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Purpose: SYL3C is an optimized DNA aptamer with high selectivity and affinity for the epithelial cell adhesion molecule (EpCAM), 
an overexpressed tumor antigen in colorectal cancer (CRC). While its cellular affinity has been validated, in vivo studies are lacking.
Methods: This study modifies SYL3C with the fluorescent motif Cy7 to evaluate its metabolism and diagnostic potential in EpCAM- 
positive HT-29 xenograft mice using near-infrared fluorescence (NIRF). We also employ DNA Tetrahedra (DTN) to load the Cy7-DTN- 
SYL3C probe and assess whether this strategy improves circulation and tumor uptake of SYL3C.
Results: Cy7-SYL3C is primarily metabolized by the kidneys and enables targeted imaging of HT-29 tumors, outperforming 
untargeted Cy7-DTN. The DTN coupling strategy prolongs SYL3C metabolism and enhances tumor probe uptake about twice higher 
than Cy7-SYL3C over 24 hours.
Conclusion: This study presents preliminary evidence for the SYL3C aptamer’s potential in vivo imaging of EpCAM-positive CRC. 
The DTN conjugation strategy may extend the aptamer’s metabolic stability and improve tumor uptake, expanding its applications in 
CRC diagnosis and treatment.
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Introduction
Colorectal cancer (CRC) is a malignancy with about 50% of cases occurring at the rectum-sigmoid junction.1 It is one of 
the top three cancers in terms of incidence and mortality rates worldwide, accounting for 10% of all cases.2,3 Current 
imaging modalities for CRC have limitations, endoscopy may be unsuitable for the elderly or those with acute abdominal 
conditions such as peritonitis.4 Computed tomography (CT) scans often miss small lesions.5 Magnetic resonance imaging 
(MRI) struggles with small polyps and lymph nodes outside the pelvis, patients with implanted medical devices and 
uncooperative patients may be contraindicated for MRI procedures.6 Transrectal ultrasound (TRU) accurately evaluates 
wall infiltration but is limited in lymph node assessment.7 Thus, advanced imaging tools are needed. Molecular imaging 
is increasingly used for targeted imaging, patient stratification, drug selection, combination therapies, and immune 
modulation in CRC due to its non-invasive nature and targeted localization.8–10 The key aspect is selecting therapeutic 
targets. Epithelial cell adhesion molecule (EpCAM) is a type I transmembrane glycoprotein, approximately 40 kDa in 
size,11 that is overexpressed on the surface of CRC,12 and the involvement in signal transduction,13 migration,14 

proliferation,15 and differentiation,16 making it a promising target for monitoring and therapy in CRC.
Aptamers are single-stranded oligonucleotides with unique three-dimensional structures.17 High selectivity and 

affinity, ease of preservation, shorter preparation timelines, reduced batch-to-batch variability making them effective 
probes in molecular imaging and treatment.18–20 They are used in treating diseases like immune disorders, cardiovascular 
diseases, metabolic bone diseases, and various malignancies21 that include CRC.22,23 The SYL3C aptamer is an 
optimized DNA aptamer that targets the EpCAM site,24 essential for detecting25,26 and capturing27,28 EpCAM-positive 
circulating tumor cells (CTCs) in heterogeneity,29 stratification,30 and therapeutic research.31,32 For instance, Hu et al 
developed a non-enzymatic aptamer sensor that utilizes SYL3C to detect EpCAM expression across three breast cancer 
cell lines, potentially serving as an alternative to flow cytometry.33 Additionally, Ren et al discovered a SYL3C-targeted 
delivery carrier designed to detect cancer cells and CTCs in peripheral blood.26 Zhou et al leveraged the affinity of 
SYL3C for EpCAM-positive HT-29 cells to facilitate the controlled release of β-caryophyllene and paclitaxel (PTX) in 
response to pH changes.34 However, in vivo imaging and metabolism studies of SYL3C in CRC are still lacking.

Aptamers are limited in clinical translation due to their short circulation time, requiring chemical modifications17,35 

like 2’-functional groups, phosphorothioate backbones, or PEG, which may cause allergic reactions.36 A safer approach 
is to conjugate aptamers with carriers to increase molecular weight through nanostructural assembly, to exceed the renal 
filtration threshold,37 enhancing circulation time. This requires controllable, biocompatible materials that maintain 
aptamer targeting efficacy. DNA tetrahedra (DTN) are ideal for aptamer conjugation due to their stability, favorable 
in vivo characteristics, extended half-life, and high bioavailability.38,39 For example, Dai et al showed that MUC1- 
aptamer conjugated with DTN effectively delivered Doxorubicin,40 while Zhan et al demonstrated enhanced specificity 
of the AS1411 aptamer with DTN.41 Thus, we have selected the DTN conjugation strategy to improve the circulation and 
tumor uptake of the SYL3C aptamer, serving as a preliminary reference for SYL3C-targeted DTN-carrying drug therapy.

Fluorescent imaging probes for CRC span both clinical and experimental domains.42,43 Clinically approved NIR-I 
tracers like indocyanine green (ICG) are routinely used for intraoperative guidance,44 while experimental NIR-II probes 
targeting biomarkers such as CEACAM545 or CD2446 aim to improve specificity. However, many probes face 
challenges45,47,48 in stability, target-to-background ratio, or compatibility with cost-effective imaging systems. In this 
study, we selected Cy7 (Ex=750 nm, Em=773 nm), a chemically stable and low-toxicity NIR-I dye,49 to label a SYL3C 
aptamer-nanoparticle conjugate, enabling straightforward validation of its targeting efficacy in HT-29 xenografts. This 
approach prioritizes mechanistic clarity over absolute imaging performance, providing a foundation for future optimiza-
tion of fluorophore and targeting motifs.

This study modified the SYL3C aptamer with Cy7 to evaluate its metabolism and imaging potential in EpCAM- 
positive HT-29 xenograft mice using near-infrared fluorescence (NIRF). Results showed that Cy7-SYL3C was primarily 
metabolized by the kidneys and effectively targeted HT-29 tumors. The DTN conjugation strategy prolonged SYL3C’s 
circulation time in tumor-bearing mice and nearly doubled tumor uptake, enhancing its imaging value. Fluorescence 
imaging revealed the metabolic distribution and tumor uptake of SYL3C in CRC mice, while further optimization of 
DTN provided valuable insights for CRC diagnosis and treatment. We developed a fluorescent tumor probe targeting 
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EpCAM, confirming its low biological toxicity and suitability for drug delivery therapy. The Cy7 performance also 
improved deep tissue imaging. We believe that ongoing optimization will enhance the probes’ significance in CRC 
diagnosis and treatment, establishing a foundation for SYL3C’s application in CRC.

Materials and Methods
General
DNA oligonucleotides (Cy5-SYL3C, Cy7-SYL3C, Azide-SYL3C) were obtained from Sangon Biotech (Shanghai,China). 
The McCoy’s 5A (Modified) Medium and Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from GIBCO 
(Grand Island, NY, USA) and the Roswell Park Memorial Institute (RPMI) 1640 cell culture medium was purchased from 
Procell (Wuhan, China). The cell lines were purchased from Wuhan Sunncell Biotechnology Co., Ltd. (China) and sourced 
from various suppliers: Human Colorectal Adenocarcinoma Cell Line (HT-29, ATCC® CCL-185™) and Human 
Embryonic Kidney 293 Cell Line (HEK293, ATCC® CRL-1573™) from the American Type Culture Collection 
(ATCC), and Chinese Hamster Ovary Cell Line (CHO, ECACC No. 85051005) from the European Collection of 
Authenticated Cell Cultures (ECACC). Chemical reagents were obtained from Beijing Solarbio Science & Technology 
Co., Ltd. (China) and Demeter Biotechnology Co., Ltd. (China) and used as received, unless stated otherwise. The primary 
antibody and secondary antibodies for Western blotting were sourced from Proteintech Group Co., Ltd. (China). Enhanced 
Chemiluminescence Kit was purchased from Wuhan Boerfu Biotechnology Co., Ltd. (China).

Preparation and Purification of DTN-SYL3C
Four DNA oligonucleotide strands (sequences in Table S1) were annealed in TM buffer (10 mm Tris-base, 50 mm 
MgCl2, pH 8.0) and rapidly cooled from 95°C to 4°C within 30 minutes to obtain DTN-DBCO. DTN-SYL3C was 
synthesized by reacting DTN-DBCO with Azide-SYL3C at room temperature (29°C) for 2 hours, followed by purifica-
tion using 2% agarose gel electrophoresis at 4°C for 20 minutes, as validated in our previous work.50

Agarose Gel Electrophoresis
Agarose gel electrophoresis characterized the self-assembly of DTN-SYL3C. DNA samples were separated on a 2% 
agarose gel with a 1× TAE running buffer containing 12.5 mm MgAc2 and run for 35 minutes at room temperature. Gels 
were imaged under imaging system (UVP GelStudio PLUS Touch, Germany).

Hydrodynamic Radius
The particle size of DTN-SYL3C was characterized using a Dynamic Light Scattering (DLS) instrument (Nano Series, 
Malvern Instruments). DTN and DTN-SYL3C solutions were prepared at 1.0 mL (50 µM) in phosphate buffer (pH 7.4). 
Suspensions were homogenized by filtration (0.22 μm syringe filter) prior to analysis. Measurements were conducted 
using a Malvern Zetasizer Nano ZS instrument at 25°C with three consecutive 5-minute runs. Key parameters included: 
average count rate = 500 kcps, polydispersity index (PDI) ≤ 0.08. Sample cuvettes were verified bubble-free before 
measurement.

Transmission Electron Microscope Observation of Morphology
TEM samples (DTN-SYL3C) were prepared by negative staining with 2% uranyl acetate (pH 4.5). Briefly, 5 μL aliquots 
were adsorbed onto carbon-coated copper grids (400 mesh) for 3 minutes, followed by staining for 2 minutes. Grids were 
air-dried overnight and imaged using a FEI TECNAI G2 20 TWIN microscope operated at 200 kV. Micrographs were 
acquired at 10,000× and 40,000× magnifications.

In vitro Stability
DTN-SYL3C was mixed with 100% mouse serum, fetal bovine serum (FBS), or 1× PBS buffer at a 1:10 ratio and 
incubated at 37°C for 24 hours. The stability was assessed using a 2% agarose gel with TAE-Mg2+ running buffer, and 
images were analyzed with ImageJ.
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Cytotoxicity Assay
Cytotoxicity of DTN-SYL3C was evaluated using the Cell Counting Kit-8 (CCK-8). HT-29 cells were cultured in 
McCoy’s 5A (Modified) Medium. HEK293 cells were cultured in DMEM and CHO cells were cultured in RPMI 1640 
cell culture medium. All the aforementioned medium were supplemented with 10% FBS and 5% streptomycin/penicillin. 
Cells were incubated at 37°C with 5% CO2. After seeding 5,000 cells per well in a 96-well plate and overnight culture, 
10 µL of DTN-SYL3C at various concentrations of 25 nM, 50 nM, 100 nM, 250 nM, 500 nM, 1 µM was added to each 
well and incubated for 24 hours at 37°C. Then, 10 µL of CCK-8 solution was added and incubated at 37°C for 4 hours. 
Absorbance was measured at 450 nm using a microplate reader (Biotek Epoch, USA).

In vivo Safety Evaluation
Hematoxylin and eosin (H&E) staining of key organs was conducted to evaluate in vivo biosafety. DTN-SYL3C 
conjugates were administered intravenously at dose levels of 0.02 mg/kg (equivalent to 1 nM) in BALB/c healthy 
mice (6–7 weeks old), with an equal volume of PBS group as a control. After 24 hours, major organs (heart, liver, spleen, 
kidney, and lung) were collected, washed with PBS, fixed in 4% paraformaldehyde, and stored at 4°C for paraffin 
embedding and H&E staining, which were observed under a light microscope.

WB Validation of EpCAM Target Expression in HT-29 Cells
Tumor tissues and major organs (heart, liver, spleen, lung, and kidney) from HT-29 tumor-bearing mice were collected. 
Proteins were extracted and separated by SDS-PAGE (10% gel), then transferred to a 0.45 µm PVDF membrane. The 
membrane was blocked with 5% skimmed milk for 30 minutes, incubated overnight with a primary antibody at 4°C, and 
then with a secondary antibody for 30 minutes at room temperature. After washing, protein blots were detected using an 
Enhanced Chemiluminescence Kit, and band density was quantified with ImageJ software.

Immunofluorescence
Probe molecules for immunofluorescence experiments were labeled with Cy5 fluorescent dye due to fluorescence 
equipment requirements. Cy5-DTN and Cy5-DTN-DBCO were synthesized using a one-step annealing method that 
modified a DTN chain with Cy5. Cy5-DTN-SYL3C was prepared by purifying Cy5-DTN-DBCO with Azide-SYL3C. 
A Cy5-SYL3C solution was created by dissolving the dry powder in ultrapure water. The three fluorescent molecules 
were injected into HT-29 tumor-bearing BALB/c nude mice via the tail vein, and tumor tissues were collected 24 hours 
post-euthanasia. The tissues were fixed in 4% paraformaldehyde, dehydrated, and sectioned through paraffin embedding. 
The Goat Anti-Rabbit IgG H&L (Cy3, Ex: 550–554 nm, Em: 565–570 nm) dye (ab6939, Abcam, UK) was used for 
staining the EpCAM target. Fluorescent sections were observed under a fluorescence microscope (80i, Nikon, Japan), and 
images were captured. Results were assessed based on the blue color of the nucleus (DAPI staining), the red color of the 
target EpCAM, and the pink color of the injected fluorescent molecules under UV laser.

Construction of HT-29 Tumor-Bearing BALB/c Nude Mice
Female BALB/c Nude mice, aged 5–6 weeks, were sourced from Beijing Vital River Laboratory Animal Technology 
Co., Ltd. (China) and approved by the Ethics Committee of Inner Mongolia Medical University (approval number: 
YKD202402026). The study followed ethical guidelines and the Guide for the Care and Use of Laboratory Animals 
(National Research Council, 1996). Mice were housed in specific pathogen-free conditions with a 12-hour light cycle, 
temperature at 22 ± 2°C, and humidity at 44 ± 10%. IVC cages were regularly changed, and all materials were 
autoclaved. Mice were acclimatized for 5 days to 1 week post-purchase. For the HT-29 CRC subcutaneous tumor 
model, 1×106 HT-29 cells were injected into the right axilla. Tumors were used for in vivo imaging and biodistribution 
studies when they reached 8–10 mm in diameter.

https://doi.org/10.2147/IJN.S510964                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 3598

Huang et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Fluorescence Imaging
Cy7-DTN and Cy7-DTN-DBCO were synthesized using a one-step annealing method that modified a DTN chain with 
Cy7. Cy7-DTN-SYL3C was prepared by purifying Cy7-DTN-DBCO with Azide-SYL3C, as detailed in section 4.2. 
A solution of Cy7-SYL3C was created by dissolving the dry powder in ultrapure water. A total of 1 nM of Cy7-SYL3C, 
Cy7-DTN, and Cy7-DTN-SYL3C was injected into HT-29 tumor-bearing mice (n=3) via the tail vein, with anesthesia 
maintained using 2% isoflurane during imaging with a Lumina III optical system (PerkinElmer, USA). Camera 
temperature: −90°C. Mode: Fluorescent. Exposure: 1s. F/STOP:1. Binning: Medium; The field of view is 12.5 cm, 
and the subject height is 1.5 cm. The emission wavelength and excitation wavelength were Cy7 (Ex=750 nm, Em=773 
nm). All mice were anesthetized in the RS83S Reward (Chinese anesthesia system) and imaged at the corresponding time 
points, all in the left lateral decubitus position with their heads upturned. Fluorescence imaging was performed at 1, 2, 4, 
6, 8, 16, and 24 hours post-injection. After 24 hours, the mice were euthanized, and tumor tissue and major organs (heart, 
liver, spleen, lung, kidney) were excised for imaging. Regions of interest (ROIs) for the tumor and kidney were outlined 
for semi-quantitative analysis.

Statistical Analysis
Data were analyzed using GraphPad Prism 10.0, with quantitative results expressed as mean and standard deviation. One- 
way ANOVA compared group differences, with p < 0.05 deemed statistically significant.

Results
Preparation and Characterization of DTN-SYL3C
Four designed oligonucleotide single strands with reactive groups were combined in equal proportions and dissolved in TM 
annealing buffer. DTN-DBCO was synthesized through a one-step annealing procedure and reacted with Azide-SYL3C to 
yield DTN-SYL3C via click chemistry (Figure 1A). Sequence details of the oligonucleotides used for DTN-SYL3C 
assembly and the control group are in Table S1. The assembly process was monitored by agarose gel electrophoresis 
(Figure 1B). An increase in oligonucleotide strands led to a gradual increase in molecular weight, resulting in reduced 
migration speed within the gel over a consistent electrophoresis duration, with the position approaching the initial well until 

Figure 1 Illustrates the synthesis and characterization of DTN-SYL3C. (A) Schematic of the synthesis process. (B) Self-assembly analyzed via 2% agarose gel electrophor-
esis, with samples: 1: Marker; 2: S1; 3: S1+2; 4: S1+2+3; 5: S1+2+3+4 (DTN); 6: DTN-SYL3C. DNA samples were separated via 2% agarose gel using 1 × TAE buffer at 110 V for 
40 minutes, followed by UV imaging (UVP GelStudio PLUS Touch, Germany). (C) Hydrated particle sizes of DTN and DTN-SYL3C were measured using dynamic light 
scattering (Nano Series, Malvern Instruments, UK), yielding sizes of approximately 15.82 ± 3.5 nm and 21.29 ± 2.2 nm, respectively. (D) Morphology of DTN-SYL3C 
particles was observed via transmission electron microscopy (TEM, USA), scale = 10,000×, 40,000×, respectively. The red arrows indicate the dispersed DTN-SYL3C 
particles.
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DTN-SYL3C formation was achieved. Number 1–6 represent Marker, S1, S1+2, S1+2+3, S1+2+3+4 (DTN), and DTN-SYL3C, 
respectively. Dynamic light scattering (DLS) analysis showed that the average hydrodynamic diameters of DTN and DTN- 
SYL3C were 15.82 ± 3.5 nm and 21.29 ± 2.2 nm, respectively (Figure 1C). Transmission electron microscopy revealed the 
morphology of DTN-SYL3C (Figure 1D, scale = 10,000×, 40,000×, respectively).

In vitro Stability and Biosafety Assessment of DTN-SYL3C
DTN-SYL3C was subjected to co-culture with 1 × phosphate-buffered saline (PBS) buffer, 100% FBS, and 100% mouse 
serum over a specified duration to evaluate its in vitro stability. The findings indicated that approximately 80% of DTN- 
SYL3C retained its complete structural integrity for a minimum of 4 hours in both mouse and FBS (Figure 2A and B). 
The cytotoxicity of DTN-SYL3C was assessed using the CCK-8 assay. Following a 24-hour incubation of various 
concentrations of DTN-SYL3C with HT-29 cells, HEK 293 cells, and CHO cells, cell viability remained above 80% 
across all experimental conditions (Figure 2C). Histological examination through H&E staining revealed no significant 
differences between the DTN-SYL3C and PBS control groups, with no evident damage observed in major organ tissues 
(Figure 2D, scale bar = 50 µm). Collectively, these experiments substantiate that DTN-SYL3C is a biocompatible 
nanomaterial suitable for subsequent in vivo experimental investigations.

Verification of the Binding of DTN-SYL3C to the EpCAM Target
Tumor tissues were collected from HT-29 tumor-bearing nude mice, along with samples from the heart, liver, spleen, 
lung, and kidney, for Western blotting (WB) to confirm EpCAM expression on HT-29 cells (Figure 3A and B). GAPDH 
was used as the internal reference protein. Results indicated pronounced EpCAM expression on HT-29 tumors, minimal 
in the kidneys, and none in the heart, liver, spleen, or lung. Equal molar concentrations (1 nM) of Cy5-SYL3C, Cy5- 
DTN, and Cy5-DTN-SYL3C were administered via the tail vein. After 24 hours, the mice were euthanized, and tumor 
tissues were harvested (Figure 3C). Fluorescence microscopy showed that Cy5-SYL3C had a dispersed dot-like binding 
pattern, while Cy5-DTN had minimal binding. The Cy5-DTN-SYL3C group displayed significant binding to the EpCAM 
target in the red areas. Quantitative analysis using ImageJ (JACoB plugin) revealed Pearson’s coefficients as follows: 

Figure 2 In vitro assessment of DTN-SYL3C stability and cytotoxicity. (A) Stability in PBS, FBS, and mouse serum was evaluated via 2% agarose gel electrophoresis. 
(B) Quantitative data from grayscale analysis in Figure 2A was obtained using ImageJ. (C) Cytotoxicity on HT-29, HEK293, and CHO cell lines was assessed with the CCK8 assay. 
(D) Histological sections of the heart, liver, spleen, kidney, and lung were collected 24 hours post-injection of DTN-SYL3C and PBS into healthy mice, scale bar = 50 µm.
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Cy5-SYL3C/Cy3-EpCAM was 0.32 ± 0.03, Cy5-DTN/Cy3-EpCAM was 0.18 ± 0.05, and Cy5-DTN-SYL3C/Cy3- 
EpCAM was 0.71 ± 0.08. These results suggest that the DTN conjugate strategy enhances SYL3C aptamer uptake in 
tumors while maintaining targeting capability. Scale bar = 10 µm.

Fluorescence Imaging
In vivo Fluorescence Imaging
Equal molar concentrations (1 nM) of Cy7-SYL3C, Cy7-DTN, and Cy7-DTN-SYL3C were administered via tail vein 
injection into HT-29 tumor-bearing mice (n=3). The mice were maintained under continuous anesthesia with 2% isoflurane, 
and in vivo fluorescence imaging was conducted at 1, 2, 4, 6, 8, 16, and 24 hours (Figure 4A). Fluorescence quantification 
was performed on both the kidneys and tumors at each imaging time point (Figures 4B) to further investigate the impact of 
the DTN conjugation strategy on the in vivo metabolism and tumor targeting of SYL3C. The results indicated that after 
administering Cy7-SYL3C, the fluorescence signal was predominantly localized in the liver and kidneys during the first 
four hours, shifting to a primary concentration in the kidneys thereafter. The fluorescence intensity in the kidneys 
subsequently decreased, suggesting that the SYL3C aptamer is primarily metabolized by the renal system. The lower 
molecular weight of Cy7-SYL3C facilitates a more rapid metabolic process than the non-targeting Cy7-DTN, resulting in 
an overall reduction in fluorescence signals observed in the kidneys. Conversely, Cy7-SYL3C exhibited enhanced and 
prolonged fluorescence signals at the tumor site. Coupled with immunofluorescence experiments, these results indicate that 
the accumulation of the SYL3C aptamer at the tumor site is primarily due to its specific binding to the EpCAM target, 
confirming the aptamer’s capability for targeted imaging in EpCAM-positive HT-29 CRC models. Following conjugation 
with DTN, the fluorescence signal of Cy7-DTN-SYL3 exhibited predominant localization in the liver and kidneys. Notably, 
the fluorescence intensity in the kidneys increased by an average of 1.8 to 2 times higher from 2 to 24 hours compared to 
Cy7-SYL3C, which was statistically significant. This observation suggests that DTN conjugation has effectively prolonged 
the in vivo circulation time of SYL3C to a certain degree. Tumor fluorescence intensity data revealed that Cy7-DTN- 
SYL3C retained in the tumor for at least 8 hours longer than non-targeting Cy7-DTN, demonstrating the aptamer’s targeting 
effect. Additionally, Cy7-DTN-SYL3C exhibited higher fluorescence intensity with tumor uptake is about twice higher than 
Cy7-SYL3C over 24 hours, indicating superior imaging efficacy for CRC. In vivo imaging confirmed that the DTN 
coupling strategy improved SYL3C’s stability and targeted uptake in tumors.

Figure 3 Illustrates the EpCAM expression in HT-29 tumors and validates the binding affinity of DTN-SYL3C to EpCAM. (A) Western blot results from tumor tissues and 
organs (heart, liver, spleen, lung, kidney) of HT-29 tumor-bearing mice identified EpCAM as the target protein, using a 10% SDS-PAGE gel and GAPDH as the internal 
reference. (B) Gray analysis of WB bands was conducted with ImageJ software to determine the ratio of the target protein’s gray value to the internal reference. (C) Ex vivo 
immunofluorescence images were taken 24 hours after injecting Cy5-DTN, Cy5-SYL3C, and Cy5-DTN-SYL3C into HT-29 tumor-bearing mice. Scale bar = 10 µm. The Cy5 
dye excitation wavelength 645–650 nm, emission wavelength 665–670 nm, labeled SYL3C, DTN, DTN-SYL3C, and appears as pink fluorescence. The Cy3 dye excites at 
550–554 nm and emits at 565–570 nm and labels the target cell epithelial adhesion molecule (EpCAM) located on the surface of HT-29 cells, which fluoresces in red. DAPI 
excitation wavelength 330–380 nm, emission wavelength 420 nm, labels the nucleus, and appears as blue fluorescence. Merge means merging all images and displaying all tags. 
The model of the fluorescence microscope is 80i (Nikon, Japan), and the imaging system is FI3 (Nikon, Japan).
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Ex vivo Organ Fluorescence Imaging
Mice were euthanized and dissected 24 hours post-in vivo imaging, and abdominal wall tissue was removed to minimize 
intestinal gas interference. Tumor tissues and major organs, including the heart, liver, spleen, lungs, and kidneys, were 
excised and imaged (Figure 5A). A semi-quantitative analysis was conducted on the kidneys and tumors, with 
fluorescence counts recorded (Figure 5B). The results indicated that the uptake of Cy7-DTN-SYL3C in both the kidneys 
and tumors at the 24-hour mark was maximal. See Figure S1 for a comparison of fluorescence counts of other related 
organs of interest. It can be seen that after conjugation, the metabolic organs of Cy7-DTN-SYL3C include not only the 
kidney, but also the liver. Notably, despite the significant molecular weight difference between DTN and the aptamer, the 
uptake of Cy7-SYL3C in the tumor exceeded that of Cy7-DTN, demonstrating the active targeting capability of SYL3C. 
Additionally, while the molecular weight disparity between the Cy7-DTN-SYL3C conjugate and Cy7-DTN was not 
significant, the fluorescence counts for the Cy7-DTN-SYL3C conjugate in the kidneys and tumors were markedly higher 
than those for Cy7-DTN. This observation suggests that the aptamer-mediated targeting modification enhanced the 
in vivo retention time of Cy7-DTN-SYL3C and improved targeted tumor uptake. Furthermore, the fluorescence counts of 
the Cy7-DTN-SYL3C conjugate in tumors exceeded those of the Cy7-SYL3C, reinforcing the notion that the DTN 
conjugation strategy offers are superior imaging tool for CRC.

Figure 4 In vivo Fluorescence Imaging. (A) Cy7-SYL3C, Cy7-DTN, and Cy7-DTN-SYL3C was conducted in HT-29 tumor-bearing mice at various time points, with red arrows 
indicating tumor locations. (B) Fluorescence counts in the kidneys and tumors were compared at different time points in vivo (n=3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Discussion
Aptamers, as molecular probes with high specificity and engineering flexibility, exhibit superior tumor penetration and 
lower immunogenicity compared to antibodies, positioning them as promising agents for tumor theranostics. In this 
study, we developed a DTN-conjugated SYL3C aptamer system targeting EpCAM, a pan-carcinoma antigen over-
expressed in CRC. There are three key innovations distinguish our work: (1) The rational integration of DTN 
nanocarriers prolonged the aptamer’s plasma half-life to ~24 hours (about 2-fold longer than free SYL3C), indirectly 
enhancing tumor accumulation as evidenced by sustained fluorescence signals; (2) In vivo validation revealed SYL3C’s 
renal-dominated clearance pathway and specific HT-29 tumor targeting, contrasting with non-targeted tetrahedral 
nanostructures of larger size; (3) We demonstrated the dual functionality of DTN-SYL3C as both an imaging probe 
and a potential drug delivery platform, addressing the critical need for tumor-selective theranostic systems. While this 
strategy mitigates aptamers’ inherent limitation of rapid clearance, challenges persist: The modest fluorescence enhance-
ment warrants optimization of dosing regimens, and hepatic metabolism of conjugates requires rigorous safety assess-
ment before clinical translation. Conjugation with DTN increased tumor fluorescence intensity from 3.1×108 (SYL3C 
alone) to 5.9×108 (p<0.01), achieving a tumor-to-background ratio (TBR) of 3.05 versus 1.08 for the non-conjugated 
probe (DTN alone). While the sensitivity of Cy7-SYL3C-DTN compared to clinical-grade anti-EpCAM antibody probes 
needs optimization, our platform provides key advantages in modularity and synthetic scalability for future theranostic 
applications. Future studies should prioritize three directions: (1) Quantitative PET imaging to map EpCAM expression 
heterogeneity across tumor types (eg, breast/lung cancers); (2) Multimodal imaging integration (eg, MRI/CT-compatible 
probes) for anatomical-functional correlation; (3) Structure-activity optimization of DTN-aptamer interfaces to balance 
circulation time and tumor penetration. Collectively, this work establishes a framework for engineering aptamer-based 
theranostic platforms to promote the diagnosis of CRC.

Conclusion
This study confirmed that the combination of DTN and SYL3C aptamer can effectively prolong the in vivo metabolism 
time of aptamers, and confirmed that DTN has specific targeting ability for HT-29 xenograft tumors by increasing the 
tumor fluorescence intensity, which provides an experimental basis for EpCAM-positive tumor molecular imaging. 
Although aptamers still face clinical translation bottlenecks such as short in vivo half-lives and potential toxicity, the 
clinical application of aptamers in the integration of cancer diagnosis and treatment will be promoted by optimizing the 
delivery system (eg, using PET quantitative analysis) and developing a multimodal imaging strategy (combined with 
MRI/CT).

Figure 5 Ex vivo Organ Fluorescence Imaging. (A) Ex vivo imaging of organs was performed 24 hours post-injection of the different probes. (B) Fluorescence counts in the 
kidneys and tumors were assessed for the different probe groups after a 24-hour period ex vivo (n=3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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