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% Check for updates Immunotherapy has revolutionized cancer treatment, yet its efficacy is limited

to a specific patient subset. This underscores the critical clinical demand for
accessible assays capable of assessing immunotherapy outcomes and enabling
timely adjustments to personalized medical care. Here, we present a multi-
plexed assay based on dual-target responsive DNA hydrogels for the simulta-
neous detection of soluble programmed death-ligand 1 and lactate
dehydrogenase in lung cancer patients. The DNA hydrogel, constructed
through a self-assembly strategy, achieves superior performance by reducing
background noise by 33.8% and improving the signal-to-noise ratio by 61.5%.

By integrating rolling circle amplification, the assay enables ultrasensitive
detection at femtomolar levels. When further combining additional clinical
biomarkers, the assay demonstrates strong predictive ability for immu-
notherapy response, achieving an area under the curve value of 0.935 in
clinical cohort. Collectively, this blood-based assay offers a versatile and
effective approach for advancing biomarker-based evaluations of immu-
notherapy outcomes.

Lung cancer (LC) is among the most prevalent cancers globally, with an
estimated 2.2 million new cases and 1.8 million deaths annually*
Immunotherapy has opened a new era in the treatment of LC, parti-
cularly non-small cell LC, significantly increasing the 5-year survival
rate of advanced cancer from approximately 5% in past decades to
around 16% today’~°. However, only 20% to 30% of patients experience
long-term benefits from immunotherapy, and some may even face
accelerated disease progression®®. Precise evaluation of immu-
notherapy efficacy would facilitate prompt adjustments to treatment
strategies, including switching to alternative immunotherapy agents
or combining with chemotherapy and radiotherapy, ultimately
improving therapeutic outcomes®°.

Current clinical evaluation of immunotherapy response is
predominantly based on radiographic imaging (e.g., CT scans).
Those methods suffer from delayed detection of therapeutic
response, as tumor shrinkage may lag behind molecular immune
activity by over three months, delaying clinical decisions". In
addition, frequent imaging exposes patients to cumulative radia-
tion doses (10-20 mSv per scan), while pseudo-progression—a
phenomenon where immune cell infiltration mimics tumor growth—
can lead to misinterpretation and premature discontinuation of
effective therapy®. These challenges highlight the urgent need for
non-invasive, real-time biomarker monitoring to complement con-
ventional imaging.
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Liquid biopsy offers several advantages in disease diagnosis and
prognosis, such as convenient specimen acquisition and ease of
dynamic monitoring” ™. In particular, soluble programmed death-
ligand 1 (sPD-L1) has been explored as a potential biomarker for
assessing immunotherapy outcomes'®”. In addition, lactate dehy-
drogenase (LDH), derived from tumor cells or tumor microenviron-
ment, has also demonstrated promise in assessing immunotherapy
efficacy’® . Currently, their detection primarily relies on enzyme-
linked immunosorbent assay (ELISA), which face challenges such as
dependence on antibodies”—often necessitating increased quantities
(e.g., Spg/mL) for enhanced sensitivity, and difficulties in simulta-
neously detecting multiple biomarkers due to potential cross-
reactivity?>?, Therefore, it is essential to develop a sensitive assay for
the simultaneous quantitation of multiple biomarkers to improve the
assessment of immunotherapy responses.

DNA hydrogels possess sequence programmability, precise fra-
mework structure, and facile chemical modification®*%°. Especially, the
structuring of DNA hydrogels enables the development of engineered
nanocarriers with enhanced binding sites for biomarker detection. By
precisely integrating aptamer sequences, DNA hydrogels can selec-
tively hybridize to the targets, thereby facilitating their detection.
Furthermore, cyclic reactions triggered by base pairing, such as rolling
circle amplification (RCA), effectively enhance the detection
signals®’?%, While these characteristics establish DNA hydrogels as a
robust platform for biomarker detection in the context of liquid
biopsy, DNA hydrogel-based assays for multiple targets remain rela-
tively rare due to the challenges in integrating these capabilities into a
single test.
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Fig. 1| Schematic illustration of DNA hydrogel-based assay for immunotherapy
evaluation. a Design of the self-assembled DNA hydrogels-based assay (inset: I:
binding region I (1-12 base); II: binding region Il (14-24 base); Ill: Reporter recog-
nition region (25-50 base)); IV: Linker binding region (40-53 base). b Workflow for
simultaneous detection of sPD-L1 and LDH from lung cancer (LC) samples for

Here, we present a multiplexed assay utilizing dual-target respon-
sive DNA hydrogels to evaluate immunotherapy efficacy. These
hydrogels self-assembled from three partially complementary single-
stranded DNA (ssDNA) sequences linked by a flexible DNA linker. The
hydrogel reduces non-specific DNA interactions through steric hin-
drance and restricted diffusion, achieving an ultrasensitive detection
limit down to ~ femtomolar (fM) level with lowered background noise
and improved signal-to-noise ratio (SNR). This blood-based assay,
demonstrated in a proof-of-concept study, assesses immunotherapy
response by multiplexing variations in sPD-L1 and LDH levels.

Results
Assay design principle
The working principle of the DNA hydrogel-based assay is illustrated in
Fig. 1. We designed three ssDNA strands, Py, P,, and Pz, which exhibit
partial complementarity through base-pairing interactions at Binding
region I/ (Fig. 1a). Each ssDNA strand (from 5’ to 3’) was functionally
divided into four sequential regions: Binding region I, Binding region I,
Reporter recognition region (II), and Linker binding region (inset, IV,
Fig. 1a). These three ssDNA strands undergo cyclic reactions and self-
assemble to form the building blocks (Py/P»/P3),. Another building
block (Ly/Ly/L3), was created following a similar protocol. Both types of
building blocks interacted with a dual-splint linker (C,/C,) through the
Linker binding region (IV), facilitating the formation of the hydrogel
structure. Consequently, DNA hydrogels were successfully synthesized
with a high degree of programmability.

In the assay, target-specific aptamers for sPD-L1 (Apt-P) and LDH
(Apt-L) were immobilized on streptavidin-coated magnetic beads (MBs)
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immunotherapy assessment. ¢ Principle of the target-triggered rolling circle
amplification (RCA) to enhance fluorescence signals. Abbreviations: MB magnetic
bead; sPD-L1 soluble programmed death-ligand 1; LDH lactate dehydrogenase; Prog
progressive after immunotherapy; No prog disease control after immunotherapy;
Apt-P aptamer specific to sPD-LL; Apt-L aptamer specific to LDH.
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Fig. 2| Characterization of DNA hydrogel. a Statistical simulations of base-pairing
probabilities and the number of paired bases for three ssDNAs (P, P,, P3).

b Predicted absolute value of minimum free energy of hybridization between pairs
of Py, Py, P5 or L, L, L3 at equilibrium. ¢ Free energy of the self-assembled DNA
structure formed by different numbers of ssDNA. d Free energy of different DNA
structures in a DNA hydrogel. a: the linker (C;/C5); b: the complex formed by Py, P,,
and P3; c: the complex formed by a and b; d: the complex formed by L, L,, and L; e:
the complex formed by a and d; f: the complex formed by a, b, and d. e Schematic
illustration and predicted melting curves of the linker and the hybridization
between buildings blocks (P1/P»/P3),, (Li/Ly/L3), and the linker (C;/Cy). TI: the
melting temperature of the linker (C; paired with Cy). T2: the melting temperature

Texas Red

of (Py/Py/P3),, paired with C,. T3: the melting temperature of (Ly/L,/Ls), paired with
C;. f Polyacrylamide gel electrophoresis (PAGE) analysis of the formation of DNA
hydrogel. M: marker; Lane a: P;; Lane b: P,; Lane c: P5; Lane d: Py/P,; Lane e: (Py/Py/
P3)n; Lane f: Ly; Lane g: Ly; Lane h: Ls; Lane i: Ly/ Ly; Lane j: (Ly/Ly/Ls),; Lane k: (Py/Po/
P3)n + (Ly/Ly/L3), + Cy/Cy. g Scanning electron microscopy image of a DNA hydrogel.
Scale bar: 50 um. h Fluorescence images of the DNA hydrogel under white light (i),
blue light excitation (ii, excitation: 470 nm, emission: 525 nm), and green light
excitation (iii, excitation: 545 nm, emission: 605 nm), and the merged channels (iv).
Scale bar: 200 um. Exposure time: 1/1.5 s, gain: + 6 dB. The experiments in (h) were
repeated independently three times with similar results.

via biotin-streptavidin interaction. Each aptamer partially hybridized with
its corresponding DNA reporter (Ry/R,) (Fig. 1b). Upon target binding in
clinical samples, the respective reporters were released into the super-
natant, isolated through magnetic separation, and subsequently added
to the DNA hydrogels for detection. When the DNA reporters (Ry/R,)
paired with the circular DNA, RCA was initiated, producing long tandem-
repeat DNA strands and enabling exponential amplification of Ry/R,
(Fig. 1c). These amplified strands specifically recognized and hybridized
with the Reporter recognition regions of (Py/P,/P3), and (Ly/Ly/Ls),,
forming double-stranded DNA (dsDNA) that contained restriction
endonuclease (Esp3l) cleavage sites. The Reporter recognition regions
and Linker binding regions of (P/P,/Ps), were labeled with the fluor-
ophore FAM (6-carboxy fluorescein) and the quencher BHQ-1, while
those of (Ly/Ly/Ls),, were labeled with Texas Red and BHQ-2. Cleavage by
Esp3lI restored the fluorescence signals of FAM and Texas Red, enabling
the simultaneous sensitive detection of sPD-L1 and LDH.

Characterization of DNA hydrogel

We subsequently characterized the assembly process of the DNA
hydrogel to validate its successful preparation. Statistical simulations
illustrated how the ssDNAs interacted and the number of bases paired
for each strand among the three designed ssDNAs. As shown in Fig. 2a,
Binding region I of P; preferentially hybridized with Binding region Il of
P3, while Binding region Il of P; paired with Binding region I of P,, and
Binding region Il of P, bound to Binding region I of P, enabling the
DNA self-assembly process. The formation of (L,/L,/Ls), followed the
same principle (Supplementary Fig. 1a).

Thermodynamic calculations demonstrated that the predicted
absolute minimum free energies of Py/P, (33.23 kcal/mol), Py/P;
(30.57 kcal/mol), and P,/P; (30.81 kcal/mol) hybrids were significantly
higher than those of the corresponding self-dimers (P,/P;: 8.84 kcal/
mol; P,/P,: 11.49 kcal/mol; P3/P3: 7.46 kcal/mol) (Fig. 2b). This finding
indicates a preference for interstrand pairing over self-hybridization. A
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similar trend was observed for L;, L,, and L3, with interstrand hybrids
demonstrating higher absolute free energy compared to self-dimers.
Modeling of self-assembled structures with one to six ssSDNA strands
showed that as the number of strands increased, the absolute free
energy also rose, indicating enhanced structural stability (Fig. 2c). In
addition, connecting two building blocks with complementary linkers
resulted in a more stable structure, as evidenced by a further increase
in absolute free energy (Fig. 2d). The cleavage within a similar tem-
perature range suggested conditions favorable for hydrogel forma-
tion (Fig. 2e).

The formation of the DNA assembly was confirmed by poly-
acrylamide gel electrophoresis (PAGE). As depicted in Fig. 2f, the
molecular weights of the assembled structures, (Py/P,/P3),, and (Ly/L,/
Ls), (lane e and lane j), were significantly higher than those of the
individual ssDNA strands. The successful synthesis of the linker was
validated via PAGE analysis (Supplementary Fig. 1b). When the two
building blocks (lane 2 and 3) were connected with the linker, the
resulting hydrogel (lane k) exhibited an even larger molecular
weight (Fig. 2f).

Visual observations confirmed the successful DNA hydrogels, as
the DNA hybridization solution lost its fluidity and adhered to the tube
wall upon inversion (Supplementary Fig. 1c). Scanning electron
microscopy (SEM) at varying magnifications consistently illustrated
the porous structure of the DNA hydrogel (Fig. 2g and Supplementary
Fig. 1d). In addition, the fluorescence properties of FAM and Texas Red
in the DNA strands were effectively retained following hybridization
and hydrogel formation (Fig. 2h, exposure time: 1/1.5 s, gain: + 6 dB).

These results demonstrate the successful formation of the DNA
hydrogel with a cross-linked network structure, which provides
abundant binding sites for DNA reporters and facilitates dual-target
detection in complex biosamples.

Assay feasibility

We initially investigated the background fluorescence signals of the
DNA hydrogel, as elevated background noise can compromise mea-
surement accuracy. Exonuclease I (Exo I) was used to digest the DNA
complexes in both hydrogel and non-gel solutions. We conducted a
dose-response analysis by varying FAM probe concentrations (0.3, 0.5,
and 0.7 mM) while maintaining a fixed reaction volume of 5 L. Using
FAM as a representative fluorophore, we found that the hydrogel assay
exhibited a maximum 33.8% lower background fluorescence and a
61.5% higher SNR compared to the solution assay (Fig. 3a). These
results underscore the enhanced reaction efficiency of the hydrogel
across tested probe concentrations.

To further evaluate background interference for sample analysis,
we collected fluorescence microscopy images under the strictly con-
trolled parameters (exposure time: 1/1.5 s, gain: +6 dB) for both blank
controls and target-containing samples (Supplementary Fig. 2). The
blank control exhibits negligible background fluorescence, while the
target-dependent fluorescence observed in other wells increases pre-
dictably with sPD-L1/LDH concentrations (8-6400 pg/mL, 20-2000 U/
L). These results confirm the assay’s low background interference.

We subsequently examined the stability of fluorescence under
continuous laser irradiation, which typically leads to photobleaching
and compromises detection reliability’’'. We measured the signal
attenuations of Texas Red and FAM in both hydrogel and solution
states (Fig. 3b). As demonstrated in Fig. 3¢, Texas Red exhibited lower
fluorescence decay in the hydrogel (24%+1.9%) compared to the
solution (31% + 1.6%), while FAM displayed similar levels of attenuation
in both states (see detailed experimental protocol in Supplementary
Information). The hydrogel appears to protect Texas Red but not FAM.
This selective photoprotection arises from the intrinsic differences in
photophysical properties of fluorophores rather than measurement
bias. We thus conducted controlled photostability experiments using
single-stranded DNA (Py) labeled individually with FAM or Texas Red

under identical irradiation conditions (5000s of continuous laser
exposure). FAM exhibited a fluorescence intensity reduction of 24.9%
over the irradiation period, whereas Texas Red showed only 7.8%
reduction (Supplementary Fig. 3). This discrepancy aligns with estab-
lished photophysical principles indicating that FAM, a member of the
fluorescein family, is inherently more susceptible to photobleaching
due to its chemical structure and excitation dynamics, which render it
prone to reactive oxygen species-mediated degradation®. In contrast,
Texas Red, a rhodamine-based fluorophore, demonstrates superior
intrinsic photostability, allowing the hydrogel to effectively maintain
its fluorescence. Together, these findings suggest that the structure of
the DNA hydrogel contributes to a reduction in fluorescence decay.

Furthermore, we explored the cross-reactivity between hydrogel
building blocks and non-target reporters. Thermodynamic predictions
revealed that P;, P, and P; exhibited a stronger binding affinity for R;
than for R,, with a 1.2-fold increase in absolute values of free energy
(Fig. 3d). In contrast, L;, L,, and L preferred binding to R,, showing 1.6-
fold higher absolute free energy values than when bound to R;.
Simulations confirmed that in the presence of both reporters, Py, P,,
and P; exclusively bound to R, while Ly, L, and L; paired solely with R,
(Supplementary Fig. 4a, b), demonstrating minimal cross-reactivity.

For further validation, we removed the fluorescence modification
from the ssDNA and selectively modified the 3' end of P; with the
fluorophore FAM (designated P;.,) while labeling the 5" end of the
interfering reporter R, with the quencher BHQ-1 (designated R;.,).
When Py, hybridized with R,.,, FAM and BHQ-1 were brought into close
proximity, resulting in quenching via energy transfer (Fig. 3e). The
fluorescence intensity decreased by approximately 8% in the hydrogel
compared to a 21% decrease in the solution (Fig. 3f). We attributed the
reduction in non-specific DNA interactions to steric hindrance and
restricted diffusion®~°,

We developed a multiplexed assay for the detection of sPD-L1 and
LDH, utilizing restriction endonuclease Esp3l for cleavage. The specific
cleavage sites (blue region, Supplementary Fig. 5a) were activated
upon dsDNA formation between P; and R; or L; and R, (Supplementary
Fig. 5b, c). The fluorescence curves indicated an increase in signal at
the maximum emission wavelength of 518 nm for FAM and 615 nm for
Texas Red, which occurred exclusively after Esp3l cleavage, thus
confirming that the fluorescence originated from enzymatic activity
(Fig. 3g, h). In addition, significant signal changes (P<0.001) were
observed only when the building blocks were modified with both
fluorophore and quencher, demonstrating the effectiveness of this
configuration (Fig. 3i). In the absence of the target biomarkers, no
significant changes were detected, confirming the feasibility of the
assay for target detection (Supplementary Fig. 6a, b).

RCA was employed to enhance sensitivity for low-concentration
targets* %, Supplementary Fig. 6c, d confirmed the successful synth-
esis of circular DNA. Exo | effectively degraded ssDNA but had no effect
on circular DNA**., The electrophoresis bands of ssDNA remained
intact after cyclization and Exo | digestion, whereas untreated ssDNA
was completely degraded by Exo I. To evaluate the amplification effi-
ciency of RCA process, we analyzed RCA reactions within DNA
hydrogel using a serial dilution of target sPD-L1 (Fig. 3j, k). Under the
RCA reaction conditions, four sPD-L1 concentrations (1000, 200, 60,
and 10 pg/mL, denoted as points A-D) were tested (Fig. 3j), resulting in
fluorescence signals that linearly correlated with concentration (cali-
bration curve: Y=1591.9-X + 417.26; Fig. 3k). To isolate RCA’s amplifi-
cation effect, we further measured non-RCA fluorescence at four
higher sPD-L1 concentrations (800, 200, 40, and 12 ng/mL, labeled a-d
in Fig. 3j) and calculated their equivalent RCA-amplified sPD-L1 con-
centrations using RCA calibration curve. The ratio of non-RCA to RCA
concentrations revealed that the hydrogel-supported RCA achieved
1262.0 +125.06-fold amplification (Supplementary Table 2). This sub-
stantial amplification validated the critical role of the platform in
achieving high sensitivity. Optimization experiments indicated that a
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Fig. 3 | Assay feasibility. a Comparison of signal-to-noise ratio (SNR) between DNA
hydrogels and DNA solutions at different concentrations (0.3 mM, 0.5mM, and
0.7 mM) after digestion with 5L of Exonuclease I at 37 °C for 1 h. The SNR was
calculated as the ratio of post-digestion to pre-digestion fluorescence intensity.
Data represent mean * s.d. (n = 3 independent experiments). b, ¢ Decay profiles (b)
and fluorescence reduction ratios (c) of two fluorophores under sustained light
excitation in DNA hydrogel and solution. Data represent mean +s.d. (n=3 inde-
pendent experiments). d Free energy of different ssDNAs (P, P,, P3, L;, Ly, and L3)
paired with R, and R,, respectively. The rate of fluorescence reduction is defined as
the ratio of the reduced fluorescence intensity to the initial intensity. e Schematic of
fluorescence quenching due to hybridization of two ssDNAs in DNA hydrogel and
solution. fKinetics of fluorescence produced by the hybridization of P;_, and Ry, in
DNA hydrogel and solution. Fluorescence was monitored at excitation wavelengths

of 492 nm and emission wavelengths of 518 nm. g, h Fluorescence signals of the
assay for detecting 1000 pg/mL sPD-L1 (g) and 2000 U/L LDH (h) with and without
Esp3l. Blank: fluorescence of hydrogel alone. i Fluorescence signal changes of the
assay with and without fluorophore/quencher modification for detecting 80 pg/mL
sPD-L1 and 20 U/L LDH. Data represent mean + s.d. (n =3 independent experi-
ments). j, k Fluorescence signals (j) and corresponding linear correlation (k) for
serial concentrations of sPD-L1 detected using DNA hydrogel with RCA reaction as a
reference for evaluating RCA amplification efficiency. The sPD-L1 concentrations: A,
1000 pg/mL; B, 200 pg/mL; C, 60 pg/mL; D, 10 pg/mL; a, 800 pg/mL; b, 200 pg/mL;
¢, 40 pg/mL; d, 12 ng/mL. Data represent mean * s.d. (n =3 independent experi-
ments). | Optimization of RCA reaction time. Data represent mean +s.d. (n=3
independent experiments).

100-minute RCA reaction time and a phi29 DNA polymerase con-
centration of 0.5 U/pL produced the highest signal intensity, estab-
lishing these parameters as optimal conditions (Fig. 31 and
Supplementary Fig. 6e).

To evaluate enzymatic accessibility, we compared Esp31 endonu-
clease digestion efficiency between hydrogel and solution assays
(Supplementary Fig. 7a). Fluorescence measurements after 30 min of

cleavage revealed no statistically significant difference in signal
intensity (P> 0.05; Supplementary Fig. 7b, c), demonstrating that the
porous structure of hydrogel allows unrestricted enzyme diffusion and
substrate access, preserving cleavage efficiency. These findings align
with previous studies showing that the interconnected 3D networks of
hydrogels support enzymatic activity by facilitating unimpeded
molecular transport*>*,
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Fig. 4 | Evaluation of analytical performance. a, b Fluorescence signals of DNA
hydrogel (a) and the corresponding linear calibration curve of sPD-L1 (b) at various
concentrations. Data represent mean + s.d. (n =3 independent experiments). ¢, d
Fluorescence signals of DNA hydrogel (c) and the corresponding linear calibration
curve of LDH (d) at various concentrations. Data represent mean +s.d. (n=3
independent experiments). e Repeatability of the assay for detecting sPD-L1.

f Specificity of the assay for detecting sPD-L1 (6400 pg/mL) and LDH (2000 U/L)
against different interferents. 5’-Nucleotidase (5-NT) and deoxyribonuclease 1

(DNase I) were tested at 10 U/L, and other interferents were evaluated at 100 ng/mL.
g Stability of the DNA hydrogel for detecting 800 pg/mL sPD-L1 after storage at 4 °C
for different days. Data represent mean +s.d. (n =3 independent experiments).

h Correlation between the parallel measurements by DNA hydrogel and enzyme-
linked immunosorbent assay (ELISA) for sPD-L1. i Correlation between the parallel
measurements by DNA hydrogel and colorimetry for LDH. Linear fitting was per-
formed at the 95% confidence level.

Evaluation of analytical performance
The analytical performance of the DNA hydrogel-based assay was
systematically evaluated through serial dilutions of the target proteins
(sPD-L1 and LDH) under optimized conditions. As illustrated in Fig. 4a,
the fluorescence intensity increased progressively with the con-
centration of sPD-L1, exhibiting a linear dynamic response ranging
from 8 pg/mL to 16 ng/mL (Fig. 4b). The limit of detection (LOD) for
sPD-L1 was determined to be 1.33 pg/mL, corresponding to fM levels.
Similarly, LDH detection exhibited a linear range of 5 U/L to 2000 U/L
with a LOD of 0.72 U/L (Fig. 4c, d). Stable fluorescence signals were
achieved, with a maximum relative standard deviation (RSD) of 1.4% for
sPD-L1 (Fig. 4e) and 2.0% for LDH (Supplementary Fig. 8a).
Comparative performance analyses between hydrogel-vs-
solution systems for detecting different concentrations of sPD-L1
and LDH were performed with integrated RCA steps under identical
reaction conditions (Supplementary Fig. 9a). As aresult, the hydrogel
system outperformed the solution-phase system (P < 0.001, Supple-
mentary Fig. 8b, c¢), exhibiting a significant overall advantage in
detection performance. These findings align with our previous
comparisons (Fig. 3a-f), further validating the robustness of the
hydrogel approach.

Common interferents and endogenous nucleases typically pre-
sent in human serum, including phosphodiesterase (PDE), 5’-nucleo-
tidase (5-NT), and deoxyribonuclease 1 (DNase I), were utilized to
assess the specificity of the assay. As shown in Fig. 4f, robust fluores-
cence signals were detected for both sPD-L1 and LDH, while minimal
signals (<3.6% for sPD-L1 and <4.3% for LDH) were observed from
interferents (e.g., nucleases or other serum components). Further-
more, the hydrogel encapsulation strategy effectively shields the
probes from nonspecific enzymatic degradation, as evidenced by the
consistent signal intensity in both blank and nuclease-spiked samples
(P>0.05, Supplementary Fig. 8b, c). These results validate the assay’s
specificity in complex biological matrices and reinforce its reliability
for clinical use.

The stability of the DNA hydrogel was further evaluated by storing
itat4 °C. The hydrogel used for detecting sPD-L1 (800 pg/mL) retained
94.2% of its original fluorescence intensity after 30 days of storage
(Fig. 4g). In addition, the fluorescence intensity was preserved fol-
lowing four cycles of lyophilization and rehydration, exhibiting a
retention rate of 95.6% (Supplementary Fig. 8d).

As a result, the DNA hydrogel assay demonstrated strong corre-
lations with ELISA kits for sPD-L1 (Pearson’s r=0.982) and with
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biochemical kits for LDH (Pearson’s r=0.977) (Fig. 4h, i). Notably, the
linear detection range of our assay for sPD-L1 (8-16,000 pg/mL, Sup-
plementary Fig. 8e) was significantly broader, offering a maximum 10-
fold enhancement compared to commercial ELISA kits (e.g., R&D,
25-1600 pg/mL; see additional comparisons in Supplementary
Table 3) and state-of-the-art assays***°. The assay also exhibited a
maximum 5-fold increase in the linear detection range for LDH
(5-2000U/L) compared to reported platforms (Supplementary
Table 4, Supplementary Fig. 8f)*. Regarding clinical relevance, the
linear detection range of our assay (8-16,000 pg/mL for sPD-L1 and
5-2000 U/L for LDH) fully encompasses clinically reported biomarker
levels'®*. Furthermore, our assay achieves an ultra-low LOD of 1.33 pg/
mL for sPD-L1 and 0.72 U/L for LDH, representing an up to 35-fold
improvement in sensitivity compared to conventional clinical methods
(Supplementary Table 3, 4). This significant enhancement in LOD—
particularly for low-abundance biomarkers like sPD-L1—-validates the
system’s ability to detect clinically relevant concentrations that exist-
ing techniques may overlook.

To evaluate multi-target capacity, we demonstrated modular
incorporation of additional biomarker such as carcinoembryonic
antigen (CEA). For example, by replacing partial sequences in the sPD-
Ll-targeting module with CEA-specific sequences, a CEA detection
module can be incorporated into the hydrogel to enable simulta-
neously detection of these biomarkers (Supplementary Fig. 10a). The
CEA-specific fluorescence showed a linear range of 5 pg/mL-20 ng/mL
(R%2=0.991) and a low LOD of 0.84 pg/mL (Supplementary Fig. 10b, c).
The hydrogel enabled simultaneous detection of sPD-L1, LDH, and CEA
within a single assay (Supplementary Fig. 10d), validating its multi-
plexing capability. Our DNA hydrogels address a critical gap in tradi-
tional assays: their modular architecture allows easy substitution of
functional units (e.g., aptamers, primers) to target diverse biomarkers,
a feature absent in conventional hydrogel or solution-based systems.
This modular architecture is critical for clinical applications requiring
scalable, multiplexed biomarker panels.

Proof-of-concept application for clinical use

To demonstrate the clinical translational potential of our DNA hydro-
gel analysis, we conducted analyses using patient-derived clinical
serum samples. A CONSORT flowchart for patient enrollment and
analysis subsets is shown in Supplementary Fig. 11. Detailed inclusion
and exclusion criteria for patient recruitment, baseline clinical char-
acteristics, such as patient treatment regimens and sampling time
points, are summarized in Supplementary Table 5 and detailed in the
Supplementary Information.

Before evaluating the assay’s capability to assess immunotherapy
responses, we first benchmarked its performance against established
diagnostic assays for clinical sample analysis. We conducted a direct,
sample-by-sample comparison for every patient in the study cohort
between our hydrogel-based assay and established diagnostic assays.
For sPD-L1 quantification, we implemented the standard ELISA as a
reference method and compared its results to those obtained with our
hydrogel platform. Likewise, for LDH, we employed a standard col-
orimetric assay based on the lactate-pyruvate reaction and performed
a parallel comparison. As illustrated in Supplementary Table 6 and
Supplementary Fig. 12a, b, our method demonstrated strong con-
cordance with standard assays (sPD-L1 via ELISA; LDH via colorimetry)
across all clinical samples, achieving agreement rates of 96.9% for sPD-
L1 and 97.6% for LDH. This confirms that our platform delivers results
consistent with established assays at the individual biomarker level.

We then determined its feasibility in detecting sPD-L1 and LDH for
differentiating between benign and malignant tumors. We collected
clinical serum samples from healthy donors (HD group, n=22) and
patients with LC (n=22). All HD participants had no history of malig-
nancy. All LC patients were pathologically and radiologically diag-
nosed, with the exclusion of those with secondary primary cancers.

Our analysis revealed a significant elevation of sPD-L1 concentra-
tions in LC patients compared to healthy controls (P < 0.0001, Fig. 5a,
b)***°, Moreover, sPD-L1 levels in patients with metastatic LC were
notably higher than those with localized LC (n=11, P<0.05, Supple-
mentary Fig. 13a), in line with the previous studies™. A similar trend was
observed for LDH, with significantly increased levels in LC patients
versus the HD group (P < 0.05, Fig. 5c, d), and notably higher levels in
metastatic patients compared to those with localized tumors (n=11,
P <0.05, Supplementary Fig. 13b)***2, These findings suggest the real-
time regulation of sPD-L1 and LDH with tumor development and pro-
gression, highlight their potential as biomarkers for indicating and
evaluating therapeutic outcomes.

After validating the feasibility of detecting sPD-L1 and LDH, we
adapted a DNA hydrogel-based assay to evaluate immunotherapy
responses, serving as a proof-of-concept demonstration for clinical
application. Tumor responses in LC patients after immunotherapy
were assessed based on the revised Response Evaluation Criteria in
Solid Tumors, with responses categorized as complete response (CR),
partial response (PR), stable disease (SD), and progressive disease
(PD). Patients with disease control (CR + PR + SD) showed a decrease in
sPD-L1 levels post-immunotherapy compared to pre-treatment levels,
consistent with previous findings (n=9, P<0.001, Fig. 5e)*°. A similar
trend was noted for LDH levels (Fig. 5f)*. In contrast, patients with
disease progression after immunotherapy had increased sPD-L1 levels
compared with pretreatment, with a similar trend in LDH levels (n=9,
P<0.01and P<0.0001, Supplementary Fig. 13c, d). In addition, serum
samples from progressive patients (n = 15) were analyzed and showed
that they had higher levels of sPD-L1 and LDH compared to non-
progressive individuals (n =15, P<0.01, Fig. 5g, h).

Furthermore, we evaluated the association between biomarker
dynamics and clinical progression in a clinical cohort of LC patients
(n =38, Fig. 5i, j). Patients exhibiting increasing sPD-L1 levels following
immunotherapy had a significantly higher progression rate (58.3%)
compared to those with stable levels (16.7%). Similarly, elevated LDH
levels were associated with a higher risk of progression (P<0.05).
Patients demonstrating simultaneous increases in both sPD-L1 and
LDH showed a notable progression rate of 75%, compared to those
experiencing an increase in only one biomarker (P< 0.05).

The assay’s performance in evaluating immunotherapy outcomes
was assessed using the receiver operating characteristic (ROC) curve in
a clinical cohort (n =36, Fig. 5k and Supplementary Table 7). The area
under the curve (AUC) for sPD-L1 and LDH in distinguishing pro-
gressive patients from non-progressive controls was 0.794 and 0.755,
respectively (Supplementary Table 8). In contrast, traditional single-
biomarker detection, including CEA, cytokeratin fragment 19 (CYF21-
1), interleukin-6 (IL-6), squamous cell carcinoma antigen (SCCA), and
neuron-specific enolase (NSE), yielded modest AUC values, ranging
from 0.581 (95% confidence interval (CI), 0.387-0.775) for IL-6 to 0.761
(95% CI, 0.597-0.926) for SCCA. Notably, the combination of sPD-L1
and LDH improved the AUC to 0.880 (95% CI, 0.764-0.996), with a
sensitivity of 81.8% and a specificity of 92.9%. Importantly, the com-
prehensive combination of all clinical accessible biomarkers optimally
differentiated progressive patients from non-progressive patients,
achieving an AUC of 0.935 (95% Cl, 0.858-1.000), with a sensitivity of
90.9% and a specificity of 85.7%. These findings underscore the high
sensitivity, specificity, and robustness of our method for biomarker
analysis in liquid biopsy-based immunotherapy prognosis.

We further performed a confusion matrix analysis comparing our
platform’s multiplexed predictions (sPD-L1+ LDH) against “gold stan-
dard” clinical imaging results (e.g., CT for tumor burden). Our method
achieved a prediction accuracy of 86.1%, surpassing the 77.8% accuracy
of the combined conventional ELISA (for sPD-L1)/colorimetry assays
(for LDH) (Supplementary Fig. 14a-c).

We also compared the performance of our hydrogel system with
traditional DNA solution-based assays in the same clinical cohort
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Fig. 5 | Proof-of-concept application for clinical use. a, b Heatmap (a) and cor-
responding scatter plots (b) of sPD-L1 levels in serum samples from healthy donors
(HD) and patients with LC. Data represent mean *s.d. (n =22 for each group, two-
tailed Mann-Whitney tests, P=0.000031). ¢, d Heatmap (c) and corresponding
scatter plots (d) of LDH levels in serum samples from HD and LC groups. Data
represent mean = s.d. (n =22 for each group, two-tailed Mann-Whitney tests,
P=0.041). e, fsPD-L1 (e) and LDH levels (f) in patients who achieved disease control
before and after immunotherapy (n =9 for each group, two-tailed paired ¢ test,
P=0.000214 for (e), P=0.001 for (f)). g, h sPD-L1 (g) and LDH levels (h) of LC

patients with progression (prog and non-progression (No prog). Data represent
mean = s.d. (n =15 for each group, two-tailed Student’s ¢ test, P= 0.003 for (g); two-
tailed Welch’s ¢ test, P=0.005 for (h)). i Comparison of 1-year progression rates
with different changes in sPD-L1 and LDH levels after immunotherapy (n =38
patients). “-” indicates no increase of sPD-L1 or LDH. “+” indicates the increase of
sPD-L1 or LDH. j Clinical outcomes of patients by changes in sPD-L1 and LDH levels
after immunotherapy. k Receiver operating characteristic curves of different bio-
markers and the combined multiple biomarkers (SUM) for predicting progression
after immunotherapy. *P < 0.05, **P < 0.01, **P < 0.001, ***P< 0.0001.

(n=36) for both sPD-L1 and LDH detection. For sPD-L1, the hydrogel-
based assay demonstrated higher sensitivity (63.6% vs. 59.1%) and
higher specificity (100% vs. 85.7%) compared to the solution-based
method (Supplementary Fig. 14d, e and Supplementary Table 8).
Similarly, for LDH, the hydrogel assay showed improved performance
with enhanced sensitivity (72.7% vs. 68.2%) and specificity (78.6% vs.
71.4%) relative to the solution method (Supplementary Fig. 14d, e and
Supplementary Table 8). When integrating sPD-L1 and LDH results, the
hydrogel-based assay further outperformed the solution-based
approach, yielding a higher AUC (0.880 vs. 0.825), increased sensi-
tivity (81.8% vs. 77.3%), and improved specificity (92.9% vs. 85.7%)
(Supplementary Fig. 14f). Collectively, these findings indicate that the
DNA hydrogel-based assay offers improved predicting sensitivity and
specificity compared to traditional DNA solution assays.

Discussion

Immunotherapy has become the standard treatment for advanced or
metastatic LC. However, only approximately 20% of patients experi-
ence sustained positive responses, while the remainder may encounter
severe side effects or no response at all***. We developed a DNA

hydrogel-based assay employing self-assembled building blocks ((Py/
P,/P3), and (Ly/L,/Ls),) for the sensitive and multiplexed detection of
dual targets, sPD-L1 and LDH, to assess the response to
immunotherapy.

There are two unique advantages of employing DNA hydrogels
instead of a solution-based system, from the perspective of amplifi-
cation efficiency and detection specificity. For amplification, the
hydrogel-based systems demonstrated a maximum 47% increase in
fluorescence intensity compared to the solution-phase systems (Sup-
plementary Fig. 8). For specificity, while solution-phase systems can
support basic signal amplification, they are limited by signal crosstalk
and lack of compartmentalization. In contrast, the porous structure of
the hydrogel spatially restricts the diffusion of RCA products, leading
to a 61.9% reduction in mismatch rate (Fig. 3e, f) and a 61.5%
improvement in SNR compared to solution-phase systems (Fig. 3a).
Consequently, the DNA hydrogel achieved a broad detection range of
8 pg/mL to 16 ng/mL for sPD-L1 (LOD of 1.33 pg/mL) and 5U/L to
2000 U/L for LDH (LOD of 0.72U/L). These metrics outperformed
those of commercial assays and state-of-the-art sensors (Supplemen-
tary Table 3 and Supplementary Table 4).
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Furthermore, the DNA hydrogel enables simultaneous detection
of multiple biomarkers. The lower cross-reactivity and noise suppres-
sion within the hydrogel matrix enable reliable signal detection and
thus facilitate rapid adaptation to multi-biomarker detection (Sup-
plementary Fig. 10a). For instance, replacing the sPD-L1 recognition
sequence with a CEA-specific sequence enabled simultaneous detec-
tion of three biomarkers within the same matrix without cross-
interference (Supplementary Fig. 10b-d). The modular architecture of
DNA hydrogels provides enhanced specificity, which is critical for
clinical applications that rely on scalable, multiplexed biomarker
panels. The combination of sPD-L1 and LDH exhibited superior per-
formance in differentiating progression patients from non-
progression controls, achieving an AUC of 0.880 (see Supplementary
Table 8). In contrast, lower AUCs ranging from 0.581 to 0.761 were
observed for clinically approved biomarkers such as CEA, CYF21-1, IL-6,
SCCA, and NSE. Notably, the integration of these two biomarkers with
additional clinical markers further enhanced assessment, yielding an
AUC of 0.935 and improving accuracy in evaluating immunotherapy
progression.

Currently, tumor shrinkage assessed through computed tomo-
graphy (CT) or magnetic resonance imaging (MRI) remains the stan-
dard method for evaluating treatment response. However, these
approaches often delay progression detection by three months or
more and struggle to identify early signs of relapse compared to blood
biomarkers*®. Approximately 14% of patients may experience “pseudo-
progression”, where tumors appear larger despite effective treatment,
complicating clinical decision-making and therapeutic evaluations™%,
In contrast, this assay provides a blood-based alternative for early and
continuous monitoring. Utilizing readily accessible blood samples
enables real-time assessment of immunotherapy responses, which
promises to reduce the risk of progression. The modular structure of
the hydrogel allows for adaptation to other biomarkers, indicating its
potential in personalized medicine.

While this study shows promising, it is not without limitations.
Hydrogel preparation involves multi-step protocols. However, this can
be addressed through batch production using standardized parallel
reactors (such as hybrid reactions of Py, P,, and P;) or integrating with
microfluidic automation for reproducibility and scalability (such as
batch addition of phi29 DNA polymerase). Overlapping signals from
multiple fluorophores may occur. This can be addressed by using
microplate-based detection, where spatial separation minimizes
interference. In addition, this study exclusively enrolled patients
receiving PD-1/PD-L1 therapy, and thus the assay’s performance
remains unvalidated in populations treated with newer bispecific
agents (e.g., PD-1/VEGF therapies). Given the increasing clinical adop-
tion of bispecific antibodies, future validation in such cohorts is
essential to confirm generalizability. Ongoing efforts will concentrate
on expanding the assay’s applicability to diverse treatment regimens
and integrating it into portable devices for point-of-care applications,
thereby facilitating its translation into clinical practice.

Methods

Materials and reagents

DNA oligonucleotides (listed in Supplementary Table 1), TE (Tris-
EDTA) buffer, and Tris-borate-EDTA (TBE) buffer were synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China). All oligonucleotides were
dissolved in 10 mM TE buffer (pH 8.0) and stored at — 20 °C before use.
Streptavidin-coated magnetic beads and DNA ladders were purchased
from Thermo Fisher (USA). T4 DNA Ligase, T4 Polynucleotide Kinase,
phi29 DNA polymerase, and the restriction endonuclease Esp3l were
obtained from New England Biolabs (USA). Exonuclease I and dNTP
mixture were purchased from Takara Co., Ltd. (China). DNA circligase
was purchased from Lucigen (UK). Programmed death-ligand 1 (PD-L1)
was purchased from Sino Biological (China). Lactate dehydrogenase
(LDH) was purchased from Sinopharm Chemical Reagents (China). The

enzyme-linked immunosorbent assay (ELISA) kit for sPD-L1 was pur-
chased from Multi Sciences (China). Bovine serum albumin (BSA) was
purchased from Yeasen Biotech (China). Tumor biomarkers were
purchased from Tellgen Co. Ltd. (China), including carcinoembryonic
antigen (CEA), neuron-specific enolase (NSE), squamous cell carci-
noma antigen (SCCA), pro-gastrin-releasing peptide (ProGRP), and
cytokeratin fragment 19 (CYF21-1). IL-6 was purchased from Cellgene
(China). Ammonium persulphate and N, N, N, N-Tetra-
methylethylenediamine (TEMED) were purchased from Beyotime
(China). Acrylamide-bisacrylamide solution was obtained from Epi-
zyme (China). Immunoglobulin G (IgG) and human chorionic gona-
dotropin (hCG) were purchased from Sigma-Aldrich (USA). All
reagents were of analytical reagent grade and used without further
purification.

Apparatus

Scanning electron microscopy (SEM) was done on a Sigma 500 SEM
(Zeiss, Germany). Atomic Force Microscope (AFM) was undertaken
using a Dimension ICON system (Bruker, Germany). The DNA hydrogel
was synthesized in a thermal cycler (Thermo Fisher, USA). The fluor-
escence images of the DNA hydrogel were observed with a BZ-X810
fluorescence microscope (Keyence, China). Fluorescence measure-
ments were performed on a R-7000 spectrofluorophotometer (Hita-
chi, Japan). Colorimetric detection of LDH for parallel analysis were
obtained by a Beckman Coulter AU biochemistry analyzer at Shanghai
Chest Hospital. The detection of sPD-L1 by ELISA was performed on an
EPOCH2 microplate reader (BioTek, USA).

Synthesis of DNA hydrogel

For the synthesis of the building block (Py/P,/P3),,, 2 mM of P, P,, and
P; were mixed in a buffer containing 10 mM Tris-HCI and 50 mM NaCl.
The mixtures were then heated to 95 °C for 5 min and cooled slowly to
room temperature. Similarly, the building block (Ly/L/L3), was formed
by mixing L;, L,, and L; following the same annealing procedure. For
the synthesis of the linker (C,/C,), oligonucleotide strands C; and C,
were each individually mixed with 10 mM ATP solution, 10 U/pL of T4
polynucleotide kinase, and 4 L of T4 polynucleotide kinase reaction
buffer, and then incubated at 37°C for 2 h. Subsequently, the two
mixtures were heated at 70 °C for 10 min. After that, the two mixtures
were added simultaneously to a buffer containing 10 mM Tris-HCI and
50 mM NaCl, heated to 95°C for 5min, and then cooled to room
temperature to form the linker. The two aforementioned building
blocks were mixed with the linker, and the mixture incubated at 50 °C
for 2 h, then cooled to room temperature. Subsequently, 5 puL of T4
DNA ligase was added, and the mixture was incubated overnight at
16 °C to obtain the DNA hydrogel. For the comparative experiment, all
the previously mentioned components were mixed together at room
temperature for analysis.

Preparation of circular DNA

A 10 pM solution of circular template oligonucleotide (cirDNA-P/cir-
DNA-L) was mixed with 2 uL of circligase reaction buffer, 1L of 1mM
ATP, 1L of 50 mM MnCl,, and 1 uL of DNA circligase. The mixture was
incubated at 60 °C for 3 h. Subsequently, the circligase was inactivated
by heating at 80 °C for 10 min. Next, 1 uL of Exonuclease | was added to
the mixture and incubated at 37 °C for 45 min to digest the linear single-
stranded DNA (ssDNA), followed by inactivation by heating at 80 °C for
15 min. The resulting reaction product was finally stored at 4 °C.

Fabrication of DNA hydrogel-based assay

A 50 pM solution of aptamer (Apt-P/Apt-L) was incubated with 50 pM
reporter (Ry/R;) at 37°C for 1 h to form the Apt-P@R; and Apt-L@R,
duplexes. The DNA duplex mixture (1 uM) was then incubated with
100 L of streptavidin-coated magnetic beads (10 mg/mL) at room
temperature for 30 min. Then, the mixture was washed several times
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with 2M NaCl and resuspended in 100 uL TE buffer to form dsDNA-
modified magnetic beads. Different concentrations of targets (sPD-L1/
LDH) were added to the modified beads for 1h, where they were
captured by the aptamer (Apt-P/Apt-L), releasing the reporter (Ry/R,)
into the solution. The mixture was exposed to a magnet for 5 min, and
the sediment was isolated using a magnet. The supernatant was added
to the synthesized DNA hydrogel, along with 2mM dNTPs, 0.5 U/uL
phi29 DNA polymerase, 1x phi29 buffer, 2 uL of circular DNA, and
reacted at 37 °C for 100 min. Subsequently, Esp3I (10 U/uL) was added
to the mixture and reacted for 1h. The mixture was then diluted to
800 L, and the fluorescence of the solution was detected with a
Hitachi R-7000 fluorescence spectrophotometer. The maximum
fluorescence signal of FAM was recorded at 518 nm, and the maximum
fluorescence signal of Texas Red was recorded at 615 nm.

Optimization of experimental conditions

Key experimental parameters, including the duration of the rolling circle
amplification (RCA) process and the concentration of phi29 DNA poly-
merase, were optimized. The optimal experimental conditions were
evaluated by monitoring the fluorescence signal at a constant target
concentration. The duration of the RCA process was explored from
40 min to 120 min. The fluorescence signal responses at the maximum
emission wavelength of 518 nm were recorded for detecting 80 pg/mL of
sPD-L1. To optimize the appropriate DNA polymerase concentration,
different concentrations of phi29 DNA polymerase (0.1 U/pL, 0.25 U/uL,
0.5U/uL, 0.75U/uL, and 1U/uL) were analyzed, and the fluorescence
responses for 40 pg/mL sPD-L1 at 518 nm were documented.

Theoretical simulations of thermodynamic properties

A thermodynamic analysis tool, Nucleic Acids Package (NUPACK), was
used to analyze the thermodynamic properties of the secondary
structure of multiple interacting DNA strands. The equilibrium base-
pairing probabilities between DNA strands were estimated by empiri-
cally sampling sequence-level secondary structures from the Boltz-
mann distribution. In the plot of pair probabilities, the numerical
values on the lower horizontal axis and the left vertical axis denote the
sequential order of DNA bases from the 5’ to the 3’ end. The labels on
the upper horizontal axis and the right vertical axis correspond to the
designations of various DNA strands. The color and size of each dot
scale with the equilibrium probability of the corresponding base pair.
For the calculation of free energy of complexes formed by the hybri-
dization of two ssDNA strands, the model parameters were set to
T = 37°C,1MNaCl, 1M for each ssDNA strand, and a complex size of
2. To calculate the melting profile, the reaction temperature was set
from 26 ° C to 84 ° C at a 2 ° C interval. The concentration of each DNA
strand was set to 1uM, and the maximum complex size was set to 2.

Polyacrylamide gel electrophoresis analysis (PAGE)

Native PAGE was used to verify the hybridization of the DNA. The
native PAGE gel was prepared using 30% acrylamide/bis-acrylamide
(29:1) stock solution. An 8% polyacrylamide gel, which effectively
resolves both fragment sizes while ensuring molecular weight markers
align accurately across panels, was prepared by mixing 8 mL of 30%
acrylamide/bis-acrylamide (29:1) stock solution, 6 mL of 5 x TBE buffer,
210 pL of 10% ammonium persulphate, 20 pL of TEMED, and 15.8 mL of
distilled water. The loading samples were prepared by mixing 8 pL of
the DNA sample with 2 pL of 5 x GelRed pre-stained loading buffer. Gel
electrophoresis was performed on a PowerPac power system from Bio-
Rad at 100 V for 80 min in 0.5 x TBE buffer. The DNA bands were then
visualized using a Bio-Rad GelDoc XR gel imaging analyzer (Fig. 2f and
Supplementary Figs. 1b, 5b, c, 6c, d).

Digestion of DNA solutions and DNA hydrogels by exonuclease I
To assess the enzymatic digestion of DNA hydrogels and DNA solu-
tions, DNA hydrogel and DNA solution samples at varying

concentrations (0.3 mM, 0.5mM, and 0.7 mM) were incubated with
10 uL of 10 x Exonuclease I reaction buffer, 85uL of DEPC-treated
water, and 5 uL of Exonuclease I. Reactions were carried out at 37 °C for
1h. Fluorescence intensities were recorded before and after enzymatic
digestion for both hydrogel and solution-based systems. The signal-to-
noise ratio (SNR) was calculated by dividing the post-digestion fluor-
escence intensity by the pre-digestion fluorescence intensity to eval-
uate the signal output capacity of the hydrogel and solution. The pre-
digestion fluorescence signal represents the baseline background,
while the post-digestion signal corresponds to the fluorophore release
following enzymatic degradation of DNA. A higher SNR indicates
greater signal strength relative to background noise, reflecting
enhanced detection sensitivity and stability of the system.

Photobleaching analysis of DNA hydrogels and DNA solutions
For the comparison of the photostability between DNA hydrogels and
DNA solutions, 5 pL of each sample was added to a 96-well microplate
and subjected to continuous laser irradiation. To ensure these findings
are not confounded by measurement bias, we standardized experi-
mental procedures. Sample preparation, handling, and irradiation
protocols were strictly controlled across replicates. Fluorescence
decay kinetics were monitored using a microplate reader with fixed
parameters: 5L of each sample (P; modified FAM and P; modified
Texas Red) was loaded into a 96-well microplate and continuously
irradiated. The fluorescence intensity was recorded every 5s over
4000 cycles (20,000 s total) using specific excitation wavelengths of
492 nm for FAM and 596 nm for Texas Red. The fluorescence reduc-
tion rate was quantified as the ratio of reduced intensity to initial
intensity. All experiments involving FAM and Texas Red measurements
were performed in triplicate.

Comparison of photostability between FAM and Texas Red

To evaluate the intrinsic photostability of FAM and Texas Red, single-
stranded DNA (P;) was independently labeled at the 3’ end with either
FAM or Texas Red. For each condition, 100 uL of 1uM fluorophore-
labeled P; was subjected to continuous laser irradiation (5000s of
continuous laser exposure) using a CLARIOstar microplate reader
(BMG LABTECH Inc., USA). FAM-labeled samples were excited at
492nm, and Texas Red-labeled samples at 596 nm. Fluorescence
intensity was recorded every 5 s for a total of 1000 cycles.

Evaluation of cross-reactivity between building blocks and non-
target reporters

To assess the potential cross-reactivity between building blocks and
non-target reporters, fluorescent modifications on all ssDNA in build-
ing blocks were removed except for P;. The 3’ end of P; was labeled
with 6-carboxyfluorescein (FAM), generating a modified oligonucleo-
tide designated as Py.,. In parallel, an ssDNA sequence labeled at the 5’
end with the quencher BHQ-1 was synthesized and designated as R,-,,
serving as the interfering reporter. Upon hybridization between P;_,
and R,-,, the spatial proximity of FAM and BHQ-1 facilitated fluores-
cence resonance energy transfer, resulting in quenching of the FAM
signal. For the reaction, 10 pL of R,_, was added to 1pL of DNA
hydrogel and incubated at 37 °C. Fluorescence measurements were
recorded every 5s using an excitation wavelength of 492 nm and an
emission wavelength of 518 nm. To compare the cross-reactivity of
DNA hydrogels and DNA solutions, identical experimental conditions
were employed using aqueous DNA solutions in place of hydrogels.

LOD and RCA amplification calculation
The LOD was determined using the formula:

3x§

LOD = K

@
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where S represents standard deviation of the fluorescence intensity of
the blank sample, and K refers to slope of the calibration curve'.

The RCA amplification efficiency was defined as the ratio of
equivalent non-RCA-amplified sPD-L1 concentrations to RCA-amplified
sPD-L1 concentrations:

[SPD — Lllyyithout RCA )

Amplification efficiency =
[sPD — Lllyith rCA

This ratio quantifies the fold-reduction in sPD-L1 required to
achieve comparable signal intensity when RCA is employed.

Comparison of enzymatic reactions of Esp3l in DNA hydrogels

and solutions

To compare the enzymatic digestion efficiency of Esp3l in different
environments, 8 pg/mL of sPD-L1 was detected using hydrogels and
aqueous solutions and then cleaved using Esp3l. Briefly, 50 uL of 8 ng/
mL sPD-L1 was added to 100 uL of dsDNA-modified magnetic beads
and incubated for 1h, and separated using a magnet to isolate the
supernatant. The supernatant was mixed with 2L of either DNA
hydrogel or DNA solution, 10 pL of 10 x Esp3l reaction buffer, 85 pL of
DEPC-treated water, and 5pL of Esp3l enzyme. The mixtures were
incubated at 37 °C in a 96-well microplate, and fluorescence intensities
were recorded every 5s both before and after enzymatic treatment
under an excitation wavelength of 492 nm and an emission wavelength
of 518 nm using a CLARIOstar microplate reader (BMG LABTECH
Inc., USA).

ELISA detection of sPD-L1

ELISA detection of sPD-L1 was performed according to the manu-
facturer’s instructions. First, 100 pL of standards with various con-
centrations and serum samples were added to the microplate wells and
incubated at room temperature for 1.5h. After washing, 100 pL of
antibody solution was added and incubated for 30 min. Then, 100 pL
of streptavidin solution was added and incubated for another 30 min.
After washing, 100 pL of signal enhancer solution was added and
incubated for 15 min, followed by incubation with 100 pL of strepta-
vidin solution for 15min. Finally, 100pL of 3,355 -Tetra-
methylbenzidine (TMB) substrate was added, incubated in the dark for
10 min, and the reaction was quenched with 100 pL of stop solution.
Optical Density (OD) values were measured with a microplate reader at
450 nm, using 630 nm as the reference wavelength (BioTek, USA).
Sample concentrations were determined from a standard curve plot-
ted based on OD values and standard concentrations.

Colorimetric detection of LDH

For methodological comparison, serum levels of LDH were quantified
using a standard colorimetric assay based on the lactate-pyruvic acid
method. In this reaction, LDH catalyzes lactate oxidation coupled with
NAD* reduction to NADH, whose absorbance is correlate directly to the
activity of LDH. The assay was detected with a commercially available
biochemical kit (cat.OSR6128, Beckman Coulter, USA), which quantified
based on the absorbance intensity of NADH at 340 nm. All experiments
were performed on an automated biochemical analyzer (AU5831,
Beckman Coulter, USA) following the manufacturer’s protocols. All
reagents (including methylglucosamine, lithium lactate, and (-
nicotinamide adenine dinucleotide) and instrumentation were pro-
vided and validated by the Department of Clinical Laboratory Shanghai
Chest Hospital, ensuring compliance with clinical diagnostic standards.

Quantification of CEA, CYF21-1, IL-6, SCCA, and NSE

The biomarker contents, including CEA, cytokeratin fragment 19
(CYFRA 21-1), interleukin-6 (IL-6), squamous cell carcinoma antigen
(SCCA), and neuron-specific enolase (NSE), were sourced from routine
clinical assays performed in compliance with standard diagnostic

protocols. Serum concentrations of CEA, CYF21-1, and NSE were
measured with an immunoassay kit (cat.LP120460, Tellgen, China) on
an automated immunoanalyzer (TESMIF4000, Tellgen, China). SCCA
was quantified with an immunoassay kit (cat.LP121160, Tellgen, China)
on the same platform. IL-6 levels were measured using a cytokine co-
detection kit (cat.P110100403, Cellgene, China) on a flow cytometer
(BriCyte E6, Mindray, China). These markers were selected based on
their well-documented roles as indicators of tumor immune response
and therapy efficacy, as previously reported®’.

Study population and sample collection

In this study, a retrospective analysis was encompassed involving a
total of 166 participants at Shanghai Chest Hospital from September
2023 to December 2024, including 22 healthy individuals and 144 lung
cancer (LC) patients. All participants were enrolled randomly without
prior sex-based selection or stratification. Gender was determined
based on biological attribution (also consistent with the self-report).
When collecting clinical information, all cases submitted informed
consent. All cancer diagnoses were confirmed by pathological results.
The tumor, node, and metastasis (TNM) staging criteria were applied
to assess LC metastasis. Inclusion criteria for the LC patients were as
follows: (1) confirmed diagnosis of NSCLC through pathological
assessment; (2) TNM stage Il to IV; (3) Age > 18 years; (4) presence of at
least one measurable lesion; (5) receipt of immunotherapy alone or in
combination with other agents such as chemotherapies.

Exclusion criteria were as follows: (1) presence of known driver
gene mutations (e.g., EGFR/ALK/ROSI1); (2) undergoing surgical
resection after medical therapy initiation; (3) occurrence of infection
within 10 days before blood collection; (4) failure to complete essential
systemic examinations such as chest CT imaging; (5) severe chronic
comorbidities (e.g., cardiovascular, cerebrovascular, or autoimmune
diseases) that could influence the safety or efficacy of immunotherapy.

Patients received immunotherapy agents—pembrolizumab, tisle-
lizumab, or sintilimab—administered intravenously at a dose of
200 mg every three weeks according to the guideline of the Chinese
Society of Clinical Oncology (CSCO) non-small cell lung cancer. Che-
motherapy regimens, determined based on clinical judgment and
patient-specific factors, included pemetrexed, paclitaxel or nab-pacli-
taxel, vinorelbine, docetaxel, gemcitabine, and platinum-based agents.
Tumor responses in LC patients were assessed according to the revised
Response Evaluation Criteria in Solid Tumors (RECIST). Assessments
were performed by a radiologist blinded to patient identifiers and
biomarker data to ensure objective evaluation. Treatment responses
were classified into four categories: complete response (CR), partial
response (PR), stable disease (SD), and progressive disease (PD).

Blood samples from healthy donors and all patients before
treatment were collected prior to the initiation of therapy, with serum
being used for biomarker detection. After immunotherapy, the blood
samples were collected every 8 weeks after immunotherapy, and dis-
ease response was assessed according to RECIST guidelines. Blood
samples utilized in this study were residual specimens obtained from
routine medical examinations conducted during regular clinical visits,
and didn’t pose any additional risk or burden to the participants.

All blood samples, collected in coagulation tubes (REF.367955, BD,
USA) through venipuncture, were centrifuged at 1600 g for 5min to
isolate the serum, which was then reserved for subsequent analysis. All
human samples were collected from the Shanghai Chest Hospital and
approved by the institutional ethics committee of the Shanghai Chest
Hospital (No. KS22025). Patient treatment protocols were conducted
independently of the research study. The study did not interfere with or
influence any aspect of the patient treatment or management.

Statistical analysis
Statistical analyses and illustrations were conducted using GraphPad
Prism (Version 8) and Origin (Version 2024). A two-tailed Student’s ¢
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test with Welch correction was used to assess statistical differences
between two groups. For all statistical tests, P < 0.05 were considered
significant. Power analysis was conducted to predetermine sample size
on Gpower (Version 3.1). Randomization and blinding were used in this
study. Sample sizes are specified in the figure captions, where n refers
to the number of distinct samples. All values are expressed as the
mean + standard deviation. Receiver operating characteristic (ROC)
curve analysis was performed to determine the area under the curve
(AUC) using IBM SPSS Statistics software (Version 24.0). The bio-
marker (CEA, CYF21-1, SCCA, and NSE) datasets used for ROC analysis
were obtained from Shanghai Chest Hospital.

Ethical statement

This retrospective cohort study was approved by the institutional
ethics committee of the Shanghai Chest Hospital (No. KS22025). All
participants in this study provided written consent and approved the
use of clinical data and serum samples for analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The source data generated in the main manuscript and Supplementary
Information are provided in the Source Data file. Source data are
provided in this paper.
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