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Background: Precise detection of HER2-positive breast cancer is vital for targeted therapy. This study integrates HER2-specific DNA
aptamers with fluorescent silica nanoparticles (FSNPs) to develop a targeted imaging probe.

Methods: HER?2 aptamer-conjugated FSNPs (HApt-FSNPs) were synthesized and characterized. Specificity was evaluated in HER2-
positive/negative cells and tumor sections via flow cytometry and microscopy. Targeting efficacy and biodistribution were assessed in
tumor-bearing mice through systemic injection and real-time fluorescence imaging. Photostability and biosafety were systematically
examined.

Results: HApt-FSNPs showed uniform size, excellent dispersity, and enhanced photostability. They selectively bound HER2-positive
cells and tumor tissues, with binding effectively blocked by free aptamer. In vivo imaging revealed specific accumulation in HER2-
positive tumors, peaking at 6 hours post-injection, with minimal off-target signals. The probe demonstrated good biocompatibility
in vitro and in vivo.

Conclusion: The HApt-FSNP platform enables specific detection and in vivo imaging of HER2-positive breast cancer, highlighting
its potential for diagnostic and bioimaging applications.
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Introduction

Breast cancer remains the most frequently diagnosed malignancy among women worldwide and exhibits substantial
molecular heterogeneity, with HER2-positive breast cancer representing a distinct, aggressive subtype associated with
poor prognosis and rapid progression if not treated promptly and accurately.' > Accurate identification of HER2-positive
tumor cells is therefore critical for clinical diagnosis, and molecular subtyping to guide treatment decisions, directly
impacting therapeutic outcomes.*” Specifically, determining HER2 status is a prerequisite for selecting appropriate
HER2-targeted therapies, forming a cornerstone of precision medicine in breast cancer management. Currently, clinical
HER?2 status is routinely assessed by immunohistochemistry (IHC) or fluorescence in situ hybridization (FISH), which,
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despite clinical utility, rely on invasive biopsies and centralized laboratory processing,® limiting their applicability for
real-time, high-throughput monitoring and early detection.

In recent years, nanotechnology-based detection strategies have emerged as promising alternatives, offering enhanced
sensitivity, signal amplification capability, and adaptability to diverse biomedical scenarios, particularly for cancer
biomarker sensing and imaging.” *Nanoparticle-based probes have been shown to improve detection thresholds and
enable functional imaging that complements conventional pathology.'® '

Aptamers are short single-stranded nucleic acids selected through Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) that can bind target molecules with high affinity and specificity through unique three-dimensional
conformations.'*'* Compared with antibodies, aptamers offer several advantages including low immunogenicity, high
chemical stability, ease of modification, and reproducible chemical synthesis, making them attractive ligands for targeted
cancer detection and biosensing.'> Recent studies have successfully incorporated aptamers into nanomaterial-based
probes for sensitive detection of HER2 and other tumor-associated biomarkers.'*!¢!”

Fluorescent silica nanoparticles (FSNPs) represent an ideal nanoplatform for bioimaging applications owing to their
tunable size, excellent photostability, high brightness, chemical inertness, and facile surface modification.'®'?
Encapsulation of fluorophores within a silica matrix protects against photobleaching and enables signal amplification
far beyond that of free dyes or single-fluorophore conjugates®®*' Integration of aptamer-mediated targeting with FSNP-
based signal enhancement presents a robust strategy for developing sensitive and specific detection systems for cancer
biomarkers such as HER2.

In this study, we constructed HER2 aptamer-conjugated FSNPs (HApt-FSNPs) for the highly specific detection and
imaging of HER2-positive breast cancer. The nanoparticles were comprehensively characterized, and their targeting
specificity, photostability, cytocompatibility, and biosafety were systematically evaluated across cellular, tissue, and
in vivo models. We propose that this platform functions as a pre-therapeutic diagnostic tool for molecular subtyping. By
enabling non-invasive or minimally invasive identification of HER2 status, it could provide critical information to guide
the subsequent selection of HER2-targeted therapies, thereby contributing to the advancement of precision medicine. Our
findings establish HApt-FSNPs as a promising targeted fluorescent probe with potential for both ex vivo diagnostic

applications and non-invasive in vivo imaging.

Materials and Methods

Materials

All chemical reagents, including tetraethyl orthosilicate (TEOS), ammonia solution (25-28%), absolute ethanol, (3-ami-
nopropyl)triethoxysilane (APTES), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), fluorescein isothiocyanate (FITC), and Cyanine5.5 NHS ester (Cy5.5-NHS), were of analytical grade and
purchased from Sigma Chemical (St. Louis, USA). Ultrapure water (Milli-Q, 18.2 MQ-cm) was used throughout the

experiments.

Design, Synthesis, and Characterization of Oligonucleotides

The HER2-specific DNA aptamer (HApt) and a scrambled control aptamer (Scr) were designed and synthesized by a commercial
provider (eg, Sangon Biotech, Shanghai, China) with high-performance liquid chromatography (HPLC) purification. The
complete nucleotide sequence of HApt is 5-AACCGCCCAAATCCCTAAGAGTCTGCACTTGTCATTTTGTATATGTA
TTTGGTTTTTGGCTCTCACAGACACACTACACACGCACA-3'. This sequence is identical to the core HER2-binding
sequence reported in a previous study.*? For in vitro experiments, the HApt was synthesized with a 5'-FITC label and carried a 3'-
terminal amine (—NH,) modification for subsequent conjugation. For in vivo imaging, the same core sequence was synthesized
with a 5-Cy55 label and a 3-NH, group. The scrambled control aptamer (Scr; 5'-
AAAAAAAAAAAAAAACGTGCAGTACGCCAACCTTTCTCATGCGCTGCCCCTCTTA-3') was synthesized with a 3'-
NH, group; its randomized sequence has no known affinity for HER2. All oligonucleotide sequences, modifications, and the
reported dissociation constant (Kd ~ 18.9 nM) for HApt are summarized in Supplementary Table S1. Prior to use, lyophilized
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aptamers were reconstituted in nuclease-free water, heated at 95 °C for 5 min, and then gradually cooled to room temperature to
facilitate proper folding into their active secondary structures.

Synthesis of Fluorescent FSNPs

Fluorescent silica nanoparticles were prepared via a modified Stéber sol-gel process.> For particles intended for in vitro
studies, FITC was first conjugated to APTES according to a published protocol to obtain FITC-APTES, which was then
co-condensed with TEOS in an ethanol-water-ammonia mixture. For in vivo applications, Cy5.5-NHS was similarly
conjugated to APTES to form Cy5.5-APTES prior to silica network formation. In a typical synthesis, 2 mL of TEOS and
0.2 mL of the respective dye-functionalized silane were added dropwise to a mixture containing 40 mL ethanol, 10 mL
water, and 2 mL ammonia solution under vigorous stirring at room temperature. The reaction proceeded for 12 h, after
which the resulting FSNPs were collected by centrifugation (12,000 rpm, 15 min), washed repeatedly with ethanol and
water, and finally redispersed in ultrapure water.

Surface Functionalization and Aptamer Conjugation

Carboxyl groups were introduced onto the FSNP surface by incubating the particles with succinic anhydride in dimethyl
sulfoxide for 4 h at room temperature. The carboxylated FSNPs were then activated using EDC/NHS chemistry in MES
buffer (pH 6.0) for 30 min. The amine-modified aptamers (HApt or Scr) were added at a molar ratio of approximately
200:1 (aptamer: estimated nanoparticle number) and allowed to react overnight at 4°C with gentle shaking.
Unconjugated aptamers were removed by three cycles of centrifugation (12,000 rpm, 15 min) and washing with PBS
(pH 7.4). The final HApt-FSNPs and Scr-FSNPs were resuspended in PBS and stored at 4 °C in the dark. The average
number of aptamers per nanoparticle was estimated by comparing the decrease in supernatant absorbance at 260 nm
before and after conjugation, yielding an approximate density of 160+ 15 aptamers per particle.

Physicochemical Characterization

Hydrodynamic size distribution and polydispersity index (PDI) of FSNPs and HApt-FSNPs were measured by dynamic
light scattering (DLS) at room temperature. Zeta potential was determined to assess surface charge changes after aptamer
conjugation. Nanoparticle morphology and size were examined using transmission electron microscopy (TEM). Fourier-
transform infrared (FT-IR) spectroscopy was employed to analyze surface chemical composition and confirm aptamer
modification. UV—Vis absorption spectra and fluorescence emission spectra were recorded to evaluate optical properties.

Cell Culture

The HER2-positive breast cancer cell lines SKBR3 and BT-474, HER2-negative breast cancer cell lines MCF-7 and
MDA-MB-231, and normal cell lines HEK293T and L-02 were purchased from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). All cell lines were cultured in complete medium supplemented with fetal bovine serum
and antibiotics. The cells were maintained at 37°C in a humidified atmosphere with 5% CO,.

Flow Cytometry Analysis of Cellular Binding

Cells were harvested and incubated with HApt-FSNPs, Scr-FSNPs, or bare FSNPs for a fixed incubation period at 37 °C.
After incubation, cells were washed thoroughly to remove unbound nanoparticles and resuspended in buffer for flow
cytometry analysis. Fluorescence signals were recorded, and binding efficiency was quantified using median fluorescence
intensity (MFI). All experiments were performed in three independent biological replicates (n = 3).

Fluorescence Microscopy Imaging

Cells were seeded on coverslips and incubated with the indicated nanoparticle formulations. After washing, nuclei were
counterstained, and cells were fixed. Fluorescence images were acquired using a [Nikon Ti2] microscope with a 20x
objective, using fixed exposure times (200 ms for FITC channel) and gain settings across all compared samples.
Quantitative analysis of fluorescence intensity per field was performed using image analysis software and normalized
as indicated.
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Competitive Blocking Assay

To confirm aptamer-mediated specificity, HER2-positive SKBR3 cells were pre-incubated with an excess amount of free
HApt prior to treatment with HApt-FSNPs. Binding efficiency was subsequently evaluated by flow cytometry and
fluorescence microscopy.

Photostability Assessment

HApt-FSNPs and free FITC-labeled HApt were subjected to continuous illumination under fluorescence microscopy.
Images were acquired at 0, 1, 5, and 10 min. Fluorescence intensity was quantified and normalized to the initial signal to
assess photobleaching behavior.

In vitro Cytocompatibility Evaluation

The cytocompatibility of HApt-FSNPs was evaluated using a CCK-8 assay. HEK293T and L-02 cells were incubated
with HApt-FSNPs at concentrations of 0.1, 0.5, and 1.0 mg/mL for 12, 24, and 48 h, respectively. Cell viability was
calculated relative to untreated control cells.

In vivo Biosafety Evaluation

Healthy SPF BALB/c mice (female, 4-6 weeks old, 18-22 g) were randomly divided into two groups and intravenously
administered HApt-FSNPs or PBS as control. Mice were monitored daily for general condition and body-weight changes.
After 7 days, mice were anesthetized with inhalational isoflurane in oxygen (2-3% induction, 1-2% maintenance).
Euthanasia was performed by CO, inhalation using a gradual-fill method (10-30% chamber volume/min), followed by
cervical dislocation as a secondary confirmatory method. Major organs (heart, lung, liver, spleen, and kidney) were
collected, fixed, paraffin-embedded, sectioned, and stained with hematoxylin and eosin (H&E) for histological
examination.

Tumor Tissue Section Staining

HER2-positive (SKBR3) and HER2-negative (MCF-7) tumor tissues were harvested from xenografted tumor-bearing
BALB/c nude mice (female, 4-6 weeks old). Mice were anesthetized with inhalational isoflurane in oxygen (2—3%
induction, 1-2% maintenance), and euthanasia was performed by CO, inhalation (gradual-fill, 10-30% chamber volume/
min) followed by cervical dislocation prior to tumor collection. Fresh tumor tissues were snap-frozen in optimal cutting
temperature (OCT) compound and cryosectioned into 5 pm thick slices. After fixation with 4% paraformaldehyde for
15 minutes, sections were washed with PBS and permeabilized with 0.1% Triton X-100 for 10 minutes. Non-specific
binding was blocked using 5% BSA for 1 hour at room temperature. The tumor tissue sections were then incubated with
100 ng/mL HApt-FSNPs for 1 hour at 37 °C. As specificity controls, sections were treated with bare FSNPs, Scr-FSNPs,
or HApt-FSNPs with competitive blocking using excess free HApt. After washing, the sections were stained with DAPI
to visualize the cell nuclei. Fluorescence microscopy was performed to assess HApt-FSNP binding to HER2-positive and
HER2-negative tumor sections. Fluorescence intensity was quantified using ImagelJ software.

In vivo Fluorescence Imaging and Biodistribution Studies

To assess the in vivo targeting and biodistribution profile of HApt-FSNPs, fluorescence imaging studies were performed
in tumor-bearing mouse models. HApt-FSNPs were administered via tail vein injection to mice bearing subcutaneous
HER2-positive (SKBR3) and HER2-negative (MCF-7) xenografts. For direct comparison of targeting specificity, both
tumor models were included in the study.

Real-time whole-body fluorescence imaging was conducted at predetermined time points (0.5, 2, 6, 12, and 24 hours
post-injection) using a small animal in vivo imaging system. The system was configured to detect the emission
wavelength of the encapsulated fluorophore (Cy5.5), enabling longitudinal monitoring of nanoparticle distribution and
tumor accumulation. Regions of interest (ROIs) were defined over the tumor sites and major organ regions, and
fluorescence intensity was quantified to evaluate the kinetics of tumor targeting and systemic clearance.
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At the terminal time point (24 hours), mice were euthanized, and major organs (heart, lungs, liver, spleen, kidneys)
along with tumors were excised for ex vivo imaging. The fluorescence signals of harvested tissues were captured under
identical imaging conditions to determine the final biodistribution of HApt-FSNPs. Quantitative analysis of fluorescence
intensity was performed using ImageJ software, comparing signals between HER2-positive and HER2-negative tumors,
as well as across different organs, to assess targeting specificity and organ uptake. Each experimental group consisted
of 5 mice (n =5).

Statistical Analysis

Data are expressed as mean = standard deviation (SD). All statistical analyses were performed using GraphPad Prism 9.0.
For flow-cytometry and fluorescence quantification experiments, comparisons between two groups were analyzed using
two-tailed Student’s #-test, while comparisons among more than two groups were assessed by one-way ANOVA with
Tukey’s multiple comparisons test. Cell viability assays were analyzed based on normalized absorbance values relative to
untreated controls. Photostability data were analyzed by repeated measurements over time and compared using one-way
ANOVA at individual time points. A P value < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, ***P
<0.001)

Ethics Statement

All animal experiments were approved by the Institutional Animal Care and Use Committee of Guilin Medical
University (approval No. GLMU202517013) and conducted in accordance with institutional guidelines, the Guide for
the Care and Use of Laboratory Animals, and the AVMA Guidelines for the Euthanasia of Animals.** Mice were
maintained under SPF conditions, and efforts were made to minimize pain and distress. For procedures requiring
anesthesia, mice were anesthetized with inhalational isoflurane in oxygen (2-3% induction, 1-2% maintenance) with
anesthetic depth confirmed by loss of pedal withdrawal reflex. Euthanasia was performed by CO, inhalation using
a gradual-fill method (10-30% chamber volume/min), followed by cervical dislocation as a secondary confirmatory
method; death was verified prior to tissue collection.

Results

Schematic lllustration of HApt-FSNP Design and Detection Strategy

Figure 1 schematically illustrates the design and application of HApt-FSNPs for the selective detection of HER2-positive
breast cancer cells. The HER2-specific DNA aptamer is conjugated onto the surface of FSNPs, enabling specific
recognition of HER2-overexpressing cells. The encapsulated fluorescent dyes within the silica matrix provide enhanced
fluorescence stability, forming the basis for sensitive and reliable cellular detection.

Physicochemical Characterization of HApt-FSNPs
The physicochemical properties of FSNPs before and after aptamer functionalization were systematically characterized
(Figure 2 and Supplementary Table S2). DLS analysis showed that bare FSNPs possessed a uniform hydrodynamic

diameter of 78.9 + 4.7 nm with a narrow PDI of 0.131 £ 0.025, indicating good colloidal stability. After conjugation with
HApt, the average hydrodynamic diameter increased to 86.6 + 5.3 nm, accompanied by a slightly reduced PDI (0.113 +
0.017), consistent with the formation of an aptamer layer on the nanoparticle surface without inducing aggregation.

TEM further confirmed that both FSNPs and HApt-FSNPs exhibited uniform spherical morphology with smooth
surfaces and well-defined nanoscale structures (Figure 2A and B). Importantly, aptamer functionalization did not alter the
overall morphology or integrity of the silica nanoparticles.

Zeta-potential measurements revealed a clear surface charge shift following aptamer conjugation. Bare FSNPs
displayed a negative zeta potential of —32.9 + 2.9 mV, characteristic of silica surfaces, whereas HApt-FSNPs exhibited
a more negative potential (—38.3 + 3.2 mV), reflecting the contribution of the negatively charged phosphate backbone of
the DNA aptamer (Figure 2C).
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FT-IR spectroscopy provided direct evidence for successful chemical conjugation of HApt to the FSNP surface
(Figure 2D). In addition to the characteristic Si—O—Si stretching vibration observed at approximately 1105 cm ', HApt-
FSNPs displayed new absorption bands at 1663 cm ™, corresponding to C=0 stretching vibrations of amide bonds, and at
1552 em™, attributed to amide II vibrations arising from C-N stretching and N-H bending. These features confirm
covalent attachment of the amine-modified aptamer onto carboxyl-functionalized FSNPs.

The optical properties of FSNPs and HApt-FSNPs were further evaluated by UV—Vis absorption and fluorescence
emission spectroscopy (Figure 2E). HApt-FSNPs exhibited a distinct absorption peak at 260 nm, characteristic of nucleic
acids and absent in bare FSNPs, indicating successful aptamer conjugation. Both FSNPs and HApt-FSNPs showed
a prominent fluorescence emission peak centered at approximately 520 nm, corresponding to the encapsulated fluorescent
dye, with no significant shift or intensity loss after aptamer modification. These results demonstrate that surface
functionalization preserved the intrinsic fluorescence properties of the nanoparticles.

Validation of HER2 Expression in Cell Lines

To independently confirm the HER2 expression profile of the cellular models used in this study, flow cytometry was
performed using a fluorescently labeled anti-HER2 antibody. As shown in Supplementary Figure 1, the HER2-positive
cell lines SKBR3 and BT-474 displayed markedly elevated mean fluorescence intensity (MFI). In contrast, the HER2-
negative lines MCF-7 and MDA-MB-231 showed only background-level fluorescence, consistent with their well-

established phenotypes. This direct validation confirms the appropriateness of these cell lines for assessing the HER2-
targeting specificity of our nanoprobe.

Specific Recognition of HER2-Positive Breast Cancer Cells

The targeting capability of HApt-FSNPs toward HER2-positive breast cancer cells was evaluated using flow cytometry
and fluorescence microscopy (Figure 3). Flow-cytometry analysis revealed strong fluorescence signals in HER2-positive
SKBR3 and BT-474 cells following incubation with HApt-FSNPs, whereas HER2-negative MCF-7 and MDA-MB-231
cells exhibited minimal fluorescence (Figure 3A). Quantitative analysis of MFI further confirmed significantly higher
binding of HApt-FSNPs to HER2-positive cells compared with HER2-negative controls (Figure 3B).

Consistent with these findings, fluorescence microscopy demonstrated intense green fluorescence localized on the
surface of HER2-positive cells treated with HApt-FSNPs, while negligible fluorescence was observed in HER2-negative
cells under identical conditions (Figure 3C). Quantification of fluorescence intensity per field showed a marked
enhancement in HER2-positive cells, with signals normalized to SKBR3 cells (Figure 3D). These results collectively
demonstrate the high specificity of HApt-FSNPs for HER2-overexpressing breast cancer cells.

Specificity Validation and Competitive Blocking Assay

To further verify aptamer-mediated specificity, control and competitive blocking experiments were performed in HER2-
positive SKBR3 cells (Figure 4). Flow-cytometry histogram overlays demonstrated that bare FSNPs and Scr-FSNPs
exhibited weak fluorescence signals, indicating minimal nonspecific binding, whereas HApt-FSNPs produced
a pronounced rightward shift in fluorescence intensity (Figure 4A). Notably, pre-incubation with excess free HApt
(blocking group) markedly attenuated the fluorescence signal of HApt-FSNPs, suggesting effective competitive inhibi-
tion. Quantitative analysis of the flow-cytometry data further confirmed these observations. As shown in Figure 4B, the
MFI of HApt-FSNPs was significantly higher than that of FSNPs and Scr-FSNPs, while the blocking group exhibited
a pronounced reduction in MFI compared with the HApt-FSNP group (***P < 0.001), although remaining slightly higher
than background levels.

Consistent results were obtained from fluorescence microscopy analysis. Representative images showed strong
membrane-associated fluorescence in SKBR3 cells treated with HApt-FSNPs, whereas minimal fluorescence was
observed in the FSNP, Scr-FSNP, and blocking groups (Figure 4C). Quantitative analysis of fluorescence intensity per
field confirmed a significant decrease in normalized fluorescence intensity in the blocking group relative to the HApt-
FSNP group (Figure 4D). Collectively, these results demonstrate that the cellular binding of HApt-FSNPs is predomi-
nantly mediated by specific HApt-HER?2 interactions rather than nonspecific nanoparticle adsorption.
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Tumor Tissue Section Validation of HApt-FSNPs Specificity
To further validate the specificity of HApt-FSNPs at the tissue level, HER2-positive (SKBR3) and HER2-negative (MCF-7)
tumor tissue sections were treated with FSNPs, Scr-FSNPs, HApt-FSNPs, and HApt-FSNPs with competitive blocking by
excess free HApt (Blocking) (Figure 5). Figure SA shows fluorescence microscopy images of HER2-positive tumor sections,

where HApt-FSNPs bind specifically to HER2-positive cells, indicated by strong green fluorescence. Figure 5B quantifies

normalized fluorescence intensity, showing a significant increase in fluorescence with HApt-FSNPs (P < 0.001) compared to

FSNPs, Scr-FSNPs, and blocking groups. Figure 5C shows HER2-negative tumor sections, where minimal fluorescence is

observed in all treatment groups. Figure 5D quantifies fluorescence intensity, showing no significant difference across the groups,
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mean * SD; ¥*P < 0.001.

confirming the specificity of HApt-FSNPs. These results confirm that HApt-FSNPs are capable of selectively targeting HER2-
positive tumor tissue.

In vivo Fluorescence Imaging and Biodistribution of HApt-FSNPs

The in vivo targeting efficacy and biodistribution of HApt-FSNPs were evaluated in tumor-bearing mouse models. As
presented in Figure 6A, whole-body fluorescence imaging at sequential time points (0.5, 2, 6, 12, and 24 h) after tail vein
administration revealed clear time-dependent accumulation of nanoparticles in HER2-positive (SKBR3) tumors, with
signal intensity peaking at 6 h post-injection. Quantitative analysis further demonstrated the targeting specificity of HApt-
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Figure 5 HApt-FSNPs for specificity validation in HER2-positive and HER2-negative tumor tissue sections. (A) Fluorescence microscopy of HER2-positive (SKBR3) tumor
sections treated with FSNPs, Scr-FSNPs, HApt-FSNPs, or HApt-FSNPs with blocking. Green = HApt-FSNPs, blue = DAPI-stained nuclei. (B) Normalized fluorescence
intensity of HER2-positive tumor sections, showing significant increase with HApt-FSNPs (P < 0.001). (C) Fluorescence microscopy of HER2-negative (MCF-7) tumor
sections treated with the same formulations. (D) Normalized fluorescence intensity of HER2-negative tumor sections, showing no significant difference across groups. Data
are mean + SD; *P < 0.001.

FSNPs. The fluorescence intensity in HER2-positive tumors was significantly higher than that in HER2-negative (MCF-
7) tumors across all observed time points (Figure 6B), with the most pronounced difference noted at 6 h (p < 0.001),
supporting receptor-specific delivery in vivo.

Ex vivo imaging of excised organs and tumors provided additional evidence of selective tumor targeting (Figure 6C).
HApt-FSNPs exhibited preferential accumulation in HER2-positive tumors, whereas only minimal fluorescence was
detected in major organs (heart, lungs, liver, kidneys, spleen) and HER2-negative tumors. Quantitative assessment of
fluorescence signals in harvested tissues (Figure 6D) confirmed a marked increase in HER2-positive tumor accumulation
compared to both HER2-negative tumors and normal organs, consistent with the in vivo imaging observations.
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Figure 6 In Vivo Fluorescence Imaging and Biodistribution of HApt-FSNPs in Tumor-Bearing Mice. (A) Whole-body fluorescence images of tumor-bearing mice at various
time points (0.5, 2, 6, 12, 24 hours) after tail vein injection of HApt-FSNPs. The accumulation of nanoparticles in HER2-positive tumors is indicated by increased fluorescence
intensity. The tumor regions are highlighted with red dotted circles. (B) Quantification of fluorescence intensity in HER2-positive and HER2-negative tumor regions over
time. (C) Ex vivo fluorescence images of major organs (heart, lungs, liver, spleen, kidney) and tumors harvested after systemic injection, showing selective accumulation in
HER2-positive tumors. (D) Quantitativeanalysis of ex vivo fluorescence intensity in the tumor and major organs. **p< 0.001.

Enhanced Photostability of HApt-FSNPs

The photostability of HApt-FSNPs was evaluated in comparison with free FITC-labeled HApt under continuous
illumination (Figure 7). Time-lapse fluorescence imaging demonstrated that HApt-FSNPs maintained a stable fluores-
cence signal over time, whereas free FITC-HApt exhibited rapid photobleaching (Figure 7A). Quantitative analysis of
normalized fluorescence intensity further confirmed that HApt-FSNPs retained a substantially higher proportion of their
initial fluorescence signal throughout the observation period (Figure 7B), highlighting the protective effect of the silica
matrix on the encapsulated fluorophores.

In vitro Cytocompatibility and in vivo Biosafety Evaluation
The biocompatibility of HApt-FSNPs was systematically assessed both in vitro and in vivo (Figure 8). CCK-8 assays
showed that HApt-FSNPs exhibited negligible cytotoxicity toward HEK293T and L-02 cells across a range of concen-
trations (0.1-1.0 mg/mL) and incubation times (12-48 h), with cell viability consistently remaining above 90%
(Figure 8A).

In vivo biosafety was evaluated by histological analysis of major organs collected seven days after administration of
HApt-FSNPs. Hematoxylin and eosin (H&E) staining revealed normal tissue architecture in the heart, lung, liver, spleen,
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Figure 7 Photostability of HApt-FSNPs compared with free FITC-labeled HApt. (A) Time-lapse fluorescence microscopy images acquired at 0, I, 5, and 10 min after
continuous illumination, showing that HApt-FSNPs maintain a stable fluorescence signal whereas FITC-HApt undergoes rapid photobleaching. (B) Quantification of
normalized fluorescence intensity over time (normalized to 0 min). Data are presented as mean * SD from multiple fields of view.

and kidney, with no observable pathological abnormalities compared with PBS-treated controls (Figure 8B). These
results indicate that HApt-FSNPs possess favorable biocompatibility and do not induce detectable organ toxicity under
the tested conditions.

Discussion

In this study, we developed a HER2 aptamer—functionalized fluorescent silica nanoparticle platform for the highly
specific detection of HER2-positive breast cancer cells. By integrating the molecular recognition capability of a HER2-
specific DNA aptamer with the signal amplification and photostability advantages of FSNPs, the HApt-FSNP system
achieved selective binding to HER2-positive cells while maintaining excellent optical stability and biosafety. These
characteristics position HApt-FSNPs as a promising pre-therapeutic diagnostic tool for molecular subtyping of breast
cancer. These findings highlight the potential of HApt-FSNPs as a promising platform for further development as

a targeted imaging probe.
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Figure 8 In vitro cytocompatibility and in vivo biosafety evaluation of HApt-FSNPs. (A) Cell viability of HEK293T and L-02 cells after incubation with HApt-FSNPs at 0.1, 0.5,
and 1.0 mg/mL for 12, 24, and 48 h (CCK-8 assay). (B) Representative H&E-stained sections of major organs (heart, lung, liver, spleen, and kidney) collected from mice
treated with HApt-FSNPs or PBS, showing no apparent histopathological abnormalities.

A key strength of the HApt-FSNP platform lies in its aptamer-mediated molecular recognition. Aptamers recognize
targets through defined three-dimensional conformations and noncovalent interactions, providing high affinity and
specificity comparable to antibodies, but without the intrinsic limitations associated with protein-based ligands.>> %’
HApt-FSNPs demonstrated strong binding to HER2-positive SKBR3 and BT-474 cells, with negligible interaction
observed in HER2-negative cell lines. Competitive blocking experiments confirmed that targeting was specifically driven
by HApt—-HER?2 interactions, ensuring minimal background signals and enhanced detection accuracy. The specificity of
HApt-FSNPs was further validated at the tissue level using HER2-positive and HER2-negative tumor sections. The
significant accumulation of HApt-FSNPs in HER2-positive tumors, with peak fluorescence at 6 hours post-injection, and
the minimal signal in HER2-negative tumors provide compelling evidence of target-specific delivery in a living system.

Compared with conventional antibody-based fluorescent probes, HApt-FSNPs offer several notable advantages.
Antibodies often suffer from batch-to-batch variability, limited chemical stability, and susceptibility to denaturation
during conjugation or storage.”® In contrast, DNA aptamers are chemically synthesized, structurally stable, and
amenable to precise and reproducible surface modification.”” Moreover, the nanoscale architecture of FSNPs allows
multiple fluorescent moieties to be encapsulated within a single particle, resulting in signal amplification that is
difficult to achieve with single fluorophore—antibody conjugates. The observed increase in particle size and surface
charge shift after aptamer conjugation further confirmed the successful construction of a well-defined targeting

nanostructure.?
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Photostability is another critical factor for reliable fluorescence-based detection and imaging. Organic dyes and dye-
labeled aptamers are prone to rapid photobleaching under continuous excitation, which limits their usefulness for
prolonged observation or quantitative analysis.>® In this study, HApt-FSNPs demonstrated markedly enhanced photo-
stability compared with free FITC-labeled HApt, retaining strong fluorescence signals even after extended illumination.
This improvement, attributed to the protective silica matrix,’' was instrumental in enabling the clear, time-dependent
visualization of tumor targeting in our in vivo imaging experiments.

Biosafety is a prerequisite for the translational application of nanomaterials.>*** The HApt-FSNPs exhibited minimal
cytotoxicity toward normal human cell lines across a range of concentrations and incubation times, indicating good
in vitro cytocompatibility. Importantly, in vivo histological analysis revealed no apparent pathological abnormalities in
major organs. Furthermore, the biodistribution data from our in vivo imaging study showed that while some accumula-
tion occurred in the liver and spleen—a common pathway for nanoparticle clearance—the fluorescence signal was
predominantly and specifically localized to HER2-positive tumors, supporting a favorable safety and specificity profile
for diagnostic use.

Clinically, the ability to non-invasively identify HER2 status through in vivo imaging could provide crucial insights
for treatment planning. By serving as a molecular subtyping tool, this probe may help guide the selection of
appropriate HER2-targeted therapies, thereby contributing to the advancement of precision medicine in breast cancer
management.

From a broader perspective, the HApt-FSNP strategy represents a versatile and modular approach for cancer
biomarker detection. By simply altering the aptamer sequence, this platform could be readily adapted to target other
tumor-associated receptors or molecular signatures. In addition, the fluorescent silica nanoparticle core provides
opportunities for further functional integration, such as multimodal imaging or theranostic applications. These features
underscore the flexibility and extensibility of the proposed system.

While this study provides comprehensive validation from cells to live animals, some limitations remain for clinical
translation. First, the current study focused on qualitative assessments of fluorescence intensity to demonstrate targeting
specificity. To fully characterize the sensitivity and potential for clinical use, future work should address quantitative
metrics such as the limit of detection, signal-to-noise ratio, and the ability to detect early-stage lesions. These factors are
critical for advancing HApt-FSNPs as a reliable diagnostic tool for clinical settings. Furthermore, future work should
evaluate the platform’s performance in human-derived models or clinical samples to better mimic the heterogeneity of
human tumors and assess its clinical diagnostic capabilities.

In summary, this study demonstrates that HApt-FSNPs enable highly specific, photostable, and biocompatible
detection and imaging of HER2-positive breast cancer from the cellular level to in vivo tumor models. The successful
demonstration of specific tumor accumulation via systemic delivery validates HApt-FSNPs as a promising bioimaging
probe, moving this platform closer to clinical applications as a diagnostic tool for molecular subtyping and treatment
guidance.

Conclusion

In conclusion, this study demonstrates that HApt-FSNPs enable specific detection and imaging of HER2-positive breast
cancer across cellular, tissue, and in vivo levels, demonstrating favorable biosafety. This platform holds promise as a pre-
therapeutic diagnostic tool to guide HER2-targeted therapy and advance precision breast cancer care.

Abbreviations

BSA, bovine serum albumin; CCK-8, Cell Counting Kit-8; DLS, dynamic light scattering; FITC, fluorescein isothio-
cyanate; FISH, fluorescence in situ hybridization; FT-IR, Fourier-transform infrared; FSNPs, fluorescent silica nanopar-
ticles; HApt, HER2-specific DNA aptamer; H&E, hematoxylin and eosin; HER2, human epidermal growth factor
receptor 2; HPLC, high-performance liquid chromatography; IHC, immunohistochemistry; MFI, median fluorescence
intensity; OCT, optimal cutting temperature compound; PDI, polydispersity index; PBS, phosphate-buffered saline; SD,
standard deviation; SELEX, Systematic Evolution of Ligands by Exponential Enrichment; Scr, scramble control aptamer;
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Scr-FSNPs, scramble aptamer-functionalized fluorescent silica nanoparticles; TEOS, tetraethyl orthosilicate; TEM,

transmission electron microscopy; UV-Vis, ultraviolet-visible.
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