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Abstract 

Background Silica nanoparticles (SNPs) have immense potential in biomedical research, particularly in drug delivery 
and imaging applications, owing to their stability and minimal interactions with biological entities such as tissues 
or cells.

Results With synthesized and characterized cyanine-dye-doped fluorescent SNPs (CSNPs) using cyanine 3.5, 5.5, 
and 7 (Cy3.5, Cy5.5, and Cy7). Through systematic analysis, we discerned variations in the surface charge and fluores-
cence properties of the nanoparticles contingent on the encapsulated dye-(3-aminopropyl)triethoxysilane conjugate, 
while their size and shape remained constant. The fluorescence emission spectra exhibited a redshift correlated 
with increasing dye concentration, which was attributed to cascade energy transfer and self-quenching effects. 
Additionally, the fluorescence signal intensity showed a linear relationship with the particle concentration, particu-
larly at lower dye equivalents, indicating a robust performance suitable for imaging applications. In vitro assess-
ments revealed negligible cytotoxicity and efficient cellular uptake of the nanoparticles, enabling long-term tracking 
and imaging. Validation through in vivo imaging in mice underscored the versatility and efficacy of CSNPs, showing 
single-switching imaging capabilities and linear signal enhancement within subcutaneous tissue environment.

Conclusions This study provides valuable insights for designing fluorescence imaging and optimizing nanoparticle-
based applications in biomedical research, with potential implications for targeted drug delivery and in vivo imaging 
of tissue structures and organs.
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Graphical Abstract

Introduction
A wide range of fluorescent nanoparticles have found 
widespread application in bioimaging owing to their 
inherent fluorescent properties and nanoscale material 
characteristics. These nanoparticles, including semicon-
ductor quantum dots, carbon nanoparticles, noble-metal 
nanoparticles, and silica nanoparticles (SNPs), have been 
extensively used in disease diagnosis, therapeutic inter-
ventions, and functional investigations at the cellular 
level, leveraging diverse particle morphologies and sur-
face modifications. Nevertheless, considerations such as 
fluorescence stability, biocompatibility, manufacturing 
versatility, and application flexibility offer researchers a 
spectrum of options in pertinent fields [1].

SNPs have emerged as a focal point of research in med-
icine and life sciences because of their unique physical 
and chemical properties, and diverse potential applica-
tions [2, 3]. Notably, their inherent stability and minimal 
interactions with tissues and cells make them promising 
candidates as multifunctional carriers in various medi-
cal fields, including diagnosis, sensing, and drug delivery 
[4]. These nanoparticles are versatile and useful for tumor 
diagnosis, cardiovascular disease treatment, and tumor 
thermotherapy [2, 5, 6].

The Stöber method is a prominent approach for syn-
thesizing SNPs, which offers precise control over their 
size and structure by manipulating the ammonium solu-
tion concentration [7]. The method also facilitates the 
enhancement of stability and reduction of interactions 

with biological entities through the core–shell coating 
[8–10]. Consequently, SNPs are versatile platforms for 
drug delivery and imaging sensors, offering a high load-
ing capacity and controlled release mechanisms for bio-
logical drugs [4, 11–13].

Fluorescent-dye-conjugated SNPs play a pivotal role 
in research, enabling visual labeling and tracking within 
biological frameworks [3, 14]. Leveraging optical meth-
odologies within the near-infrared spectrum in the wave-
length range 650–900  nm optimizes the sensitivity for 
imaging deep-seated tissue structures, thus utilizing the 
inherent translucency of biological tissues and mitigat-
ing challenges related to scattering and absorption [15]. 
Moreover, because each nanoparticle can accommodate 
thousands of dye molecules, it provides stable average 
signal values from numerous encapsulated dye molecules 
[3], offering a non-invasive technique with remarkable 
sensitivity and specificity [16, 17]. This synergistic fusion 
of advantages provides researchers with clear “visual 
insights”, driving the exploration of both research and 
therapeutic applications [14].

This study investigated the physical and fluores-
cence properties of plain SNPs and cyanine-dye-doped 
fluorescent SNPs (CSNPs) with various loading equiv-
alents. Using cyanine dyes coupled to SNPs via (3-ami-
nopropyl)triethoxysilane (APTES) bonding [18, 19], we 
explored the impact of dye loading on particle proper-
ties. In addition, SNPs were fabricated to observe the 
changes in physical properties induced by the dye. 
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SNPs were synthesized using the same protocol as that 
for CSNPs, with the only difference being the exclusion 
of dye from the premixture solution. Six particle types 
were synthesized using varying amounts of APTES. By 
analyzing the particle size distribution, surface zeta 
potential, and spectral characteristics of the SNPs and 
CSNPs, we discerned notable changes in the nanoparti-
cle behavior based on the synthesis conditions.

Tailored SNPs with precise structures and chemi-
cal properties hold immense promise for biological 
and medical applications, facilitating in  vivo imaging, 
targeting, and drug delivery [20, 21]. The demand for 
narrow size distribution, chemical stability, and hydro-
philic dispersibility underscores the significance of 
SNPs in fluorescence labeling for non-invasive in  vivo 
imaging [22, 23]. By addressing the effect of the amount 
of loaded fluorescent dye on the properties of SNPs, our 
study provides guidelines for the production of fluores-
cent nanoparticles suitable for the purpose of the stud-
ies, offering insights to improve imaging performance 
in diverse applications.

Results and discussion
Synthesis of cyanine‑dye‑doped fluorescent silica 
nanoparticles
SNPs are favored because of their non-toxicity, stabil-
ity, and excellent dispersibility in aqueous solutions 
[23, 24], rendering them suitable candidates for vari-
ous biomedical applications, including imaging sensors. 
In this study, we explored the synthesis of fluorescent-
dye-doped SNPs to optimize their imaging capabilities 
by meticulously examination of synthesis conditions. 
Three types of cyanine dyes, each with distinct excita-
tion and emission properties, were used (Fig. 1).

Fluorescent-dye-doped SNPs were synthesized using 
the Stöber method, in which the reaction proceeded 
in an aqueous solution (Fig.  2) [7]. Initially, APTES 
reacted with the NHS ester group of the dye to facilitate 
its binding to the particles, which was confirmed by 
mass spectrometry and NMR analyses. (Fig. S1). This 
was followed by condensation with tetraethyl orthosili-
cate (TEOS) to yield fluorescent SNPs with an average 
diameter of approximately 80  nm (Fig. S2, Table  S1) 
[25]. Various synthesis conditions were explored, 
including the type of dye, dye-to-APTES ratio, and 
amount of dye added. The amount of dye was 1 equiv-
alent, when dye-to-TEOS molar ratio was 1:5,000. Six 
types of particles added at 0.05, 0.1, 0.2, 0.5, 1.0, and 2.0 
equivalents were synthesized, and their properties were 
compared. The synthesis ratios of the dyes, APTES, and 
TEOS are detailed in Tables 1 and S2.

Physical property analysis: morphological analysis
Regardless of the presence or type of dye being encapsu-
lated, all the synthesized plain SNPs and CSNPs exhib-
ited a spherical shape with a diameter of approximately 
80 nm, indicating a uniform morphology (Figs. 3 and S3). 
Additionally, the nanoparticles demonstrated a narrow 
size distribution across all conditions, ensuring consist-
ency in the particle size, as shown in Table  S3. Despite 
changes in the APTES ratio and dye-equivalent condi-
tions, no morphological differences were observed. Nota-
bly, the CSNPs exhibited good dispersibility in water, 
saline, and organic solvents, underscoring their versatility 
(Fig. S4). Figure S5 and Table  S4 show the yields of the 
particles obtained through the synthesis.

Physical property analysis: surface zeta potential
Surface zeta potential analysis revealed a negative charge 
at a neutral pH for the synthesized nanoparticles (Fig. 4 
and Table S5). Zeta potential values serve as indicators of 
dispersibility. All particles with an absolute zeta potential 
value greater than 30 mV (|ζ|≥ 30 mV) exhibit good dis-
persibility in aqueous solutions [26]. As the zeta potential 
approached zero, the dispersibility decreased. Both SNPs 
and CSNPs with a low equivalent amount of dye have 
zeta potential value of approximately − 40 mV. The values 
for both SNPs and CSNPs increased in proportion to the 
amount of dye and APTES, reaching approximately − 30 
and −  10  mV for groups 1 and 2, respectively. Notably, 
no significant difference was observed in the zeta poten-
tial in the presence or absence of the dye. However, the 
increase was more pronounced in group 2 nanoparticles 
synthesized with higher APTES ratios. When compar-
ing CSNP5.5 in each group, CSNP5.5 in group 1 showed 
an increase in zeta potential difference from −  39.6 to 
− 26.3 mV, a difference of 13.3, between 0.05 and 2 equiv-
alents. In the case of group 2, the zeta potential increased 
by 31.8, from −  41.5 to −  9.7  mV. Consequently, in 
group 2, the dispersibility of particles with 2 equivalents 
decreased. This is generally attributed to the influence of 
positively charged APTES on the SNPs, which typically 
carry a negative charge [27].

Dye encapsulation efficiency
During the synthesis, the encapsulation efficiency of the 
dye participating in the formation of CSNPs was meas-
ured. After synthesis, the supernatant was collected by 
centrifugation and washed twice, and the dye-APTES 
conjugate remaining in the supernatant was quanti-
fied. Encapsulation efficiency was calculated based 
on the difference between the amount of dye initially 
added to the reaction and the amount remaining in the 
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supernatant after washing. Encapsulation efficiency was 
confirmed to be approximately 90% across all condi-
tions (Figs. 5 and S6, and Table S6). This high efficiency 
underscores the effectiveness of the synthesis process 
for encapsulating the dye within the nanoparticles.

Fluorescent property analysis: fluorescence emission 
spectra
After confirming the consistency of the size, morphology, 
and encapsulation efficiency of the CSNPs, we measured 
their excitation and emission spectra, focusing on CSNPs 
with Cy5.5 (CSNP5.5), in an ethanol aqueous solution 

Fig. 1 Structures and material properties of amine-reactive cyanine NHS ester dyes. The material properties of dye include molecular weights, 
fluorescence excitation/emission and experimental spectra of Cy3.5 (A), Cy5.5 (B), and Cy7 (C). The black spectrum indicates absorbance, 
the red spectrum indicates excitation scan, and the colored spectrum indicates emission scan. The numbers shown in the inset image represent 
the equivalents of dye. The molecular weights and fluorescence excitation/emission are referred from Lumiprobe
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Fig. 2 Synthetic reaction formula of silica nanoparticle (SNP)-based on Stöber method. A Ammonium catalyst based hydrolysis and condensation 
of silica. B Coupling reaction between the ester group on the cyanine dye and the amine group on APTES. C Fluorescent SNP formation 
with cyanine NHS ester dye. Scale bar = 100 nm

Table 1 Molecular ratios used for the synthesis of fluorescent SNP

Bold values indicate differences between the two groups

Group 1 (Dye:APTES = 1:50) Group 2 (Dye:APTES = 1:100)
Dye APTES TEOS Dye APTES TEOS

0.05 2.5 5,000 0.05 5 5,000

0.1 5 5,000 0.1 10 5,000

0.2 10 5,000 0.2 20 5,000

0.5 25 5,000 0.5 50 5,000

1.0 50 5,000 1.0 100 5,000

2.0 100 5,000 2.0 200 5,000
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(Fig. 6). The fluorescence emission spectra of the CSNPs 
exhibited a redshift, the extent of which depended on the 
amount of dye-APTES conjugate. The peak shift in group 
2 was smaller (< 10 nm) than that in group 1 (< 18 nm). 

This redshift, indicative of the energy transfer between 
neighboring molecules and self-quenching [28], was 
more pronounced in nanoparticles synthesized with 
lower APTES conjugates. Although solvent interactions 

Fig. 3 Morphological characteristics analyses. Representative scanning electron microscopy images of SNPs and CSNP5.5 synthesized at varying 
APTES ratios and equivalents. A Group synthesized with a 50-fold molar ratio excess of APTES to dye. B Group with a 100-fold. Within each group, 
nanoparticles were synthesized under various conditions depending on the equivalents. Scale bars = 100 nm

Fig. 4 Surface charge of CSNPs. The zeta potentials of CSNPs synthesized under various APTES ratios and equivalents were measured using a DLS. 
A Group synthesized with a 50-fold molar ratio excess of APTES to dye. B Group with a 100-fold. The samples were suspended in distilled water 
with 2.5 mg/ml concentration and titrated to pH 7.4
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may also contribute to spectral shifts [29], the red shift 
observed in CSNPs is primarily influenced by intra-par-
ticle molecular interactions [30–32]. As the number of 
the dye molecules encapsulated within the nanoparticles 
increases, the distance between dye molecules gradu-
ally decreases. Consequently, as the distance decreases, a 
more active transfer of energy occurs between the mol-
ecules. During this intensified energy transfer process, 
energy loss occurs, resulting in a redshift [33]. In group 
2, the smaller redshift may be due to the relatively greater 
distance between dye molecules, resulting from the 
higher APTES ratio compared to that in group 1. Similar 
trends were observed for CSNPs with Cy3.5 (CSNP3.5) 
and CSNPs with Cy7 (CSNP7), albeit with differences in 
the degree of shift (Fig. S7).

Fluorescent property analysis: changes in fluorescent 
signal intensity depending on equivalent 
and concentration
After establishing the spectra and peak wavelengths of 
the CSNPs, we measured the fluorescence signal intensity 
at concentrations ranging from 0 to 50  mg/ml (Fig.  7A 
and D). Based on our results, we identified linear ranges 
 (R2 > 0.99) in which the fluorescent signal of each particle 
increased proportionally with concentration (Fig. 7B and 
E). In group 1, the linear signal increase range extended 
up to 50.0, 12.5, 6.3, 3.1, 0.8, and 0.1 mg/ml for 0.05, 0.1, 
0.2, 0.5, 1, and 2 equivalent, respectively. In group 2, the 
linear signal increase range extended up to 50.0, 50.0, 
12.5, 6.3, 3.1, and 1.6 mg/ml for 0.05, 0.1, 0.2, 0.5, 1, and 
2 equivalent, respectively. The linear range of the signal 
intensity increase was wider for lower equivalents, and 
within each group, group 2 exhibited a wider range than 
group 1. Figure  7C and F show the signal intensity for 

each equivalent at low (1.6 mg/ml), middle (12.5 mg/ml), 
and high (50.0 mg/ml) particle concentrations. Although 
variations in the degree of signal intensity were observed 
depending on the dye used, a consistent trend was 
observed. At lower concentrations, CSNPs with higher 
equivalents exhibited stronger signals, whereas at higher 
concentrations, CSNPs with higher equivalents showed 
weaker signals, which was attributed to shorter distances 
between dye molecules within the SNPs leading to self-
quenching. The results for CSNP3.5 and CSNP7 are 
shown in Figs. S8 and S9, respectively.

In vitro and in vivo imaging application of CSNPs
Advances in molecular imaging have been crucial for dis-
ease diagnosis and treatment in biomedical research. The 
development of improved sensors for fluorescence imag-
ing and multi-imaging systems is imperative for future 
advancements [14]. To demonstrate the applicability of 
CSNPs for in  vitro and in  vivo imaging, we performed 
experiments involving the particle treatment of cells and 
mice. When HeLa cells were treated with varying particle 
concentrations, no cell damage or death occurred after 
24 h of incubation with the CSNPs (Fig. 8A).

Subsequently, fluorescence imaging of CSNP-treated 
cells using a wide-field microscope revealed the success-
ful identification of signals within the cells, indicating 
effective uptake through the cell membrane (Fig. 8B). The 
excitation/emission of CSNP3.5 at 532/562 nm, CSNP5.5 
at 664/675  nm, and CSNP7 at 785/800  nm were meas-
ured while taken up by live cells. Additionally, the par-
ticles were observed to colocalize with the cytoplasm in 
bright-field images, signifying successful uptake. These 
results indicate the low toxicity of CSNPs to cells and the 
ability to track the uptaken particles through long-term 

Fig. 5 Encapsulation of cyanine dyes in CSNP synthesized under various APTES ratios and equivalents. A Group synthesized with a 50-fold molar 
ratio excess of APTES to dye. B Group with a 100-fold
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imaging or to compare and analyze treated particles 
simultaneously by adjusting the wavelength. Addition-
ally, single-particle imaging of CSNPs was achieved after 
spin-coating (Fig. 8C), and by adjusting the wavelength, 
specific signals of the desired CSNPs could be obtained.

To demonstrate the feasibility of multi-imaging in both 
cells and animals, in  vivo imaging was conducted using 
an optical imaging system (IVIS Spectrum, PerkinElmer, 
USA). The signal intensity of CSNP5.5 was influenced 
by both the amount of encapsulated dye conjugate and 
particle concentration (Fig.  9A). Notably, the imaging 
results shown in Fig.  9A for each equivalent correlate 
with the change in fluorescent signal values shown in 
Fig.  7. Furthermore, the selective imaging of CSNP3.5, 
CSNP5.5, and CSNP7 was achieved using their respective 

excitation/emission wavelengths (Fig. 9B). Subsequently, 
CSNPs dispersed in DPBS (Dulbecco’s phosphate buff-
ered saline) were injected into different locations in the 
subcutaneous abdomen of mice, enabling imaging of the 
desired particles by adjusting the wavelengths as depicted 
in Fig. 9B (Fig. 9C). The fluorescent signal in the subcuta-
neous abdomen of mice increased linearly with particle 
concentration, suggesting that the linearity of fluores-
cence intensity at different concentrations was well main-
tained in vivo within subcutaneous tissue environments 
across the three different wavelengths (Fig. 9D). In addi-
tion, in  vivo biodistribution imaging was performed to 
assess the biocompatibility and clearance of the synthe-
sized nanoparticles, particularly CSNP7 (Fig. S10). While 
variations were noted depending on the injection dose, a 

Fig. 6 Emission spectra of CSNP5.5 synthesized under various APTES ratios and equivalents were measured using a fluorescence 
spectrophotometer. A Group synthesized with a 50-fold molar ratio excess of APTES to dye. B Group with a 100-fold. The black spectrum indicates 
excitation scan, and the cyanine series colored spectra indicate emission scan of each equivalent
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Fig. 7 Comparison of fluorescent signal increase depending on the concentration of CSNP5.5 synthesized at varying APTES ratios and equivalents. 
A–C Group synthesized with a 50-fold molar ratio excess of APTES to dye. D–F Group with a 100-fold. A, D Increase of fluorescence signal 
with concentrations ranging from 0 to 50 mg/ml. B, E A range where the signal increases linearly  (R2 > 0.99) in proportion to concentration. F, D 
Comparison of fluorescent signal efficiency at low, middle, and high concentrations. All signal intensities were obtained using a microplate reader
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Fig. 8 In vitro application of CSNPs. A Cytotoxicity of CSNPs to in vitro. The HeLa cells were incubated with CSNPs for 24 h and the cell viability 
were analyzed by MTS assay. B Wide field microscope images of CSNPs loaded to HeLa cell (scale bars = 30 μm), MRC-5 cell (20 μm), and Raw264.7 
cell (10 μm). C Single particle microscope images of CSNPs after spin-coating (scale bars = 10 μm). The red, blue, and green colors indicate CSNP3.5, 
CSNP5.5, and CSNP7, respectively
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significant signal decrease was observed within one day 
post-injection at the lower dose (3 mg/mouse), with the 
majority of the signal reduction confirmed three weeks 
later.

Materials and methods
Materials
Cyanine 3.5 N-hydroxysuccinimide ester (Cy3.5 NHS 
ester), cyanine 5.5 N-hydroxysuccinimide ester (Cy5.5 
NHS ester), and cyanine 7 N-hydroxysuccinimide ester 

(Cy7 NHS ester) were purchased from Lumiprobe 
(USA). TEOS (98%) and APTES were purchased from 
Sigma-Aldrich (USA). Aqueous ammonia (28–30%) was 
obtained from Samchun Chemicals (Korea).

Synthesis of cyanine dye‑doped fluorescent silica 
nanoparticles
CSNPs were synthesized following a previously described 
method with slight modifications [7]. The synthesis was 
based on CSNP5.5, using Cy5.5 NHS ester dye. Initially, 

Fig. 9 In vivo application of CSNPs. All imaging was conducted using an IVIS spectrum, with CSNPs being imaged at excitation/emission 
wavelengths of 570/620 nm, 675/720 nm, and 745/800 nm for CSNP3.5, CSNP5.5, and CSNP7, respectively. A Representative fluorescence image 
of CSNP5.5 in a black 96-well plate before injection into the mice. B Switchable imaging of CSNPs by their own wavelength. C In vivo fluorescence 
imaging of CSNPs. Red, blue, and green indicate CSNP3.5, CSNP5.5, and CSNP7, respectively. D Fluorescence intensities of CSNPs depending 
on concentration and their linearity
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the Cy5.5-APTES conjugate was synthesized by stirring 
a mixture of Cy5.5 NHS ester and APTES in ethanol 
overnight at room temperature; the mixture contained 
5 mg of Cy5.5 NHS ester dye and 152 µl of APTES per 
10 ml of ethanol, resulting in a dye-to-APTES molar ratio 
of 1:100. CSNP5.5, with a diameter of less than 100 nm, 
was synthesized as follows: 2 ml of TEOS, 2.75 ml of the 
Cy5.5-APTES conjugate mixture, and 15.25  ml of etha-
nol were added to a 50 ml 1-neck round-bottom flask. A 
premixed solution of ammonium hydroxide (1.5 ml) and 
ethanol (8.5 ml) was then added to the reaction mixture 
and then stirred overnight at room temperature. As an 
imageable fluorescent nanoprobe, CSNP5.5 was synthe-
sized with a TEOS:APTES:dye molar ratio of 5,000:100:1. 
Nanoprobes with varying amounts of encapsulated dye 
were produced by adjusting the quantity of the Cy5.5-
APTES conjugate while maintaining a constant amount 
of TEOS. CSNPs were isolated and purified by centrifug-
ing three times at 10,000 rpm, followed by dispersion and 
storage in ethanol at 4  °C until further use. During the 
creation of the conjugate mixture, omitting the addition 
of the dye and proceeding with the synthesis resulted in 
the fabrication of SNPs (Table S2).

Physical property analysis
Morphological analyses of the CSNPs were performed 
using field-emission scanning electron microscopy 
(Merlin Compact, Carl Zeiss, Germany). The particle 
size distribution and zeta potential were analyzed using 
a Zetasizer instrument (Nano ZS, Malvern Instruments 
Ltd, UK).

Dye encapsulation efficiency
The dye encapsulation efficiency was determined by 
measuring the amount of residual dye in the superna-
tant. After synthesis, the particles were isolated and puri-
fied by centrifuging at 10,000  rpm for 20  min. During 
this step, the supernatant was collected separately, and 
the absorbance of the dye-APTES conjugate remaining 
in the solution was measured using a UV–Vis spectrom-
eter (UV-2600, Shimadzu, Japan). The dye encapsula-
tion efficiency was calculated based on the difference 
between the initial and remaining amounts of dye in the 
supernatant.

Fluorescent property analysis
The fluorescence excitation and emission spectra were 
recorded using a fluorescence spectrophotometer (FS2, 
Scinco, Korea). The samples were then dispersed in 
ethanol. CSNPs were dispersed in ethanol and pre-
pared at concentrations ranging from 0 to 50 mg/ml by 
serial dilution to compare fluorescent signal intensity by 

concentration. Subsequently, 100  µl of each sample was 
added to each well of a black 96-well plate, which was 
measured using a microplate reader (SpectraMax M4, 
Molecular Devices, USA).

In vitro application of CSNPs
Cytotoxicity assays of the CSNPs were performed using 
MTS solution (Ez-cytoX, DoGenBio, Korea). HeLa 
(human cervical cancer) cells were seeded at a density 
of 1 ×  104 cells/well in 100  µl of Dulbecco;s Modified 
Eagle Medium (DMEM; Gibco, USA) in a 96-well plate. 
The following day, each CSNP was serially diluted start-
ing from a maximum concentration of 100  µg/ml and 
added to the wells. After 24 h of incubation with CSNPs, 
cell viability was measured at 450  nm using a micro-
plate spectrophotometer  (xMark™, BioRAD, USA). Data 
shown are the averages of four independent experiments.

MRC-5 (human lung fibroblast) cells and Raw264.7 
(mouse macrophage) cells were maintained as monolay-
ers in a humidified incubator (5%  CO2) in Eagle’s Mini-
mum Essential Medium (MEM; Gibco) and DMEM 
supplemented with 10% (v/v) fetal bovine serum (Gibco) 
and 100 IU/ml penicillin–streptomycin solution (Gibco). 
Before treatment with CSNPs, the cells were seeded at a 
density of 1 ×  104 cells/well using 8-well chamber slides 
(μ-slide, ibidi, Germany) for 12  h. The cells were then 
treated with 1 μg/ml of the CSNP mixture in Opti-MEM 
media (Gibco) for 1  h. After CSNP treatment, the cells 
were fixed with 4% formaldehyde, washed three times 
with DBPS, and mounted with mounting solution (Dako, 
USA) for fluorescence imaging.

The CSNP-treated cells on the μ-slide were placed 
on an oil immersion-type objective lens (UPlanSApo 
60X, Olympus, Japan) in an inverted microscope (IX71, 
Olympus). Emission images were captured using an 
electron-multiplying charge-coupled device (iXon3, 
DU-888D-C00-#EX, Andor, UK). For the excitation of 
CSNP3.5, CSNP5.5, and CSNP7, CW diode-pumped 
lasers with wavelengths of 532 (0532-04-01  Samba™, 
Cobolt, Sweden), 660  (Flamenco™, Cobolt), and 785 
(SN0852290, Lumics, Germany) were used, respectively. 
For each laser, dichroic beam-splitters (LPD01-532R, 
FF665-Di02, and NFD01-785; Semrock, USA) were used 
to block the excitation wavelength. Specific optical filters 
were employed to block the excitation wavelength and 
capture emissions from CSNPs as follows: a long-pass fil-
ter (LP03-532RE, Semrock) and a bandpass filter (FF01-
562-40/40, Semrock) for CSNP3.5, a long-pass filter 
(LP02-664RU-25, Semrock) and a bandpass filter (FF02-
675/67-25, Semrock) for CSNP5.5, and a long-pass filter 
(LPD01-785RU, Semrock) and a bandpass filter (FF01-
800/12, Semrock) for CSNP7, respectively. All cells were 
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confirmed to be mycoplasma-free using a mycoplasma 
detection kit (InvivoGen, USA).

The CSNPs were spin-coated onto a piranha-etched 
cover glass to obtain single-particle level images using a 
homemade wide-field nanospectroscopic imaging system 
[34].

In vivo application of CSNPs
In vivo imaging was performed using an optical imag-
ing system (IVIS Spectrum) with 1 equivalent of CSNPs 
and an APTES ratio of 1:100. Representative fluorescence 
images of CSNPs were obtained by preparing samples 
with several concentrations on a blackplate, ranging from 
the highest concentration of 50 to 0.05  mg/ml through 
serial dilution, and adding 100 µl of sample to each well. 
Imaging was conducted at specific excitation/emission 
wavelengths of 570/620, 675/720, and 745/800  nm for 
CSNP3.5, CSNP5.5, and CSNP7, respectively. CSNPs 
were subcutaneously injected into the abdomen of 
BALB/c nude mice at different locations at varying con-
centrations (0.375, 0.75, 1.5, and 3  mg/ml), followed by 
imaging to confirm the linearity of the signal.

Conclusions
Through our comprehensive investigation of silica nano-
particles incorporating the three types of dyes, we gar-
nered valuable insights into their physical and fluorescent 
properties. Our findings confirmed the consistent size 
and shape of the silica nanoparticles across various syn-
thesis conditions, while highlighting notable changes in 
the surface charge and fluorescence characteristics con-
tingent upon the amount of encapsulated dye-APTES. 
These observations underscore the significance of precise 
control over synthesis parameters for tailoring nanopar-
ticle properties for specific imaging applications. In addi-
tion, our in vitro and in vivo experiments confirmed the 
versatility and utility of these fluorescent silica nanopar-
ticles. We observed a linear increase in signal intensity 
with particle concentration, even in animal skin, indi-
cating a robust performance in imaging applications. 
These results provide practical guidance for experimen-
tal design, facilitating informed decisions regarding dye 
selection, encapsulation quantity, and particle concen-
tration, tailored to specific imaging objectives and dura-
tions. Continuous research on fluorescent nanoparticles 
holds promise for the further advancement of in  vivo 
imaging capabilities. In addition to imaging, these nano-
particles present opportunities for use as versatile moni-
toring tools in drug delivery and nanomedicine research. 
By leveraging their unique properties, future endeav-
ors in this realm aim to enhance the performance and 

broaden the scope of applications, ultimately advancing 
biomedical research and clinical practices.
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