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ABSTRACT: Nonlinear dynamic monitoring is crucial for assessing L-tryptophan (L-Trp)
dysregulation progression in tuberculous meningitis (TBM); yet remains challenging due to
conventional sensing probes’ inherent nondirectionality and poor interfacial response control.
Herein, we present a programmable organic-ligand-based self-assembly strategy to construct
superlattice nanoprobes with structurally responsive, tunable interfaces. Precisely regulating
ligand assembly integrates atomically dispersed platinum layers with organic ligand bilayers,
forming an interactive nanobiosensing interface for real-time, quantitative detection of
nonlinear L-Trp dynamics. The nanoplatform shows threshold-dependent colorimetric
response: subtle monochromatic brightness shifts below 0.2 uM, and distinct multiphase
color transitions via chromatic superposition above it, enabling visual discrimination of
pathological L-Trp fluctuations in TBM. Integrated with machine learning-enhanced pattern
recognition, it achieves robust self-calibration and zero false positives in complex clinical
matrices. Compared to conventional methods (acid-fast staining, culture), it reduces
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processing time by >50%, boosts accuracy by >13%, and cuts reagent costs by >74%, establishing an effective paradigm for
neuroinflammatory biomarker monitoring and enabling precise TBM diagnosis.

KEYWORDS: interactive-superlattice, diagnostic-mediated, threshold-saltatory, visual biosensor, tuberculous meningitis

B INTRODUCTION

Traditional medical diagnostic methods focus on linear
biomarker concentration changes. While these approaches
are effective for conventional diseases, they prove insufficient
for pathologies exhibiting nonlinear biomarker dynamics. Such
pathologies include neurodegenerative diseases, autoimmune
diseases, and other conditions with complex biomarker
dynamics. Among these, tuberculous meningitis (TBM)
represents a key diagnostic challenge. TBM induces meningeal
inflammation and can lead to irreversible neurological deficits,
representing one of the most severe clinical manifestations of
tuberculosis.' > Its subtle progression and nonspecific clinical
manifestations complicate early diagnosis and severity assess-
ment. The current gold-standard methods—cerebrospinal fluid
(CSF) acid-fast staining and Mycobacterium tuberculosis
culture—are constrained by low sensitivity, extended process-
ing times, and an inability to evaluate disease progression.*”°
Additionally, biomarkers such as adenosine dehydrogenase and
acetylcholinesterase exhibit insufficient specificity for monitor-
ing disease severity.” Therefore, there is an urgent need for
tailored diagnostic tools capable of addressing both early
detection and dynamic evaluation of TBM disease progression.

The metabolite L-tryptophan (1-Trp) has been identified as
the most strikingly divergent compound in cerebrospinal fluid
(CSF) during TBM analysis.*” In early stage TBM, L-Trp
concentrations sharply decline below 0.2 yM as part of a

© 2026 American Chemical Society

7 ACS Publications

5238

metabolic defense mechanism against inflammation.'”"" As
brain lesions worsen, L-Trp levels increase proportionally with
the mortality risk, establishing 0.2 M as a critical diagnostic
and prognostic threshold. However, existing L-Trp detection
technologies predominantly focus on enhancing chiral
specificity and sensitivity while overlooking their dynamic
role in disease progression. This oversight has resulted in a
critical gap in real-time monitoring capabilities for clinical
applications.'”'* Notably, there are currently no probes or
sensors capable of capturing threshold-specific signals or
tracking nonlinear L-Trp fluctuations,'* which are essential
for advancing precision medicine in TBM.

To address this gap, interactive, stimulus-responsive nano-
materials have emerged as critical solutions. These advanced
materials enable the translation of molecular-level information
into macroscopic functional outputs in biological systems,
which is achieved by leveraging their ability to adapt through
structural reconfigurations triggered by environmental stimuli
dynamically.">™"" These systems exhibit programmable bio-
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Figure 1. Schematic of a structure-mediated interactive differential visualization sensor array. Shown are the structure of Pt MALSs, comprising an
alternating arrangement of n-octanoic acid and platinum coordination centers; structural stability and color transition mechanism of Pt MALs in
response to L-Trp; and logic-gate-based data analysis workflow for the accurate quantification of L-Trp concentration in cerebrospinal fluid (CSF)

and accurate assessment of the disease progression.

sensor capabilities via modifiable geometric and electronic
architectures, with layered material platforms serving as
particularly prominent examples.'®'? Among various feedback
modes such as electrical, thermal, mechanical, and optical
responses, the optical signals for color transitions offer distinct
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advantages in point-of-care diagnostics. These advantages
include intrinsic quantifiability, operational simplicity, and
compatibility with visual interpretation technologies that
2972 This

functional superiority establishes optical nanosensors as ideal

obviate the need for complex instrumentation.
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Figure 2. Synthesis and structural characterization of Pt MALs. (a) Schematic representation of the synthesis process of Pt MALs. (b) HR-TEM
images; (c) HAADF-STEM images. (d) Energy-dispersive spectroscopy (EDS) images. (e) AFM images. (f) XRD patterns. (g) XANES spectra at
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Figure 2. continued

Pt L3-edge. (h) k*-weighted y(k) function of the extended EXAFS spectra. (i) Comparison of theoretical and measured k*-weighted y(k) function
of Pt MALs. (j—1) WT-EXAFS spectra of Pt MALs, PtO,, and Pt foils (scales on all graphs represent 100 nm).

candidates for monitoring dynamic L-Trp distributions at a
critical 0.2 uM threshold.

Therefore, the ideal visual sensor for monitoring the
dynamic TBM marker L-Trp at the 0.2 uM threshold should
exhibit the following attributes: (1) Reversible signal
generation synchronized with L-Trp concentration fluctuations
around the 0.2 yM transition point, ensuring precise threshold
determination while minimizing observational subjectivity. (2)
Sufficient sensitivity within the threshold range to enable real-
time chromatic mapping of spatiotemporal L-Trp variations
within + 10% of the critical concentration. (3) Absolute
specificity against interference from L-Trp regulatory compo-
nents and metabolic intermediates, preserving monitoring
fidelity. (4) Rapid-response architecture capable of cost-
effective L-Trp analysis, with a processing speed 80% faster
and a cost reduction of 60%, ensuring scalability in resource-
constrained environments. These combined attributes facilitate
dual functionality for both threshold confirmation and dynamic
metabolic process tracking, representing an advancement
beyond conventional binary detection paradigms.

In this study, Pt MALs were engineered through
coordination bonds and van der Waals forces. These Pt
MALs exhibit interactive peroxidase (POD)-like activity
modulated by H,0, concentrations (>0.20 uM) (Figure 1),
enabling structural disintegration proportional to oxidative
stress. By leveraging L-Trp’s indole pathway, a dual-signal
system was developed: (i) Indole reacted with 4-dimethyla-
minobenzaldehyde (DMABA) above 0.2 yM to form a pink
product,””** while (ii) pyruvate (a metabolite of 1-Trp)
triggers Pt MALs-mediated H,0, generation, oxidizing TMB
to produce a blue product. Below 0.2 M, only the blue signal
intensifies; above this threshold, the pink signal intensification
coincides with blue attenuation due to the weakened POD-like
activity. This inverse color interplay enhances the resolution
for visual assessments. By integration of logic gates and RGB
digitization, quantitative thresholds were established with
100% (for normal population) and 95.45% (for disease
progression identification) accuracy, enabling simultaneous
early diagnosis and deterioration monitoring. This next-
generation diagnostic platform, which integrates nanocompo-
sites, outperforms conventional TBM detection methods. It
accelerates analytical processing by over 50%, boosts clinical
sensitivity by over 13%, and reduces consumable costs by over
74% compared to acid-fast bacilli microscopy and mycobacte-
rial culture. These improvements establish a tailored paradigm
for real-time biomarker quantification in precision neuro-
diagnostic.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Pt MALs

A refined ligand regulation strategy was employed to
synthesize self-assembled Pt MALs (Figure 2a). Pt(acac),
underwent reduction in n-caprylic acid solvent through CO
generated from the thermal decomposition of Mo(CO) 7%
The n-octanoic acid-coordinated platinum species
(C;H;sCOOH-Pt) was selected for comprehensive morpho-
logical characterization. High-resolution transmission electron
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microscopy (HR-TEM) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images revealed distinct lamellar superlattice structures
featuring interconnected nanosheets with characteristic surface
ridges and wrinkles. This phenomenon could be attributed to
insufficient rigidity in the organic layer support (Figures 2b,c
and S1). Structural characterization confirmed periodic Pt
atomic layers separated by molecular ligands with an interlayer
spacing of 2.20 nm and homogeneous Pt distribution (Figure
2d). The measured Pt MAL thickness (~0.4 nm) indicated a
single-atomic-layer configuration, consistent with Pt’s atomic
radius (1.83 A). Atomic force microscopy (AFM) measure-
ments verified an average nanosheet thickness of 20.0 nm
(Figure 2e). X-ray diffraction (XRD) and X-ray absorption fine
structure (XAFS) analyses (Figures 2f—1 and S2—S3) exhibited
exclusive (00])-series diffraction patterns corresponding to the
220 nm periodicity, indicative of highly ordered layered
organization resembling organic 2D superlattices and organic—
inorganic perovskite alternating structures.”’”

The material exhibited significantly enhanced peak intensity
in the X-ray absorption near-edge structure (XANES) spectra
compared with Pt foils, indicating electron-deficient character-
istics. Extended edge X-ray absorption structure (EXAFS)
analysis further confirmed the coexistence of Pt—Pt and Pt—O
bonds (Figures 2ij and S3), with Pt—Pt bond lengths
averaging 3.11 A, notably longer than the 2.79 A observed in
Pt foil (Table S1).

A markedly reduced Pt—Pt scattering intensity was observed
in the first coordination shell, accompanied by a coordination
number (CN) of approximately 6.2. This CN value deviated
substantially from both the closely packed Pt foil structure and
ideal monatomic layers, suggesting a low-ordered amorphous
configuration.”’  Wavelet-transform analysis of XAFS data,
visualized through color contour maps, facilitated precise bond
length determination and intuitive atom-type identification.
Distinct Pt—O and Pt—Pt signal peaks in Figure 2k—1 display
chromatic divergence from reference standards, thereby
displaying the structural conclusions.

Feasibility Analysis of Structure-Mediated Self-Responsive
Pt MALs and Its Catalytic Mechanism

Due to the highly ordered structure of Pt MALs and the
exceptional catalytic performance exhibited by Pt nanomateri-
als, an extraordinarily sensitive response of Pt MALs toward
H,O, was observed at concentrations as low as 0—0.2 uM,
accompanied by the formation of TMB oxide (Figure S4). A
strong linear relationship existed between H,0, concentration
and TMB absorbance (y = 10.9484 x + 0.0919, R* = 0.998),
although this linearity diminished at higher concentrations
(Figure SS). Elucidating the distinct POD-like activity
mechanism of Pt MALs is crucial for understanding the
rationality of the catalytic reaction under varying H,O,
concentrations.

First, to investigate the origin of the POD-like activity in Pt
MALSs’, we systematically probed three reactive oxygen species
(ROS) through selective scavenging approaches. Specific
scavengers—p-benzoquinone (PBQ) for superoxide radical
(0,°7), 1, 3-diphenylisobenzofuran (DPBF) for singlet oxygen

https://doi.org/10.1021/acsnano.5¢21167
ACS Nano 2026, 20, 5238—-5249


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c21167/suppl_file/nn5c21167_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c21167/suppl_file/nn5c21167_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c21167/suppl_file/nn5c21167_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c21167/suppl_file/nn5c21167_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c21167/suppl_file/nn5c21167_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c21167/suppl_file/nn5c21167_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c21167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Coordination TR LT . Agglomerate
bond | Coordination 9 into clusters
bond | | :
L Pt MLs * Pt NAs
b c d )
7/ 0.35
H,0, 50 pM
18} L a : 0.30 0. :
- — 051 —A—0.5 1M il
;1.5 F 5 : ; __,_A/-/v/”s 0.25 /A
512 sopL | & & 1,0, 0.5 pM 2020 .
i z = \ 3 o
: % : Sos ; /
5 2 p
£ E = soa0f A
<
0.05f ~
L \ L U i i . 0.00 L
550 600 650 700 750 3 6 2 3 2 3000 1500 1000 0.02 0.04 0.06 0.08 0.10 0.12
Wavelength (nm) 20 Wavenumber (em™) Scan Rates (Vs™)
f i

H,0, 5.00 uM

k 1 m = n . 0
POAT,  ppo s PO, puaf,
- - - A - \ -~
= = = = =
& P ar, Pt e petear,| S ) s g
z 1A Al =z £ = £
D2 ALY
x| = A o rrarpa M VY = e i
O aL, Pe-dfy, —"pt af,, Pt 4 ] Pri-df,, Tt s T p ap,, P A .
7 72 74 76 78 70 72 74 76 78 7 72 74 76 T8 70 72 74 76 78 7 72 74 7% 78
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
P T T q-04
Pt MALs ! Pt MLs ! Pt NAs o Pt NAs
o : 1 A %05 0.46
1 | el
1 | b
| | v g —0.6}
I | 3
1 | g
i I = -0.7F
: : £ Pt MALs
| : < é —08} 077
I | -
d=3.11A ! d=2.79 A S Pt MLs

Figure 3. Verification of the interactive performance of Pt MALs. (a) Schematic representation of the mechanism by which H,O, induces the
structural changes in Pt MALs. Under the influence of different concentrations of H,0,. (b) Absorbance spectra of TMB catalyzed by Pt MALs. (c)
FTIR spectra, (d) XRD patterns. (e) ESS dot plot. (f—j) TEM images and (k—o) XPS spectra were acquired. (p) In the three stages of Pt MALs, Pt
MLs, and Pt NAs, the simulation of the adsorption process of H,0, and (q) changes in the binding energy of Pt MALs, Pt MLs, and Pt NAs.

('0,), and terephthalic acid (TA) for hydroxyl radical
(*OH)—were employed.’* >* Experimental results demon-
strated that under Pt MALs catalysis, PBQ and DPBF
effectively captured their corresponding ROS, generating
characteristic spectral signals (Figures S6a and S7a), while
TA exhibited fluorescence upon interaction with *OH (Figure
S8a). For enhanced validation, electron paramagnetic reso-
nance (EPR) coupled with spin-trapping techniques was
implemented: $,5-dimethyl-1-pyrroline-N-oxide (DMPO)
served as the probe for O,°7/°OH, and 2,2,6,6-tetramethylpi-
peridine-N-oxygen (TEMPO) for '0,.***° EPR analysis
revealed that in the presence of Pt MALs and H,0O,, the
0,°” specific spectrum displayed a 1:1:1:1 quartet pattern
(Figure S6b), whereas no significant signal emerged in the Pt
MALs-only systems. Distinct spectral signatures for 'O, (1:1:1
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triplet) and °®OH (1:2:2:1 quartet) were also identified
(Figures S7b and S8b). These findings indicated that the
POD-like activity of Pt MALSs originates from their catalytic
capacity to oxidize H,O, into three ROS species: 0,7, '0,,
and *OH.

Second, we systematically investigated the structural
evolution of Pt MALs under varying H,O, concentrations.
As shown in Figure 3a, three distinct structural stages were
identified: intact monatomic layers (Pt MALs), granular layers
(Pt GLs) characterized by partial bond rupture and oxidation,
and nanoagglomeration (Pt NAs) marked by severe
aggregation and oxidation. At lower concentrations of H,O,
(<02 uM), ROS was generated by partial H,O, decom-
position. The excess H,0, and intermediates occupied
catalytic sites, attacking Pt atoms by coordination with n-
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Figure 4. Feasibility verification of monochrome and multicolor color development. (a) Schematic illustration of the color development
mechanism. (b—d) Color relationship diagrams for the blue, pink, and composite color pathways. (e—g) CIE chromaticity diagrams corresponding
to the three color pathways. (h) Variation in AC as a function of H,0, concentration shown by three distinct curves. (i) Potential of the three color
pathways to discriminate between patients in early and advanced stages of TBM.

octanoic acid. The disrupted coordination bonds collapse the
layered structure into nanoclusters or nanoparticles. The loss
of coordination further exposed Pt atoms to the oxidation
state, resulting in electron-deficient P states.

This mechanism was further confirmed by an additional
analysis. The TMB* absorption peak at 652 nm (Figure 3b)
initially rises but subsequently declines beyond 0.2 yuM H,0O,,
indicating structural damage and diminished POD-like activity.
Fourier-transform infrared spectroscopy (FTIR) revealed a
' with
increasing H,0, levels (Figure 3c), consistent with carboxylic

weakening C=O stretching vibration at 1640 cm™

acid dissociation and structural destabilization.””** XRD
patterns further demonstrated a progressive weakening of the
(001) diffraction signals, nearly disappearing at S uM H,0,
(Figure 3d). Electrochemical assessments via cyclic voltam-
metry (Figures 3e and S9) revealed a stable catalytic
performance below 0.2 uM H,0, but a sharp decline above
this threshold, aligning with structural collapse and alteration
of active sites.
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TEM imaging (Figures 3f5j and S10) visualized progressive
agglomeration. At 0.2—5.0 uM H,0,, Pt MALs lost structural
integrity, forming nanoparticles by 50 uM H,0O,. XPS analysis
(Figure 3k—o) further confirmed the initial coexistence of Pt’
and Pt* states.”” Increasing H,O, reduced Pt** peaks (due to
coordination bond rupture), while Pt** emerged at >5 uM
H,0,, reflecting the oxidation of unprotected Pt atoms.
Notably, valence shifts did not strictly correlate with the POD-
like activity inflection points.

Density functional theory (DFT) calculations further
elucidated the adsorption energy trends: Pt MLs exhibited
maximal binding energy (hindering H,0,/product desorp-
tion), Pt NAs showed minimal energy (promoting premature
desorption), and Pt MALs balanced these extremes (Figures
3p—q and S11). Excessive H,0, (>0.2 uM) saturated catalytic
sites (Figure S12), disrupting adsorption—desorption equili-
brium and inducing catalyst poisoning. Collectively, these
findings established Pt MALs as adaptive catalysts responsive
to H,0, gradients with 0.2 uM serving as a critical stability
threshold.
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Figure 5. Design logic gate to realize TBM disease diagnosed. (a) Color signal response patterns corresponding to different concentrations of -
Trp. (b—d) Variations in the RGB digital signal ratios for the three color pathways as a function of H,O, concentration (n = 3). (e) The AC
change curves of the three color pathways. (f) Schematic diagram of the logic gate design based on the three chromatic signals. (g—i)
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Feasibility Verification Differentiated Visualization
Sensor-Based Self-Responsive Pt MALs

To advance early diagnosis and deterioration assessment of
TBM, researchers identified L-Trp as a critical biomarker
through its metabolic pathway involving pyruvate and indole.
Pyruvate metabolism generated H,O, via enzymatic cascades,
while Pt MALs exhibited self-responsive behavior to H,O,
concentrations with 0.2 #M serving as a threshold. This system
enabled colorimetric detection of L-Trp levels (<0.2 uM)
through the oxidation of TMB to blue TMB*. However,
reliance on monochromatic signals (e.g, blue intensity)
introduced limitations in resolution and susceptibility to
errors. To address this, we exploited a secondary pathway:
indole, a cometabolite of L-Trp, formed a pink rose-indole
complex with DMABA at concentrations >0.2 M. By
integrating Pt MALs’ H,O,-responsive monochromatic signals
with indole-DMABA multicolor outputs, we developed a dual-
pathway visual sensor with enhanced discriminative power

(Figure 4a).
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The first pathway employed pyruvate oxidase (POx) and Pt
MALs to catalyze pyruvate into ROS, which oxidized TMB to
blue TMB*. Pt MALs’ feedback modulation of H,0, induced
nonlinear brightness shifts: color intensified at <0.2 yuM H,0,
and attenuated at >0.2 uM (Figure 4b). The second pathway
leveraged the complexation of indole with DMABA, yielding a
pink signal that is detectable exclusively at indole concen-
trations of >0.2 uM (Figure 4c). Synergistic integration of
these pathways yielded distinct colorimetric profiles: a singular
yellow hue at 0—0.2 uM and a multicolor gradient (yellow —
orange — pink) at 0.2—20 uM (Figure 4d). Composite color
transitions (wide range of 134°) exhibited superior visual
discriminability compared to monochromatic shifts (23° for
blue; 13° for pink), as quantified by CIE chromaticity analysis
(Figure 4e—g). Notably, composite color trajectories aligned
orthogonally to monochromatic brightness trends (radiating
from the white light source), which capitalize on the higher
sensitivity of the human visual system to chromatic diversity
than to luminance variation.
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Theoretical chromo simulations confirmed the self-regulat-
ing behavior of Pt MALs. At H,O, concentrations >0.2 uM
(Mode A), blue signal attenuation coincided with pink
intensification; conversely, at H,O, concentrations <0.2 yM
(Mode B), the blue signal is enhanced while latent pink
formation occurs (Figures $13—S14). Blending studies (Figure
S15) demonstrated that the superposition of Mode A generates
brighter and spectrally broader outputs (higher RGB values)
compared to the monochromatic bias of Mode B’s. These
findings validated Pt MALs" capacity for adaptive signal
modulation between monochrome and polychrome states,
thereby enhancing diagnostic resolution.

Digital colorimetric analysis (Figure 4h,i) further validated
the system’s quantitative utility. After image capture under
controlled studio conditions and uniform color processing,
ambient light interference was effectively minimized. The color
difference was then quantified using the AC metric. The
calculation is as follows:

a = 500[(0.41R + 0.36G + 0.18B)

— (0.21R + 0.72G + 0.07B)] (1)
b= 200[(0.21R + 0.72G + 0.07B)

— (O.ZIR + 0.72G + 0.07B)] (2)
AC= [(asp - astd)Z + (bsp - std)z]l/Z (3)

where a and b are two coordinate values in the CIELab color
space.

The results revealed that the AC of the blue pathway
exhibited a nonmonotonic pattern, whereas the effective
dynamic range of the pink pathway was limited to the high-
concentration region. In contrast, the composite color pathway
showed a consistent positive correlation across both low and
high concentration gradients, thereby enhancing the interpret-
ability of the results. This tripartite differentiation highlighted
the limitations of single-color diagnostics and underscored the
critical importance of multiplexed detection for an accurate
TBM progression assessment. Collectively, this H,O,-inter-
active Pt MALs platform demonstrated substantial potential for
advancing point-of-care TBM evaluation through dual-pathway
chromatic discrimination.

The Differentiated Visualization Sensor for Highly
Sensitive Detection of L-Trp

To achieve optimal enzyme activity and experimental efficacy,
a precisely optimized catalytic pH and reaction time was used
for TnaA, POx, and Pt MALs. As shown in Figure S16, all
enzymes demonstrated peak performance under weakly acidic
conditions. TnaA and POx exhibited maximal TMB-mediated
chromogenic responses at pH 6.5 and 6.7, respectively, while
Pt MALs required a more acidic environment (pH 5.5).
Temporal optimization revealed divergent kinetics: TnaA and
POx required 60 min of incubation for optimal catalysis, while
Pt MALs achieved maximum substrate conversion within 20
min, indicating superior catalytic efficiency. The system’s
selectivity was also rigorously evaluated through interference
studies (Figure S17) involving physiologically relevant
compounds, including 10 amino acids and 9 pyruvate
structural analogs/metabolites. Notably, neither L-Trp nor
pyruvate detection exhibited significant signal perturbation
(variation <5%), confirming exceptional specificity despite
complex matrix conditions. Furthermore, Pt MALs exhibit
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excellent structural stability, maintaining their structural
integrity under conditions involving complex matrices,
physiologically relevant pH values, and wide temperature
fluctuations (Figures S18—S19).

Quantitative analysis established two distinct detection
regimes (Figure Sa). In the ultrasensitive range (0.005—0.2
uM), a linear correlation (A, = 10.94c + 0.09, R* = 0.998)
between TMB* absorbance and L-Trp concentration was
observed (Figure $20a,b). This regime further leverages TMB*
to TMB?* acidification, yielding yellow signals optimized for
nanomolar detection through human ocular sensitivity to blue-
spectrum signals. At elevated concentrations (0.2—50 pM),
dual signal transduction emerged: while H,O,-mediated Pt
MALs inhibition reduced catalytic linearity (A4, = 0.9 + 0.39
lg(c), R? 0.988), indole-derived rose-red chromogenesis
demonstrated robust concentration dependence (Al =
0.03¢ + 0.28, R* = 0.999) through distinct extinction peaks
(Figure S20c—f). Spectral deconvolution confirmed minimal
TMB>" interference (A, = 0.10 + 0.02¢c, R* = 0.998),
enabling accurate colorimetric differentiation from orange to
red hues.

Comparative chromatic analysis (Figure S21) revealed
significantly enhanced visual discrimination through composite
coloration compared with monochromatic TMB?* signals, with
chromatic angle variations (A@ = 103° vs 26°) demonstrating
superior human perceptibility. This dual-mode detection
system achieved unprecedented sensitivity (0.005 uM) and a
dynamic range spanning 4 orders of magnitude, outperforming
existing L-Trp assays (Figure S22). The Pt MALs-mediated
self-responsive platform not only enabled ultratrace detection
but also provided intuitive colorimetric outputs across
clinically relevant concentration ranges, establishing a robust
and versatile methodology for TBM diagnostics and disease
progression monitoring.

Design of Logic Gate Assisted Differentiated Visualization
Sensor to Accurately Assess TBM Disease Progression

To obtain more robust quantitative data, RGB values were
digitally extracted from the monochromatic (blue and pink)
and composite color signals (Figures Sa and S23), followed by
ratio calculations (Figures Sb—d). The analysis revealed that
the R/G and R/B ratios of the blue signal exhibited negligible
responsiveness (approaching zero) across a wide concentration
range, thereby limiting its diagnostic utility. As a result, the G/
B ratio was the only viable option for this pathway. The pink
signal, although colorless and thus ineffective for detection at
low concentrations, exhibited its greatest dynamic range in the
R/G ratio at high concentrations. Similarly, the composite
color signal also displayed the largest dynamic range in its R/G
ratio with a distinct advantage: it provided effective response
coverage across the entire concentration range. Subsequent
AC value calculations (Figure Se) further confirmed the
superiority of the composite signal. Considering both the
dynamic range of the AC and its linear correlation, the
composite color signal demonstrated a clear and significant
advantage for quantitative identification.

Within the logic gate architecture (Figure Sf), the key
operational parameters are the G/B ratio (from the blue
pathway), the R/G ratio (from the pink pathway), and the R/
G ratio (from the composite color pathway). For the blue
signal-based gate, a “Yes” output of “0”, indicative of the
deteriorated stage of meningitis, is activated when the G/B
value falls within the threshold of 0.84 to 0.86 (Figure Sg).
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Figure 6. Screen TBM patients in combination with logic gates. (a) Schematic representation of the physiological role of L-Trp and the colorimetric
visualization-based workflow for patient screening. (b) Representative color palette and (c, d) corresponding scatter plots for the diagnosis of
clinical samples using the composite color logic gate. (e) Evaluation of the logic gate’s diagnostic performance using a confusion matrix and (f)
ROC curve analysis. (g) Comparison of the time requirement, false positive rate, and cost between the present method and two established gold-

standard diagnostic techniques.

Values outside this range prevent reliable differentiation
between patients and healthy individuals. The logic gate for
the pink signal employs a two-step recognition process: an R/
G value greater than 1.79 yields an output of “0” (signifying a
normal subject). For values below 1.79, a second determi-
nation distinguishes early stage TBM patients (R/G < 1.06)
from those in the deteriorated stage (R/G between 1.06 and
1.79) (Figure Sh). The composite color signal-based gate
follows a similar two-step logic, with thresholds set at >1.48
(normal), 1.13—1.48 (deteriorated stage), and <1.13 (early
stage) (Figure Si). To enhance diagnostic reliability for large-
scale screening, all outputs were subjected to rigorous
secondary validation against a standard curve (Figure $j),

5246

which also enables simultaneous reporting of the correspond-
ing L-Trp concentration. This quantitative capability repre-
sented a distinct advantage of the composite signal, as the data
from the two single-color pathways lack sufficient correlation
for a reliable curve fitting with a high R* value.

The implemented logic operations enabled advanced image
data inference through digital signal conversion, effectively
distinguishing dual-input responses from single inputs or noise
inputs. This computational approach facilitated both early
TBM detection and accurate deterioration assessment by
leveraging three critical capabilities: (1) threshold-based
pathological classification, (2) quantitative progression track-
ing via chromatic phase transitions, and (3) noise-resistant
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signal discrimination through combinatorial logic. This
methodology demonstrated substantial potential for optimizing
diagnostic specificity in resource-constrained settings while
maintaining analytical rigor comparable to that of conventional
laboratory techniques.

Logic Gate Assisted Differentiated Visualization Sensor to
Screening TBM Patients

Building upon robust laboratory findings, we validated our
detection system using authentic cerebrospinal fluid (CSF)
samples stratified by L-Trp concentration (high, medium, low).
Prior to analysis, a calibration curve was established by using a
commercially available L-Trp quantification kit (Figure S24).
Subsequently, cerebrospinal fluid samples were analyzed using
our platform through colorimetric detection with the resulting
signals interpreted by the predefined logic gate method (Figure
6a; original data in Table S2). The test results for the 22
clinical samples are presented in Figure 6b, and detailed
identification criteria were illustrated in Figure 6¢,d. In the
primary classification step, all early stage patients were
accurately identified, with the R/G ratios of all normal samples
exceeding the threshold of 1.48. During the secondary
classification, early stage samples were accurately distinguished
once again; however, one sample from the deteriorated stage
was misclassified, likely due to an excessively strong host
immune response. Classification performance, evaluated using
a confusion matrix, achieved accuracies of 100 and 93% in the
first and second steps, respectively (Figure 6e). Receiver
Operating Characteristic (ROC) analysis further confirmed the
clinical utility of the method. The first classification step
achieved perfect performance with specificity at 100%,
supported by an AUC of 1.00. The second step maintained
a high diagnostic standard, exhibiting a specificity of 100%, and
an AUC of 0.96 (Figure 6f).

A comparative assessment against standard TBM diagnostic
modalities (acid-fast smear and Mycobacterium tuberculosis
culture) revealed critical advantages: the platform achieved
superior diagnostic speed (>50% reduction in processing
time), enhanced accuracy (>13% improvement in detection
rate), and significant cost-efficiency (>74% reduction in
reagent expenses) (Figure 6g). These findings collectively
demonstrated the technical superiority and clinical applicability
of our system, particularly through its synergistic combination
of colorimetric analysis and logic operations, which effectively
addressed the inherent sensitivity-specificity trade-off in
conventional CSF diagnostics.

Bl CONCLUSION

In this study, we engineered a structure-mediated leap-type
interactive visualization biosensor for the ultrasensitive
detection of L-Trp, which facilitates both early diagnosis and
progression assessment of TBM. The Pt MALs probe
demonstrated robust catalytic activity, producing a distinct
signal at the diagnostic threshold for L-Trp. This multistage
colorimetric transition enhanced the biosensor’s ability to
differentiate between positive cases and severe deterioration
states. Compared with conventional single-mode detection
systems and clinical colorimetric assays, our leap-type
interactive design amplified the variation in signals across
negative, positive, and severe stages. This significantly
improved the diagnostic accuracy for both early TBM
identification and deterioration monitoring. Furthermore, the
integration of logic-gate functionality allowed for precise
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quantitative analysis of L-Trp in complex biological matrices.
A comparative analysis with standard TBM diagnostics
revealed marked improvements: our platform achieved an
over 50% reduction in processing time, an over 13% increase in
detection accuracy, and an over 74% reduction in reagent
costs. These advancements position this diagnostic platform as
a solution to long-standing clinical challenges in TBM
detection by simultaneously enhancing speed, precision, and
cost-efficiency relative to conventional gold-standard methods.
In the future, the structure-mediated leap-type interactive
visual biosensor has the potential to expand the detection of
immune system biomarkers associated with other infectious
neurological diseases, such as encephalitis and myelitis, and
could facilitate the development of rapid and accurate
diagnostic platforms for these conditions.

B EXPERIMENTAL SECTION

Synthesis of Pt MALs

The Pt(acac), (20 mg) was dissolved in n-caprylic acid (16
mL) at room temperature, and oxygen was purged with argon
gas. Subsequently, Mo(CO), (30 mg) was added to the
mixture, and the mixture was stirred continuously for 30 min.
The resulting solution was transferred to an oil bath and
heated at 90 °C for 2 h, followed by centrifugation to collect
the precipitate, which was then washed with a solution of n-
hexane and ethanol.

L-Trp Detection

In the PBs buffer system, a solution of TnaA and various
concentrations of substrate L-Trp were combined to obtain a
200 pL mixed solution, which was then incubated at 37 °C for
60 min. From this mixed solution, Mixed Solution 1 was
extracted and treated with DMABA solution and hydrochloric
acid solution to adjust the total volume to 200 yL, resulting in
a rose red solution through a complexation reaction. The
absorption spectrum was measured using an ultraviolet
spectrophotometer, and the color results were observed and
recorded. Another equal amount of Mixed Solution 1 was
taken and supplemented with POx solution (20 U/L), TPP
solution (10 mM), and MgCl, solution (1 mM) to reach a
total volume of 220 uL. After incubating at 37 °C for 60 min,
Pt MALs (20 uL) and TMB solution were added for further
incubation, resulting in Product 2 Solution through reoxidation
reaction. The absorption spectrum was measured again, and
the color results were recorded. Finally, the Product 1 Solution
and Product 2 Solution were mixed in equal amounts before
the final results.

Testing of Real Samples

The cerebrospinal fluid and serum from mice were extracted
using standard procedures and thoroughly mixed with TnaA in
a PBs buffering system. No changes were made to the
remaining steps. Finally, the experimental results were
recorded and compared to the standard curves of commercial
kits for calculating the RSD and recovery rate.

B ASSOCIATED CONTENT

Data Availability Statement

The data that support the findings of this study are available in
the Supporting Information of this article.
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