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DNA–drug conjugates enable logic-gated 
drug delivery amplified by hybridization 
chain reactions
 

Si-Kai Chen    , Miguel López-Tena    , Francesco Russo    , Emma E. Watson    , 
Millicent Dockerill    , Javier Cabello Garcia    , Sofia Barluenga     & 
Nicolas Winssinger     

Antibody–drug conjugates enable highly specific delivery of potent 
cytotoxics to biomarker-expressing cells. In parallel, advances in DNA 
circuitry and DNA–protein conjugates have allowed programmable 
integration of molecular inputs and signal amplification via hybridization 
chain reactions (HCRs). Here we present a system using affibody–DNA 
and aptamer–DNA conjugates to execute a Boolean logic operation on 
cell-surface biomarkers, resulting in amplified payload delivery using 
an HCR of DNA–drug conjugates. Proximity-induced assembly of the 
biomarker binders generates the initiator that triggers an HCR. The 
resulting assembly undergoes endocytosis, enabling controlled payload 
release of drugs conjugated to the DNA with cathepsin-cleavable linkers. 
We show that DNA–drug conjugates achieve targeted delivery with 
>100-fold amplification relative to the input biomarkers using fluorescence 
quantifications. We also identify payloads that strongly influence delivery 
efficiency and demonstrate delivery of different drug combinations. Finally, 
we show that biomarker-triggered HCRs can recruit generic antibodies. This 
modular technology enables tailored combinations of biomarker inputs and 
drug outputs toward more precise and personalized treatment.

Antibody–drug conjugates (ADCs) represent a cutting-edge approach 
in targeted cancer therapy, uniquely combining the specificity of mono-
clonal antibodies (mAbs) with the potent cytotoxicity of chemothera-
peutic agents1–4. ADCs consist of three components: a monoclonal 
antibody specific to a tumor-associated antigen, a cytotoxic drug 
(payload) and a linker that binds the drug to the antibody. Notwith-
standing their clinical success, ADC efficacy in solid tumors is often 
limited by poor tissue penetration. The large molecular weight of 
IgGs (approximately 150 kDa) presents a challenge for penetration 
through the tumor matrix5. The slow diffusion leads to a ‘binding site 
barrier’ where rapid target binding prevents deeper tumor penetra-
tion, leading to ADC accumulation at the periphery of the tumor6,7. 
These factors have prompted efforts to identify smaller proteins with 

antibody-like binding properties, so-called affinity proteins8. Among 
affinity proteins, affibodies stand out for their small size (<10 kDa) and 
high affinity and specificity9,10. Their utility has been demonstrated in 
multiple clinical programs, including applications in radioimaging11–17 
and fluorescence-guided surgery18. An affibody dimer targeting HER2 
conjugated to a cytotoxic agent has also been reported for selective 
delivery of the drug, in analogy to ADCs19. Another limitation of ADCs 
is the drug loading capacity, with most second-generation ADCs car-
rying only 2–4 drug molecules. The clinical success of trastuzumab 
deruxtecan (Enhertu)20–22 with a drug antibody ratio of 7–8, suggests 
that a higher payload can be beneficial. However, achieving higher 
payloads with other cytotoxic agents remains challenging without 
altering the properties of the antibody.
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in integrated fluorescence corresponds to HCR propagation of 103 
hairpins per initiator. Agarose gel analysis of the HCR initiated with 
the affibodies conjugated to the full-length initiator (ZEGFR-I or ZPD-L1-I, 
Extended Data Fig. 1b), showed that the conjugate did not interfere with 
the HCR and that minimal leakage was observed without initiation (lane 
4) but complete consumption of hairpins was observed with the Z-I 
(lanes 5–8). Quantification of the HCR reaction on cells (A-431, EGFR+, 
Extended Data Fig. 1c) afforded a signal amplification of 132-fold, which 
was slightly higher than on beads (Extended Data Fig. 1a).

Logic-gated HCR
We examined a logic-gated response by splitting the initiator into two 
DNA strands (split initiator 1: S1 hybridized stem region of H1 and split 
initiator 2: S2 at toehold part), such that the HCR reaction can only 
proceed if both biomarkers (EGFR and PD-L1) are present in proxim-
ity leading to a three-way junction (3WJ) between S1 and S2 (Fig. 2a). 
Given that EGFR and PD-L1 do not dimerize spontaneously, the recep-
tor density and membrane mobility need to account for proximity. 
An open question is the optimal number of nucleotides in the stem of 
the 3WJ. If the stem is too short, the transient interaction of the split 
initiators may be too short lived to initiate the HCR. Conversely, an 
excessively long stem could cause nonspecific initiation and result 
in AND-gate leakage. To address this, we tested three different stem 
lengths (4 nt, 6 nt and 8 nt) and evaluated HCR efficiency. To differenti-
ate the outcome of HCR triggered by receptor proximity (AND-gated 
HCR) and untriggered HCR (AND-gate leakage), we compared two 
pairs of affibodies; ZPD-L1:ZEGFR (expected to initiate propagation) and 
ZTaq:ZEGFR (negative control). We measured the level of propagation by 
comparing the signal intensity of H1Fl alone and H1Fl + H2Fl as previously 
done with the full-length initiator. Each affibody is also labeled with a 
spectrally resolved fluorophore to validate its engagement with the 
biomarker (Cy3 for ZEGFR, ATTO-647N for ZPD-L1 or ZTaq, Fig. 2b). Quanti-
fication of fluorescence signal (Fig. 2c) indicated that a 4-nucleotide 
(nt) 3WJ was too short for efficient initiation, while the 8-nt was too long 
and led to more background signal than the 6-nt 3WJ. The use of a 6-nt 
stem was further validated with the alternative negative control of the 
AND-gate: ZTaq:ZPD-L1 (Fig. 2b). Collectively, the data support the ability 
to trigger the HCR conditionally on the presence of two biomarkers 
(AND gate) with an amplification of greater than tenfold. The lower 
level of amplification observed within the 30 min of HCR in this system 
versus the experiment performed with the full-length initiator (Fig. 2c 
versus Extended Data Fig. 1c) is a consequence of the lower concentra-
tion of effective initiator in the former (lower density of PD-L1 versus 
EGFR) and the possibility that not all available receptor pairs are close 
enough to initiate an HCR. Finally, the robustness of the two-biomarker 
AND-gated HCR was tested across different cell lines selected for the 
expression of both biomarkers (A-431, see Supplementary Fig. 3 for 
analysis of biomarkers), predominantly a single biomarker (U-251 and 
MDA-MB-468) or none (MCF-7). A strong amplification from HCR was 
observed only for A-431 (Fig. 2d,e for quantification); while a very weak 
HCR was observed on U-251 cells, consistent with the low level of EGFR 
expression observed in the Cy3 channel.

To test the generality of the approach, we used the same design 
to target a second pair of biomarkers: EGFR:PTK7. Based on the avail-
ability of a well-established DNA-aptamer that binds selectively to 
PTK7, ApPTK7

44,45, we investigated this biomarker combination (Fig. 3a) 
using the same workflow as with EGFR:PD-L1. As previously, a strong 
HCR was observed exclusively when the two biomarkers are targeted 
(ZEGFR:ApPTK7) but not with the control using either a nonbinding affibody 
(ZTaq:ApPTK7) or a scrambled aptamer (ZEGFR:Apscr) (Fig. 3b,e). The system 
was tested across a panel of cell lines selected for their expression of 
both EGFR and PTK7 (A-431 and MDA-MB-468) or a single biomarker 
(HCT-116 with weak expression of PTK7) or neither biomarker (MCF-
7). Only the cell lines displaying both biomarkers yielded a statisti-
cally significant response with median amplification reaching 59-fold.  

In parallel, engineered DNA circuits23–25 and hybridization chain 
reactions (HCRs)26 have emerged as powerful tools for biomarker 
detection and quantification, offering unprecedented sensitivity, 
specificity and versatility in molecular diagnostics. These nucleic 
acid-based systems exploit the inherent programmability of DNA, 
allowing for the design of complex, autonomous enzyme-free reactions 
that can amplify signals in the presence of target biomolecules23–25. 
In particular, HCRs enable an isothermal self-assembly of DNA hair-
pins into long, polymeric chains upon the introduction of a trigger 
sequence: typically connected to the recognition of a biomarker of 
interest, making it suitable for an amplified response in biological 
application27–32. In addition, engineered DNA circuits can incorporate 
logic gates, feedback loops, and cascades, allowing for sophisticated 
processing of molecular inputs to produce an output. However, for 
therapeutic application, the range of outputs has been limited33–41.

Herein we combine affibodies and aptamers with DNA to engineer 
an HCR in response to different biomarkers. While the DNA hairpins are 
cell impermeant, we demonstrate that the cell-surface-associated HCR 
product can undergo endocytosis. We further show that a cytotoxic 
drug conjugated to the hairpin via a cathepsin-cleavable linker induces 
cell-specific toxicity (Fig. 1). We also demonstrate that HCRs can be 
used to recruit antibodies to a target cell.

Results
HCR and affibody–DNA conjugate
We initiated our investigation with affibodies (Z) targeting epidermal 
growth factor receptor (EGFR) (ZEGFR)42 and programmed death-ligand 
1 (PD-L1) (ZPD-L1)17, two well-established biomarkers in cancer thera-
pies. These markers have been extensively validated in therapeutic 
applications. The affibodies (58 amino acids (aa)) were synthesized 
via standard solid-phase peptide synthesis with an ε-azido-lysine at 
the C terminus of the affibody for subsequent conjugation to DNA 
through azide-DBCO coupling (see Supplementary Fig. 1 for explicit 
structures of all conjugates used in this study, methionine residues 
in affibodies were replaced by Nle to avoid oxidation products). This 
modification was positioned on a helix opposite to the target-binding 
interface to preserve binding specificity. A linker of 32 Å was used to 
provide flexibility and space for the affibody to accommodate the for-
mation of the DNA structures necessary for HCR initiation and propaga-
tion. For the HCR, we used a previously reported system43 optimized 
for minimal leakage, rapid propagation and compatibility with split 
initiators (see Supplementary Fig. 2 for a diagram of all hybridization 
reactions and sequences). We validated the propagation of the HCR 
reaction using a full-length initiator loaded on streptavidin beads, 
comparing the fluorescence intensity between the addition of only 
the first hairpin labeled with fluorescein (H1Fl) to the same experiment 
with both hairpins (H1Fl + H2Fl, Extended Data Fig. 1a). The difference 
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Fig. 1 | General design of DNA-drug conjugates (DDC) for computed delivery. 
Drugs of interest are conjugated to DNA hairpins capable of HCRs. Specific 
binders to biomarkers of interest are conjugated to a split initiator such that the 
HCR takes place only if the two biomarkers are present in proximity.
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Fig. 2 | Validation and quantification of logic-gated HCR on cells. a, Schematic 
diagram of AND-gated response to two biomarkers using a split initiator HCR. 
b, Comparison of the HCR performance and specificity as a function of the 
3WJ length (4 nt, 6 nt, 8 nt) in the split initiator on A-431 cells by microscopy 
imaging. c, Integrated fluorescein intensity across each cell membrane in the nine 
conditions represented in b plus an extra condition (ind: images not displayed in 
b comparing ZEGFR + ZPD-L1 and ZEGFR + ZTaq; AND +: logic gate fulfilled) (cells 
n = 255, 485, 295, 322, 749, 283, 63, 220, 534 and 306, respectively. The data were 
collected from 3, 4, 4, 3, 4, 4, 2, 3, 4 and 4 biological replicates, respectively).  
d, Specificity of AND-gated response across different cancer cell lines displaying 

different biomarker combinations. e, Integrated fluorescein intensity across 
each cell membrane in conditions in the six conditions represented in d (cells 
n = 322, 749, 37, 35, 48, and 35, respectively, 7 and 8 not quantified due to lack of 
signal in all channels. The data were collected from 3 (biological), 4 (biological), 
3, 2, 3, 2, 3 and 3 technical replicates, respectively). Scale bar: 10 µm. Each hairpin 
was conjugated with one fluorescein molecule at the 5′ terminus. Fl: fluorescein 
channel; Merged channel: overlay of Fl, Cy3 and Atto647N. For graphs, the 
annotated folds were calculated based on the median. Graph legend: red line, 
median; black dashed line, first and third quartiles. Annotated P values calculated 
using a Kruskal–Wallis’ test plus a post hoc two-tailed Dunn’s test.
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A-431 cells yielded a stronger fluorescence signal than MDA-MB-468 
(59-fold versus 13-fold, respectively), consistent with the lower expres-
sion level of PTK7 relative to A-431.

Finally, we explored whether the split initiator system could also 
be used to report on a single biomarker using the same affibody, or 
aptamer, conjugated independently to either split initiator. This experi-
ment differentiates itself to the one shown in Fig. 2c using a full-length 
initiator conjugated to the affibody in three ways. First, it requires 
sufficient receptor density and mobility for the split initiator system to 
work; second, the HCR product will be anchored to the cell surface by 
the interaction of two binders to the biomarker rather than one; third, 
the HCR can only be initiated at the cell surface on the 3WJ formation. 
As shown in Fig. 3c,d and quantified in Fig. 3f,g, A-431 and MDA-MB-468 
both yielded a strong HCR response while the controls with a single 
nonbinding affibody (ZTaq) or nonbinding aptamer (Apscr) did not. 
The experiment targeting EGFR on A-431 afforded the highest level 
of amplification measured in this study (median of 217 propagation 
steps in the HCR). It is interesting to note that the amplification ratio 
between A-431 and MDA-MB-468 using PTK7 as single biomarker (67 
versus 16, ratio of 4) or using the PTK7-EGFR dual biomarker (59 versus 
13, ratio of 4.5) is different from using EGFR as a single biomarker (217 
versus 111, ratio of 2) suggesting that PTK7 is the limiting biomarker 
in the dual biomarker amplification. To further probe the response, 
we pretreated A-431 cells with cetuximab to trigger internalization of 
EGFR in a dose-dependent manner with a linear correlation between 
EGFR staining and cetuximab (half-maximum inhibitory concentration 
(IC50) 1.23 nM, quantification supplied in Supplementary Fig. 4). Cells 
were then treated as shown in Fig. 3 and the level of HCR quantified 
(Extended Data Fig. 2). A clear correlation between the HCR signal and 
quantification of EGFR is observed.

Collectively, the data indicate that the design is general and 
enables HCRs triggered by two biomarkers using two affibodies, an 
affibody and an aptamer, or two aptamers.

DDC and targeted delivery
To assess the payload delivery following an HCR response, we used 
monomethyl auristatin E (MMAE) linked to either H1 or H2 (HM) with 
a cathepsin-cleavable linker, as used in ADCs46. In analogy to ADCs, 
where the drug loading is often adjusted to 3–4 drugs per mAb, the 
hairpins were also conjugated with 1 or 3 equivalents of MMAE (HM1 or 
HM3, Fig. 4a). The use of different hairpin combinations thus allows a 
gradient of drug loading, with H1Fl + H2M1 delivering the lowest loading 
and H1M1 + H2M3 delivering the highest loading. HCR performed with the 
maximal drug loading using ZEGFR-I for 30 minutes led to dramatic cell 
death (<8% cell viability after 48 h). The same experiment using ZTaq-I, 
which does not bind to any biomarker (Fig. 4b), showed no cytotoxic-
ity. As a further control, cells treated with ZEGFR-I and H1Fl + H2Fl did not 
show growth inhibition, ruling out toxicity arising from EGFR binding 
or HCR product. To better gauge the differences between various drug 
loading combinations, we performed the cell viability assay at different 
concentrations of hairpins (Fig. 4b). Since the level of HCR amplification 
in the 30-min timeframe will be proportional to the concentration of 
the hairpin, a dose response should be obtained. To our surprise, the 

response between drug loading and cytotoxicity was not linear, rather, 
the presence of a hairpin with three MMAE (M3) was a determinant 
factor. Notably, H2M3 in combination with H1Fl (a total of 3 drugs per 
HCR cycle) is vastly more active (~13-fold) than H2M1 in combination 
with H1M1 (total of 2 drugs per HCR cycle) and 50-fold more active than 
H2M1 in combination with H1Fl (1 drug per HCR cycle). Based on these 
results, we turned to microscopy to verify whether a difference in HCR 
propagation could account for the higher toxicity of HCRs performed 
with H1Fl + H2M3, H1Fl + H2M1 and H1Fl + H1Fl (Fig. 4c). Quantification of the 
fluorescence showed that H2M3 yielded a statistically significant differ-
ence in fluorescence (roughly twofold) but not sufficient to account 
for the difference in cytotoxicity (roughly 50-fold). We also observed 
a striking difference in the fluorescence pattern with a less uniform 
fluorescence distribution across the membrane obtained with H2M3 
versus H2M1, which we had not observed in any of the previous HCRs 
performed. Quantification of the coefficient of variation of the fluores-
cence signal across the cell perimeter showed a statistically significant 
difference in the fluorescence distribution between these two HCRs 
(that is, performed with H2M3 versus H2M1). A marginal difference in 
the coefficient of variation was observed between HCRs performed 
with H2M1 versus H2Fl (Fig. 4c). The same change in distribution was 
also evident in the Cy3 channel reporting on EGFR, suggesting that the 
HCR induces an aggregation at the cell surface that accounts for most of 
the cell-surface EGFR (see Supplementary Fig. 5 for a full set of images 
including controls included in the quantification and calculated coef-
ficient of variation of Cy3 fluorescence–EGFR labeling). Similar results 
were also observed using the dual biomarker with split initiator system 
(Fig. 4d and Supplementary Fig. 6 for a full set of images including con-
trols). It is interesting to note that in this case, the irregular fluorescence 
distribution across the cell perimeter is more pronounced with ApPTK7 
than with ZEGFR (for quantitative analysis, see Supplementary Fig. 7) 
consistent with PTK7 being the limiting factor in the AND-gated HCR.

We next analyzed the internalized HCR product by treating cells 
with a nuclease (Benzonase) after 30 min of HCR reaction under non-
permeabilizing condition to remove all extracellular HCR, measuring 
the internalized fluorescein (Fig. 4e). Given that all the HCRs were per-
formed with H1Fl, quantification of fluorescein is a direct measure of the 
internalization of the HCR product, that is, drug loading from H2. We 
observed a striking difference between the experiments using H2M3 ver-
sus H2M1 with a greater than tenfold higher uptake when H2M3 was used 
instead H2M1. Considering that the use of H2M3 delivers three times more 
drug than H2M1, this observation (more than tenfold higher delivery and 
threefold higher payload) accounts for the difference in cytotoxicity 
between HCRs performed H2M1 and H2M3 (IC50 in Fig. 4b). An HCR using 
H1Fl and H2M3 triggered by ZTaq-I (no cell-surface binding) or ZEGFR-I on 
MCF-7 cells (no EGFR expression) showed no internalization, indicating 
that the HCR product in solution does not provide sufficient cellular 
anchoring and, hence, cannot deliver a drug (Supplementary Fig. 8). 
We next investigated the exatecan derivative Dxd47 (Fig. 4a), another 
cytotoxic drug used in ADCs, notably trastuzumab. We performed 
HCR with H1Fl and H2D3, a hairpin with three copies of Dxd per hairpin 
using the same conjugation chemistry as used for H2M3. The com-
bination H1Fl + H2D3 did not show the same change in fluorescence 

Fig. 3 | Generality of the AND-gated HCR amplification circuit across different 
biomarker combinations and cell lines. a, Schematic diagram of reaction 
performed in b–d and quantified in e–g, respectively. b, Microscopy imaging of 
response to EGFR and PTK7 on A-431, MDA-MB-468, HCT-116, MCF-7; quantified 
in e. c, Microscopy imaging of response to EGFR using split initiator requiring 
proximal binding to two EGFR on A-431, MDA-MB-468; quantified in f.  
d, Microscopy imaging of response to PTK7 using split initiator requiring 
proximal binding to two PTK7 on A-431, MDA-MB-468; quantified in g.  
e, Integrated fluorescein intensity across each cell membrane in the conditions 
in b (n = 105, 184, 105, 32, 129, 159, 74, 23 and 12 cells, respectively; Data collected 
from 3, 6, 3, 3, 3, 3, 5, 3, 3 and 4 technical replicates, respectively). f, Integrated 

fluorescein intensity across each cell membrane in the conditions in c (n = 409, 
746, 381, 348, 190, 245, 160 and 130 cells (1 replica each) from left to right).  
g, Integrated fluorescein intensity across each cell membrane in the conditions 
in d (n = 173, 277, 226, 169, 92, 137, 239 and 114 cells (1 replicate) from left to right). 
Scale bar: 10 µm. Merged channel: overlay of Fl, Cy3 and Atto647N. For graphs, 
the annotated folds were calculated based on the median. Graph legend: red 
line, median; black dashed line, first and third quartiles. Annotated P values 
calculated using a Kruskal–Wallis test plus a post hoc two-tailed Dunn’s test. For 
the combination of tests, compare each column corresponding to the vertical 
black lines with the column indicated by the vertical red arrows.
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Fig. 4 | Targeted drug delivery using logic-gated HCR with DDCs.  
a, Schematic representation of experiments performed in b–d and structure 
of cytotoxic used in this study. b, Cell viability (A-431) as a function of hairpin 
concentration using different drug loading (data presented as mean ± s.d., from 
n = 4 biological replicates; data fitted to a four-parameter logistic, IC50 values 
presented as mean ± 95% CI; NA, not applicable). c, Microscopy imaging of 
EGFR-triggered HCR performed with different combination of hairpins on A-431 
and quantification of fluorescein signal intensity and coefficient of variation 
across the cell membrane (n = 256, 421, 500 and 231 cells (1 replicate) from left 
to right; the coefficient of variation analysis is based on the same cells in each 
group). d, Microscopy imaging of EGFR-PTK7-triggered HCR performed with 
different combination of hairpins on A-431 and quantification of fluorescein 

signal intensity and coefficient of variation across the cell membrane (n = 363, 
304 and 404 cells from left to right; the coefficient of variation analysis is based 
on the same cells in each group; data collected from 4, 5, 7 and 3 technical 
replicates, respectively). e, Cellular uptake (internalization) of HCR product 
under different treatment and quantification fluorescein intensity arising from 
HCR uptake (n = 274, 180 and 291 cells from top to bottom of the graph; data 
collected from 6, 4 and 6 technical replicates, respectively). Scale bars 10 µm. 
Merged channel: overlay of Fl, Cy3 and Atto647N/Cell Mask Deep Red and 
Hoechst. For graphs, the annotated folds were calculated based on the median. 
Graph legend: red line, median; black dashed line, first and third quartiles. NS, 
not significant, annotated P values calculated using a Kruskal–Wallis test plus a 
post hoc two-tailed Dunn’s test.
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distribution as observed with H2M3 (Supplementary Fig. 9). Collectively, 
the data support a unique property to a hairpin functionalized with 
three MMAE conjugates. Comparing the physicochemical proper-
ties of the MMAE-cleavable-linker conjugate to Dxd-cleavable-linker 
conjugate, logP stands as the most notable difference: 2.14 for the 
MMAE-linker conjugate and 0.88 for the Dxd-linker conjugate (see 
Supplementary Information 5.6 for measurements). Given the logP 
value of the MMAE, it can be anticipated to partition favorably in the 
cellular membrane following the HCR initiated at the membrane. We 
speculate that this partitioning leads to an aggregation when three 
copies per hairpin are used, but not if a single copy per hairpin is used, 
and this aggregation facilitates, or even promotes, endocytosis. To 
characterize the delivery pathway, we next performed the experiment 
using H1 loaded with a fluorogenic cathepsin substrate (H1FQ) and H2M3 
(Extended Data Fig. 3 and Supplementary Fig. 10 for controls showing 
that EGFR dimerization via the 3WJ is insufficient to promote internali-
zation). We observed a gradual rise of florescence reaching a plateau at 
5 h, consistent with the material of the HCR being trafficked through 
the endosome–lysosome (Extended Data Fig. 3b). It is interesting to 
note the time-release effect that accounts for drug exposure for >5 h 
following a 30 min HCR treatment. Pretreatment with a cathepsin 
inhibitor (K-777, Extended Data Fig. 3c) or an inhibitor of endocytosis 
(dynasore, Extended Data Fig. 3d) further supports an endocytosis and 
lysosomal trafficking. Finally, analysis of colocalization with lysosomes 
shows a high colocalization (Supplementary Fig. 11) corroborating this 
pathway as the major axis of delivery of HCR product. Finally, we next 
asked whether a simple peptide unrelated to MMAE but with analogous 
physicochemical properties might also trigger delivery. We used the 
sequence VVIGPF with a reduced C terminal alcohol and N-methylate 
amides or an inactive MMAF analog modified at the C terminal to pre-
vent tubulin binding (Extended Data Fig. 4). HCR performed with both 
alternatives (H2PNM3 or H2IA3) showed the same cell-surface aggregation 
as with H2M3. Notably, treatment with H1M1 and H2PNM3 yielded a seven-
fold better IC50 (28 nM) compared with H1M1 and H2M1, despite the latter 
containing twice the MMAE payload, demonstrating that nontoxic 
bystander peptides can be used for payload delivery.

We next investigated the fidelity of the AND-gated delivery of 
cytotoxic across different biomarker combinations and drug combi-
nations (Fig. 5). Targeting EGFR dimer with the split initiator system 
(ZEGFR + ZEGFR), produced a dramatic cytotoxicity on A-431 (high expres-
sion level of EGFR), while no significant reduction of viability was 
observed otherwise (Fig. 5a). This result closely parallels the results 
obtained by microscopy quantification of fluorescence (Fig. 3c) but 
demonstrates that adding three copies of MMAE does not compromise 
the specificity of the HCR. The combined targeting of PTK7 and EGFR 
demonstrated an excellent selectivity for targeted cells (A-431: high 
biomarker expression; MDA-MB-468: moderate biomarker expression) 
over cell lines that are otherwise sensitive to the cytotoxic used (MMAE) 
but do not have significant expression levels of both biomarkers (HCT-
116, MCF-7, HeLa-GFP) (Fig. 5b). Similarly, the combination of PD-L1 
and EGFR showed a marked selectivity for the cell line that expresses 
both biomarkers (A-431) over others (U-251, MDA-MB-468, MCF-7) 

(Fig. 5c). In all the experiments, none of the controls using a nonbinding 
affibody or a scrambled sequence aptamer showed significant cyto-
toxicity compared to the target group. Finally, we asked whether the 
HCR could be used to deliver a combination of drugs (MMAE and Dxd, 
Fig. 5d) using H1D1 and H2M3. A dramatic difference in cytotoxicity was 
observed between the group using the appropriate biomarker binder 
versus control binder. Comparing this result to the same experiment 
using H1M1 and H2M3 (Fig. 5d versus Fig. 5b) supports an efficient delivery 
of the combination of cytotoxic agent. Thus, the benefits of H2M3 or 
H2PNM3 in terms of drug delivery can be harnessed to deliver a diversity 
of drugs through H1, irrespective of their lipophilicity.

In addition, we evaluated the selectivity of AND-gated 
HCR-mediated drug delivery by microscopy using a mixed cell popu-
lation (Fig. 5e). A-431 cells were cocultured with a HeLa cell line con-
stitutively expressing tubulin-GFP (HeLa-GFP) and treated to an HCR 
conditional on PTK7 and EGFR, that is targeting A-431, using hairpins 
functionalized with either a cytotoxic (MMAE) or fluorophores (Fl). 
After a 30-min treatment, the media was exchanged, which removes 
the material that has not taken part in biomarker-mediated HCR, and 
imaged (t = 0). Since the aptamer targeting PTK7 (ApPTK7-S1) bears a red 
fluorophore (Atto647N), cells can be differentiated by the expression 
of GFP (HeLa) or staining of PTK7 (A-431) in both treatment groups. In 
the case where the HCR was performed with H1Fl + H2Fl, merged images 
showed a yellow signal due to the overlap of green (fluorescein isothio-
cyanate, FITC) and red (PTK7 staining) fluorescence. Cells can also be 
identified by differential interference contrast (DIC), A-431 showing 
a stronger response than HeLa (marked with colored arrow in Fig. 5e, 
see Supplementary Fig. 12 for individual channels and merged fluores-
cence and DIC images). After 48 hours, cells were treated with a nuclear 
stain (Hoechst) and the Atto647N-labeled PTK7 aptamer to facilitate 
cell counting and discrimination. Visually, the three control groups 
(no treatment, hairpin–drug conjugates without HCR initiation and 
AND-triggered HCR without drug conjugates) displayed a comparable 
proliferation of HeLa cells and A-431 cells, respectively. Notably, the 
group subjected to AND-gated HCR with MMAE-functionalized hairpins 
exhibited a dramatically reduced number of A-431 cells. Quantification 
indicates that HeLa proliferated at comparable rate in the drug treated 
group than in the control groups (Fig. 5f). These findings suggest 
minimal bystander effects from neighboring cells that internalized 
MMAE, highlighting the selectivity of the AND-triggered HCR approach.

Collectively, the results demonstrate that it is possible to use an 
HCR to deliver payloads into cells from DNA–drug conjugates (DDCs) 
in analogy to ADCs. The result also points to special features present 
in H2M3 that strongly influence the extent of intracellular delivery.

Protein recruitment as output of AND-gated HCR
In addition to delivering cytotoxic drugs through direct functionaliza-
tion of the hairpins, we explored whether HCR could be used to recruit 
proteins48,49. We investigated the selective capture of antibodies on 
HCR products, given the bivalent interaction of monoclonal antibodies 
(mAbs) and the importance of appropriate ligand spacing to maximize 
bivalent engagement, and therefore full affinity48,49 (Fig. 6). Using a 

Fig. 5 | Cytotoxicity induced by logic-gated HCRs using DDCs in different cell 
lines with different biomarker combinations. a, A-431 viability in response to 
logic-gated HCR responding to two proximal EGFR using MMAE in DDC (n = 3 
biological replicates; data presented as mean ± s.d.). b, Viability of different cell 
lines presenting different combinations of biomarkers in response to logic-gated 
HCR (PTK7 and EGFR) using MMAE in DDC (n = 3, 6, 5, 3, 3 and 6 biological 
replicates from left to right; data presented as mean ± s.d.). c, Viability of 
different cell lines presenting different combination of biomarkers to logic-gated 
HCR (PD-L1 and EGFR) using MMAE in DDC (n = 3, 3, 3, 2, 2, 7, 3 and 3 biological 
replicates from left to right; data presented as mean ± s.d.). d, A-431 viably in 
response to logic-gated HCR delivering two different cytotoxic (n = 2, and 5 
biological replicates from left to right; Data presented as mean ± s.d.).  

e, Evaluation selective drug delivery in a mixed cell population (A-431: PTK7+ 
and EGFR+; HeLa-GFP: PTK7− and EGFR−) after 30 min of treatment followed by 
a change of media (t = 0) and 48 h posttreatment. f, Cell count plot as a function 
of time, color indicates the cell lines, numbers indicate the conditions as shown 
in e (n = 2 biological replicates). Scale bars: 100 µm, the overlayed images of 
blue (Hoechst 33342), green (GFP/FITC), yellow (Cy3) and red (Atto647N) are 
displayed. For DIC images, arrows show representative examples of a cell. 
Annotated P values calculated using ordinary one-way analysis of variance test 
with a post hoc two-tailed Tukey test. For the combination of tests, compare of 
each column corresponding to the vertical black lines with the column indicated 
by the vertical red arrows.
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commercial humanized anti-fluorescein mAb, we first evaluated its 
affinity for a monovalent DNA conjugate (H1Fl) and compared it to DNA 
duplexes with FITC at both ends (bivalent) with 21-nt spacing (~70 Å) 
and 42-nt spacing (~140 Å). These distances correspond to the two 
possible geometric arrangements in the HCR, assuming a long per-
sistence length and ignoring mesh-like arrangements. Notably, while 
the anti-FITC mAb showed very weak binding to H1Fl (surface plasmon 
resonance (SPR) could not be fitted to an accurate dissociation con-
stant, KD), transitioning from the monovalent to the bivalent interaction 
with the DNA duplexes displaying two FITC afforded good affinity, with 
a slight preference for the 42-nt spacing (24.4 nM versus 33.8 nM for 
21-nt spacing, Fig. 6a). Furthermore, the HCR product demonstrated 
an even greater gain in affinity (3.2 nM, a tenfold improvement relative 
to 21-nt bivalent duplex, KD are reported as the concentration of FITC). 
This enhanced affinity likely arises from an increased probability of 
rebinding following dissociation events at a given binding site (see 
Supplementary Fig. 13 for a full set of SPR measurements).

To test whether this dramatic gain of affinity could be used to 
capture the anti-FITC mAb at the cell surface, we measured the recruit-
ment of antibodies following an AND-gated HCR (EGFR and PTK7) 
with H1Fl + H2Fl (Fig. 6b). The experiment compared an anti-FITC mAb 

to an anti-GAL4 mAb using protein G-DyLight 405 conjugate for the 
detection of recruited mAbs (Fig. 6c). A bright DyLight 405 signal was 
observed exclusively on cells treated with all the components for the 
HCR and anti-FITC mAb. It is interesting to note that the fluorescence 
pattern across the cell surface (Fl-DNA channel and Atto647N-PTK7 
channel) is different in the group treated with anti-FITC mAb + pro-
tein G (second column) from the group treated with Anti-GAL4 (third 
column) or protein G alone (fifth column). This resembles the pattern 
obtained with HCR using H2M3 (Fig. 4c,d) and suggests that mAb and 
protein G treatment lead to a reorganization of the HCR product. Given 
that mAb can bind across branches of HCR polymers and protein G can 
bind multiple Fc fragments50, we speculate that such treatment led to a 
reorganization of the HCR network. This reorganization is also visible 
in the channels of the aptamer targeting PTK7.

Discussion
The results collectively demonstrate that DNA assembly at the cell 
surface enables the selective delivery of multiple payloads using cleav-
able linkers with a proven track record in ADCs. The use of split initia-
tors to trigger the HCR restricts the assembly exclusively to an AND 
logic-gated response, requiring the presence of a specific combination 

0

100

200

D
yL

ig
ht

 4
05

 in
te

ns
ity

 (a
.u

.)

<0.0001

<0.0001

a b

c

d  

PTK7

EGFR n

ApPTK7-S1 and ZEGFR-S2 
H1Fl and H2Fl and mAb 
Protein G-fluorophoreKD = 33.8 nM

ko� = 1.425 × 10–3 per s

21 nt 

KD = 24.4 nM 
ko� = 9.236 × 10–4 per s

42 nt

H1Fl

Protein G Protein G Protein G –

H1Fl and H2FlH1Fl and H2Fl H1Fl and H2Fl 

–

H1Fl and H2Fl 

Protein G

Fl 
(DNAs)

Cy3 
(EGFR)

Atto647N
(PTK7)

DyLight 405
(protein G)

1 2 3 4 5

Anti-FITC Anti-FITC Anti-GAL4 Anti-FITC

H1

H2

H1Fl H1Fl H1Fl H1Fl H1Fl H1Fl

–

mAb anti- FITC GAL4 –

Protein G + + –

–

+–

FITC
H2Fl H2Fl H2Fl H2Fl H2Fl

FITC

+

1 3 6542

KD = 3.4 nM
ko� = 2.015 × 10–4 per s

HCR

2500 0500 750
0

20

40

60

80

100

Time (s)
250 500 750

Time (s)

2500 0500 750

Time (s)
250 500 750

Time (s)

RU

0

20

40

60

80

100

RU

0

20

40

60

80

100

RU

0

20

40

60

80

100

RU

KD = ND
ko� = ND

H1

Fig. 6 | Logic-gated recruitment of mAb as HCR circuit output. a, SPR 
sensorgrams and binding constants of different fluorescein-labeled (FITC) 
DNA assemblies (measured by SPR immobilizing the anti-FITC at low loading 
on SPR surface. Concentrations tested: 400 nM to 12.5 nM, twofold dilutions). 
ND, not determined. b, Schematic representation of experiments performed to 
obtain images shown in c. c, Microscopy images of A-431 treated with following 
treatment with ZEGFR-S2 and ApPTK7-S1 and different combinations of hairpin, mAb 
and protein G. d, Integrated intensity of DyLight 405 (protein G) in shown in c 

(n = 195, 367, 320, 363, 351 and 290 cells from left to right; data were collected 
from 3, 5, 5, 5, 5 and 4 technical replicates, respectively). Scale bars 10 µm; each 
hairpin was conjugated with one fluorescein molecule at the 5′ terminus. Merged 
channel: overlay of DyLight 405, Fl, Cy3 and Atto647N/Cell Mask Deep Red. For 
graphs, the annotated folds were calculated based on the median. Graph legend: 
red line, median; black dashed line, first and third quartiles. Annotated P values 
calculated using a Kruskal–Wallis test plus a post hoc Dunn’s test. RU, response 
units in SPR sensorgram.
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of biomarkers51. The 3WJ forming the split initiator required a duplex 
stability achieved with six base pairs for high fidelity AND-gated 
response and this held true for three biomarker combinations, suggest-
ing it is general for tight binders as used in this study. Both miniproteins, 
such as affibodies, and aptamers can be used to achieve a combinatorial 
output for biomarker selectivity. We show that three copies of MMAE on 
a hairpin significantly enhance the internalization of the payload, and 
this strategy can be extended to codeliver multiple cytotoxic agents. 
There is considerable interest in ADCs with dual or multiple payloads to 
combat drug resistance or to achieve synergistic therapeutic effects52–58. 
The approach described here paves the way to a personalized strategy, 
where biomarker selection and payload combinations can be custom-
ized on demand. Several bispecific ADCs have been reported to enhance 
therapeutic performance relative to single-biomarker targeting and the 
first-in-class bispecific ADC (EGFR-HER3) is in clinical development59–61. 
The biomarkers used in the present study—EGFR, PD-L1 and PTK7—
are either established therapeutic targets or are undergoing clinical 
evaluation62–64. Beyond ADCs, antibody-dependent cellular cytotoxicity 
has emerged as a promising therapeutic avenue. Our demonstration 
that monoclonal antibodies can be selectively recruited following an 
HCR suggests that HCR could also be leveraged to engage effector cells 
for HCR-dependent, cell-mediated cytotoxicity65 or targeted mucin 
degradation66. This work complement alternative approaches using 
exclusively proteins for logic-gated response to multiple antigens67–69.

One limitation of the present study is the use of unmodified DNA 
to perform the HCR, as DNA exhibits suboptimal metabolic stabil-
ity in plasma (t1/2 2 h, see Supplementary Fig. 14 for gel analysis)70,71. 
A straightforward solution is to use mirror image DNA (l-DNA)72–75. 
Assembly of antibody fragments using l-DNA76 or PNA77 have also 
been reported. Another limitation is the use of an unmodified aptamer 
targeting PTK744,78. This cannot be resolved with l-DNA; however, 
various chemical modifications that enhance the metabolic stabil-
ity of aptamers have been demonstrated79,80 and are of interest for 
hybridization-driven assemblies41,81,82.

Currently, ADCs in clinical use exhibit heterogeneity in both the 
position and number of payloads, with their engineering constrained 
by protein expression. While advances in conjugation chemistry have 
mitigated this heterogeneity4,83–86, the present system relies exclusively 
on materials produced by synthetic chemistry. This approach enables 
precise control over purification, modification and conjugation. In 
addition, the high solubility of DNA ensures consistent physicochemi-
cal properties across different hairpin–payload combinations, facilitat-
ing a modular strategy to access different combinations on demand.

In parallel, advances in radioimmunodiagnosis and radioimmuno-
therapy are converging toward pretargeting strategies that combine 
the tumor-specific recognition of tagged affinity proteins with medici-
nal radioisotopes for high-contrast imaging and high therapeutic 
indices. Unlike conventional radioimmunoconjugates, pretargeted 
approaches separate the tumor-recognition step from the payload 
delivery step, thereby minimizing normal tissue exposure87. Recent 
studies have highlighted the potential of hybridization-driven delivery 
of radioisotopes87–89, but the use of logic-gated response or amplifi-
cation have not been harnessed thus far. Our findings suggest that 
additional specificity and imaging contrast could be achieved using 
the logic-gated HCR described here.

In this study, we demonstrated targeted drug delivery using DDCs 
actuated by HCR. By integrating affinity miniproteins (affibodies) and 
aptamers with DNA circuits, we engineered a biomarker-responsive 
system capable of amplifying therapeutic responses in a controlled 
and specific manner. The ability to achieve AND-gated HCR initiation, 
driven by the presence of two biomarkers or the density of a single 
biomarker, may advance selective drug delivery by benefiting from 
amplification and modularity of biomarker combination and combi-
natorial payload. We anticipate that the approach will contribute to the 
future of ADCs advances with smaller affinity proteins and high drug 

loading. Beyond drug delivery, we demonstrated the ability of HCR to 
recruit antibodies selectively, opening new avenues for immune-based 
therapies by integrating DNA nanotechnology with precision medicine.

Method
Synthesis of affibody–ssDNA or aptamer–ssDNA conjugates
To single-stranded DNA (ssDNA)-DBCO (1 equiv., in general 200 µM, 
50 μl) in 0.8 M triethylammonium acetate buffer (TEAA, original from 
1 M TEAA buffer, pH 7.0) were added affibody-N3 (1.5 equiv., in gen-
eral 1 mM in 15 μl of H2O) or aptamer-N3 (0.5 equiv.) and 20% CH3CN 
(v:v, compared to the final volume). The solution was then incubated 
overnight protected from light at 1,000 rpm shaking at 37 °C. Reac-
tion progress was monitored by matrix-assisted laser desorption/
ionization. On completion, the reaction mixture was directly purified 
by reverse-phase high-performance liquid chromatography (HPLC) 
(mobile phase A: 0.1 M TEAA in H2O; mobile phase B: 0.1 M TEAA in 
CH3CN), followed by lyophilization. The lyophilized product was then 
desalted using a Nap-5 column (GE-17-0853-01), lyophilized again to 
provide the desired ligand–ssDNA conjugate as a pure lyophilized 
powder. For more detailed information and characterization, see Sup-
plementary Information 9.2.

Synthesis of hairpin–drug conjugates
To hairpin-NH2 (500 µM in 0.5 M TEAA buffer, 1 equiv., roughly 120 μl) 
were added N,N-diisopropylethylamine (DIPEA) (2% v:v to TEAA buffer) 
and a linker bearing a NHS-activated acid and one or three copies of 
BCN (bicyclo[6.1.0]nonyne) (100 equiv. or 20 equiv., in dry dimethyl-
formamide, roughly 100 μl). The solution was then incubated for 4 h 
with 1,000 rpm shaking at 37 °C. Subsequently, an additional equiva-
lent amount of DIPEA and NHS-activated linker was added, and the 
reaction was allowed to continue shaking overnight under the same 
conditions. For hairpin-BCN, the excess organic reagents were removed 
by ethanol precipitation and the white precipitated was redissolved 
in 1 M TEAA, then purified by reverse-phase HPLC (mobile phase A: 
0.1 M TEAA in H2O; mobile phase B: 0.1 M TEAA in CH3CN) followed by 
lyophilization. For hairpin-BCN3, reaction mixtures were purified by 
HPLC directly. The obtained hairpin-BCN or hairpin-BCN3 (1 equiv.) 
was then conjugated with prodrug-N3 (2 equiv. or 5 equiv.) by a strain 
promoted azide–alkyne cycloaddition reaction according to the similar 
procedure as ligand–ssDNA conjugates to provide the hairpin–drug 
conjugate. For more detailed information and characterization, see 
Supplementary Information 9.3.

HCR on beads
To 10 μl of initiator-loaded streptavidin beads (for preparation details, 
see Supplementary Information 3.1) in HCR+ buffer (5 mM MgCl2, 10 mM 
Na2HPO4, 140 mM NaCl in Milli-Q water, pH 7.4, +1 mg ml−1 BSA) were 
added 30 μl of HCR buffer+, 5 μl of 5 μM H1Fl and 5 μl of 5 μM H2Fl (hair-
pins were individually annealed at 95 °C for 5 min, then placed on ice 
30 min before using). For the controls, HCR buffer+ was added to make 
the final reaction volume as 50 µl. The mixtures were incubated at 
37 °C, in the dark with shaking (600 rpm) for 30 min. The beads were 
then washed twice with HCR buffer by centrifugation, then resuspend 
in HCR buffer and analyzed by microscopy (confocal SP8 with a ×63 oil 
immersion objective).

Procedure for HCR on cells with full-length initiator
A-431 cells were preseeded to μ-slide 18-well ibidiTreat (ref. no. 81816) 
24 h before the experiments (10,000 per well). Hairpins (10 µM) in HCR 
buffer (5 mM MgCl2, 10 mM Na2HPO4, 140 mM NaCl in Milli-Q water, 
pH 7.4) were annealed (95 °C for 5 min, then placed on ice) 30 min 
before using. For HCR, cells were washed twice with HCR buffer++ (HCR 
buffer + 1 mg ml−1 BSA + 4.5 g l−1 glucose), then 25 nM ZEGFR-I in 100 μl of 
HCR buffer+ was added and incubated for 15 min (37 °C in a cell incuba-
tor). Subsequently, cells were washed twice with HCR buffer+. Then, 
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freshly prepared solutions of 500 nM H1Fl or 500 nM H1Fl and H2Fl in 
100 μl of HCR buffer+ were added to the corresponding wells, and the 
cells were placed into the incubator for an additional 30 min under 
37 °C. After HCR, cells were washed three times by HCR buffer before 
imaging (confocal SP8 with ×63 oil immersion objective). For more 
detailed information, see Supplementary Information 3.3.

Procedure for HCR with split systems
Cells were seeded to μ-slide 18-well ibidiTreat 24 h before the experi-
ments (for A-431 and MDA-MB-468 cells, 10,000 per well; for U-251 and 
MCF-7 cells, 5,000 per well; for HCT-116 cells, 2,500 per well). Hairpins 
(10 µM in HCR buffer) were annealed (95 °C for 5 min, then placed on ice) 
30 min before using. Cells were washed twice with HCR buffer++, then 
a solution of freshly prepared 50 nM Ligand1-S1 and 50 nM Ligand2-S2 
in 50 μl of HCR buffer++ were added and incubated for 15 min (37 °C in a 
cell incubator). Subsequently, a freshly prepared solution of 1,000 nM 
H1Fl and 1,000 nM H2Fl in 50 μl of HCR buffer++ was added (working 
concentration of H1 or H2: 500 nM), and the cells were placed into 
the incubator (37 °C) for an additional 30 min. After HCR, cells were 
washed three times by HCR buffer before imaging (confocal SP8 with 
a ×63 oil immersion objective). For more detailed information, see 
Supplementary Information 4.

Cytotoxicity assay of HCR with full-length initiator
A-431 cells were preseeded to a 96-well plate 24 h before the experi-
ments (5,000 per well). Hairpins (10 µM in HCR buffer) were annealed 
(95 °C for 5 min, then placed on ice) 30 min before using. 25 nM ZEGFR-I 
or ZTaq-I in 100 μl of cell culture medium (FluoroBrite DMEM + 2 mM 
L-glutamine + 10% FCS + 1% penicillin–streptomycin) was added to the 
corresponding well and incubated for 15 min at 37 °C in a cell incuba-
tor. Then cells were washed twice with cell culture medium, before 
adding 100 μl of freshly prepared hairpin solution (H1 + H2) at the 
designed concentration gradients in cell culture medium (starting 
from 1,000 nM of each hairpin, in general, serial twofold dilution) and 
incubated for an additional 30 min at 37 °C in a cell incubator. After 
HCR, cells were washed 3 times with cell culture medium, then cul-
tured for additional 48 h and cell viability was quantified using CCK-8 
(Abbkine, ref. KTA1020-1000TEST). For more detailed information, 
see Supplementary Information 5.2.

Cellular uptake (internalization) study of HCR product
The HCR (concentration of each hairpin: 1,000 nM; A-431 cells were 
preseeded to μ-slide 18-well ibidiTreat) was conducted using the same 
procedure as above. After the 30 min of HCR and removal of excess 
hairpins, the cells were treated with a cocktail containing Hoechst, Ben-
zonase (Merck, cat. no. 70746-4) and Cell Mask Deep Red (Invitrogen, 
cat. no. C10046) in 100 μl of HCR buffer at 37 °C for 15 min, then fixed 
with 4% PFA before imaging (SP8, ×63 oil immersion objective). For 
more detailed information and data with longer cellular uptake time 
after HCR, see Supplementary Information 5.5. For detailed informa-
tion regarding the protocols for the trafficking of the HCR product 
via fluorophore-quencher probe, see Supplementary Information 
5.8 and 5.9.

Cytotoxicity study of HCR with split systems
Cells were seeded to 96-well plate 24 h before the experiments (for 
A-431 cells, 5,000 per well; for MDA-MB-468 cells 7,500 per well; for 
U-251, MCF-7 and HeLa-GFP cells, 2,500 per well; for HCT-116 cells, 
1,250 per well). Hairpins (10 µM in HCR buffer) were annealed (95 °C 
for 5 min, then placed on ice) 30 min before using. A solution of freshly 
prepared Ligand1-S1 and Ligand2-S2 in (50 nM) in 50 μl of cell culture 
medium was added to the corresponding wells and incubated for 15 min 
at 37 °C in a cell incubator. Then, 50 μl of hairpin solution (2,000 nM 
H1 + 2,000 nM H2, or others, depending on the specific experimental 
group design) in cell culture medium were added to the corresponding 

wells and incubated for 30 min at 37 °C in a cell incubator. After HCR, 
cells were washed 3 times with cell culture medium, then cultured for 
an additional 48 h. Cell viability was quantified using CCK-8. For more 
detailed information, see Supplementary Information 6.1.

Procedure for mAb treatment
The cells were pretreated with split-HCR or H1Fl with ZEGFR-S1 and 
ApPTK7-S2 according to ‘Procedure for HCR with split systems’. After 
HCR or H1Fl treatment for 30 min, cells were washed three times with 
cell culture medium. Subsequently, 100 μl of different protein solutions 
(25 nM Antibody and 100 nM Protein G-DyLight 405, 25 nM Anti-FITC 
or 100 nM Protein G-DyLight 405, depending on the design) in cell 
culture medium were added to the corresponding wells and incubated 
for an extra 30 min at 37 °C in a cell incubator. Finally, cells were washed 
three times with HCR buffer before imaging (nonfocal SP8 with a ×63 
oil immersion objective). For more detailed information, see Supple-
mentary Information 7.2.

Image analysis
All image analysis and quantification were performed through custom 
scripts in ImageJ stardist and ilastik and deposited on Zenodo.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41587-026-03044-0.
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Extended Data Fig. 1 | Validation and quantification of HCR. a, Schematic 
diagram and microscopy images of HCR on beads (fluorescein channel and bright 
field merged channel, scale bar 20 µm); Graph: integrated fluorescein intensity 
across each bead surface after signal propagation (HCR) or under no propagation 
(H1-only) conditions; Median-fold between conditions: 103x (nHCR = 55 beads; 
nH1=50 beads, from two independent experimental replicates). The P value was 
calculated using a Mann-Whitney U-test. b, Agarose gel electrophoresis analysis 
of HCR initiated by affibody-DNA conjugates (ladder in lane 1, 50bp ladder ref: 
13525 from Norgen Biotek). c, Schematic representation and microscopy imaging 

on A-431 cells after signal propagation (HCR) or under no propagation  
(H1-only) conditions. Green channel images the fluorescein in DNA; yellow 
channel images the Cy3 conjugated to ZEGFR-I. Scale bar 10 µm; Graph: integrated 
fluorescein intensity across each cell-membrane. Median fold between 
conditions: 132x (nHCR = 477 cells; nH1= 362 cells, from 5 and 4 technical  
replicates respectively). Graph legend: red line (median); black dashed line  
(1st and 3rd quartile). The P value was calculated using a Mann-Whitney U-test.  
See Supplementary Fig. 1 for explicit structures of synthetic molecules.
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signal on A-431 cells of either ZEGFR-S1 and ZEGFR-S2 or HCR at increasing 
concentration of cetuximab. b, Quantification of split initiator and HCR signal 
over increasing concentrations of Cetuximab fitted to a four-parameters logistic. 
Vertical bars represent the standard deviation of the mean response  
(n = 3 biological replicates). c, Single cell fluorescence correlation plot between 
the split initiator density and HCR output at three different concentrations of 

cetuximab. The higher slope observed in the absence of cetuximab (higher 
EGFR density) than at intermediate of high cetuximab concentration reflects 
a higher probability of HCR initiation with higher receptor density (all HCR 
performed at the same hairpin concentration). For all panels, in yellow Cy3 signal 
corresponding to ZEGFR-S1 and ZEGFR-S2. In green, FITC signal corresponding to 
H1Fl and H2Fl (HCR). In cyan, nuclei stain with Hoechst. Scale bar = 10 μm. See 
Supporting Information section 4.1. for a detailed protocol.
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Extended Data Fig. 3 | Kinetics of linker cleavage and trafficking of HCR 
product. a, Schematic representation of the cellular uptake investigation. In 
brief, by functionalizing H2 with a fluorophore-quencher (ATTO 647N-Iowa black 
RQ) system connected by a cathepsin-cleavable linker, we designed a fluorogenic 
probe (H1FQ) responsive to the activity of cathepsin B. H1FQ was implemented 
in the circuitry, and the delivery route was investigated either by observing an 
increase in the fluorescence signal overtime, or its decrease upon treatment with 
dynamin or cathepsin inhibitors. b, On the left, microscopy images of A-431 cells 
treated with ZEGFR-S1, ZEGFR-S2, H1FQ and H2M3 at 0.5, 2, 4, and 6 h. On the right, a 
graph showing the relative fluorescence increase normalized by the intensity at 
the first timepoint (30 min) throughout 10 h of imaging. Vertical bars represent 
the standard deviation of the mean fluorescent signal (n = 3 biological replicates). 
c, On the left, microscopy images of A-431 cells treated with ZEGFR-S1, ZEGFR-S2, H1FQ 

and H2M3 after one hour of incubation with K-777. The images show a difference 
in the fluorogenic probe activation between treated and untreated cells at 0.5, 2, 
4, and 6 h. On the right a graph showing the decrease in fluorescence signal upon 
cathepsin inhibition achieved by increasing the doses of K-777 (4 h timepoint). 
Vertical bars represent the standard deviation of the mean fluorescent signal 
(n = 3 biological replicates). P values were calculated using ordinary one-way 
ANOVA d. On the left, microscopy images of A-431 cells treated with ZEGFR-S1, 
ZEGFR-S2, H1FQ, H2M3, and Dynasore at 0.5, 1.5, 2, and 2.5 h. On the right a graph 
showing the decrease in fluorescence signal upon dynamin inhibition at different 
timepoints after the HCR. Vertical bars represent the standard deviation of the 
mean fluorescent signal (n = 3 biological replicates). For all images, red is used to 
denote ATTO 647N signal (fluorogenic cathepsin probe), cyan for nuclei staining 
with Hoechst; For all images: Scale bar 10 µm.
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Extended Data Fig. 4 | Alternative hairpin functionalization with 
non-cytotoxic peptide for efficient cellular delivery. a, Schematic 
representation of experiments performed in panels b-c and structure of caged 
compounds used in this study. b, Cell viability (A-431) as a function of hairpin 
concentration using different drug loading. Data presented as mean ± s.d., from 
n = 3 biological replicates. Data fitted to a four-parameters logistic, IC50 values 
presented as mean ± 95% CI. (n.a.: not applicable). c, Microscopy imaging of 
EGFR-triggered HCR performed with different combination of hairpins on A-431 
and quantification of fluorescein signal intensity and coefficient of variation 

across the cell membrane (n = 233, 243, 89, 229 and 267 cells from left to right; 
the coefficient of variation analysis is based on the same cells in each group). The 
data was collected from 5, 5, 3, 6 and 6 technical replicates from left to right. For 
all images: Scale bar 10 µm; Fl: fluorescein channel; Merged channel: Overlay of Fl, 
Cy3 and Atto647N/Cell Mask Deep Red and Hoechst. For Graphs: The annotated 
folds were calculated based on the median; Graph legend-red line (median), 
black dashed line (1st and 3rd quartile); annotated P values calculated using a 
Kruskal-Wallis test plus a post-hoc two-tailed Dunn’s test.
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