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Super resolution microscopy was developed to overcome the Abbe diffraction limit, which effects
conventional optical microscopy, in order to study the smaller components of biological systems. In
recent years nanomaterials have been explored as luminescent probes for super resolution microscopy, as
many have advantages over traditional fluorescent dye molecules. This review will summarize several

different types of nanomaterial probes, covering quantum dots, carbon dots, and dye doped
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protein-based, and silica-based nanoparticles, including core—shell structured nanoparticles. Luminescent

DOI: 10.1039/d0na00971g nanomaterials have shown promise as super-resolution probes, and continued research in this area will
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Introduction

Super resolution microscopy methods were developed over the
last few decades in order to overcome the optical diffraction
limit by Drs Betzig, Hell, and Moerner, who were awarded the
2014 Nobel Prize for their work.' The optical diffraction limit,
also called the Abbe diffraction limit,* limits the size of struc-
tures that can be resolved using light microscopy to a few
hundred nanometers which is near to or larger than many
subcellular structures, such as proteins and vesicles, which are
of interest to researchers, as shown in Fig. 1.> While electron
microscopy can also observe length scales down to several
nanometers it is incompatible with living systems and thus
cannot provide information on biological processes that are of
interest to researchers. The diffraction limit, given in the xy
plane by eqn (1)>° states that the smallest resolvable distance
(dx,) is approximately equal to half of the excitation wavelength
(A) at most numerical apertures (NA); eqn (2) states that the
smallest resolvable distance in the z plane (d.) is equal to double
the wavelength divided by NA®*1°

2 A

iy = INA 2 (1)
22

z = 2

NAZ ( )

Super resolution microscopy is divided into two categories:
single molecule localization-based super resolution such as
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yield new advances in both materials science and biochemical microscopy at the nanometer scale.

STORM and PALM (photo-activated localization microscopy) —
developed separately by Moerner® and Betzig,”> among others,
and patterned excitation super resolution such as STED and
(reversible saturable optical fluorescence transitions) RESOLFT
- developed by Hell.' Localization-based super resolution
techniques use fluorophores or probes that are capable of
switching from dark state to an on state and back, which limits
the number of fluorophores available for use. Typically used
fluorophores are small molecule fluorophores such as Cy5 and
Cy3, and photoswitchable fluorescent proteins such as green
fluorescent protein (GFP), although these fluorophores have
several disadvantages;*>"* specific imaging buffers are
needed for use with small molecule fluorophores to induce
photoswitching, however these buffers are toxic to cells.'®”
Both small molecule fluorophores and photoswitchable fluo-
rescent proteins often have a lower quantum yield and rapid
photobleaching. In addition, the number of photons detected
positively impacts the localization precision - the more photons
collected, the more precisely the fluorophore can be located -
making a high quantum yield desirable.”***

Recently the library of fluorescent probes for super resolu-
tion microscopy has expanded to include nanomaterials such as
carbon dots, quantum dots, and dye doped nanoparticles of
varying compositions. Though they are significantly larger than
the previously established super resolution fluorophores -
single molecule dyes are approximately 0.5 nm and fluorescent
proteins, specifically green fluorescent protein (GFP), are
approximately 4.2 nm in length and 2.4 nm in diameter and the
various nanomaterial probes discussed in this review range in
size from approximately 5 nm up to approximately 100 nm -
they have been successfully used for super resolution micros-
copy of both cell surfaces and subcellular structures.*®**>*
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Fig. 1 The minimum spatial resolution of many techniques currently used to study biological structures is quite large, with even some super
resolution techniques unable to resolve structures smaller than the mitochondria. The super resolution techniques stochastic optical recon-
struction microscopy (STORM) and stimulated emission depletion microscopy (STED) are shown to be able to resolve structures down to tens of
nanometers, making them able to image proteins and other small structures that cannot be resolved using typical fluorescence microscopy.
Used with permission.®

These nanomaterial probes show higher quantum yields and depending on the type of GFP being used and the commonly
better photostability than the previously established probes; used fluorescent proteins have quantum yields ranging from
GFP for example has a quantum yield ranging from 58-79% 7% to 85%, and commonly used single molecule probes have

Table 1 A table providing information on several fluorescent proteins commonly used for super resolution microscopy. Aex is the excitation
wavelength, A.m is the emission wavelength, e,ps is the extinction coefficient, contrast is the fold increase in fluorescence at the emission
wavelength after photoactivation, ngq (%) is the quantum yield, and N is the number of photons detected per single molecule per imaging cycle.
NA and ND are not applicable and not determined, respectively. Used with permission®

Fluorescent protein Activating pight Quenching pight Pre/post colors Aex (NM) Aery (M) eaps (M~ ecm ™) 14 (%) Contrast N Oligomeric state

Irreversible Photoactivatable Fluorescent Proteins

PA-GFP UV-violet NA Dark/green 504 517 17 400 79 200 ND Monomer
PA-RFP1-1 UV-violet NA Dark/red 578 605 10 100 8 ND ND Monomer
Photoshiftable Fluorescent Proteins

PS-CFP2 UV-violet NA Cyan/green 490 511 47 000 23 >2000 260 Monomer
Kaede UV-violet NA Green/orange 572 582 60 400 33 2000 —400 Tetramer
KiKGR UV-violet NA Green/red 583 593 32 600 65 >2000 ND Tetramer
Monometric Eos ~ UV-violet NA Green/orange 569 581 37 000 62 ND —490 Monomer
Dendra-2 Blue NA Green/orange 553 573 35 000 55 4500 ND Monomer
Reversible Photoactivatable Fluorescent Proteins

FPS95 Green 450 nm Dark/red 590 600 59 000 7 30 ND Tetramer
Dronpa UV-violet 488 nm Dark/green 503 518 95 000 85 ND 120 Monomer
Padron Blue 405 nm Dark/green 503 522 43 000 64 ND ND Monomer

1854 | Nanoscale Adv, 2021, 3, 1853-1864 © 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00971g

Open Access Article. Published on 22 February 2021. Downloaded on 6/14/2026 1:17:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

Nanoscale Advances

Table 2 A table providing information on several commonly used single molecule probes for super resolution microscopy. Color is the color of
light emitted by the fluorescent molecule in the on state, ¢, is the extinction coefficient, Aex and Ay are the excitation and emission coefficients
respectively, nq (%) is the quantum yield, ¢ is the fluorescence lifetime, N is the number of photons detected per molecule per imaging cycle, NA
and ND are not applicable and not determined respectively. Used with permission®

Color Jex (NnM) Jem (nM) eabs Mt em™Y) na (%) 74 (ns) N Used for
Regular fluorescent dyes
ATTO532 Orange 532 553 115 000 90 3.8 ND STED
Photoswitchers
Rhodamine B Red 530 620 105 000 65 ND 750 PALMIRA
Alexa Fluor 647¢ Red 650 665 240 000 33 1.0 6000 STORM
Cy5“ Red 649 664 250 000 28 1.0 6000 STORM
Cy5.5¢ Red 675 694 190 000 23 1.0 6000 STORM
Cy7“ NearIR 747 767 200 000 28 <0.3 ~1000 STORM
Photocaged fluorophores
Caged Q-rhodamine Red 545 575 90 000 90 ND ND PALM
Caged Green 494 518 29 0007 93 4.6 ND FPALM
carboxyfluorescein

¢ Photoactivation of these fluorophores is strongly facilitated by the presence of an activator fluorophore, such as Cy2, Cy3 or Alexa Fluor 405, to
induce photoswitching. ? The extinction coefficient is estimated at physiological pH.
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Fig. 2 A laser is used to excite a set of fluorophores, after which the donut shaped laser is used in the same area to turn the peripheral fluo-
rophores to the dark state, decreasing the size of the effective PSF. Used with permission.”

been found to have quantum yields ranging from 23% to 93%,
shown in Tables 1 and 2 respectively. Nanoparticles such as
quantum dots have quantum yields ranging from 10-85%
depending on composition and excitation wavelength and while
they have lower quantum yields in the visible light range than
fluorescent proteins and single molecule fluorophores they

have higher quantum yields in the NIR light range, however
carbon dots typically have lower quantum yields around 5%
although doping the carbon dots with atoms such as nitro-
gen(N), sulfur (S), phosphorous (P), and fluorene (F) can
increase the quantum yield and recently carbon dots have been
developed by Arab et al. that have shown a quantum yield of

Fig. 3 All fluorophores are maintained in the dark state and a small selection of fluorophores is excited to the on state by a laser light source
before being imaged and returned to the dark state by a second laser. This process is repeated many times and the many images are processed by
a computer and a composite super resolution image is constructed. Used with permission.®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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85.69%. The quantum yield for dye doped nanoparticles would
depend on the dye imbedded in the nanoparticle and the
structure of the nanoparticle (mesoporous silica, core-shell,
etc.) and no definitive range was found.>'”>***° In addition,
these nanomaterials often exhibit surface chemistry allows
them to be modified for the targeting of specific structures, as
demonstrated by Dong et al. using Biotin-BSA, Neutravidin, and
biotinylated antibodies to modify the surface of Ag@SiO,
nanoparticles to target the surface of cells.”***%3> This review
will discuss the recent use of carbon dots and quantum dots, as
well as dye doped polymer-, protein-, and silica-based nano-
particles, which include metal-silica core-shell nanoparticles,
in super resolution fluorescence microscopy.

Fig. 4 STED image of carbon dots inside a MCF7 cell. The cells were
incubated in the presence of the fluorescent carbon dots for 48 hours;
the carbon dots accumulated in the lysosomes during the incubation
period, shown in green. The white dotted line delineates the nuclear
region of the cell. Used with permission.>®
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Super resolution background

Super resolution microscopy can be divided into two categories:
super resolution microscopy using spatially patterned excita-
tion, called stimulated emission depletion (STED), reversible
saturable optically linear fluorescence transition (RESOLFT),
and super resolution microscopy using single molecule/particle
localization, called stochastic optical reconstruction micros-
copy (STORM), photoactivated localization microscopy (PALM),
fluorescence photoactivation localization microscopy (FPALM),
and point accumulation for imaging in nanoscale topography
(PAINT).”#?%33=37 Two other techniques, structured illumination
microscopy (SIM), illumination
microscopy (SSIM) will also be briefly discussed.*”

Patterned excitation-based super resolution microscopy uses
two lasers, one with a point of zero intensity in the center giving it
a doughnut shape, which is used to switch the peripheral fluo-

and saturated-structured

rophores into the dark state in order to reduce the effective point
spread function (PSF) (Fig. 2).” The optical resolution of STED and
other patterned excitation approaches is represented by the size of
the effective PSF created by the doughnut-shaped STED laser; the
effective PSF is the area in which the fluorescent probes are
allowed to emit fluorescence which is detected by the detector.*”**
STED can achieve spatial resolutions of 50-80 nm with temporal
resolution of seconds.*® Data acquisition is relatively fast, on the
order of seconds compared to localization-based methods which
can take much longer to acquire enough images to construct
a single-color composite image, and after acquisition the super
resolution image is immediately available, requiring no post
processing.®® A wider variety of fluorophores can be used for STED
microscopy because, due to the relative simplicity of the fluo-
rophore control, fluorophores are not limited to those that can
undergo photoswitching, photoconversion, or photoactivation;®
STED has been successfully used with fluorescent labeled anti-
bodies and fluorescent proteins, as well as quantum dots, carbon
dots, and nanoparticles, with carbon dots and quantum dots
being the most frequently used nanomaterial probes.>”'%33°
Structured illumination microscopy (SIM), excites the fluo-
rophores using high intensity periodic line patterns to achieve
sub-diffraction limit resolution; the result of this approach is

b)

e)

62nm hNum
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(a) Conventional fluorescence image of the carbon dot labeled microtubules. (b) STORM image of the carbon dot labeled microtubules.

(c) and (d) close-up of the outlined regions in (a) and (b). (e) Intensity profile of the region shown by the green line in (d). The average width of the
microtubules given by the FWHM of the peaks is consistent with previous measurements performed with TEM and STORM using antibody

labeling. The scale bars are 10 pm. Used with permission.2&5¢
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that due to saturation the florescence intensity is not propor-
tional to the excitation source power. SIM uses patterned light
to illuminate the sample and measures an interference pattern
created by overlaying two grids that either have different mesh
sizes or angles - called the Moire pattern.”'®*”**** SIM can
achieve a lateral resolution of approximately 125 nm and an
axial resolution of approximately 350 nm.*® Saturated struc-
tured illumination microscopy (SSIM) uses a strong excitation
source in a sinusoidal pattern which allows detection of sub-
diffraction limit spatial resolution. The spatial resolution of
SSIM is limited by the level of fluorescence saturation rather
than by diffraction, as in SIM, and has demonstrated spatial
resolution down to 50 nm.”

Localization-based super resolution microscopy is based on
the precise localization of individual photoswitchable fluorescent
probes in order to build a super resolution image point by point.
STORM super resolution uses a system of two lasers, one to acti-
vate individual fluorophores and one to image the fluorophores
and return them to the dark state; once the fluorophores the area
of focus have been imaged the images are processed by
a computer program (such as ThunderSTORM) which calculates

QD-STED

Fig. 6 Top: A 3B image of subcellular structures of a HelLa cell using
quantum dots as fluorescent labels. Bottom: A STED image of
a microtubule network of a Hela cell using quantum dots as fluo-
rescent labels. Used with permission.©?

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the center of each fluorescent point and constructs the composite
super resolution image.*"**”*>* Fig. 3 (ref. 6) illustrates the
imaging process of STORM microscopy. The fluorescent probes
used for STORM microscopy must be able to photoswitch, or
switch between a dark state and an on state, which limits the
number and types of fluorescent probes available for use. STORM
was first used with the small molecule fluorophores Cy5 and Cy3
in a dye-pair system and has since been used with other small
molecule fluorophores as well as fluorescent proteins, carbon
dots, quantum dots, and nanoparticles.>*'*'%17> PAINT methods
rely on the diffusion and transient binding of an affinity probe
conjugated to a fluorophore; when bound the fluorophore
produces a bright spot on the recorded camera frame. The relative
brightness of the spot is determined by measuring the brightness
of the bright spot compared to the background signal from the
unbound fluorophores and can be enhanced by coupling the
PAINT set up to a total internal reflection (TIR) set up.* The
resolution of single molecule/particle localization methods is
influenced by the labeling density and localization precision of
the fluorophores and to date has achieved the highest spatial
resolution among super resolution techniques, with spatial reso-
lutions of 20-25 nm being regularly achieved and spatial resolu-
tions as low as 5 nm are possible at the expense of lower temporal
resolution (minutes rather than seconds).**?%*

Avariation on localization-based methods, blink microscopy
uses self-blinking probes to perform single-molecule or single-
particle localization. The process of image acquisition is
similar to STORM and PALM methods, but the self-blinking of
the probe requires only a single excitation source and does not
require biologically incompatible buffers.>*?#3447-51

Nanomaterial probes
Carbon dots

Carbon-based nanomaterials, called carbon dots, are lumines-
cent nanomaterials whose optical properties are dependent on
their size and the excitation wavelength being used. Carbon

Fig. 7 A comparison of STORM (left) and wide field (right) microscopy
images of microtubules in a HepG2 cell labeled with quantum dots.
The scale bar is 2 um. Used with permission.®*

Nanoscale Adv., 2021, 3, 1853-1864 | 1857
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dots can be synthesized through top-down or bottom-up
methods using various starting materials such as citric acid,
glucose, or amino acid. Characterization shows that they can
contain significant amounts of oxygen and nitrogen dye to
incomplete carbonization of the starting materials; in some
instances carbonization of the starting materials may not
happen but nanodots are still formed - analysis shows that the
primary components of these may be polymers, leading to the
name polymer carbon dots (PCD).”> Carbon dots have been
shown to be non - toxic, biocompatible, stable in aqueous
solution, resistant to photobleaching, allow many possibilities

Confocal

N

Fig. 8

- WF
- —b
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(A) A comparison of confocal, STED, and STEDD (a variation of STED; stimulated emission double depletion) microscopy of fluorescent
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for surface functionalization, are cost effective for large scale
production, and also have the potential to fluoresce in multiple
colors.*®**%3%5 QOriginally carbon dots were thought to not
exhibit blinking behaviors, however some were later discovered
to experience fluorescence fluctuations; this was attributed to
energy traps and different surface oxidation states.'® Reversible
photoswitching of carbon dots was achieved by alternating the
excitation wavelength and it was found that carbon dots exhibit
long lived off states when in the presence of an electron
acceptor, making carbon dots a suitable fluorescent probe for
STORM and STED microscopies.’™*® Compared with typical

STORM

polystyrene polymer dots. Scale bar: 1 um. (B) A comparison of wide field and STORM images of fluorescent polystyrene polymer dots (red) that
have been taken into a Hela cell. The cell membrane has been labeled separately (green). Used with permission.*¢¢*

Fig. 9

(a) and (b) Confocal and STED images of transferrin-based dye doped nanoparticles on a glass surface. Scale bar: 10 um. (c) and (d)

Confocal and STED images of transferrin-based dye doped nanoparticles inside a Hela cell. Scale bar: 10 um. Used with permission.®
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small molecule super resolution probes carbon dots show
increased brightness, greater photostability, and a lower duty
cycle, however they are larger than single molecule dyes, with an
approximate diameter of 5 nm.*%*°

Carbon dots can be effectively used in super resolution
imaging of cells and can be made to either bind to the cell
membrane or, due to their small size, be taken into a living cell
in order to bind to and image specific organelles or structures.
Lemenager et al. were able to use carbon dots to obtain STED
images the lysosomes of both fixed and living cells, shown in
Fig. 4, and were able to show a >6x increase in spatial resolu-
tion compared to confocal microscopy.” Additionally, blinking
carbon dots were used by He et al. to perform STORM imaging
of subcellular structures such as microtubules (Fig. 5).>* STORM
imaging of the cell membrane was also performed in order to
study the G protein coupled receptors.*® Khan et al. also had
some success in using carbon dots for single molecule imaging
of the nucleolus of living cells.*”

Quantum dots

Quantum dots are inorganic metallic nanomaterials composed
of semiconducting metals; they are among the earliest reported
inorganic fluorescent nanoparticles used for fluorescence
labeling and have undergone more development in size, avail-
ability, biocompatible surface, and suitability for use with
existing microscopy systems.””** The quantum dots used in
biological studies have a core-shell structure, such as CdSe and
ZnS, resulting in narrow emission and wide absorption spectra.
Quantum dots are synthesized in organic solvent in coordina-
tion with compounds that coat it to make it hydrophobic, thus
requiring additional surface modification to become usable for
biological studies.”® Their emission color is size dependent,
however they are considerably larger than conventional dyes
and many are toxic to biological systems.***>* Because the
emission wavelength can be changed by adjusting the quantum
dot size during synthesis and purification, they are ideal for use
in multicolor imaging and super resolution applications.
Quantum dots are used with both STED and STORM super
resolution microscopies, as well as for other methods such as
SOFI (super resolution optical fluctuation imaging) and single
particle tracking.*>*>**®' Besides toxicity, another significant
drawback to using quantum dots is that they have a high on-off
duty cycle (blinking) that needs to be stabilized before they can
be used for super resolution imaging, though this property can
be used advantageously for blinking-based super resolution
(BBS) microscopy and SOFI.3%%%°

Quantum dots can be used effectively in the super resolution
imaging of cells and internal cellular structures, however due to
limitations such as blinking behavior and a spectral blue shift
(blueing) complicate their use and require some minor modi-
fications to either the quantum dots themselves (to reduce
blinking) or to the super resolution technique being used;****
an example of the latter is the use of a transmission grating as
part of the equipment set up in order to be able to distinguish
between neighboring quantum dots that show different degrees
of blueing.** Recent use of quantum dots in super resolution

© 2021 The Author(s). Published by the Royal Society of Chemistry
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microscopy include the use of quantum dots to image internal
cellular structures using both STED and a localization-based
super resolution microscopy called 3B by Yang et al.,*> images
of which are shown in Fig. 6. Another recent use of quantum
dots for multicolor 3D STORM imaging reported by Xu et al.**
a representative microscopy the time the quantum dot spends
in the off state must be greater than the time spent in the on
state, however quantum dots spend a shorter time in the off
state compared to other photoswitchable probes, making them
difficult to use for single molecule localization super resolution
microscopy; in order to address this problem Xu et al. developed
a technique to induce quantum dot blueing that has made
quantum dots more suitable for STORM imaging by causing
a stochastic shift of the emission to shorter wavelengths and
observing the emission through a band pass filter which allows
fluorescence from individual quantum dots to be measured
(Fig. 7).

Other nanoparticles

For the purposes of this review the term “nanoparticle” will
refer to any nanomaterial that is not a quantum dot or a carbon
dot. The specific nanoparticles discussed here will be dye doped
nanoparticles of varying compositions, including silica-based,

WF SBNs

2um

SMLM SBNs

Fig. 10 Wide field and super resolution images of a SKBR3 cell incu-
bated with dye doped BSA nanoparticles. Used with permission.®®
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(a—c) Progressively zoomed in far field images of dye doped mesoporous silica nanoparticles inside a Hela cell. (d—f) Progressively

zoomed in STORM super resolution images of dye doped mesoporous silica nanoparticles inside a Hela cell. Used with permission.®®

polymer-based, core-shell, and protein-based. Dye doped
nanoparticles have been successfully used in both localization-
based super resolution (STORM) and patterned excitation based
super resolution (STED). The embedding of dye molecules into
the rigid environment of the nanoparticle offers the advantage
of reducing photobleaching and increasing the quantum yield;
additionally embedding dyes that weakly fluoresce on their own
may cause them to exhibit stronger fluorescence, possibly due
to suppression of non-radiative deexcitation events.'® The
addition of a metal core to the nanoparticle can further alter the
behavior of the incorporated dye through metal enhanced
fluorescence.'”>%*

Polymer-based nanoparticles, called polymer dots, are
nanoparticles composed of mainly w-conjugated polymers and
can be dye doped or composed of fluorescent polymers such as
CN-PPV or PFBT; a polymer dot can be composed of a single
polymer or multiple polymers in specific amounts depending
on the needs of the user and have been shown to be bright,
photostable, biocompatible, and able to label subcellular
structures.'>® The composition of the polymer dots can influ-
ence the optical behavior, producing nanoparticles that show
continuous fluorescence, no fluorescence, or photoblinking.***°
Recently dye doped polystyrene nanoparticles have been
successfully used for STORM and STED microscopy, shown in
Fig. 8.1%

Protein-based nanoparticles are composed of proteins such
as bovine serum albumin (BSA) or transferrin as well as a variety
of other sources including bacteria, viruses, amino acids, and
plant or animal cells and are typically used in medicine for drug
delivery. Because they are composed of proteins they are non-
toxic, highly biocompatible, and can be easily modified for
specific targeting; they also have symmetrical structures,
uniform size distribution, and high reproducibility.** These

1860 | Nanoscale Adv, 2021, 3, 1853-1864

nanoparticles have been used for both localization-based
methods (STORM) and patterned excitation methods
(STED).'*** Recently, transferrin-based protein nanoparticles
developed by Lin et al.*® have been shown to be able to be taken
into cells and were successfully used for STED microscopy of
HeLa cells, shown in Fig. 9, and BSA-based protein

Fig. 12 (A)-(C) Wide field images of a Hela cell using (A) FITC, (B)
lysotracker deep red, (C) Rose Bengal. (D) Super resolution image of
the Au@Ag@SiO, dye-doped nanoparticles inside a Hela cell. Used
with permission.t’

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00971g

Open Access Article. Published on 22 February 2021. Downloaded on 6/14/2026 1:17:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Nanoscale Advances
A) B)
) D)
480 -
460 - 70+
s40] 60 H
420 50
=1 1 -~
<« 4004 S 40 4
< ] p
@ ~
> 3804
s ] g 304
= %
E. 360 4 i 20 4
S a4 o
4 o 10 o
320 4
4 04
300
_— 10 A——————————————————————
0 1 2 3 4 5 6 7 0 1 2 3 4 5
Distance (um) Distance (um)

Frame 5 Frame 48

¥

(E) Frame 85 Frame 98

Fig. 13 (A) Wide field image of dye doped Ag@SiO, core—shell nanoparticles immobilized on a glass slide. (B) Super resolution image of dye
doped core-shell nanoparticles immobilized on a glass slide. (C and D) Graphs of the line traces performed in (A) and (B) demonstrating the
increased resolution of super resolution compared to wide field microscopy by measuring the diameter of a single nanoparticle in both images.
(E) Four frames from an image sequence of metal-enhanced nanoparticle fluorescence. The “on"-"off" state changes are clearly visible for
several nanoparticles. Scale bar = 1.8 um. Used with permission.z
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nanoparticles developed by Zong et al.®* were successfully used
for single molecule localization-based super resolution
microscopy, shown in Fig. 10.

Silica-based nanoparticles, including mesoporous silica
nanoparticles and core-shell nanoparticles, have been used for
both STORM and STED super resolution microscopy. Silica-
based nanoparticles are fairly easy to add dye to and using
a core-shell design allows the microscopist to take advantage of
metal enhanced fluorescence (MEF) effects, which include
increased brightness and photoblinking.'”?*2%3%¢667 Meso-
porous silica nanoparticles, which have numerous pores into
which various types of molecules can be introduced,® have been
used in STORM microscopy after being taken into cells, shown
in Fig. 11.°® Silica nanoparticles with a metal core show
increased brightness due to metal enhanced fluorescence
(MEF), which may also play a role in causing photoblinking
behavior in dyes that do not otherwise exhibit this behavior, as
observed by our group®* and Lu et al.*” when self-blinking
nanoparticles were fabricated. The advantages of these self-
blinking nanoparticles are that only a single light source is
needed, rather than the two lasers normally needed for single
particle localization-based super resolution methods, and that
the imaging buffers normally required for these methods are
not needed to cause the blinking behavior."” Lu et al. success-
fully used these nanoparticles to investigate nanoparticle
uptake into live cells using single molecule localization super
resolution microscopy, shown in Fig. 12," and our group has
successfully used our fabricated nanoparticles for single
particle localization of individual nanoparticles, shown in
Fig. 13.2

Conclusions and discussion

Super resolution microscopy is still a relatively new technology
that is continuously being modified and improved upon; one
such category of improvements is to the fluorescent probes used
with super resolution microscopy. The established fluorophores
are photoswitchable proteins and small molecule fluorophores,
the drawbacks of which are relatively low quantum yield and
poor photostability; small molecule fluorophores specifically
require the use of buffers which are toxic to living cells and
many must be used in combination with another fluorophore in
order to obtain the desired behavior.>'*** Recently, nano-
materials have been explored for use as fluorescent probes for
super resolution microscopy; although they are larger than the
established fluorophores they show higher quantum yield and
resistance to photobleaching and have no need for toxic buffers
or use in combination with other fluorophores. Additionally,
the structure of the nanomaterial probes can be modified to
produce different optical properties, allowing the user to
customize the probe to their specific needs. Nanoparticle
probes have been developed that exhibit self-blinking behavior
which eliminates the need for the two-laser system normally
required for super resolution microscopy, which are used
specifically with localization-based super resolution.'®'7:>3253%
These nanomaterials have already been successfully used for
super resolution and have potential to become widely used in
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super resolution due to showing the desired optical properties
and the potential to be customizable. Nanoparticles have been
used to label the exterior of cells and the smaller nanoparticles
have been shown to be able to be taken into the cells and
imaged the labeling of subcellular structures such as mito-
chondria and microtubules is possible and because their
surface chemistry allows for easy modification the nano-
particles can be modified in order to bind to specific cell types
or organelles. The most significant drawbacks of these nano-
materials are the size and the toxic materials used for quantum
dots, both of which are currently being addressed.
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