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Highlights 

 Surface engineering of dye nanoparticles can dramatically induce over ten‐fold 

enhancement in bioimaging brightness. 

 Specific non‐clathrin‐ and non‐caveolae‐mediated pathway is observed. 

 Enhanced cellular uptake efficacy and decreased cellular excretion endow dye 

nanoparticles with superior bioimaging performance. 

Abstract 

Surface properties of nanoparticles (NPs) have a huge influence on their biological 

activities. In this work, we report to use mesoporous silica nanoshell surface to regulate 

the cellular internalization rate and intracellular fate of fluorescent organic NPs for 

highly improved cellular imaging. We systematically studied the internalization of the 

NPs into cells, the intracellular transport pathways, the excretion from cells, and very 

importantly, compared the results with those from various NPs with different surface 

properties. It was found that the silica nanoshell coating allow the NPs to achieve 

strikingly improved brightness in imaging (over ten-fold enhancement) and much 

higher delivery efficiency than other NPs. This was attributed to their unique non-
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clathrin- and non-caveolae-mediated pathways which enable them to enter cells very 

efficiently and quickly in the cellular internalization, as well as their low cellular 

excretion rate. This highly effective cellular imaging effect caused by silica surface 

coating is much desirable for applications in sensitive imaging and long-term tracking 

of cells. 

Keywords: fluorescent dye nanoparticles; organic fluorescence probes; mesoporous 

silica nanoshell; cellular internalization efficiency; cellular imaging 

1. Introduction  

Fluorescent cellular probes are powerful tools for studying complex biological 

structures, cellular behaviors and physiological functions. In the past decades, organic 

dyes are the most widely used fluorescent markers for biological imaging. However, 

they often suffer from either severe photobleaching at low concentrations or 

fluorescence quenching at high concentrations [1]. To overcome this issue, recently, 

pure dye nanoparticles (NPs) with unique characteristic of aggregation induced 

emission enhancement (AIEE) emerged as a promising new fluorescent probe for 

bioimaging applications [2]. This material can achieve enhanced fluorescence emission 

with remarkable photostability and excellent biocompatibility, but the brightness of 

these NPs still needs to be improved for effective use. The reason is that high sensitivity 

is usually determined by the brightness of a probe’s fluorescence and counted as an 

essential requirement for optimum imaging and tracking of cells and biological tissues. 

Clearly, strategies are needed to enhance the brightness of the fluorescent dyes in 

bioimaging. 
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Recent observations demonstrate that surface properties of nanocarriers can regulate 

their dye-loading capacities [3-5] as well as biological activities [6-10]. For example, 

NPs with positive surface charge are observed to exhibit enhanced cellular 

internalization comparing to neutral and negatively charged NPs [11]. Silica NPs with 

surface topography similar to virus are reported to lead to enhanced drug loading 

capacity of siRNA and cellular uptake efficacy [12]. Nanodiamonds with sharp edges 

are also found to be able to easily break the endosomal membranes and reside in 

cytoplasm without being excreted [13]. All these observations indicate that surface 

properties can exert great influence on cellular internalization rate and the fate of 

nanomaterials in cells, both of which have significant implications for bioimaging. It is 

well known that fluorescence NPs with combined features of high cellular 

internalization and low excretion rate can be enduringly remained within cells [14], and 

thus the fluorescence intensity can be greatly preserved for sensitive detection. 

Motived by these findings, we encapsulated fluorescent organic NPs with a few 

nanometers thick layer of mesoporous silica. We then systematically studied the 

internalization of these NPs into cells, the intracellular transport pathways, and the 

excretion from cells, and very importantly, compare the results with those from 

various NPs with different surface properties. We expect that this type of organic dye 

NPs will play an important role in live cell imaging. 

2. Experimental 

2.1. Materials 
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N-phenyl-substituted amine, 4-bromophenylacetonitrile, Pd(OAc)2, Cs2CO3, P(t-

Bu)3, PEI, PSS, TBADN, cethyltrimethylammonium bromide (CTAB), 

tetramethylorthosilicate (TMOS), and 3-aminopropyltriethoxysilane (APTES) were 

purchased from J&K Scientific Ltd. Triethylamine, toluene, iodine, diethyl ether, 

sodium, methanol, chloroform, dichloromethane and petroleum ether were ordered 

from Sinopharm Chemical Reagent Co Ltd. LysoTracker Green DND-2 were 

purchased from Invitrogen. Albumin Bovine V (BSA), fetal bovine serum (FBS), 

Roswell Park Memorial Institute-1640 (RPMI-1640) medium, Dulbecco's Modified 

Eagle's medium (DMEM) and penicillin-streptomycin solution were purchased from 

Invitrogen (San Diego, CA). MTT was purchased from Sigma Aldrich (Milwaukee, 

WI). Distilled water was obtained from a Milli-Q Biocel (Millipore Corporation, 

Breford, USA) water purification system (18.2 MΩ•cm-1 resistivity). HeLa cells and 

KB cells were purchased from American Type Culture Collection (ATCC, Manassas, 

VA, USA). The fluorescence spectra were performed on a FluoroMax 4 (Horiba Jobin 

Yvon) spectrofluorimeter. SEM images were obtained on a FEI Quanta 200 FEG field 

emission scanning electron microscope operated at an accelerating voltage of 30 KV. 

TEM images were taken by FEI Tecnai G2 F20 S-TWIN operated at an accelerating 

voltage of 200 kV. The NPs’ size and surface charge measurements were performed on 

a Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.) with a 633 nm He-Ne laser. 

Cell imaging studies were taken by confocal laser scanning microscopy (CLSM, TCS 

SP5 II, Leica, Germany). 

2.2. Synthesis of NPAPF (TBADN) NPs and NPAPF (TBADN)@SiO2 NPs 
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NPAPF was synthesized according to literature [2]. NPAPF and TBADN NPs were 

individually synthesized by a solvent exchange method. Briefly, NPAPF (TBADN) was 

dissolved in THF to make a 1 × 10-3 M NPAPF (TBADN) solution. Then 150 µL of 

solutions were dropped into 5 mL of ultrapure water by microsyringe at room 

temperature under rapid stirring for 5 min. The resulting NPs dispersion was kept at 

4 °C for further use. 

NPAPF@SiO2 NPs and TBADN@SiO2 NPs were prepared as following. 50 mg of 

CTAB was added into 30 mL of the above prepared NPAPF (TBADN) NPs solution 

followed by active stirring of 30 min to make an oil-in-water microemulsion. The 

suspension was then heated up to 40 °C and kept for 10 min under rapid stirring. A 

transparent NPAPF (TBADN)/CTAB solution was acquired. Next, 100 μL of 2 M 

NaOH solution was added into the mixture to make an alkaline environment. 

Subsequently, 0.1 mL of TMOS and 1 mL of ethylacetate were added into the reaction 

solution in sequence. After 10 min, 30 µL of APTES was added and the mixture was 

allowed for reaction for 12 h. To detach CTAB from the NPAPF (TBADN)@SiO2 NPs, 

HCl solution was added to control the pH to be ~2.0 and then refluxed for 3 h at 60 °C. 

The as-synthesized NPAPF (TBADN)@SiO2 NPs were washed three times with 

ultrapure water by centrifugation, to remove the unreacted species. Finally, the mixture 

was under ultrasonic treatment and then stored at 4 °C for further use. 

2.3. Surface modification and characterization of NPAPF (TBADN) NPs and 

NPAPF (TBADN)@SiO2 NPs 
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Sizes and surface charges of the NPAPF (TBADN) NPs were measured on Zetasizer 

Nano ZS with a 633 nm He-Ne laser at room temperature. Both the sizes and surface 

charges of the NPs were expressed as the average values of three measurements. In 

order to achieve opposite surface charges for NPAPF NPs and NPAPF@SiO2 NPs, PEI 

and PSS were separately added into the as-prepared NPAPF NPs and NPAPF@SiO2 

NPs through electrostatic adsorption. Stewing for 1 h, the unabsorbed PEI and PSS 

were removed by centrifugation. Finally, four types of particles with different surface 

structure and charge were prepared and named as NPAPF NPs(-), NPAPF NPs-PEI(+), 

NPAPF@SiO2 NPs(+), and NPAPF@SiO2 NPs-PSS(-). 

2.4. Cell culture 

HeLa and KB cells were individually cultured in DMEM and RPMI-1640 medium 

supplemented, containing 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin solution 

at 37 °C in a humidified atmosphere containing 5% CO2. 

2.5. In vitro cytotoxicity 

The in vitro cytotoxicity was measured using a standard MTT assay. HeLa cells were 

seeded in 96-well plates (100 µL/well) and incubated for 24 h. Then, 25 µL of sterilized 

NPAPF NPs(-), NPAPF NPs-PEI(+), NPAPF@SiO2 NPs(+) and NPAPF@SiO2 NPs-

PSS(-) with different concentrations in DMEM medium were added to each well for 

incubation (37 °C, 5% CO2). After 48 h, the cells were then treated with 20 µL of MTT 

solution (5 mg mL-1 in PBS) and incubated for extra 4.5 h. The medium was removed 

and the cells were lysed by adding 150 µL of DMSO, cell viabilities were then 

measured by MTT assay. 
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2.6. Cellular uptake of NPAPF (TBADN) NPs 

HeLa or KB cells were dispersed in 24-well plates (1 mL in each well containing 1 

× 104 cells per well) and cultured for 24 h at 37 °C in the humidified atmosphere with 

5% CO2. Subsequently, HeLa (KB) cells were incubated in NPAPF NPs(-), NPAPF 

NPs-PEI(+), NPAPF@SiO2 NPs(+) and NPAPF@SiO2 NPs-PSS(-) ([NPAPF] = 5 μM) 

at 37 °C for 2, 4, and 6 h. Cells were then washed with PBS for three times to fully 

remove nonspecifically absorbed dye and fixed with fresh 4% paraformaldehyde for 5 

min at room temperature, and then visualized under CLSM. The emission was collected 

in the range of 580-680 nm for NPAPF NPs. For TBADN NPs, the excitation was 405 

nm and the emission was detected from 420 to 480 nm. All images were captured under 

the same instrumental setting and analyzed with image analysis software. 

To acquire quantitative data, the fluorescence intensities were measured by flow 

cytometry. HeLa cells were seeded in 6-well plates and incubated for 24 h, and then 

NPAPF NPs were added and incubated for 2, 4, and 6 h. The cells were washed with 

PBS and harvested by trypsinization. Subsequently, the cells were centrifuged at 1000 

rpm for 3 min and re-suspended in 0.5 mL of DMEM medium for analysis by flow 

cytometry. NPAPF was detected with an excitation wavelength at 488 nm and an 

emission wavelength at 650 nm. 

2.7. Protein adsorption 

To determine protein adsorption, 1 mL of NPAPF NPs(-), NPAPF NPs-PEI(+), 

NPAPF@SiO2 NPs(+) and NPAPF@SiO2 NPs-PSS(-) solution, 3 mL of ultrapure 

water and 1 mL of 4 mg/mL BSA were added together and stirred vigorously with a 
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magnetic stirrer for 4 h. The NPAPF particles were centrifuged and the concentration 

of BSA was determined in the supernatant using UV-visible absorption spectra by 

determining the absorbance maximum at 280 nm wavelength. A standard curve was 

prepared using known concentrations of BSA. The protein adsorbed on the different 

NPAPF NPs was calculated using following equation: 

q = (Ci-Cf)V/m                                                                                          

where Ci and Cf are the initial BSA concentration and the BSA concentration in the 

supernatant after adsorption studies, respectively; V is the total volume of the solution 

(5 mL); and m is the mass of the NPs added into the solution. 

2.8. Mechanism of NPAPF NPs internalization into cells 

Effect of energy on the cellular uptake of NPAPF NPs was studied by pre-incubating 

HeLa cells at 4 °C for 1 h, and then incubated with NPAPF NPs(-), NPAPF NPs-PEI(+), 

NPAPF@SiO2 NPs(+) and NPAPF@SiO2 NPs-PSS(-) ([NPAPF] = 5 μM) at 4 °C for 

6 h. HeLa cells were pre-incubated with different inhibitors of chlorpromazine (CPZ, 

20 μg/mL) to prevent the formation of clathrin vesicles, cytisine (2 μg/mL) to block 

caveolae pathway, and amiloride (50 mM) to inhibit macropinocytosis at 37 °C for 1 h. 

The group incubated with NPAPF NPs without inhibitors treatment was used as the 

control. After 1 h, the inhibitor solutions were removed, and the NPAPF NPs in media 

containing inhibitors at the same concentrations were added and further incubated at 

37 °C for 6 h. Cells were washed with cold PBS for three times, and fixed with fresh 

4% paraformaldehyde for 5 min at room temperature. After that they were visualized 
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under CLSM. The fluorescence intensities were also measured by flow cytometry for 

quantitative analysis. 

2.9. Intracellular fate of NPAPF NPs 

HeLa cells were seeded in glass dishes and cultured for 24 h, and then incubated with 

NPAPF NPs and NPAPF@SiO2 NPs. After 6 h, dye NPs were removed. LysoTracker 

Green (100 nM) was added in medium for additional 30 min at 37 °C following the 

supplier's protocol. Cells were rapidly washed with fresh medium to remove the 

attached LysoTracker Green. Finally, living cells were prepared for visualization under 

CLSM. 

The excretion of NPAPF NPs was investigated by CLSM and flow cytometry. In 

brief, HeLa cells were dispersed in 24-well plates (for CLSM study) and 6-well plates 

(for flow cytometry analysis) and cultured for 24 h at 37 °C. Then they were 

incubated with NPAPF NPs and NPAPF@SiO2 NPs, after 12 h, and transferred to 

dye-free culture medium and incubated for additional 12 and 24 h. Confocal images 

were finally taken by CLSM and quantitative data were obtained through flow 

cytometry. 

3. Results and discussion 

3.1. Preparation and characterization of NPAPF NPs and NPAPF@SiO2 NPs 

Near infrared reflection (NIR) dye bis(4-(N-(2-naphthyl) phenylamino) phenyl)-

fumaronitrile (NPAPF) was chosen in our study. NPAPF NPs were prepared by a 

simple solvent exchanging method. Then, the as-prepared NPAPF NPs were coated 

with a thin layer of the silica shell by a modified Stöber method (Scheme in Fig. S1) 
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[15]. The characterization results were summarized in Table S1. Specifically, scanning 

electron microscopic (SEM) image in Fig. S2a shows that the NPAPF NPs are spherical 

and have diameters in the range of 70-100 nm. TEM image in Fig. 1a indicates that the 

NPAPF NPs have a smooth and flat surface. In comparison, after surface modification 

of these NPs with a thin layer of mesoporous silica nanoshell, the surface has numerous 

small features over the whole NPs (Fig. 1b and 1c), similar to that of enveloped-spike 

structure in some viruses [16,17]. DLS studies show that the nude NPs have good 

dispersibility with an average diameter of about 90 nm and negative ζ potentials of 

about -22.4 mV, while the average diameter of the modified core-shell structure NPs 

show a small swelling in diameter (around 110 nm) with a positive ζ potentials of about 

+17.8 mV (Fig. S2b and 2c). The optical properties of the 

nude and modified core-shell structure NPs were then investigated. NPAPF is a kind of 

dye with the characteristic of AIEE, we studied the optical properties of the as-prepared 

NPs. As shown in Fig. 1d, NPAPF is weakly fluorescent when dissolved in THF, 

whereas the NPs show almost 10 times enhancement in fluorescence intensity at the 

same concentration, due to the aggregation-induced restriction of intramolecular 

rotation and consequential suppression of nonradiative path ways [18]. The modified 

core-shell structure NPs show similar emission bands with nude NPs, with an intense 

NIR fluorescence emission peak at 650 nm (Fig. 1d). Notably, the fluorescence 

intensity of the core-shell structure NPs is slightly higher than that of the nude NPs at 

the same concentration. We assume that the enhanced emission property can be 

possibly attributed to the reason that a thin layer coating of silica nanoshell over the 
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nude NPs would make much closer aggregation of the AIEE molecules in the NPs and 

thus causes the fluorescence enhancement [19]. Similarly, 2-tert-butyl-9,10-di(naphth-

2-yl)anthracene (TBADN) NPs were also prepared and modified with a thin layer of 

SiO2 coating. The difference is that TBADN has a characteristic of aggregation-induced 

quenching (AIQ). As shown in Fig. S3d, TBADN exhibits strong fluorescence in THF 

but when they aggregate into NPs the fluorescence quenched dramatically. The nude 

TBADN NPs are also spherical (Fig. S3a) and possess a very smooth surface (Fig. 

S3b). After mesoporous silica nanoshell coating, clearly, the modified NPs hold a large 

population of small protrusion features on the surface (Fig. S3c). DLS measurements 

show that the sizes of the NPs before and after SiO2 modification are about 90 and 120 

nm, respectively (Fig. S3e). However, differently, the fluorescence intensity of the 

modified TBADN@SiO2 NPs declines in comparison with that of the unmodified ones 

when the concentration remains the same (Fig. S3f). 

3.2. Cellular uptake of various NPs with different surface properties 

The different types of NPs were then explored as biological fluorescent probes for 

cellular imaging. Before that, standard 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assays were performed in HeLa cell lines to 

evaluate the cytotoxicities of NPAPF NPs(-), NPAPF NPs-PEI(+), NPAPF@SiO2 

NPs(+) and NPAPF@SiO2 NPs-PSS(-) (Fig. S4). The results show that the cells retain 

high viabilities (> 85%) after 48 h incubation with the NPs of varied concentrations 

ranging from 1.25 to 20 μM. It suggests that these NPs have very low cytotoxicity. As 

shown in Fig. 2a, NPAPF@SiO2 NPs appear to exhibit strikingly brighter fluorescence 
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than that of NPAPF NPs under the same incubation conditions in human cervical cancer 

cell lines (HeLa cells). Although the fluorescence intensity of NPAPF@SiO2 NPs is 

already confirmed to be higher than that of NPAPF NPs at the same conditions (Fig. 

1d), this should not be the full reason for the remarkable fluorescence enhancement in 

in vitro imaging. To exclude the influence of the improved fluorescence intensity of the 

modified NPAPF NPs, we also investigated the cellular uptake of TBADN NPs and 

TBADN@SiO2 NPs. As presented in Fig. 2b, it is very clear that the TBADN@SiO2 

NPs with core-shell structure still show significantly stronger fluorescence than the 

TBADN NPs although the modified TBADN NPs actually possess decreased 

fluorescence intensity. These results imply that the enhanced fluorescence imaging of 

the NPAPF@SiO2 NPs is not simply benefited from the enhanced fluorescence after 

the modification. 

Except the change of the surface structure of NPAPF after modification, the other 

difference is that the modified NPAPF NPs carry positive surface charge while the 

unmodified ones have negative charge. Therefore, it is also essential to investigate the 

influence of the surface charge on the cellular uptake of these NPs. To do this, we next 

examined the cellular delivery performance of NPAPF NPs. To systematically evaluate 

the influence of surface charge, we further surface modified NPAPF NPs by 

polyethylenimine (PEI) and NPAPF@SiO2 NPs by poly(sodium-p-styrenesulfonate) 

(PSS), named as NPAPF NPs-PEI(+) and NPAPF@SiO2 NPs-PSS(-), respectively. 

These two types of NPs have similar values of ζ potential but with opposite charge (Fig. 

S2c). The ζ potentials of raw NPAPF NPs, SiO2 encapsulated NPAPF NPs, PEI 
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modified NPAPF NPs and PSS modified NPAPF@SiO2 NPs are -22.4, +17.8, +20.9, 

and -19.9 mV, respectively. 

In our experiments, the four kinds of NPAPF NPs were individually incubated with 

HeLa cells for 2, 4, and 6 h. As shown in Fig. 3a, rather weak signals are detected in 

NPs(-) cultured cells, while slightly stronger fluorescence signals are observed for NPs-

PEI(+), indicating that positively charged surface of NPs can enhance cellular uptake 

to some extent. These results are consistent with previous findings that positively 

charged surface can improve intracellular delivery [20,21]. This is possibly due to the 

fact that NPs with positive surface charge can be more effectively internalized by cells 

through electrostatic interactions with the negatively charged cell plasma membrane 

[22]. In a sharp contrast, strikingly brighter fluorescence signals are seen in HeLa cells 

cultured with either NPAPF@SiO2 NPs(+) or NPAPF@SiO2 NPs-PSS(-). No obvious 

difference in fluorescence signals can be seen between the two samples with opposite 

surface charge from confocal microscopy images, especially when cells are incubated 

for 4 h or longer. Similarly, in human nasopharyngeal epidermal carcinoma cell lines 

(KB cells), it is also demonstrated that TBADN NPs with surface modification of SiO2 

can more efficiently enter cells than TBADN NPs without surface treatment (Fig. S5). 

These results demonstrate that the positive charge of NPAPF NPs can increase their 

cell internalization, but the silica nanoshell coating allow the NPs to achieve much 

higher delivery efficiency no matter what the surface charge is. 

The above results are further verified through quantitative measurements of the 

fluorescence in HeLa and KB cells by flow cytometry (Fig. 3b, c and S6). The results 
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show that, after 6 h incubation, the cellular uptake increases almost 10 times for both 

NPAPF@SiO2 NPs(+) and NPAPF@SiO2 NPs-PSS(-) when compared to that of 

NPAPF NPs(-). In contrast, the cellular uptake improves only 3 times for NPAPF NPs-

PEI(+). Clearly, NPAPF@SiO2 NPs(+) demonstrate the highest cellular uptake. These 

results verify that the impact of nanoshell silica coating is generic and independent of 

surface charges and cell lines. Although it is confirmed that positive surface charge is 

able to increase cellular internalization of NPs, the effect is relatively weak when 

compared with that of silica nanoshell coating, as observed from Fig. 3 and S6. 

It is well known that the effect of nanoparticles adsorption of proteins will also affect 

their cellular uptake efficiency. When bound to proteins, NPs may be quickly cleared 

by macrophages before they can reach target cells [23,24]. So, in order to investigate 

that whether the adsorption of proteins affect cellular internalization of NPs, we test 

NPAPF NPs with different surface properties on adsorption of BSA (Fig. S7). The 

result indicated that NPAPF NPs having positive zeta potential displayed the highest 

protein adsorption ability while the negatively charged NPs (especially for 

NPAPF@SiO2 NPs-PSS(-)) did not significantly adsorb protein. However, 

NPAPF@SiO2 NPs-PSS(-) still possess much higher cellular uptake than that of 

NPAPF NPs-PEI(+). This result rules out the possibility that the adsorbed proteins 

induced the higher cellular internalization of NPAPF@SiO2 NPs. Base on all these 

observations, we can conclude that the silica nanoshell plays the most important role in 

boosting the imaging brightness in cells. 

3.3. Pathways of the internalization of different NPAPF NPs into cells 
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To understand why the silica nanoshell coating of NPs can dramatically increase their 

cellular uptake, it is useful to explore the pathways of their internalization into cells and 

also compare with NPAPF NPs with different surface properties. For this, we 

investigated the specific endocytotic pathways that involved in the cellular 

internalization (Fig. 4). First, HeLa and KB cells were pre-incubated at low temperature 

(4 °C) and then treated with NPs to inspect their energy dependence. Marked decreases 

in the cellular internalization of all types of NPs (above 85% compared with untreated 

cells) are observed, indicating that all the internalization is an energy-dependent 

process. Second, three groups of cells were treated separately with three biochemical 

inhibitors of clathrin-mediated endocytosis (chlorpromazine, CPZ), caveolae-mediated 

endocytosis (cytisine), and macropinocytosis (amiloride) to determine the specific 

cellular uptake mechanism. As shown in Fig. 4a, CPZ and cytisine retarded the cellular 

uptake of NPAPF NPs(-) and NPAPF NPs-PEI(+) to different extents. To acquire more 

intuitive results, the inhibition efficiencies were then quantitatively measured using 

flow cytometry. When HeLa and KB cells were pre-incubated with CPZ, cytisine and 

amiloride, the reduced extents of cellular uptake are 35%, 50%, and 6% respectively 

for NPAPF NPs(-), and 40%, 20%, and 12% respectively for NPAPF NPs-PEI(+) (Fig. 

4b and 4c). In a sharp comparison, no obvious decrease is discerned for NPAPF@SiO2 

NPs(+) and NPAPF@SiO2 NPs-PSS(-) for both HeLa and KB cells with treatment of 

three types of inhibitors. From these observations, it could be concluded that the 

internalization of NPAPF NPs(-) or NPAPF NPs-PEI(+) is mediated by combined 

pathways of clathrin- and caveolae-mediated endocytosis. The caveolae-mediated 
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process is the primary endocytosis pathway for NPAPF NPs(-), while the clathrin-

mediated process is the main endocytosis pathway for NPAPF NPs-PEI(+) [25,26]. In 

contrast, clathrin- and caveolae-independent endocytosis most probably plays a crucial 

role for the uptake of NPAPF@SiO2 NPs(+) and NPAPF@SiO2 NPs-PSS(-). It has 

been previously demonstrated that caveolae- and clathrin-mediated endocytosis are 

relatively slow in most cells, with half-life (t1/2) of more than 20 and 1 min, respectively 

[27]. Oppositely, recent studies on neuroendocrine cells show that clathrin-independent 

endocytosis occurs much faster with a half-life of less than 10 s. These results indicate 

that the silica nanoshell coating allows NPs to enter the tested cells through different 

pathway from those without a layer of SiO2. This could make NPAPF@SiO2 NPs(+) 

and NPAPF@SiO2 NPs-PSS(-) transport to cells much easier than NPAPF NPs(-) and 

NPAPF NPs-PEI(+). Therefore, the unique endocytotic pathways of silica nanoshell 

coated NPs are responsible for the improved brightness in imaging [28]. 

3.4. Intracellular fate of NPAPF NPs 

Understanding the intracellular localization within the lysosomal network and the 

fate of NPs are crucial in designing new bioimaging nanomaterials. Such information 

is also important to confirm the investigated endocytosis pathways of NPs. To study 

the cellular fate of the NPs following their uptake, the lysosomal compartment of the 

cultured HeLa cells was stained with the LysoTracker Green probe [29]. The results are 

shown in Fig. 5a and 5b, the large number of yellow spots in the merged images 

indicates extensive colocalization of NPs and lysosomes. This finding suggests that the 

nude NPs mainly be entrapped within lysosomes during incubation. In contrast, 
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particularly low colocalization ratio is observed for NPAPF@SiO2 NPs throughout the 

observation period. The low extent of colocalization with lysosome indicates that NPs 

with silica coating surface either possess high lysosomal escaping capability or mainly 

follow other endocytic pathways unrelated to the lysosomal one. In fact, it has been 

previously reported that nanomaterials utilizing clathrin- and caveolae-independent 

endocytosis pathway can avoid endo/lysosomal capture and degradation and therefore 

have significant applications for delivery of anticancer drugs or long-time imaging [30]. 

After studying the distribution of NPAPF NPs within cells, we investigated their 

excretion from cells. In the experiments, HeLa cells were first exposed to NPAPF 

NPs or NPAPF@SiO2 NPs for 12 h. Subsequently, the cells were washed and 

incubated with fresh cell medium for additional 6, 12, and 24 h followed by 

observation by confocal microscopy. The results are presented in Fig. 5c, it is found 

that the fluorescence intensity of nude NPs sharply reduces. This implies that a large 

portion of the nude NPs was excreted from the cells. However, the cells with 

NPAPF@SiO2 NPs still remain strongly fluorescent without obvious decrease in 

intensity, showing that most of the NPAPF@SiO2 NPs stably reside within the cells. 

These results are further confirmed by quantitative flow-cytometry data (Fig. 5d). The 

data show that more than 45% of the nude NPs were excreted after the “washed out’’ 

process after 24 h, while only 15% of NPs@SiO2 were excreted by cells. NPs@SiO2 

stayed in cytosol should be responsible for their low excretion by cells [31]. Similarly, 

Chu and co-workers recently also revealed that NPs with sharp edges at surface could 

pierce the membranes of endosomes and escape to the cytoplasm, which in turn 
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significantly reduced the cellular excretion rate of the NPs [13]. Such features are 

essential for their application in long-time tracking in bioimaging. 

4. Conclusion 

In summary, we systematically investigated the influence of silica nanoshell 

coating on the cell internalization, intracellular transport pathway, intracellular fate, 

and excretion of NPAPF dye NPs. Surface silica nanoshell coating can dramatically 

induce over ten-fold enhancement in fluorescence signals in imaging compared with 

original NPs, indicating their great potential for highly effective cellular imaging. The 

silica nanoshell coating plays a more predominant role to determine the behaviour of 

the NPs. NPAPF@SiO2 NPs enter cells more efficiently and adopt a unique clathrin- 

and caveolae-independent endocytosis pathway, while NPAPF NPs with other 

surfaces are internalized into cells through combination of clathrin- and caveolae-

mediated endocytosis. As a result, these mesoporous silica nanoshell coated NPAPF 

NPs mostly bypass the lysosomal compartments and retain in cells for a much longer 

time. These differences can be summarized in Scheme 1. The combined merits of 

enhanced cellular uptake efficacy and decreased cellular excretion endow the 

fluorescent dye NPs with superior imaging performance, which holds great potential 

for highly sensitive bioimaging, particularly for real-time and long-term tracking of 

cells. 
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Fig. 1. Characterization of NPAPF NPs. (a) TEM of NPAPF NPs. (b) TEM and (c) 

HRTEM images of NPAPF@SiO2 NPs with notably silica shell. (d) Fluorescence 

spectra of NPAPF NPs and NPAPF@SiO2 NPs. 

 

 

 

 

 

 

Fig. 2. Confocal microscopy images of HeLa cells incubated with (a) NPAPF NPs, 

NPAPF@SiO2 NPs and (b) TBADN NPs, TBADN@SiO2 NPs for 2 and 6 h at the 

same concentration. Scale bars: 20 μm. 
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Fig. 3. (a) Confocal microscopy images of HeLa cells incubated with NPAPF NPs(-), 

NPAPF NPs-PEI(+), NPAPF@SiO2 NPs(+) and NPAPF@SiO2 NPs-PSS(-) for 2, 4, 

and 6 h at the same concentration. The scale bars indicate 20 μm. (b) Flow cytometry 

analysis of various NPAPF NPs labeled HeLa cells after 6 hours incubation. The 

colored lines present the distribution of fluorescence intensities. (c) Quantitative 

measurements of fluorescence intensities in HeLa cells after incubation with NPAPF 

NPs for 2, 4, and 6 h at the same concentration by flow cytometry. 
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Fig. 4. Effect of added endocytic inhibitors on the internalization of NPAPF NPs. (a) 

Confocal images showing cellular uptake of NPAPF NPs. Quantitative analysis of the 

cellular uptake by flow cytometry in (b) HeLa cells and (c) KB cells respectively. 

Scale bars: 20 μm. 
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Fig. 5. Colocalization of NPAPF NPs with LysoTracker. (a) Colocalization of NPAPF 

NPs and NPAPF@SiO2 NPs with lysosome. (b) Magnified images of the boxed area 

(white) in (a). (c) Confocal imaging showing the excretion of NPAPF NPs. HeLa cells 

were incubated for 12 h with NPs and NPAPF@SiO2 NPs, and then the cells were 

incubated for additional 24 h in dye-free medium. Scale bar is 20 µm. (d) Quantitative 

analysis of the cellular excretion by flow cytometry. 

 

 

 

 

 

 

 

Scheme 1. Schematic illustration of endocytic pathway and the intracellular fate of 

dye NPs with different surface charge and surface structure. 

 


