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Terahertz asynchronous twin-comb for
prefiguring hypersensitivity beyond
spectrum domain

Liang Ma1,2, Fei Fan 1,3,4 , Jixin Feng1,2, Peng Shen1,3, Chengwei Song1,2,
Yunyun Ji1,2, Xianghui Wang1,2 & Shengjiang Chang 2,4

Lower-frequency characteristics of the terahertz regime confer advantageous
lowphoton energy for biochemical sensingwhile imposing inherent sensitivity
constraints. Here, we demonstrate a terahertz asynchronous twin-comb sen-
sor and an extra-spectrum sensing mechanism through cascading micro-
channel architecture within a metallic waveguide. The extra-spectrum sensing
prefigures an enhanced sensitivity of 4 orders of magnitude compared to
existing terahertz biosensing and surpasses its counterpart in the optical band.
Hypersensitivities of 0.398GHzmm2 pg−1 in trace detection manifest through
the located characteristic resonance frequency beyond the spectrum domain.
Additionally, we observed the photoisomerization of azo dye in the terahertz
band with a photoresponse sensitivity of 0.91 GHz cm2mW−1, opening possi-
bilities for photoactive material-assisted terahertz sensors. In summary, we
instantiate an asynchronous twin-comb sensing beyond the spectrumdomain,
offering a perspective for ultrasensitive sensing, and promising applications in
optical frequency comb precision metrology, artificial intelligence photonics,
and integrated sensing and communications.

Terahertz spectroscopy has emerged as a transformative tool for
probing collective vibrational modes and rotational states of biomo-
lecules, offering unparalleled insights into molecular dynamics1–3.
Capitalizing on the merits of label-free detection, rapid response, and
on-chip integration, terahertz biosensing has demonstrated remark-
able progress in spectral enhancement4,5, trace analysis6, and specific
sensing7. Recent advances utilizing high-Q resonant metamaterials
have enabled groundbreaking explorations in life sciences, including
amino acids8, proteins9,10, cells11,12, and DNA13–15. By integrating func-
tional micro/nanomaterials, biofunctionalization strategies, and arti-
ficial intelligence, these advancements have achieved unprecedented
sensitivity and detection limits16,17. Nevertheless, two intrinsic limita-
tions persist: (1) The dimensional mismatch between analytes and the
terahertz wavelength restricts near-field interaction efficiency18,
imposing a sensitivity ceiling; (2) the fixed resonance characteristics of

metamaterial-based sensors inherently compromise broadband spec-
tral response, thereby limiting the extraction of multi-dimensional
information (frequency shift, amplitude variation, and phase mod-
ulation) critical for multiplexed sensing.

To overcome these constraints, waveguide-based terahertz sen-
sors have gained traction by leveraging guided-mode confinement to
enhance light-matter interaction19. Notably, recent achievements in
topologically protected waveguide cavity-based sensors have effec-
tively circumvented the intrinsic limitations of conventional on-chip
terahertz biosensors, particularly their small mode confinement
volumes and scale-dependent sensitivity to structural imperfections20.
This breakthrough has demonstrated capabilities in real-time quanti-
tative biosensing of biological analytes while maintaining exceptional
robustness against fabrication-induced defects21. However, resonant
waveguide architectures face an irreconcilable trade-off between
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operational bandwidth and Q-factor, yielding modest sensitivity of
hundreds of GHzRIU−1.

Coherent detection schemes, which have achieved ultra-high
sensitivity and broadband response in visible and infrared regimes
through interferometric or heterodyne principles22,23, remain under-
explored at the terahertz window due to challenges in waveguide and
mode coupling. In our prior work, a dual-channel metallic parallel-
plate waveguide interferometer achieved about 1 THz RIU−1 sensitivity,
yet fabrication and structural constraints hindered further
improvement24. Subsequent development of a self-referenced Vernier
sensor via multi-channel waveguide coupling enhanced sensitivity to
10 THzRIU−1, which is still orders ofmagnitude below the performance
benchmarks presented by optical band counterparts25,26.

Breaking this sensitivity barrier necessitates a paradigm shift
toward multilevel coherent signal architectures and high-dimensional
spectral information extraction, both of which demand rigorous con-
trol over temporal waveform shaping and spectral coherence. Optical
frequency combs, with their dense spectral lines acting as “frequency
rulers,” present an ideal solution for rich spectral information: Dual-
comb systems have revolutionized metrology in high-resolution
absorption spectroscopy27, laser-based light detection and ranging28,
distributed fiber optic sensing29, and trace detection of biochemical
samples through improvements in acquisition rates, precisions, and
broad tuning ranges30; The recent emergenceof topological frequency
combs has further revealed applications of strongly driven nested-
comb systems inmulti-region high-resolution analysis, which provides
a perspective for obtaining richer spectral information31,32. However,
these multiple comb configurations remain confined to the system
spectral range, failing to exploit sensing channels beyond the spec-
trum domain that could transcend the current sensitivity limits.

In this work, we demonstrate a hypersensitive sensing strategy
beyond the spectrumdomain through the innovative implementationof
asynchronous twin-comb spectroscopy instantiated in the terahertz
regime. Leveraging optical frequency comb principles, we developed a
terahertz asynchronous twin-comb sensor that depends on controlled
time defect insertion in temporal periodic signals, inducing frequency
comb splitting and twin-comb generation. The cascaded microchannel
architecture in metallic waveguides creates characteristic temporal
sequences with precision time defect control via microchannel length
modulation. Based on the twin-comb spectral periodicity, tracking the
twin-comb dual-envelope enables the extraction of high-frequency
characteristic resonance and hypersensitivity beyond system spectral
range limits. Experimental validation reveals unprecedented sensitivities
of 2784.7 THzRIU−1 and 0.398GHzmm2 pg−1, representing a four-order
ofmagnitudeenhancementover existing terahertzbiosensingplatforms
while surpassing optical band sensitivities. Notably, this methodology
enables the observation of azo-dyes photoisomerization within the ter-
ahertz regime, a photorefraction change of 1% RIU with profound
implications for the photoactive materials-assisted terahertz sensor.

Results
Configuration of terahertz twin-comb
Frequency combs exhibit discrete and equidistant spectral lines in the
frequency domain, corresponding to periodic pulse sequences in the
time domain. Building upon this principle, we instantiate a terahertz
asynchronous twin-comb generated through the controlled time
defect τ in the pulse sequences. The theory of twin-comb operation is
strictly demonstrated in Supplementary Information Part I and
Figs. S1 and S2.

Figure 1a elucidates the operational principle of our terahertz
asynchronous twin-comb sensor. The sensor-modulated terahertz
radiation generates twin-comb spectra at the output, where the
inherent asynchronism enables independent extraction of the twin-
comb dual-envelope. This distinctive feature provides substantial
advantages over conventional frequency dual-comb spectroscopy,

particularly in achieving enriched spectral information and ultra-
sensitive biochemical sensing. Figure 1c presents the sensor archi-
tectural configuration and dimensional parameters. The ridge-loaded
metallic parallel-plate waveguide (dgap = 20μm) fabricated from
10μm-thick polyethylene substrates realizes a cascadedmicrochannel
structure. As illustrated in Fig. 1d, the waveguide channel is divided
into four discrete regions by metallic layers (with thicknesses of 5 μm
and 6μm to achieve balanced splitting ratios, and a detailed principle
is provided in the Supplementary) on the polyethylene surface, with
these regionsmatching into four parallel transmission channels. These
parallel channels exhibit distinct detection times characterized by a
terahertz time-domain spectroscopy (THz-TDS) system due to the
material-induced additional optical path (OP) difference, which is
defined as theOP difference by referencing the OP in air over the same
propagation distance, as shown in Fig. 1b, e.

Specifically, Channel-1 comprises solely ambient air, yielding an
additional OP of OP1 +OP2 = 0; Channel-2 contains a polyethylene film-
air composite structure with an additional OP designated OP3; Fol-
lowing an analogous methodology, the additional OP for Channel-3 is
derived as OP4, while Channel-4 exhibits a cumulativeOP equivalent to
OP3 +OP4 through polyethylene film superposition. Notably, the
temporal separation between Channels 1–2 and Channels 3–4 both
depend on OP3, while the Channels 2–3 interval is governed by
OP4 −OP3. This configuration introduces a critical time defect para-
meter τ for a twin-comb generation: τ = (OP4 − 2OP3)/c, where cmeans
the velocity of light. As demonstrated in Fig. 1e, our experimental
implementation achieves τ =0.36 ps through precise control of wave-
guide andmaterial geometry, andmaintains an operational bandwidth
constrained below 1 THz with a 27 dB spectral signal-to-noise ratio, as
shown in Fig. S3 in Supplementary Information. Importantly, this
configuration allows the identification of characteristic resonance
frequencies beyond the spectral domain by tracking dual-envelope
signatures within the bandwidth.

As established above, the time defect τ is governed by the addi-
tionalOP fromOP3 andOP4, demonstrating that precisemodulation of
the time defect can be achieved through geometric variation of the
polyethylene film relative lengths (2lI vs. lII). Figure 2a schematically
illustrates three configurations of this length-dependent modulation.
When lII exceeds 2lI, time defect τ >0 induces single-comb spectral
splitting into the twin-comb (a low- and high-frequency comb pair), as
shown in Fig. 2b. The phase shift imparted by time defect τ drives an
asynchronous transmission modulation between the comb pair,
manifesting as an anti-correlated transmission relationship: enhance-
ment in one comb transmission corresponds to suppression in
another. The transmission envelopes beyond the system spectral
domain are prefigured by constructing envelopes through separate
tracking of the low- and high-frequency comb components within the
system spectral range. The intersection of the dual-envelope precisely
locates the twin-comb characteristic resonance frequency fcr. Notably,
the twin-comb pair with τ >0 exhibits persistent low-frequency comb
dominance below the characteristic resonance frequency, while τ < 0
shown in Fig. 2a, c displays an inverted transmission.

Crucially, as lII approaches 2lI and the time defect approximates
zero, the subtle phase shift produces a gentle modulation in the twin-
comb transmission, resulting in the characteristic resonance fre-
quency located by the spectrally extended envelope intersection far
from the system spectral range, as shown in Fig. 2a, d. This mechanism
establishes a breakthrough sensing capability beyond the spectral
domain: tracking intra-spectrum evolution enables the detection of
extra-spectrum resonance shifts induced by structural parameters or
analytes, effectively leveraging the sensor high-frequency response
channels that conventionally remain unexploited. The evolution of
twin-comb spectra and their characteristic resonance frequencies with
structural parameters are discussed in detail in Supplementary Infor-
mation Part III.
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Hypersensitivity application
The characteristic resonance frequency fcr of the twin-comb system
strongly depends on structural geometry parameters. Analogously,
minute variations in microchannel samples also modulate the time
defect, generating shifts in the characteristic resonance frequency.
This physical mechanism enables the terahertz twin-comb sensors to
have exceptional sensitivity beyond the spectral domain.

Figure 3a illustrates the sensing configuration (lI = 2.5mm and
lII = 5.05mm) for quantitative analyte detection, where the sample
positioned above the metallic layer introduces additional OP variation
OP2 to modulate the time defect to τ = (OP4 − 2OP3 −OP2)/c. The sen-
sitivity demonstrates substantial fluctuation depending on the effec-
tive volumetric ratio η of the samples within the sensing region, as
mathematically described by

S=
df cr
dns

= m� 1
2

� �
lIIηns

τ2cneff
ð1Þ

where ns is the refractive index of the sample, and neff is the equivalent
refractive index of the sensing region obtained from the effective
medium theory neff2= nr2(1−η) + ns2η with nr = 1 showing the refractive
index of air33. Figure 3b presents the η-dependent sensitivity profile,
revealing two critical aspects: Primarily, it reveals the positive

correlation between the volumetric ratios of samples in the sensing
region and the resulting sensitivity enhancement. Additionally, main-
taining a constant sample loadwhile reducingmetallicwaveguide gaps
effectively improves sensitivity optimization. At full volumetric ratio
η = 1, the explicit sensitivity expression for terahertz twin-comb
sensing is formulated in

S= m� 1
2

� �
lII
τ2c

ð2Þ

The combined analysis of time defects, characteristic resonance
frequency, and sensitivity yields the time-frequency-dependent sensi-
tivity mapping in Fig. 3c, which elucidates the deterministic relation-
ship between those three factors. Critical observations emerge: (1) The
time defect manifests dual characteristics: mirror symmetry about the
τ =0 and intrinsic periodicity synchronized with the periodic pulse
temporal interval t. These constraints enforce the bound condition |
τ| ≤ t/2, which governs the cutoff characteristic resonance frequency
through the relationship fc =m/t in different orders; (2) Reduced time
defects correlate with elevated characteristic resonance frequencies
and enhanced sensitivity; (3) Higher-order characteristic resonance
frequencies demonstrate superior sensitivity at equivalent time
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Fig. 1 | Schematic diagram and transmitted characteristics of the terahertz
asynchronous twin-comb. a Configuration of a terahertz asynchronous twin-
comb. b THz-TDS system in experiments. WP Wollaston prism, PCA photo-
conductive antenna. c Two-dimensional diagram and structural parameters of the
terahertz asynchronous twin-comb. PPWG parallel-plate waveguide, PE poly-
ethylene. d Schematic of the four-channel transmission from a cascading dual

microchannel. OP means the additional optical path from materials.
e Characteristic time-domain series of the terahertz asynchronous twin-comb.
Strips with different colors represent the four-channel paths and their transmitted
signal. tmeans the periodic pulse temporal interval. τmeans the time defect in the
periodic pulse.
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defects as seen τ =0.4 ps isochron; (4) Lower-order resonances exhibit
sensitivity advantages at identical characteristic resonance fre-
quencies as shown fcr = 10 THz isoline. These findings establish a
design principle: the maximum sensitivity is achieved when the fun-
damental resonance frequency aligns with the highest utilizable fre-
quency band. The expression for sensitivity is detailedly explained in
the Supplementary Information Part II.

Following this principle, Fig. 3d demonstrates the first-order
characteristic resonance response near 10 THz for analyte detection.
The full volumetric ratio η = 1 is set in the simulations, indicating
complete filling of the sensing region. This configuration establishes
the analyte loading profile with a length matching the polyethylene
film dimension lII (5.05mm) and a thickness equivalent to the gap in
region two (4μm) in the yz plane. The characteristic resonance fre-
quency contour beyond the spectral range in Fig. 3e quantifies the
extra-spectral sensing performance, revealing an unprecedented sen-
sitivity of 2784.7 THz RIU−1. This represents a four-order-of-magnitude
enhancement over conventional terahertz biosensors and showcases a
significant superiority than optical-band sensing performance.

The exceptional sensitivity of terahertz asynchronous twin-comb
sensing was experimentally validated through biochemical sample trace
characterization. By leveraging extra-spectral high-frequency sensing
channels inherent to the twin-comb configuration, the sensor achieves
remarkabledetectioncapability for tracebiochemical analytes. Figure4a
demonstrates the sensor response to varying lactose areic masses.
Through dual-envelope tracking within the system spectral range, we
precisely resolved the characteristic resonance frequency near 10THz
beyond the spectrum domain, revealing significant frequency shifts
corresponding to different sample loadings. Subsequent analysis of
extra-spectral dual-envelope transmission differences yields the char-
acteristic resonance contour shown in Fig. 4b (Complete spectra seen in
Supplementary Information Part IV). With lactose concentration

increments set at 1μgml−1 in a 10μl solution, the corresponding volu-
metric increment was calculated as 5.6 × 103μm3 under a lactose density
of 1.8 g cm−3, which represents a 0.93 × 10−4 fractional volume increase
within a 6 × 107μm3 sensing region. Hence, the effective medium theory
proves an effective refractive index variation of 0.5 × 10−4 RIU with η= 1,
which corresponds to the simulation results in Fig. 3.

A progressive blueshift of 813GHz was observed as lactose areic
masses increased from0to2ngmm−2 in0.4 ngmm−2 increments, shown
in Fig. 4c. This phenomenon originates from time defect reduction
induced by augmented sample amounts. Linear fit analysis established a
sensitivity of 398GHzmm2 ng−1 with a coefficient of determination
R2 = 0.97. The 2.5 pgmm−2 detection accuracy is obtained from Δf/S,
where Δf= 1GHz means the spectral resolution, confirming superior
quantitative performance. Comparative studies in Fig. 4d with conven-
tional terahertz Mach–Zehnder interferometric sensors formed by a
single polyethylene substrate in the parallel-plate waveguide reveal
limitations in trace detection within the 1 THz operational range.

The breakthrough sensitivity enhancement is quantitatively illu-
strated in Fig. 4e by comparing against existing typical terahertz and
optical sensing mechanisms8,24,26,34–54. The extra-spectral sensing
mechanism of the twin-comb configuration enables operational fre-
quencies beyond the spectral domain, demonstrating sensitivities that
surpass traditional counterparts in the terahertz regime by four orders
of magnitude, while outperforming optical-band sensors in sensitivity
metrics. This advancement effectively circumvents the conventional
low-frequency constraints of terahertz sensing, establishing a para-
digm for ultrasensitive biochemical detection in the terahertz regime.

Observation of photoisomerization
Photoresponsive materials, such as azo derivatives exhibit unique
light-manipulable properties through photochromic functionality55,56.
The mechanism involves reversible trans-cis photoisomerization

Fig. 2 |Modulationon twin-comb spectra by geometry parameters. a Schematic
diagram of the relative geometry of polyethylene films. The gray and blue rectan-
gular elements in the schematic correspond to two polyethylene films with dif-
ferential transmitted lengths of lI and lII. Characteristic spectra of the designed
terahertz asynchronous twin-comb sensor corresponding to b the time defect τ >0
and c the time defect τ <0. d Twin-comb characteristic spectrum with the time

defect approaching zero. The blue and red lines represent the dual envelopes
obtained by the linear fitting of the twin comb peaks, respectively, and the inter-
section of the dual-envelope represents the characteristic resonance frequency fcr
of the twin-comb. The red-blue gradient background indicates transmission
inversion of the twin-comb dual-envelope.
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Fig. 4 | Experimental sensitivity characterization of the terahertz asynchro-
nous twin-comb sensor. a The measured transmission spectra and characteristic
resonance frequency response with different lactose areic masses. AM areic mass.
bContour of characteristic resonance frequency corresponding to different lactose
areic masses with an interval of 0.4 ngmm−2. c Linear fit of the characteristic reso-
nance frequencies and the response of the frequency shifts in (b). Error bars indi-
cate the standarddeviation of 5 independent replicates.dResponse of the terahertz

Mach–Zehnder interferometer sensor to different lactose areic masses for sensing
performance comparison. e Comparisons between terahertz asynchronous twin-
comb sensors and existing terahertz/optical-band biochemical sensors from the
two dimensions of operational frequency and experimental sensitivity. QBIC quasi-
bound states in the continuum, EIT electromagnetically induced transparency, SPR
surface plasmon resonance, MZI Mach–Zehnder interferometer, LPFG long-period
fiber grating, TIR total internal reflection, FPI Fabry-Pérot interferometer.

Fig. 3 | Numerical analysis of terahertz asynchronous twin-comb sensing
applications. a Sensing diagram. The white and red dashed areas represent the
equivalent volume of the sensing region and sample. b Terahertz twin-comb sen-
sitivity curves related to the sample spatial proportion. The color lines represent
the sensitivity contours. ηl and ηd represent the normalized length and height
proportion of the sample within the yz-plane of the sensing area in (a). The white
rows are the gradient of sensitivity. c The twin-comb sensor time-frequency
dependent sensitivity curves in different characteristic resonance frequency

orders. Saturation represents sensitivity. Wider stripes represent higher-order
characteristic resonance frequencies. d The twin-comb spectral response to the
refractive index of the sample. Δn means the change in refractive index of the
sample. e Contour of characteristic resonance frequency corresponding to differ-
ent sample refractive index. The red-white-blue gradient contour means the
transmission difference in the twin-comb dual-envelope. S indicates the sensing
sensitivity. R2 represents the coefficient of determination.
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under specific wavelength excitation, a phenomenon that has attrac-
ted significant interest in optical information storage applications57,58.
Nevertheless, the development of photoactive terahertz photonic
devices remains embryonic, primarily constrained by the weak light-
matter interaction at terahertz bands arising from the low-frequency
characteristics, which inherently limits material response sensitivity in
this spectral regime.

Capitalizing on our proposed asynchronous twin-comb sensing
architecture with unprecedented sensitivity beyond the spectral
range, the observation of the azo dye photoisomerization is demon-
strated in the terahertz bands through the ethyl orange-loaded sen-
sing configuration illustrated in Fig. 5a. Ten microgram ethyl orange
with a density of 1.28 g cm−3 estimated based on methyl orange ana-
logs due to unavailable reference data, results in an approximate
effective volumetric ratio η = 0.13. Under 532 nm irradiation, the
characteristic resonance frequencies in Fig. 5b reveal power-
dependent trans-cis isomerization through 2.167 THz blue-shifting
behavior over 0–2.4W cm−2 laser power densities, attributed to
reduced time defects induced by molecular reconfiguration. The
twin-comb dual-envelope transmission difference contour shown in
Fig. 5c quantifies this photoresponsive behavior with a 0.4Wcm−2

interval (Complete spectra seen in Supplementary Information Part
V). Linear regression analysis establishes a remarkable sensitivity of
0.91 GHz cm2mW−1 with a coefficient of determination
R2 = 0.99 shown in Fig. 5d, while comparative measurements without
the ethyl orange-loaded sensor in Fig. 5e exclude photothermal
effects through slight fluctuation. The noise-induced 226GHz mea-
surement fluctuations induce a 0.01 GHz cm2mW−1 sensitivity error in

the vicinity of 10 THz, translating to a sensitivity uncertainty of 1.1% in
the twin-comb system.

The observation of the azo dye photoisomerization in the ter-
ahertz band serves as an instantiation of the ultra-sensitivity of our
proposed terahertz twin-comb extra-spectral sensing mechanism and
also provides a promising solution for terahertz photoactivematerials-
assisted sensors.

Discussion
Thedeveloped terahertz asynchronous twin-combandextra-spectrum
sensing mechanism overcomes the intrinsic sensitivity limitations
imposed by the low-frequency characteristics of the terahertz band.
This breakthrough is achieved through four key innovations:

Firstly, the twin-comb spectrum is derived from the inserted time
defects in periodic signals. The resultant high-frequency characteristic
resonances from subpicosecond-scale time defects permit locating
through the twin-comb dual-envelope. Secondly, cascaded micro-
channel architecture in metallic waveguides generates temporal
sequences for terahertz twin-comb, achieving characteristic resonance
frequencies near 10 THz that significantly exceed the system spectral
range. Thirdly, the extra-spectral sensing mechanism demonstrates
unprecedented sensitivity of 2784.7 THzRIU−1 and0.398GHzmm2 pg−1

with 2.5 pgmm−2 detection accuracy. This represents a four-order-of-
magnitude improvement over existing terahertz biochemical sensing,
surpassing optical-band sensitivity benchmarks. Lastly, the excep-
tional sensitivity enables the observation of azo dye photoisomeriza-
tion in the terahertz regime, establishing a generic platform for
photoactive materials-functionalized terahertz devices.
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Fig. 5 | The observation of azo dye photoisomerization in the terahertz band.
a The ethyl orange-loaded terahertz asynchronous twin-comb sensing configura-
tion. EO ethyl orange. b The measured transmission spectra and characteristic
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without an ethyl orange load to the laser power densities. Sn means the noise-
induced sensitivity error.
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This terahertz asynchronous twin-comb strategy provides extra-
spectrum sensing paradigms, offering perspectives for potential
applications in hypersensitive terahertz biochemical sensing, optical
frequency comb metrology, artificial intelligence photonic systems,
and integrated communication-sensing technologies.

Methods
Experimental system
The experimental configuration of the transmissive THz-TDS system is
presented in Fig. 1b. A femtosecond laser (780 nm central wavelength)
is split into two beams. The pump beam is focused onto a photo-
conductive antenna fabricated from a 50μm LT-GaAs antenna to
generate broadband linearly polarized terahertz pulses. Concurrently,
the probe beam undergoes temporal delay modulation before con-
verging with the terahertz radiation on the ZnTe crystal for coherent
detection. Terahertz pulses induce birefringence in the ZnTe crystal.
Subsequent differential detection using a balanced detector enables
precise quantification, with the measured signal amplitude being
directlyproportional to the instantaneous terahertzfield intensity. The
implemented THz-TDS system exhibits an operational bandwidth
spanning 0.05–1 THz with a signal-to-noise ratio of 105 and a spectral
resolution of 1 GHz.

Simulation
The spectral results in Fig. S1b, c are derived through numerical
implementation of Equation (S5). The simulation results presented in
Fig. 3d and Supplementary Information Part III are performed using
the commercial Ansys Optics software, incorporating a finite-
difference time-domain solver. In our simulation architecture, the
perfect electric conductor boundary condition is implemented for the
metallic waveguide and metallic layers, while the polyethylene sub-
strate is modeled using a complex refractive index formalism
accounting for its dielectric response (a refractive index n = 1.5 and an
extinction coefficient κ =0.005).

Reagent
Lactose solutions with concentrations ranging from 1 to 5μgml−1 (in
1μgml−1 increments) are employed for trace biochemical detection
experiments. Simultaneously, ethyl orange solutions (1mgml−1 con-
centration) are prepared to investigate azo dye photoisomerization
phenomena under a precisely controlled 532 nm laser. A 10μl volume
from each concentration is dropped onto a 25mm2 effective sensing
area and allowed to dry entirely before measurements.

Data availability
All data are available in the main text or the Supplementary Informa-
tion. Source data are provided with this paper.
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