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ABSTRACT: Direct observation of nanoparticles with high
spatial resolution at subcellular levels is of great importance to
understand the nanotoxicology and promote the biomedical
applications of nanoparticles. Super-resolution fluorescence
microscopy can break the diffraction resolution limit to
achieve spatial resolution of tens of nanometers, making it
ideal for highly accurate observation of nanoparticles in the
cellular world. In this study, we introduced the employment of
super-resolution fluorescence imaging for monitoring nano-
particles within cells. Carbocyanine dyes Alexa Flour 647
labeled mesoporous silica nanoparticles (designated as MSNs-
AF647) were constructed as the super-resolution imaging
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nanoplatform in this work as proof of concept. The MSNs-AF647 were incubated with Hela cells, and the nanoparticles within
cells were further monitored by super-resolution fluorescence microscopy. The fluorescence images of MSNs-AF647 within
cells captured with the super-resolution fluorescence microscopy showed a much higher spatial resolution than that obtained
using conventional fluorescence microscopy, showing that super-resolution fluorescence images can provide more accurate
information to locate the nanoparticles at the subcellular levels. Moreover, other functional molecules can be easily loaded into
the MSNs-AF647 super-resolution imaging nanoplatform, which suggested that super-resolution fluorescence imaging can
further be applied to various bioimaging-related areas, such as imaging-guided therapy, with the aid of the MSNs-AF647
nanoplatform. This study demonstrates that super-resolution fluorescence microscopy offers a highly accurate method to study
nanoparticles in the cellular world. We anticipate this strategy may further be applied to research areas such as studying the
nanotoxicology and optimization of nanoparticle-based bioprobes or drugs by designing new nanostructured materials with

multifunctional properties based on MSNs-AF647.

anoparticles, such as mesoporous silica nanoparticles

(MSNs), carbon nanotubes, liposomes, fluorescent
quantum dots, gold nanorods, superparamagnetic nano-
particles, etc., are widely used in biosensing, bioimaging, and
cancer therapy.' Studying the behaviors of nanoparticles in the
cellular world can provide important information for
optimizing their biomedical performance.”® To date, research
on nanoparticles within cells are usually carried out either by
conventional fluorescence microscopy or by electron micros-
copy.”~"® Fluorescence microscopy can observe specific cell
components or cellular events, and it has been widely used in
noninvasive and real-time bioimaging.'*™'® In spite of such
advantages, fluorescence microscopy cannot reveal detailed
structural organization of biomolecules or subcellular organ-
elles because the diffraction of light limits the spatial resolution
of conventional fluorescence microscopy to about 200—300
nm in the lateral direction and 500—700 nm in the axial
direction.'” As for electron microscopy, the resolution can
reach nanometers, but the disadvantages such as invasiveness,
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complicated sample preparation, and expensive instrumenta-
tion significantly limit its biomedical application.'®'” There-
fore, there is still an urgent need to develop an easy-to-perform
method with high spatial resolution to study the behaviors of
nanoparticles in the cellular world.

Compared with conventional fluorescence microscopy, the
spatial resolution of super-resolution fluorescence microscopy
can reach down to tens of nanometers by overcoming the
diffraction resolution limit, which makes super-resolution
fluorescence microscopy ideal for bioimaging at the subcellular
or even single molecular levels.”’™" Generally, super-
resolution fluorescence microscopy techniques include stimu-
lated emission depletion (STED) microscopy,”’ >’ stochastic
optical reconstruction microscopy (STORM),”*™*” photo-
activated localization microscopy (PALM),”*** and so on. As
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one of the most popular techniques, STORM is based on the
detection and localization of a single fluorescent molecule,
which makes the lateral resolution of STORM down to 20—30
nm.”**° In the past years, STORM has been widely used in cell
biology,31 such as discriminating the nanoscale structures of
cell organelles’® and exploring the biodistributions of
proteins on cell membranes.”*** Recently, the application of
STORM in material science has been reported. Zhu et al. used
super-resolution fluorescence microscopy to monitor the self-
assembly of block copolymers.*° Li et al. employed STORM to
observe the distribution of §e1atin in crystalline polymorphs of
calcium carbonate crystals.”” In spite of such achievements,
there are few reports about the applications of super-resolution
fluorescence microscopy in studying nanoparticles in the
cellular world.

The MSNs are one of the most widely used nanoparticles in
controlled drug delivery,”®™** biosensing,"""** gene transport/
expression, "> and biolabeling,** Herein, by using MSNs as
the model, we demonstrated the potent ability of STORM in
monitoring nanoparticles within cells by construction of
carbocyanine dye Alexa Flour 647 labeled MSNs (designated
as MSNs-AF647) as a proof of concept. Results demonstrated
that the super-resolution fluorescence images of MSNs-AF647
displayed a much higher spatial resolution than conventional
fluorescence images. The MSNs-AF647 in Hela cells can be
clearly observed with high accuracy by the super-resolution
fluorescence microcopy. More importantly, the MSNs-AF647
super-resolution imaging nanoplatform can be loaded with
other functional molecules for various potential biomedical
applications. The developed strategy may further contribute to
the study of the nanotoxicology and provide valuable
information for nanomaterials-based biosensing, bioimaging,
or cancer therapy through the engineering of multifunctional
novel nanomaterials with MSNs-AF647.

B EXPERIMENTAL DETAILS

Materials and Reagents. Tetraethylorthosilicate (TEOS)
(>28.4%), N-cetyltrimethylammonium bromide (CTAB)
(>99.0%), sodium hydroxide (>96.0%), methanol (>99.5%),
hydrochloric acid (~36.0—38.0%), toluene (>99.5%), sodium
bicarbonate (>99.5%), and fluorescein were purchased from
Sinopharm Chemical Reagent Co., Ltd. The 3-aminopropyl-
triethoxysilane (APTES) (>99.0%) and dimethyl sulfoxide
(DMSO) (>99.9%) were purchased from Aladin. Alexa Flour
647 was obtained from Thermo Fisher Scientific Inc.
Deionized (DI) water (resistivity ~18.25 MQ) was used for
all experiments.

Sample Characterization. Transmission electron micros-
copy (TEM) images were recorded by a JEM-2100 trans-
mission electron microscope (JEOL) with an accelerating
voltage of 200 kV. Zeta potential measurements were
conducted using a Malvern Zetasizer Nano ZS system. The
phase of nanocrystals was carried out using a Bruker D8
Advance X-ray diffractometer with a Cu—Ka radiation (1 =
1.5406 A). Luminescence spectra was recorded on a Hitachi F-
4600 fluorescence spectrometer. The N, adsorption and
desorption isotherms were measured at 77 K using an ASAP
2010 analyzer (Micromeritics). FT-IR spectra were recorded
by Fourier transform infrared spectroscopy (Nicolet 5700)
from 4000 to 400~". Confocal microscopy images were taken
by Zeiss LMS710 XD with a 63X/1.46-NA oil-immersion
objective. Super-resolution fluorescence images were taken by
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a sCMOS camera (Flash 4.0, Hamamatsu Photonics) with a
100%/1.4-NA oil-immersion objective.

Synthesis of Alexa Flour 647 Labeled Mesoporous
Silica Nanoparticles (MSNs-AF647). MSNs were prepared
by a base-catalyzed sol—gel procedure according to previous
literature.”” Briefly, CTAB (250 mg) was initially dissolved in
120 mL of distilled water, and then 0.875 mL of NaOH
solution (2 M) was slowly added to CTAB solution under
vigorous stirring. Subsequently, the reaction was performed at
80 °C for 30 min. Afterward, TEOS (1.25 mL) was added
dropwise to the above solution, and the mixture was vigorously
stirred for 2 h until white precipitates were obtained. After
cooling to room temperature, the obtained product was
centrifuged and washed with distilled water and methanol. The
product was further dried at room temperature under vacuum.
To remove the surfactant template (CTAB), the as-synthesized
solid product was refluxed at 80 °C for 24 h in a mixture of
HCl (9 mL) and methanol (200 mL). Then, MSNs with
uniform meso-structural were obtained after washing with
distilled water and methanol. The as prepared MSNs were
dried at room temperature under vacuum. The MSN-NH, was
synthesized by the following procedures. Typically, 50 mg of
dried MSNs was suspended in 20 mL of toluene, and then 30
UL of APTES was added into the above solution. The mixture
was stirred at room temperature for 20 h and then evaporated
by a rotary evaporator to obtain MSN-NH,. For synthesizing
MSNs-AF647, 20 mg of MSNs-NH, was suspended in S mL of
0.2 M NaHCO; solution, then § uL of AF647 in DMSO (0.4
g/L) was added and stirred at room temperature for 3 h. After
that, the particles were centrifuged and washed with distilled
water many times, Then the obtained MSNs-AF647 was dried
at room temperature under vacuum.

Synthesis of MSNs-AF647/Fluorescein and MSNs/
Fluorescein. The obtained MSNs-AF647 were suspended in
S mL of distilled water, and then 10 mL of fluorescein (1 mM)
was added into the above dispersions under vigorous stirring.
The mixture was allowed to react for 12 h at room
temperature. The MSNs-AF647/fluorescein was obtained
after centrifuging and washing the products with distilled
water three times. Then the obtained MSNs-AF647/
fluorescein was dried at room temperature under vacuum.
The preparation of MSNs/fluorescein was similar to the
preparation of MSNs-AF647/fluorescein by replacing MSNs-
AF647 with MSNE.

Cellular Uptake of MSNs-AF647. Hela cells were grown
in Dulbecco’s Modified Eagle Medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco) and
1% penicillin (10 000 IU/mL)/streptomycin (10 000 pg/mL)
at 37 °C with 5% CO,. Before imaging, cells were seeded on 35
mm glass-bottom dishes overnight and then treated with 100
ug/mL of MSNs-AF647 for S h. For super-resolution imaging,
the cells were washed with PBS three times, fixed with 4%
paraformaldehyde (PFA), and washed with PBS three times
again. Cells soaked with imaging buffer*® were imaged under a
custom-built super-resolution microscope.

Intracellular Location. To determine the intracellular
location of MSNs-AF647, the cells treated with MSNs-AF647
were incubated with 100 nM LysoTracker Green DND-26 for
4S min. Images were recorded on a confocal microscope with a
60%/1.42-NA oil-immersion objective. LysoTracker Green and
MSNs-AF647 were activated at wavelengths of 488 and 640
nm, respectively.
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Super-Resolution Fluorescence Imaging of MSNs-
AF647. The super-resolution experiments were performed on
an Olympus IX71 inverted optical microscope. The 640 and
40S nm laser lines were combined and coupled into an optical
fiber, and the fiber output was collimated and focused on the
back focal plane of a high-numerical-aperture (NA) oil-
immersion objective (100X, NA1.4; Olympus). Samples of
MSNs-AF647 soaked with imaging buffer were imaged with
the 640 nm laser at an intensity of 6 kW cm™ During imaging,
the intensity of the 405 nm activation laser was manually
increased to make a suitable blinking density. A series of
10 000 images was captured with a sSCMOS camera (Flash 4.0,
Hamamatsu Photonics) at a frame rate of 50 Hz (exposure
time, 20 ms) and the pixel size was 100 nm. All the images
were analyzed by MaLiang® (an Image] plug-in written in

Java).

B RESULTS AND DISCUSSION

The schematic illustration of the preparation of MSNs-AF647
super-resolution imaging nanoplatform is shown in Scheme 1la.

Scheme 1. (a) Schematic Illustration of the Preparation of
MSNs-AF647 Super-Resolution Imaging Nanoplatform, (b)
Conventional Fluorescence Image (Left) and Super-
Resolution Fluorescence Image (Right) of MSNs-AF647,
and (c) Schematic Illustration of the Super-Resolution
Fluorescence Imaging of MSNs-AF647

MSNs-AF647

r

Conventional Super-resolution
©) First
imaging
Second
imaging 10,000
—
Third Reconstruct™s
imaging
10,000 : ]
® NH, S AF647 3 Excited AF647

The MSNs are functionalized with amine groups (MSNs-NH,)
by the hydrolysis of 3-aminopropyl triethoxysilane (APTES)
on their surfaces. The MSNs-NH, further react with the
carboxylic acid groups of AF647 to obtain MSNs-AF647
through the formation of an amide bond. Conventional
fluorescent image and the super-resolution fluorescent image
of MSNs-AF647 are shown in Scheme 1b. The super-
resolution fluorescence image of the MSNs-AF647 obtained
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with STORM shows a much higher spatial resolution than the
conventional fluorescence image. The mechanism under the
high resolution is illustrated in Scheme Ilc. The super-
resolution fluorescence image achieved by STORM is a
reconstructed image which is reconstructed with 10000
fluorescence images. Each fluorescence image is observed
according to the following processes. First, all the AF647
molecules are bleached at the excitation wavelength of 640 nm
with higher power. Then, the sparse subset of AF647
molecules is activated at the excitation wavelength of 405
nm and imaged until they are bleached at the excitation
wavelength of 640 nm. During this process, each molecule is
localized with high precision and the location of each molecule
is recorded by computer to obtain one fluorescence image. By
sequentially activating sparse subsets of AF647 molecules on
the nanoparticles, imaging the AF647 until they are bleached,
and localizing each molecule with high precision, 10000
fluorescence images are collected. These 10 000 fluorescence
images are further reconstructed by algorithmic processing to
obtain the precise location of the MSNs-AF647.

The structures of the MSNs-AF647 were systematically
characterized. TEM images indicate that the MSNs-AF647
show the hexagonal arranged moso-structure and are well-
dispersed with uniform shape and size (Figure la, Figure SS).

7 [b) MSNs-AF647

650 800

700 750
Wavelength (nm)

Figure 1. (a) TEM image of MSNs-AF647 and (b) photo-
luminescence spectra of MSNs-AF647.

The average diameter of MSNs-AF647 is determined to be
about 80 nm. The ordered moso-structure is also clearly
evidenced by the small-angle X-ray diffraction (SAXRD)
pattern (Figure S6). Figure 1b shows that the MSNs-AF647
displays the typical emission band of AF647 at about 680 nm,
suggesting the successful conjugation of AF647 to the MSNE.

The ability of STORM in improving spatial resolution for
locating MSNs-AF647 was further investigated. Fluorescent
images of the MSNs-AF647 were captured with conventional
fluorescence microscopy and super-resolution fluorescence
microscopy, respectively. As shown in Figure 2a, the image of
MSNs-AF647 captured with conventional fluorescence mi-
croscopy exhibits large fluorescence domains with diameters in
the range of several micrometers. In contrast, the super-
resolution fluorescence image of MSNs-AF647 in the same
area (Figure 2b) shows clear and much smaller fluorescence
spots. The sizes of the small subdomains within the
fluorescence spots are in the nanometers range, much smaller
than the fluorescence domains in image obtained with the
conventional fluorescence microscopy. Fluorescent images
captured with the conventional fluorescence microscopy and
super-resolution fluorescence microscopy were further pro-
gressively zoomed (Figure S8). Significantly improved spatial
resolution can be observed in super-resolution fluorescence
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Figure 2. Conventional (a) and super-resolution (b) fluorescence
images of MSNs-AF647. (c) High magnification image of the white
dashed box in part a. (d) High-magnification image of the white
dashed box in part b. (e) Fluorescence cross-sectional profiles for the
determination of fwhm.

images. To further show the improved spatial resolution by
super-resolution fluorescence imaging, the full-width at half-
maximum (fwhm) of the localized fluorescent nanoparticles
was measured (Figure 2c—e). For the conventional fluo-
rescence image, the fwhm of the localized fluorescent domain
is determined to be 987 nm with Gaussian deconvolution. In
the same area of the super-resolution fluorescence image, three
fluorescence spots are clearly observed. The fwhm of the three
spots are calculated to be 63, 256, and 105 nm from Gaussian
deconvolution, respectively, which clearly shows an obvious
enhancement in resolution by super-resolution fluorescence
microscopy. The above results clearly indicate that super-
resolution fluorescence imaging can locate the position of
MSNs-AF647 with high spatial resolution.

The MSNs-AF647 super-resolution imaging nanoplatform
were further incubated with Hela cells, and the MSNs-AF647
within cells were directly observed with STORM (Figure 3a).
Co-localization tests show that the MSNs-AF647 are mainly
accumulated in the endosomes and lysosomes of the Hela cells
(Figure S9). Similarly, the fluorescence images of the
endocytosed MSNs-AF647 were captured with conventional
fluorescence microscopy and super-resolution fluorescence
microscopy, respectively. As shown in Figure 3b, the
conventional fluorescence image indicates that the MSNs-
AF647 are spread over the cytoplasm of Hela cells in the form
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Figure 3. (a) Schematic illustration of incubating MSNs-AF647 with
Hela cells. (b—d) Progressively zoomed-in conventional fluorescence
images of MSNs-AF647 within a single cell. (e—g) Progressively
zoomed-in super-resolution fluorescence images of MSNs-AF647
within a single cell.

of large microdomains. At higher magnifications (Figure 3c,d),
the microdomains become blurry and the location of MSNs-
AF647 cannot be discriminated. However, for the same area on
the image captured by super-resolution fluorescence micros-
copy (Figure 3e), a remarkable increase in spatial resolution is
observed. The MSNs-AF647 exhibit clear fluorescence spots
that are composed of many small subdomains with sizes in the
nanometer range (Figure 3fg). These results clearly indicate
the good potential of super-resolution fluorescence microscopy
in locating nanoparticles in cells with high spatial resolution.

The MSNs-AF647 super-resolution imaging nanoplatform
can further be used in designing multifunctional bioprobes for
bioimaging-related applications. As proof of concept, fluo-
rescein was employed as a model for functional molecules and
was loaded into the MSNs-AF647 (designated as MSNs-
AF647 /fluorescein). The MSNs-AF647/fluorescein multifunc-
tional bioprobe was characterized with confocal microscopy.
As shown in Figure 4, strong green fluorescence from
fluorescein (Figure 4b) and red fluorescence from AF647
(Figure 4c) are clearly observed. The red fluorescence of
AF647 colocalizes with the green fluorescence of fluorescein
(Figure 4d). By simply replacing the fluorescein by functional
molecules such as doxorubicin, the MSNs-AF647 can further
be used in super-resolution imaging guided therapy to study
the pharmacokinetics and optimize the therapy efficiency of
the nanoparticle-based drugs. These results suggest the great
potential of the MSNs-AF647 super-resolution imaging
nanoplatform in promoting the biomedical applications of
nanoparticles.

B CONCLUSION

In conclusion, we reported the employment of super-resolution
fluorescence microcopy to observe nanoparticles within cells
with high spatial resolution. The MSNs-AF647 conjugates
were designed as a super-resolution imaging nanoplatform, and

DOI: 10.1021/acs.analchem.8b05919
Anal. Chem. 2019, 91, 5747-5752


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b05919/suppl_file/ac8b05919_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.8b05919

Analytical Chemistry

Figure 4. (a) Bright field of MSNs-AF647/fluorescein, (b) green
fluorescence from fluorescein, (c) red fluorescence from AF647, and
(d) merged image of parts b and c.

the nanoplatforms in the cells were directly monitored with
STORM. The super-resolution fluorescence microscopy
exhibits a much higher spatial resolution than the conventional
fluorescence microscopy in locating the MSNs-AF647 within
cells. Moreover, the MSNs-AF647 super-resolution imaging
nanoplatform can further be employed to design multifunc-
tional bioprobes for super-resolution bioimaging or super-
resolution imaging guided therapy. The strategy developed in
our study may open up new opportunities in areas such as
studying the nanotoxicology and optimization of nanoparticle-
based anticancer drugs.
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