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In this study, we systematically investigated the interactions between Cu2+ and various biomolecules, 
including double-stranded DNA, Y-shaped DNA nanospheres, the double strand of the hybridization 
chain reaction (HCR), the network structure of cross-linked HCR (cHCR), and small molecules (PPi and 
His), using Cu2+ as an illustrative example. Our research demonstrated that the coordination between 
Cu2+ and these biomolecules not only is suitable for modulating luminescent material signals through 
complexation reactions with Cu2+ but also enhances signal intensities in materials based on chemical 
reactions by increasing spatial site resistance and local concentration. Building upon these findings, we 
harnessed the potential for signal amplification in self-assembled DNA nanospheres and the selective 
complexation modulation of calcein in conjunction with the aptamer targeting mucin 1 as a recognition 
probe. We applied this approach to the analysis of circulating tumor cells, with the lung cancer cell line 
A549 serving as a representative model. Our assay, utilizing both a fluorometer and a handheld detector, 
achieved impressive detection limits of ag/ml and single-cell levels for mucin 1 and A549 cells, and this 
approach was successfully validated using 46 clinical samples, yielding 100% specificity and 86.5% 
sensitivity. Consequently, our strategy has paved the way for more portable and precise disease diagnosis.

Introduction

Metal ions are prevalent in the biological world, playing a cru-
cial role in applications ranging from bioanalysis to medical 
treatments. It is now understood that metal cations such as 
Cu2+, Ag+, Hg2+, Cd2+, Pd2+, and others exhibit strong coor-
dination with functional groups like thiol, carboxylate, and 
amine groups of cysteine (Cys) [1,2], the imidazole group of 
histidine (His) [3,4], as well as the phosphate of pyrophosphate 
(PPi) [5]. �ese interactions have led to the development of a 
wide array of sensing platforms. Additionally, metal ions can 
interact with biomolecules, such as proteins and nucleic acids, 
holding important promise in the biomedical �eld [6]. Notably, 
DNA stands out due to its programmability, remarkable struc-
tural complexity, adjustability in sequence length, and ease of 
modi�cation [7]. Over the years, DNA templates, with their 
speci�c coordination interactions with metal ions, have been 
used to synthesize sub-nanometer-sized DNA-templated metal 
nanoclusters such as Au NCs and Ag NCs [8,9]. Moreover, 
base pairs mediated by metal ions, especially T-Hg2+-T and 
C-Ag+-C, have been harnessed as recognition components 
[10,11]. Cytosine-rich I-motif structures and guanine-rich 

G-quadruplex structures have been utilized in disease detec-
tion and cancer treatment [12]. However, metal nanocluster 
synthesis can be challenging [13], Ag+ requires protection from 
light, and introducing Hg2+ could potentially pose an environ-
mental pollution risk. Additionally, the stability and con�gura-
tion of G-quadruplex structures are intricately linked to 
the presence of K+ and Na+ in the solution, thereby imposing 
constraints on their use in bioanalysis [14,15]. DNA-templated 
nanomaterials containing copper metal ions o�er advantages 
due to their a�ordability, non-toxicity, and abundance of cop-
per elements, although they face issues of poor photostability 
and weak emission intensities [16,17]. �is low �uorescence 
stability is caused by the oxidation of copper due to reactions 
with dissolved oxygen and by radicals generated during the 
oxidation process [18]. Interestingly, previous research has 
shown that the introduction of high concentrations of his-
tone and fructose can enhance �uorescence stability [19,20]. 
However, limited research has explored the interplay between 
Cu2+ and DNA and how this knowledge can be harnessed for 
bioanalysis, thus neglecting the issue of stability.

Liquid biopsy of tumors presents an appealing alternative 
to invasive tissue biopsy, o�ering direct and e�cient detection 
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through non-invasive sampling, ultimately facilitating early 
diagnosis and dynamic monitoring [21]. Circulating tumor cells 
(CTCs) have emerged as a promising biomarker for liquid 
tumor biopsies, as they carry valuable molecular and biological 
information regarding primary tumors and metastases [22–24]. 
Given the rarity of CTCs in peripheral blood, it becomes crucial 
to develop straightforward and e�cient preprocessing methods 
along with highly sensitive quanti�cation techniques. Several 
methods exist for CTCs separation, including immunomag-
netic beads, ultra�ne membrane �ltration, and density gradient 
centrifugation, as well as innovative approaches like micro�uid-
ics [25–28]. In contrast to these complex methods, our team 
has developed a cost-e�ective, swi� method for CTCs extrac-
tion [29]. �is approach demands just 1 centrifugal machine, 
2 reagents, and a 3-step centrifugation process, obtaining CTCs 
in under 45 min. To achieve trace-level cellular detection, a vari-
ety of nucleic acid and nanomaterial ampli�cation strategies were 
employed, coupled with advanced instrumentation [30–32]. 
However, many of these methods still entail labor-intensive 
and expensive pre-treatment steps, further complicated by 
non-uniform assays, rendering convenient CTCs analysis a 
challenging endeavor. �e T-Hg2+-T, C-Ag+-C hairpin structure-
triggered cascade enzyme-free ampli�cation has enabled homo-
geneous tumor diagnosis [11,33]. However, it is essential to 
address the light sensitivity of Ag+ and the health hazards asso-
ciated with Hg2+. In recent years, advancements in DNA nano-
sphere structures have opened up new possibilities. These 
structures are obtained by predictable and programmable self-
assembly of DNA molecules, which are multivalent and aniso-
tropic, allowing the attachment of multiple signaling molecules 
and facilitating rapid signal ampli�cation [34,35]. Besides, there 
have been no reports of cytotoxicity of DNA nanospheres on 
living cells. It should be noted that the nucleic acid sequences 
need to be annealed; therefore, the operation is not performed 
at room temperature. Leveraging the forces between Cu2+ and 
DNA, combined with enzyme-free nanospheres and aptamers, 
could potentially pave the way for an entirely new, simple, and 
environmentally friendly approach to CTCs analysis.

Herein, we examined the interactions between Cu2+ and 
DNA by exploiting the coordination of calcein and Cu2+, as 
well as the chemical reactions between cadmium telluride 
quantum dots (CdTe QDs) and Cu2+. We separately employed 
double-stranded DNA (dsDNA), DNA nanospheres, and bio-
molecules (PPi and His) to form complexes with Cu2+, dem-
onstrating their modulation of calcein. Similar observations 
were made with QDs, with the exception that QDs remained 
una�ected by the Cu2+ and DNA complexes. To expand our 
applications, we integrated streptavidin (SA) with hybridiza-
tion chain reaction (HCR) ampli�cation to create cross-linked 
HCR (cHCR), which led to the regulation of QDs’ �uorescence 
signals by enhancing spatial site resistance and local concentra-
tion. With these discoveries, we targeted mucin 1 as a marker 
for homogeneous and portable CTCs detection in lung cancer 
blood samples within a 3-h timeframe. We achieved this by 
utilizing self-assembling DNA machines and selective com-
plexation modulation of calcein. Our approach enabled detec-
tion limits for both mucin 1 and A549 cells at the ag/ml level 
and single-cell level, as veri�ed by both a �uorometer and a 
handheld detector developed in-house. Simultaneously, we 
ensured the accurate detection of 46 clinical blood samples. As 
a result, we present a novel approach for utilizing DNA nano-
materials that simpli�es their application in bioanalysis.

Results

Quantitative principles of CTCs
�e analysis of CTCs involved 2 primary components: e�cient 
separation and homogeneous detection. Given the extremely 
low concentrations of CTCs in human blood, the primary 
emphasis was on optimizing CTCs separation. As depicted in 
Fig. 1A, a 3-step centrifugation method employing 2 separation 
solutions was employed. Initially, an equal volume of phosphate 
bu�er solution (PBS) was added to the blood to reduce blood 
viscosity. Lymphocyte separation solution was introduced, fol-
lowed by centrifugation. �e second layer containing lympho-
cytes and the third layer with separation �uid were collected, 
mixed with an equal volume of PBS, and subjected to another 
round of centrifugation. �e resulting precipitate was retained, 
and erythrocyte lysis solution was added to lyse any remaining 
erythrocytes. A�er the third centrifugation, the sediments in 
the tube represented the desired CTCs. To preserve the cells, 
10% fetal bovine serum was applied.

Homogeneous portable quanti�cation of CTCs involved the 
utilization of mucin 1, a highly expressed marker on the tumor 
cell surface, along with its aptamer probe (Kd = 0.135 nM) [36], 
self-assembled DNA machinery, selective Cu2+ complexation 
recognition, and handheld instrumentation for detection (Fig. 
1B). To initiate this process, single-stranded DNA (ssDNA) 
Y1, Y2, and Y3, each bearing palindromic sequences (depicted 
as black lines), self-assembled to form DNA nanospheres through 
base complementary pairing. Notably, the palindromic sequence 
of Y1 bonded with itself, while Y2 and Y3 bonded with them-
selves and with each other. �e longer palindromic sequence 
in Y1, compared to Y2 and Y3, provided more space for the 
subsequent binding of the aptamer to Y1 [37]. Cu2+ coordi-
nated with the N7 and N1 atoms of purines (A and G), the O 
atom of the ring, the N3 atoms of pyrimidines (T and C), and 
the phosphorus oxygen atom of DNA to form inner-sphere 
complexes [38,39]. In the absence of the target mucin 1 or 
CTCs, the aptamer paired with Y1, disrupting the conforma-
tion of the DNA nanospheres and releasing Y2 and Y3. �is 
resulted in an increase in free Cu2+, which, in turn, quenched 
the �uorescent signal of calcein. When mucin 1 or CTCs were 
present, they were specifically recognized and complexed 
with the aptamer, thereby retaining most of the DNA nano-
spheres. Cu2+ bound with the DNA nanosphere to create a 
DNA nanosphere–Cu2+ complex. In this context, the �uores-
cence of calcein remained unquenched because the interaction 
between Cu2+ and DNA was comparable to that of calcein, 
demonstrating selective complex recognition of Cu2+. Conse-
quently, based on the marked di�erence in �uorescence signals 
between free Cu2+ and the DNA nanosphere–Cu2+ complex, 
high-sensitivity homogeneous analysis of mucin 1 and CTCs 
was achieved.

In terms of signal output methods, we employed both a �uo-
rometer and a self-developed portable handheld �uorescence 
spectrometer, both of which yielded quantitative results. Notably, 
the handheld instrument enabled the simple collection of digital 
�uorescence intensity values for the analysis of mucin 1 or CTCs 
by transferring the reaction solution to the circular area of the 
test strip (Scheme S1) and subsequently measuring �uorescence 
at 510 nm. �is approach was straightforward and e�cient, 
enabling the rapid portable quanti�cation of CTCs within a span 
of 3 h. Furthermore, given the non-dependent nature of Cu2+

binding with DNA, this method could �nd broader applications 
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in disease diagnosis by altering the DNA self-assembly machin-
ery’s sequence design.

Cu2+ and DNA coordination for modulating signals  
of luminescent materials
As illustrated in Figs. 2 and 3, we explored the modulation of 
luminescent materials (calcein and CdTe QDs) through the 
coordination of Cu2+ with DNA and biomolecules (PPi and 
His). Calcein, having similar coordination with Cu2+, and 
QDs, which undergo a chemical reaction, were the focal points 
of our investigation (Fig. 2A). �e characteristic UV absorption 
peaks of calcein were observed at 480 nm (Fig. 3A). In the pres-
ence of Cu2+, the signal of calcein increased as the concentration 
of dsDNA rose (Fig. 3B). Similar trends were noted for PPi and 
His (Fig. 3C and D). �is indicated that a�er Cu2+ complexed 
with dsDNA and PPi/His, the remaining Cu2+ quenched the 
�uorescence of calcein, while the Cu2+ used for coordination 
hardly participated (Fig. 2G). Consequently, calcein modulation 
could be accomplished by adjusting the quantity of the coor-
dination complex. Interestingly, dsDNA-Cu2+ exhibited better 
sensitivity in regulating calcein compared to PPi (5 mM) and 
His (100 μM). A�erwards, we transitioned to using QDs as 
signaling molecules and characterized it (Fig. 3E). QDs exhib-
ited agglomeration due to the cation exchange reaction (CER) 
with Cu2+ (Fig. 3F). Notably, dsDNA-Cu2+ was not e�ective in 
modulating QDs (Fig. 3G), but PPi-Cu2+-PPi and His-Cu2+-
His showed e�ectiveness (Fig. 3H and I). We then replaced 

dsDNA with DNA nanospheres, which could accommodate 
larger amounts of Cu2+ (Fig. 2B). Here, even a small amount 
of nanospheres had a substantial impact on the calcein signal, 
while QDs remained unresponsive (Fig. 3J). �is phenomenon 
suggested that the interaction between Cu2+ and DNA was 
weaker than the ionic bond and the coordination force between 
Cu2+ and small molecules. We then attempted to create 4-armed 
DNA nanostructures using SA and 4 biotin hairpin DNA 
probes to form a hydrogel network with high spatial site resis-
tance for signaling modulation through cHCR (Fig. 2F). 
Initially, we tested the interference of Cu2+ from SA and biotin. 
As depicted in Fig. 3K and L, both �uorescence signal values 
increased a�er the addition of SA, indicating SA’s substantial 
adsorption of Cu2+, while biotin had minimal interference. 
We carefully adjusted the amounts of SA and Cu2+ to elimi-
nate interference and compared normal HCR with cHCR. As 
anticipated, only the successful execution of cHCR, forming 
a reticulated polymer, could modulate calcein and QDs (Fig. 
3P). Neither normal HCR nor the addition of SA or biotin in 
isolation a�ected QDs (Figs. 3M to O and 2C to E). Based on 
these experimental �ndings, we concluded that the coordina-
tion between DNA and Cu2+ could be employed to modulate 
luminescent materials through coordination. It could also be 
applied to modulate luminescent materials through chemical 
reactions by increasing spatial site resistance and local con-
centration. �is opens up new possibilities for applying Cu2+ 
with DNA nanomaterials.

Fig. 1. Schematic diagram of extraction and detection for CTCs. (A) Isolation and enrichment of CTCs from whole blood samples. (B) Rapid homogeneous detection of CTCs 
based on self-assembled DNA machine and selective complexation recognition.
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Fig. 2. Schematic diagram of Cu2+ and DNA or small-molecule coordination applied to signal regulation of luminescent materials. (A) dsDNA + Cu2+. (B) DNA nanosphere + 
Cu2+. (C) HCR + Cu2+. (D) Biotin-HCR + Cu2+. (E) HCR + SA + Cu2+. (F) cHCR + Cu2+. (G) Small molecule (PPi/histidine) + Cu2+.
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Based on the modulation achieved with DNA nanospheres 
combined with Cu2+ for calcein, we harnessed this capability 
for the analysis of CTCs, leveraging the simplicity and self-
assembly properties of DNA nanospheres. �e DNA nanoma-
chines, comprising Y-monomers as components, involved 3 
ssDNA sequences (Y1, Y2, and Y3), each possessing palin-
dromic sequences (represented by black sections) that hybrid-
ized with one another to form Y-DNAs (Fig. 4A). �is, in turn, 
led to the formation of DNA nanospheres. To investigate the 
size and morphology of the DNA nanospheres under di�erent 
conditions, we employed atomic force microscopy (AFM), 
scanning electron microscopy (SEM), and transmission elec-
tron microscopy (TEM). As depicted in Fig. 4B to E, the AFM 
images revealed that Y-DNA monomers without palindromic 

sequences were small and uniformly distributed. In contrast, 
the DNA nanospheres exhibited a clear spherical structure. 
Upon the addition of the aptamer, the structure of the DNA 
nanospheres was disrupted. With further introduction of mucin 
1, the aptamer interacted with the protein, resulting in the reten-
tion of the spherical structure. Similar observations were made 
for SEM (Fig. 4F to I) and TEM (Fig. 4J to M). To corroborate 
these �ndings, dynamic light scattering (DLS) and zeta poten-
tial measurements were conducted (Fig. 4N and O). �ese 
measurements indicated that the average diameters of Y-DNA, 
DNA nanospheres, DNA nanospheres + aptamer, and DNA 
nanospheres + aptamer + mucin 1 were 3.20 nm, 273.10 nm, 
48.37 nm, and 145.10 nm, respectively. Conversely, the intro-
duction of Cu2+ into the DNA nanospheres led to a increase 

Fig. 3. Cu2+ and DNA coordination for modulating signals of luminescent materials. (A) UV–vis absorption of calcein. The influence of (B) dsDNA (AT/GC) + Cu2+, (C) PPi + 
Cu2+, and (D) His + Cu2+ on the fluorescence of calcein. TEM images of (E) CdTe QDs, and (F) CdTe QDs + Cu2+. The influence of (G) dsDNA (AT/GC) + Cu2+, (H) PPi + Cu2+, 
and (I) His + Cu2+ on the fluorescence of CdTe QDs. (J) The influence of DNA nanospheres + Cu2+ on the fluorescence of calcein and CdTe QDs. (K) The influence of SA/biotin + 
Cu2+ on the fluorescence signals of calcein and CdTe QDs. (L) The influence of different concentrations of SA reacting with Cu2+ on the fluorescence of calcein and CdTe QDs. 
The influence of (M) HCR + Cu2+, (N) biotin-HCR + Cu2+, (O) SA + HCR + Cu2+, and (P) cHCR + Cu2+ on the fluorescence signals of calcein and CdTe QDs. The error bars 
were derived from 3 repeated measurements.
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in diameter to 2,885.42 nm, accompanied by an elevation in 
zeta potential, indicating the formation of Cu2+–DNA nano-
sphere complexes. Additionally, experiments involving agarose 
gel electrophoresis demonstrated the reaction process of the 
aptamer and mucin 1 with DNA nanospheres (Fig. 4P), validat-
ing the system’s suitability for mucin 1 analysis. Figure 4Q 
illustrated the electrophoretic outcomes of cHCR, which suc-
cessfully generated high-molecular-weight products when SA 
and initiating chain P2 were introduced (lane 10), thus allow-
ing the modulation of nanomaterials exhibiting stronger force 
interaction with Cu2+.

Analytical performance of mucin 1
A�er optimizing the experimental conditions (Fig. S2), we 
evaluated the performance of the mucin 1 analysis system. 
Within the concentration range of 10 ag/ml to 10 fg/ml, there 
was a strong linear relationship between the �uorescence signal 

of calcein and the logarithm of the concentration (Fig. S3A to 
C). �e limit of detection (LOD) was determined to be 3 ag/ml 
at a signal-to-noise ratio of 3:1 [40]. In comparison to previously 
published research (Table S2), our assay demonstrated a lower 
detection limit primarily attributed to the precise design of the 
DNA sequences for self-assembling nanospheres and the bind-
ing of DNA nanosphere structures to Cu2+. Further more, the 
enzyme-free, homogeneous, and straightforward nature of the 
procedure allowed its completion within 3 h.

To facilitate fast and accurate measurements, we developed 
an independently designed handheld �uorometer (Fig. S3D). It 
operated on the same principles as a conventional �uorometer 
but utilized a light-emitting diode as the light source. Measurement 
of calcein �uorescence was accomplished by adjusting the light 
source, and the �uorescence value was rapidly read at a speci�c 
point within the emission wavelength range, such as 510 nm. 
Considering the calcein loading capacity and storage di�culty 

Fig. 4. Feasibility of DNA nanospheres for CTCs analysis. (A) Assembly process of Y-DNA. AFM (B to E), SEM (F to I), and TEM (J to M) images of Y-DNA, DNA nanosphere, DNA 
nanosphere + aptamer, and DNA nanosphere + aptamer + mucin 1, respectively. DLS (N) and Zeta potential (O) of Y-DNA, DNA nanosphere, DNA nanosphere + aptamer, 
DNA nanosphere + aptamer + mucin 1, and DNA nanosphere + Cu2+. Agarose gel electrophoresis of DNA nanospheres (P) and cHCR (Q) under different conditions. The error 
bars were derived from 3 repeated measurements.
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of the paper, Whatman chromatography paper with no back-
ground �uorescence was selected for testing. �e completed 
reaction was detected by placing the calcein-containing solution 
in the corresponding designated circular area on the test strip, 
demonstrating good linearity over the mucin 1 concentration 
range of 10 ag/ml to 10 fg/ml (Fig. S3E and F), with an LOD of 
4 ag/ml. Portable testing was achieved without sacri�cing sensi-
tivity when compared to larger �uorometers.

�e speci�city of our approach was assessed by the detection 
of non-target proteins. �e results indicated that even at higher 
concentrations (10 fg/ml), potentially interfering proteins had 
a minimal e�ect (in comparison to the blank) in the detection 
system, including homologous proteins to mucin 1 (Fig. S3G). 
�is �nding provided the foothold for the subsequent detection 
of clinical CTCs.

Analytical performance of A549 cells
Building upon promising previous experimental results, we 
extended our strategy to the cellular level. Given the overex-
pression of mucin 1 in lung cancer CTCs, we utilized A549 cells 

as a model to measure mucin 1 on their surface, thus indirectly 
assessing the cellular concentration. �e �uorescence signals 
exhibited a strong linear relationship with the logarithm of the 
concentration within the range of 1 to 103 cells/ml (Fig. 5A to C), 
with the LOD calculated to be 1 cell/ml based on a triple signal-
to-noise ratio. Achieving detection at the single-cell level was 
easily realized, surpassing the capabilities of previous CTCs 
assays (Table S3). Similarly, standard curves for cell concentra-
tion were established using a handheld �uorometer, enabling 
swi� readings of �uorescence values following the completion 
of the reaction. �e linear range spanned 1 to 100 cells/ml, with 
an LOD of 2 cells/ml, demonstrating comparable performance 
to that of the large �uorometer. Moreover, an approximate 
quanti�cation of cell concentration was feasible using the linear 
equation (Fig. 5E and F). To evaluate the speci�city of the 
method, we examined various types of cells that are not express-
ing mucin 1 (Fig. 5G). �e signal of negative cells at 100 cells/ml 
was comparable to that of the blank solution. Conversely, the 
presence of A549 cells elevated the �uorescence values, sub-
stantiating the method’s high speci�city.

Fig. 5. Analytical performance and specificity of A549 cells. (A) Fluorescence spectrum of calcein with different concentrations of A549 cells. (B and C) Fluorescence values 
and linear fitting of A549 cells by fluorometer. (D) Dimensions of handheld fluorometer and test strips. (E and F) Fluorescence values and linear fitting of A549 cells by a 
handheld fluorometer. (G) Selectivity analysis of various types of cells. The error bars were calculated from 3 repetitions of the experiment.
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Summarizing the above analytical performance, our strategy 
entailed a straightforward enrichment step and an accurate, 
sensitive dual signal output mode. �e 3-step centrifugation 
pre-processing step ensured thorough and gentle enrichment 
of CTCs. Additionally, the economic production and long-term 
preservation of testing strips, obtained by printing and cutting 
from chromatography paper, added to the simplicity of the 
operation. Furthermore, the development of a self-designed 
handheld �uorometer facilitated rapid �eld inspection. �us, 
our strategy holds promise for the examination of clinical 
samples for CTCs.

Clinical application of the method
We assessed the clinical feasibility and accuracy of our strategy 
by applying it to 46 clinical whole blood samples from lung 
cancer patients (n = 37) and healthy volunteers (n = 9) for the 
detection of CTCs using �uorometry. �e process of analyzing 
clinical samples was depicted in Fig. 6A. Initially, CTCs were 
isolated from whole blood according to the sample pre-treat-
ment procedure described earlier (Fig. 1A). Subsequently, the 
CTCs were co-incubated with the aptamer to facilitate ample 
binding. �e solution was centrifuged in a 50-kDa ultra�ltra-
tion tube to remove interference from free mucin 1, red and 
white blood cells. �e solution in the outer tube was collected 
to obtain the remaining unbound aptamer. It was then sequen-
tially subjected to reaction with DNA nanospheres and Cu2+, 
and �nally, the assay was completed using the �uorometer. As 
presented in Fig. 6B and Table S4, the concentration of CTCs in 

the negative samples (No. 1-9) was below 1 cell/ml (outside the 
linear range of the method), whereas the concentration of CTCs 
in the positive patient samples (No. 10-46) exceeded 1 cell/ml, 
with the exception of 5 samples. �e speci�city and sensitivity 
were determined to be 100% (9/9) and 86.5% (32/37), respectively. 
A scatter plot (Fig. 6C) and receiver operating characteristic (ROC) 
analysis (Fig. 6D) revealed a di�erence between healthy volunteers 
and patients, with an area under the curve of 0.945, indicating the 
method’s strong clinical diagnostic value. Furthermore, a high level 
of concordance between the analysis results of CTCs and the 
clinical diagnosis was observed (Fig. 6E and F), validating the 
clinical feasibility and reliability of the strategy we developed.

While �uorometers ensure accurate quanti�cation, their 
bulky size, high cost, and demanding maintenance render 
them unsuitable for household or �eld inspection. In compari-
son, the independently developed handheld �uorometer o�ered 
remarkable advantages. Using the same sample processing and 
measurement method as previously described, a mere drop of 
the reaction solution was placed in the corresponding circle 
on the test paper for immediate readout (Fig. 7A). �e hand-
held �uorometer demonstrated strong agreement with the clini-
cal diagnosis for the 5 negative samples and 15 positive samples 
(Fig. 7B, No. 1-5 and No. 13-27 of Table S4). Notably, there was 
a di�erence between healthy volunteers and patients (Fig. 7C). 
Clinical CT and pathological biopsy result further underscored 
the reliability of our �ndings (Fig. 7D and E). In addition, the 
reproducibility and stability of the instrument were demon-
strated through multiple tests and multiple time tests (Fig. S4). 

Fig. 6. Flow chart and analysis results of blood samples from lung cancer patients by a fluorometer. (A) Workflow diagram for clinical blood sample analysis. (B) Analysis 
results of CTCs. Scatter plot (C) and ROC analysis (D) of CTCs concentration. Clinical CT (E) and pathological biopsy results (F). Error lines were derived from 3 repeated tests.
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�e clinical folate receptor-polymerase chain reaction (FR-PCR) 
kit (clinical critical value 8.7 FU/3 ml) was further compared 
with the �uorescence results, and the good consistency (Table 
S5) displayed the applicability of this method. �ese results 
indicate that the proposed strategy enables prompt, sensitive, 
and accurate diagnosis of clinical lung cancer samples, o�ering 
a promising new portable and valuable modality for clinical 
examination.

Discussion

In conclusion, leveraging the modulation of luminescent materi-
als via the coordination force between Cu2+ and DNA, we suc-
cessfully achieved homogeneous and portable detection of CTCs 
in lung cancer blood samples within 3 h using self-assembled 
DNA machines and selective complexation recognition of cal-
cein. Our strategy was validated using both a �uorometer and 
a self-developed, portable handheld �uorescence spectrom-
eter, both of which yielded quantitative results, with detection 
limits for both mucin 1 and A549 cells achieved at the ag/ml and 
single-cell levels, respectively. Our strategy was proven fea-
sible and reliable in the analysis of 46 clinical samples from 
lung cancer patients, demonstrating excellent sensitivity and 
speci�city. �e results obtained from the clinical blood samples 
were consistent with CT imaging and pathological �ndings. 
�erefore, by focusing on the non-dependent binding of Cu2+ 
with DNA and the generalizability of selective coordination, 
our method holds promise for broader applications in disease 
diagnosis through the modi�cation of the DNA self-assembly 
machine and signaling reporter materials.

Materials and Methods

Analysis steps of A549 cells
First, 10 μl of 12 μM aptamer-DNA, 1 ml of A549 cells at vary-
ing concentrations, and 40 μl of DNA nanospheres were com-
bined in 70 μl of 10 mM 3-(N-morpholino) propanesulfonic 
acid bu�er (containing 100 mM NaNO3, pH 7.6). �is mixture 
was then subjected to agitation in a shaker for 60 min. Following 
this, 10 μl of 5 μM CuSO4 solution was introduced to the reac-
tion solution, and further agitation in the shaker for 50 min 
ensued. Finally, 6 μl of 10 μM calcein disodium salt was added, 
and the �uorescence value was measured 2 min a�er this �nal 
addition.
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