanism is accepted.

Table 2. Failure-mode discrimination and required evidence.

Failure mode Observable signature Discriminating evidence

lower specific response despite adequate immobilised

loss of bioreceptor activity mass

activity assay before and after immobilisation

flow-rate and geometry sweep at fixed analyte

mass-transfer limitation response depends strongly on flow or channel height .
concentration

nonspecific fouling blank or off-target signal grows in complex matrix matrix blank and nonbinding-control surface

sensitivity or baseline changes during storage or | periodic reference standard and control-channel

calibration drift
repeated assays measurement

6. Measuring biosensors integrated with photopolymer platforms with traceable uncertainty

A biosensor should be metrologically decomposed into capture, transport and transduction. The reported concentration-response curve is
only the final observable. Qualification should separately establish active-area geometry, receptor loading or surface coverage,
nonspecific adsorption, mass-transfer time, transducer noise, blank response and the time evolution of sensitivity. Without those
quantities, a falling signal cannot be assigned uniquely to receptor deactivation, fouling, diffusion limitation or electronic drift. Replicate
devices should be followed through the same cleaning, storage and assay sequence because photopolymer surface state can change after
extraction, post-cure and wet conditioning. [1-5]

Transport becomes especially important in printed channels, porous scaffolds and recessed sensing wells. Characteristic diffusion time
scales approximately with the square of transport distance, so increasing channel depth or hydrogel thickness can improve capacity while
slowing equilibration disproportionately. A useful validation therefore includes at least two transport lengths or flow rates, allowing
external mass transfer to be distinguished from reaction-limited binding. The same design should be tested with blank polymer surfaces so
that analyte loss to the printed platform itself is not mistaken for receptor-mediated capture. [1-3]

Record the immobilisation method, receptor loading or surface coverage, flow rate, channel dimensions, temperature and sample matrix.
Analytical validation should include calibration, blank distribution, precision, specificity or interference, and a defined detection or
quantification criterion. Surface fouling can be assessed by blank signal, optical or mass-based adsorption measurement, or a validated
cleaning-recovery protocol. [1-5]

7. Experiments that discriminate competing mechanisms

Fouling should be challenged with the matrix that will actually be encountered rather than with buffer alone. Protein adsorption, cells and
lipids can passivate an electrode or block receptor access while leaving gross geometry unchanged. A 2024 photoelectrochemical study
using a porous acrylamide-hydrogel/zwitterionic-MOF coating demonstrated that macromolecular sieving and small-molecule transport
can be engineered together for dopamine sensing in complex biological media; this is relevant as mechanism evidence for antifouling
architecture, not as proof that the same performance transfers to a printed photopolymer platform. [6]

Mechanism discrimination is strengthened by recovery experiments. If sensitivity returns after a defined wash while the blank baseline is
restored, reversible fouling or weak adsorption is plausible. Persistent loss after cleaning suggests receptor deactivation, irreversible
adsorption, swelling or chemical change of the substrate. Surface spectroscopy or fluorescence-labelled foulants can localise the retained
species, while an independent reference electrode or optical standard can determine whether the transducer itself has drifted. These tests
should be scheduled before and after defined numbers of assay cycles rather than performed only at end of life. [4,6]

Compare at least one immobilisation condition with a nonbinding or inactivated control. Vary flow rate to identify mass-transfer
limitation before interpreting binding kinetics. Test buffer and matrix-matched samples to expose fouling and interference, then repeat
calibration after storage or multiple assay cycles. Where regeneration is intended, demonstrate retained receptor activity and background
recovery after each regeneration block. [2,4]

8. Model identification and validation for biosensors integrated with photopolymer platforms
A useful sensor model couples convection-diffusion with binding kinetics and the transducer transfer function. Fitting the terminal signal
alone is underdetermined because different combinations of diffusion coefficient, association rate and active-site density can generate
similar response curves. Step changes in concentration at more than one flow rate, together with an independently measured receptor
density, improve identifiability. Validation should use a concentration and matrix composition not used for parameter fitting, and
uncertainty in preparation of standards must be propagated into the apparent sensitivity and limit of detection. [1-3]

Signal stability should be modelled as a state variable, not a nuisance offset. Baseline drift may depend on hydration time, accumulated
analyte exposure, temperature, ionic strength and electrochemical history. A qualification record should therefore retain the complete
baseline trajectory and recalibration events. Where machine-learning discrimination is used, the training set must span the intended matrix
and drift states; otherwise high cross-validation accuracy can conceal failure under a shifted biochemical background. [4,5]

Biosensor modelling separates channel transport from receptor binding and from the transducer calibration. Binding constants are
estimated only after mass-transfer limitation has been tested, and immobilisation yield is not equated with retained biological activity.

Identifiability is challenged by changing flow rate or channel height while holding analyte concentration constant. A response that
changes with transport cannot by itself define an affinity constant. Matrix blanks and nonbinding controls are analysed alongside the
specific channel so fouling and receptor loss have observable alternatives.
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Flow calibration, concentration preparation, activity assay and signal readout each contribute to a different acceptance margin. Transport
uncertainty bounds the operating-flow envelope, retained-activity uncertainty bounds the surface-preparation decision, and blank
variability bounds the antifouling criterion. Shared channel dimensions are retained as correlated inputs where they affect both residence
time and surface loading.

9. Qualification envelope and technology decisions

Acceptance criteria should be assigned before seeing the final calibration data. For a quantitative biosensor these normally include a
usable concentration interval, maximum blank drift, repeatability, recovery after regeneration, and an interference criterion. Limit of
detection should be calculated from a declared method and should not substitute for precision or bias at clinically or technologically
relevant concentrations. When a device is intended only for trend detection, the acceptance architecture can be different, but that
distinction should be explicit rather than inferred from an attractive low-concentration signal. [1-6]

Lot-to-lot verification is particularly important for printed biosensor platforms because optical exposure, cleaning and post-cure affect
both dimensional transport paths and surface chemistry. A small bridging panel can be more informative than repeating the entire
development study: one blank, one mid-range target, one high target, a representative interferent mixture and a fouling challenge can
reveal whether the new lot remains inside the qualified state. [1-6]

Table 3. Technology-decision matrix.

ER-380 closes surface preparation, flow operation and antifouling stability with different controls. Retained receptor activity does not
establish adequate transport, and clean-buffer calibration does not establish matrix performance; all three have to remain inside the stated

assay configuration.

Decision

Minimum evidence

Acceptance logic

immobilisation and surface-preparation protocol

Calibrated measurements spanning the proposed limit
for immobilisation and surface-preparation protocol,
with at least one independent replicate near the
boundary and the controlling retained receptor activity
after immobilisation reported with uncertainty.

Accept only while the measured response remains inside
the stated boundary and the challenge 'activity assay
before and after immobilisation' does not trigger loss of
bioreceptor activity or move lower specific response
despite adequate immobilised mass outside the qualified
range.

flow and mass-transport operating envelope

Calibrated measurements spanning the proposed limit
for flow and mass-transport operating envelope, with at
least one independent replicate near the boundary and
the controlling transport time divided by binding or
reaction time reported with uncertainty.

Accept only while the measured response remains inside
the stated boundary and the challenge 'flow-rate and
geometry sweep at fixed analyte concentration' does not
trigger mass-transfer limitation or move response
depends strongly on flow or channel height outside the
qualified range.

antifouling and calibration-stability criterion

Calibrated measurements spanning the proposed limit
for antifouling and calibration-stability criterion, with at
least one independent replicate near the boundary and
the controlling nonspecific background divided by
specific signal reported with uncertainty.

Accept only while the measured response remains inside
the stated boundary and the challenge 'matrix blank and
nonbinding-control surface' does not trigger nonspecific
fouling or move blank or off-target signal grows in
complex matrix outside the qualified range.

10. Design consequences for biosensors integrated with photopolymer platforms

System validation should include a deliberately perturbed specimen. Reducing receptor loading, partially blocking the active area or
changing flow provides a known direction of response and tests whether the measurement chain can diagnose the change. A platform that
reports nearly identical performance after a controlled loss of active area is likely dominated by transport, background or data processing
rather than true binding capacity. [1-6]

For reusable platforms, regeneration should have a stopping rule. Recovery to a visually clean state is not enough; baseline, calibration
slope and interferent response should remain within predefined control limits. Once any of those variables leaves the qualified range,
further reuse should be treated as a new state rather than averaged into the original performance claim. [1-6]

Design decisions should be linked to a measurable qualification envelope. Increasing porosity or hydrogel content can raise accessible
receptor area but also increase swelling, residence time and variability. Making channels smaller reduces sample volume but raises
surface-to-volume ratio and therefore nonspecific adsorption. The preferred architecture is not the design with the highest isolated
sensitivity; it is the one that maintains acceptable sensitivity, response time, specificity and baseline stability after the intended number of
wetting, cleaning and storage cycles. [1-6]

Process changes that alter residual monomer, surface chemistry or roughness should trigger at least a bridging study. Minimum bridging
includes blank response, receptor immobilisation yield, target calibration, interferent panel and a fouling challenge. For biomedical use,
sterilisation can be an additional state transition rather than a final administrative step because radiation, heat or chemical exposure can
alter both the photopolymer and the immobilised biological layer. Device qualification should therefore define whether receptors are
attached before or after sterilisation and should not mix those two states in one calibration claim. [1,4,5]

Flow paths should provide adequate transport without excessive pressure drop or dead volume. Immobilisation chemistry should
maximize retained activity and orientation rather than nominal surface loading alone. Antifouling coatings or blocking layers must be
compatible with the transduction mode and should be evaluated after the complete print, cure, activation and storage sequence. Control
channels or reference surfaces are strongly preferred for complex matrices. [1-5]

Biosensor manufacture is controlled from printed channel geometry through cleaning, surface activation, immobilisation and blocking.
Each change is challenged at the layer it affects: flow geometry by residence-time evidence, chemistry by retained activity, and surface
protection by matrix blanks and nonspecific-binding controls.
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11. Evidence gaps for biosensors integrated with photopolymer platforms

The principal evidence gap is long-duration stability in realistic matrices with quantified surface state. Many studies establish proof-of-
concept detection but do not report receptor density, nonspecific uptake, regeneration history and between-device variance together.
Future work should combine surface characterisation, transport measurements and longitudinal calibration so that a loss of analytical
performance can be assigned to a physical mechanism. [1-6]

A second gap is transfer from simple coupons to fully printed fluidic architectures. Curved channels, trapped resin, post-cure gradients
and local oxygen inhibition can create surface states that differ from flat test specimens. Qualification should therefore include coupons
for mechanistic measurement and complete devices for system verification, with explicit evidence connecting the two rather than
assuming that a coating or immobilisation method behaves identically on every printed surface. [1-3]

Translation is limited by incomplete reporting of resin post-processing, extractables, surface activation and matrix-specific fouling. Many
prototypes demonstrate detection in clean solutions without enough precision, interference or storage evidence. More work is needed on
lot-to-lot printed surface variability and on standardized analytical validation for additive-manufactured biosensor cartridges. [1,4,5]

For biosensors, the most useful shared dataset would join flow history, analyte concentration, receptor-activity controls and the
nonspecific background divided by specific signal in both clean buffer and target matrices. Storage and regeneration should be represented
as explicit states so calibration drift can be traced to chemistry, transport or fouling.

12. Qualification outcome for biosensors integrated with photopolymer platforms

Qualification is restricted to the demonstrated printed material, post-processing, immobilisation chemistry, flow geometry, sample matrix,
storage condition and calibration interval. Binding activity, transport and fouling remain independent acceptance limits.
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