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Abstract

Microfluidic reactors represent a new frontier in the rational design and controllable synthesis of 

functional micro-/nanomaterials. Herein, we develop a continuous and ultrafast flow synthesis 

method to obtain triangular silver (tAg) nanoplatelet using a short range two-loop spiral-shaped 

laminar flow microfluidic reactor, with one inlet flow containing AgNO3, trisodium citrate, and 

H2O2 and the other NaBH4. The effect of the reactant concentration and flow rate on the structural 

changes of tAg is examined. Through the same miniaturized microreactor, hierarchical core-shell 

Ag@SiO2 can be produced with tunable silica shell thickness using one inlet flow containing the 

as-synthesized Ag nanoparticles together with tetraethyl orthosilicate and the other ammonia. The 

enhanced cellular internalization efficiency of triangular nanoplatelets by PANC-1 and MCF-7 

cells is further confirmed in comparison with the spherical ones. These results not only bring new 

insights for engineering nanomaterials from microreactors but also facilitate the rational design of 

functional nanostructures for enhancing their biological performance.
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1. Introduction

Anisotropic nonspherical micro-/nanomaterials have attracted extensive interests due to their 

superior physicochemical and biological properties in diverse fields over their spherical 

counterparts.[1–8] Among these anisotropic structures, anisotropic silver nanoplatelet/

nanosheet has gained considerable attentions in recent years as a result of its fascinating 

plasmonic properties, biological activity, and long-term stability.[9] To date, a variety of 

solution-based conventional batch strategies have been developed to synthesize silver 

nanoplatelet/nanosheet, such as electrochemical synthesis, sonochemical route, biological 

synthesis, thermal synthesis, templating method, and chemical reduction.[10–16] However, 

most of these strategies generally require several hours or days for the nucleation and 

formation of silver nanoplatelet/nanosheet. In addition, precise control of the nucleation 

stage during the synthesis is still a great challenge facing these conventional batch strategies, 

which limit large scale production of anisotropic nanosized particles with consistent 

uniformity.[17] Therefore, the development of continuous, fast, and scalable process for the 

controllable synthesis of anisotropic silver nanostructures is still highly desirable for 

emerging fundamental and industrial applications.

Microfluidic microreactor technology represents a new frontier in the rational design and 

controllable synthesis of functional micro-/nanomaterials.[18–21] Microfluidics-enabled 

chemical engineering strategies rely on hydrodynamically confined micro/nanoliter volumes 

of reagents to interact with each other at the short-range millimeter-length or smaller scale. 

These unique characters endow microreactors many appealing features that conventional 

batch reactors can hardly achieve. For example, the large surface-to-volume ratio of 

microchannels allows highly efficient mass and heat transfer; fast reaction kinetics inside the 

microchannels within relatively short distances permits rapid particle production and the 

screening of experimental parameters; intensive mixing performance inside the 

microchannels increases the production yields; confining potentially toxic, explosive, and 

flammable starting reagents into a small space offers great possibilities to generate new 

materials; fully automatic operations enable greatly reduced local variations and easy scale-

out. Therefore, microreactor may act as a promising platform for continuous, fast, and 

scalable synthesis of hierarchical anisotropic plasmonic nanostructures (e.g. Ag@SiO2), 

which, to the best of our knowledge, have still not been reported yet.

This study presents a general and straightforward microfluidic strategy for continuous and 

ultrafast synthesis of hierarchical anisotropic plasmonic nanomaterials. Miniaturized spiral-

shaped microreactor with two inlet flows, one containing AgNO3, trisodium citrate (TSC), 

and H2O2 and the other NaBH4, was employed to produce triangular silver (tAg) 

nanoplatelet. Hierarchical anisotropic silver core-silica shell (Ag@SiO2) nanoparticles with 

tunable silica shell thickness were then successfully synthesized using the same two inlet 

flows microreactor of which one inlet contains tAg and tetraethyl orthosilicate (TEOS) and 

the other ammonia. The effect of a series of reaction conditions on the structural changes 

was examined. The cellular internalization difference of triangular nanoplatelets and their 

spherical counterparts by two different cancer cell lines (PANC-1 and MCF-7 cells) was 

further investigated.
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2. Experimental details

2.1 Materials and reagents

Silver nitrate (AgNO3), Tetraethyl orthosilicate (TEOS), Trisodium citrate (TSC), Hydrogen 

peroxide (H2O2, 30%), Sodium borohydride (NaBH4), Ammonium hydroxide (25%), 

ethanol (200-proof), Fluorescein isothiocyanate (FITC), 3-Aminopropyltriethoxysilane 

(APTES), Hoechst 33342, Cell-counting kit-8 (CCK-8), were purchased from Sigma-

Aldrich. Polydimethylsiloxane (PDMS Sylgard 184) was purchased from Dow Corning. 

Water used was from a Milli-Q water ultrapure water purification system. All chemicals 

were used as received without any further purification.

2.2 Fabrication of spiral-shaped microfluidic reactor for silver nanoplatelet synthesis

The two-loop microfluidic spiral channel with two inlets and one outlet was fabricated using 

standard photolithography and soft lithography. Briefly, film mask was designed with CAD 

software and ordered from Fine Line Imaging, Inc. The SU-8 mold was made by spin 

coating ca. 100 μm of SU-8 2035 photoresist onto a clean silicon wafer. Then, the PDMS 

precursor was poured over the master mold, left to solidify at 65 °C for 1 hour and peeled off 

to get the replica. Microchannels were formed by bonding the oxygen plasma treated PDMS 

replica to the glass slide.

2.3 Microfluidic synthesis of tAg

The synthesis of tAg was realized by simply using AgNO3 (1 mM in water), TSC (7.5 mM 

in water), and H2O2 (100 mM in water) and the other NaBH4 (3 mM in water). The two inlet 

flows were then pumped (Pump 33 DDS, Harvard Apparatus) into the spiral microchannel 

both at a flow rate of 0.5 mL/min to produce tAg. Afterward, the blue-colored solution was 

collected from the outlet.

2.4 Microfluidic synthesis of tAg@SiO2

The synthesis of tAg@SiO2 was realized using tAg (5 mM in ethanol) and TEOS (90 mM in 

ethanol) as one inlet and ammonia (1 M in ethanol) as the other inlet. The two inlet flows 

were then pumped into the microreactor at a flow rate of 50 and 100 μL/min, respectively, at 

room temperature. Afterward, the blue-whitish product was collected from the outlet.

2.5 COMSOL simulation and theoretical analysis for tAg and tAg@SiO2 analysis

Firstly, Reynolds number (Re) was calculated to determine if the fluids are in laminar flow 

regimes: Re = ρUL/μ, where the density (ρ ~1000 kg/m3) and dynamic viscosity (μ ~0.001 

Pa·s) of water are used for approximations, L is the characteristic length, and U is the 

average flow velocity, which could be obtained by: U = f low rate
W ⋅ H . In our case with the spiral 

microchannel, W = 500 μm, H = 50 μm, when flow rate is at 500 μL/min, U = 0.33 m/s, and 

Re = 7.58 < ~2300. When the flow rate of 100 μL/min or less is used in the synthesis of 

core-shell structure, the Re will be even smaller.

Therefore, the fluids are in laminar flow. We consider them as incompressible with no-slip 

boundary condition and neglect the gravity force for simplicity. The flow rates for two inlets 
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are set as 500 and 500 μL/min for tAg, and 50 and 100 μL/min for tAg@SiO2. The outlet is 

set to be fixed pressure with p = 0. The diffusion coefficient used is D = 5 × 10−10m2/s, 

which is the value normally used for the mixing of water and ethanol.

2.6 Calculation of the synthesis time of tAg and tAg@SiO2 via microfluidic device

In this study, the width and height of the microchannel are 500 and 50 μm, respectively. The 

spiral-shaped microchannel is made of three arcs with the diameters of 7.69 mm, 13.8 mm, 

and 22.2 mm, with the central angles of 180°, 180°, and 225°, respectively. To estimate the 

time for synthesis, firstly, the length of the channel is calculated, which is 7.73 cm. Then the 

volume of fluids in the channel is calculated to be 1.93 μL. Thus, with a flow rate of 500 μL/

min, the time for the synthesis of tAg is ~0.23 s; Similarly, the time for the synthesis of 

tAg@SiO2 is ~1.15 s.

2.7 Cellular culture and maintenance

PANC-1 (human pancreatic adenocarcinoma cell line) and MCF-7 (human breast 

adenocarcinoma cell line) cells were maintained in high glucose DMEM (Dulbecco’s 

Modified Eagle’s Medium, ATCC) supplemented with 10% FBS (ATCC) and 1% penicillin-

streptomycin (Sigma) in a humidified incubator at 37 °C with 5% CO2 and 95% air.

2.8 In vitro cytotoxicity evaluation

The cytotoxicity of sAg, sAg@SiO2, tAg, and tAg@SiO2 was evaluated using the CCK-8 

viability assay. For the cytotoxicity evaluation, PANC-1 and MCF-7 cells were seeded at a 

density of 5000 cells per well in 96-well plates. After incubating the cells with sAg, 

sAg@SiO2, tAg, and tAg@SiO2 at a particle concentration ranging from 1 to 200 μg/mL for 

24 h, 10 μL CCK-8 reagent was added to each well and incubated for 4 h. The absorbance of 

the resulting solution in each well was recorded at 450 nm with a microplate reader 

(TECAN SPARK 10M). Before reading, the plate was gently shaken on an orbital shaker for 

30 s to ensure homogeneous distribution of color.

2.9 Conjugation of FITC onto core-shell nanoparticle surface

To conjugate FITC onto the surface of tAg@SiO2 and sAg@SiO2, firstly, APTES-FITC was 

prepared by stirring FITC in the mixed solution of ethanol (2 mL) and APTES (2 mL, the 

amount of FITC was 5 mol% of APTES) for 48 h under dark conditions. Then 50 μL of 

above solution was mixed with tAg@SiO2 or sAg@SiO2 (25 μg/mL, 20 mL) and then 

stirred for another 48 h under dark conditions. The solid product was obtained after 

centrifugation and finally dispersed into PBS for further analysis. The similar fluorescent 

intensity of the resultant tAg@SiO2 and sAg@SiO2 was confirmed with fluorescent 

spectroscopy for the following fluorescent tests.

2.10 Fluorescent measurement of the cellular internalization efficiency of tAg@SiO2 and 
sAg@SiO2

The procedures of cell culture, FITC conjugation, and cytotoxicity evaluation were 

described in the Supporting Information. For the qualitative investigation, PANC-1 and 

MCF-7 cells (105 per well) were separately seeded in a 6-well plate containing cover glasses 
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and were allowed to adhere for 24 h. After incubated with FITC-conjugated tAg@SiO2 and 

sAg@SiO2 (100 μg/mL) for 3 h, the cover glasses containing PANC-1 and MCF-7 cells 

were stained with Hoechst 33342 (10 μg/mL, 15 min) and then mounted onto glass slides. 

The slides were examined under a fluorescence microscope (Olympus BX51). For 

quantitative measurement, the cells were treated the same as above and then harvested by 

trypsinization. After the cells were collected, at least ten thousand of cells were acquired in 

FITC channel by flow cytometry (MACSQuant® Analyzer) and then analyzed by FlowJo 

software.

2.11 Characterization

Transmission electron microscopy (TEM) was performed on a Tecnai F20ST field emission 

gun (FEG) transmission electron microscope operating at an accelerating voltage of 200 kV. 

The energy-dispersive X-ray spectroscopic (EDS) measurements were performed with the 

spectrometer attached on the Tecnai F20ST FEG electron microscope.

3. Results and discussion

Microfluidic flow and continuous synthesis of triangular silver (tAg) nanoplatelet and silver 

core-silica shell (tAg@SiO2) was carried out in the two-loop spiral-shaped microreactor 

with two inlets and one outlet (Figure 1). The height and the width of the microchannels are 

50 and 500 μm, respectively. Three arcs with the diameters of 7.69, 13.8, and 22.2 mm (the 

central angles are 180°, 180°, and 225°, respectively) form the spiral-shaped microchannel 

with a total length of ca. 77 mm (Figure 2A). Given the unique merits of microfluidics, such 

a short range two-loop spiral-shaped microreactor is expected to synthesize desired 

anisotropic silver nanostructures in a continuous and ultrafast way. To demonstrate the 

possibility of the synthesis of tAg, the two inlet flows, one containing AgNO3 (1 mM), TSC 

(7.5 mM), and H2O2 (100 mM) and the other NaBH4 (3 mM), were pumped (Pump 33 DDS, 

Harvard Apparatus) into the microreactor both at a flow rate of 0.5 mL/min at room 

temperature (Figure 2A). The blue-colored reaction solution was collected from the outlet, 

and then the structures of the product were checked under transmission electron microscope 

(TEM). As revealed by the COMSOL simulation analysis (Figure 2B), complete and 

efficient mixing performance could be realized in such a short range two-loop spiral-shaped 

laminar flow microreactor due to the presence of special transverse Dean flow.[22–25] 

Observations from TEM images (Figures 2C&D) showed that well-defined triangular silver 

platelets having an average side length of ca. 80 nm and an average thickness of ca. 10 nm 

can be successfully fabricated in a large scale. This regular anisotropic nanoplatelet structure 

(Figure 2E) was confirmed by the top-view (Figure 2F) and the side-view (Figure 2G) of 

high resolution TEM images. Compared with the previous hour-/day-scale synthesis of 

silver nanoparticles,[26] it is also noteworthy that the synthesis of tAg from the microreactor 

only takes less than 250 ms (see calculation details in SI), revealing the ultrafast reaction 

kinetics from the microreactor, which is in accordance with the simulation analysis (Figure 

2B). These results further demonstrated that such automatic microfluidic operation system 

could be employed as a promising platform for continuous, ultrafast, and scalable synthesis 

of anisotropic nanomaterials.

Hao et al. Page 5

J Colloid Interface Sci. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To explore the formation mechanism of tAg, we changed the concentrations of AgNO3, 

TSC, H2O2, and NaBH4 from the inlet flows and the flow rates of silver precursor fluid 

containing AgNO3, TSC, and H2O2 (Figure 3). Since only one parameter was changed while 

the others were kept constant, the specific roles of each reagent in the synthesis of tAg were 

rationally investigated by examining the morphology changes of the silver products. 

Increasing the concentration of AgNO3 (3 mM), the as-obtained product was a mixture of 

spherical nanoparticles and triangular nanoplatelets with a nanoplatelet yield of ca. 20% 

(Figure 3A). Decreasing the concentration of AgNO3 (0.3 mM), silver nanoplatelet with 

high yield was obtained (Figure 3B). These findings indicated that a sufficient amount of 

oxidant in the system is needed to ensure that the silver is in the cationic form before 

reduction occurs.[17] If continuously increasing the concentrations of TSC (22.5 mM) or 

H2O2 (300 mM) from the inlet flows, well-defined triangular nanoplatelets were still formed 

(Figures 3C&E). However, only nearly spherical nanoparticles were obtained in the absence 

of TSC and H2O2 (Figures 3D&F). As revealed in the previous literature,[9,14,17] TSC is 

required to stabilize the formed silver nanoplatelet nuclei through preferential binding to the 

(111) faces, and H2O2 as an oxidative etchant is an essential component for helping to 

induce the formation of planar twinned seeds. Therefore, these findings confirmed that the 

presence of TSC and H2O2 could facilitate the formation of anisotropic nanoplatelets. 

Comparatively, changing the concentrations of NaBH4 from the inlet flow, no matter 

increasing (9 mM) or decreasing (1 mM), only irregular-shaped nanoparticles were produced 

(Figures 3G&H), revealing the important roles of NaBH4 as both reducing agent and 

capping agent in the regulation of the initiation time required for nanoplatelet nucleation.

[17] In addition, changing the flow rates of silver precursor fluid obtained similar silver 

products as in the case of changing the concentrations of AgNO3, i.e., increasing the flow 

rates (2 mL/min) produced a mixture of spheres and nanoplatelets while decreasing the flow 

rates (0.1 mL/min) produced triangular nanoplatelets with a high yield (Figures 3I&J). 

These results not only revealed the key roles of TSC and H2O2 in the formation of 

anisotropic nanoplatelet but also confirmed that tAg can be obtained with high yield and 

great uniformity from microreactors when the reagents were added with an appropriate ratio 

into the inlet flows as well as a proper operation flow rates.

To improve the stability and biocompatibility of silver nanoplatelets,[27–29] microfluidics-

enabled surface coating strategy was developed to synthesize hierarchical anisotropic silver 

core-silica shell nanostructures using the same short range two-loop spiral-shaped 

microreactor. The two inlet flows, one containing the as-synthesized tAg (5 mM) together 

with TEOS (90 mM) and the other ammonia (1 M), were pumped into the microreactor at a 

flow rate of 50 and 100 μL/min, respectively, at room temperature (Figure 4A). The blue-

whitish product was collected from the outlet. The intensive mixing of tAg and silica 

precursor inside the two-loop microchannel, as revealed by the COMSOL simulation 

analysis (Figure 4B), permits the effective coating of silica on silver nanoplatelet surface. As 

shown in Figures 4C, core-shell structure can be successfully obtained in a large scale within 

1.2 s. The presence of silica coating on the tAg surface was further confirmed by the EDX 

(Figure 4D), and the recognizable nanoplatelet morphology still remained (Figures 4C-F). 

Top-view and side-view of single silver core-silica shell tAg@SiO2 particle in Figure 4G 

and Figure 4H, respectively, further confirmed a relatively uniform coating layer on tAg 
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surface with an average thickness of ca. 10 nm. These results, to the best of our knowledge, 

first demonstrated the feasibility of microreactors in the synthesis of hierarchical anisotropic 

plasmonic nanostructures.

To further investigate the tunability of such microreactor in the controllable synthesis of 

hierarchical silica-coated silver nanoparticles (AgNP@SiO2, Figure 5A), we examined the 

effect of the flow rate on the morphology change of nanocomposite. As shown in Figure 5B, 

the thickness of silica shell can be well tuned from ca. 2 to 70 nm by changing the flow rates 

of ammonia fluid. The higher the flow rate of the ammonia, the thicker the coating layer of 

silica shell. Using the same microfluidic operation system, nearly spherical silver core-silica 

shell (sAg@SiO2) having a coating layer of ca. 10 nm can be also successfully synthesized 

with one inlet flow containing spherical silver nanoparticles (sAg, from Figure 3D) and 

TEOS and the other ammonia (Figure 5C). These results not only confirmed the facile and 

effective features of microreactors in the controllable synthesis of anisotropic nanomaterials, 

but also indicated that microreactors could act as a general platform for constructing 

hierarchical core-shell nanostructures.

To examine the difference of the cellular activities between triangular and spherical silver 

nanomaterials, PANC-1 (human pancreatic adenocarcinoma cell line) and MCF-7 (human 

breast adenocarcinoma cell line) cells were employed to study the cell–particle interactions. 

As shown in Figure 6A, cytotoxicity test on PANC-1 cells showed that both tAg and sAg 

have a strong inhibiting effect on cancer cell growth due to the fast release of Ag+ ions, but 

the half inhibitory concentration (IC50) of sAg is 13 times higher than that of tAg, indicating 

the obvious shape-dependent anticancer activity of nanoparticles.[30] Similarly, the IC50 

values of tAg and sAg toward MCF-7 cells are 11.2 and 110.5 μg/mL (Figure 6B), which 

further revealed the superior advantage of anisotropic nanostructures as cancer theranostics.

[30] It is also noted that the silica coating endows both tAg@SiO2 and sAg@SiO2 with 

significantly improved biocompatibility, no obvious cytotoxicity on PANC-1 and MCF-7 

cells was observed with particle concentrations up to 200 μg/mL (Figures 6A&B). This can 

be attributed to the significantly reduced release rate of Ag+ ions by the silica coating layer, 

which limits the accessibilities of silver ions to cells.[31]

To explore the in-depth cell–particle interactions, we conjugated FITC on the particle 

surface of tAg@SiO2 and sAg@SiO2 and compared their cellular internalization efficiency. 

Fluorescent microscopy and flow cytometry were used to qualitatively and quantitatively 

measure the fluorescence intensity of cells, respectively. As shown in Figure 7A, fluorescent 

microscopy results clearly demonstrated that the tAg@SiO2-treated cells show brighter 

green fluorescence than sAg@SiO2-treated cells, for both PANC-1 and MCF-7 cell lines, 

when acquired at the same exposure time. In addition to the particle shape-dependent 

cellular internalization, cell type also plays important roles where PANC-1 cells exhibited 

higher cellular fluorescent intensity than MCF-7 cells after treated by both kinds of 

nanoparticles. These results were further confirmed by the flow cytometry analysis that the 

mean fluorescence intensity (MFI) values of tAg@SiO2-treated PANC-1 and MCF-7 cells 

are 5.9 and 7.1 times higher than those of sAg@SiO2-treated ones, respectively (Figures 

7B&C), showing the obviously enhanced cellular internalization from the anisotropic 

nanostructures in comparison with their spherical counterparts. This is probably caused by 
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the relatively fast cytomembrane wrapping time and/or a more favorable endocytosis 

pathway of nonspherical particles.[32–34] These results shed new lights on the particle 

shape-dependent cellular behavior, which may provide important guidelines for the custom 

design of novel materials for application in nanomedicines.

4. Conclusions

In summary, we have reported a facile and straightforward microfluidic strategy for 

continuous and ultrafast synthesis of hierarchical anisotropic silver nanomaterials using a 

short range two-loop spiral-shaped laminar flow microreactor. Triangular silver platelets can 

be produced within 250 ms in a large scale using one inlet flow containing AgNO3, TSC, 

and H2O2 and the other NaBH4. Both the reactant concentration and the flow rate were 

found to play important roles in the formation of nanoplatelet structures. Hierarchical 

anisotropic silver core-silica shell (tAg@SiO2) with tunable silica shell thickness was then 

successfully synthesized at the seconds scale in the same two inlet microreactor with one 

containing tAg and TEOS and the other ammonia. The IC50 values of tAg toward PANC-1 

and MCF-7 cells were significantly lower than those of sAg. The obviously enhanced 

cellular internalization of triangular nanoplatelets by PANC-1 and MCF-7 cells was also 

investigated in comparison with their spherical counterparts. These findings not only bring 

new insights for engineering micro-/nanomaterials from microfluidic reactors but also 

provide important guidance for the rational design of functional optoelectronics and 

biomaterials.
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Figure 1. 
Fabrication procedure of 2-loop spiral-shaped microfluidic device. The central image is a 

photograph of the fabricated two-run microreactor. The microfluidic channel was filled with 

a blue dye for visualization.
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Figure 2. 
Microfluidic synthesis of triangular silver (tAg) nanoplatelet. (A) Experimental setup for the 

synthesis of tAg, with a U.S. one cent coin for scale. (B) Simulation result of mixing in two-

loop spiral-shaped microchannel. (C,D) TEM images of tAg at different magnifications. (E) 

Schematic drawing of the structure of tAg. (F) and (G) are the top-view and side-view of 

tAg, respectively.
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Figure 3. 
Effect of a series of reaction parameters, including the concentration of AgNO3 (A,B), the 

concentration of TSC (C,D), the concentration of H2O2 (E,F), the concentration of NaBH4 

(G,H), and the flow rate of silver precursor fluid (I,J), on the structural changes of silver 

nanoparticles.
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Figure 4. 
Microfluidic synthesis of triangular core-shell tAg@SiO2. (A) Experimental setup for the 

synthesis of tAg@SiO2, with a U.S. one cent coin for scale. (B) Simulation result of mixing 

in two-loop spiral-shaped microchannel. (C,E) TEM images of tAg@SiO2 at different 

magnifications. (D) tAg@SiO2(F) Schematic drawing of the structure of tAg@SiO2. (G) and 

(H) are the top-view and side-view of tAg@SiO2, respectively.
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Figure 5. 
Microfluidics-mediated general platform for the flow synthesis of silica-coated silver 

nanoparticles (AgNP@SiO2). (A) Schematic drawing to show the formation of core-shell 

AgNP@SiO2. (B) The thickness control of the silica shell by varying the flow rate of 

ammonia, the insets are two TEM images showing the silica coating on silver nanoplatelets. 

(C) TEM image of spherical core-shell nanocomposite formed by the same two-run 

microreactor.
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Figure 6. 
Comparison of cellular viability between the triangular and the spherical silver 

nanomaterials. (A) and (B) are PANC-1 and MCF-7 cell viability with particle 

concentrations of sAg, tAg, sAg@SiO2, and tAg@SiO2 from 1 to 200 μg/mL for 24 hours, 

respectively.
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Figure 7. 
Comparison of cellular internalization efficiency between the triangular and the spherical 

silver nanomaterials. (A) Bright-field and fluorescence images of PANC-1 and MCF-7 cells 

treated by sAg@SiO2 and tAg@SiO2 with a particle concentration of 100 μg/mL for 3 

hours. The blue and green colors came from Hoechst 33342 and FITC-labeled nanoparticles. 

All scale bars denote a length of 20 μm. (B) and (C) are the flow cytometry analysis of core-

shell nanoparticles-treated PANC-1 and MCF-7 cells, respectively.
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