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ABSTRACT: Super-resolution microscopy, or nanoscopy, revolutionized the �eld of cell
biology, enabling researchers to visualize cellular structures with nanometric resolution,
single-molecule sensitivity, and in multiple colors. However, the impact of these
techniques goes beyond biology as the �elds of nanotechnology and nanomedicine can
greatly bene�t from them, as well. Nanoscopy can visualize nanostructures in vitro and in
cells and can contribute to the characterization of their structures and nano�bio
interactions. In this Perspective, we discuss the potential of super-resolution imaging for
nanomedicine research, its technical challenges, and the future developments we envision
for this technology.

In the past few decades, the advent of super-resolution
optical microscopy, or nanoscopy, overcame the di�rac-
tion limit of light and extended the realm of �uorescence

microscopy to the nanoscale.1 This advance had signi�cant
impact on cell biology, enabling researchers to unveil the
structural details of subdi�raction cellular architectures.
Although the initial application of nanoscopy was imaging
cellular structures,2 its potential goes beyond biology. In the
past 5 years, the use of �uorescence nanoscopy has been
extended to include nanotechnology and material science, as
well.3 In this Perspective, we re�ect on the potential of super-
resolution microscopy to contribute to the �eld of nano-
medicine with a focus on its ability to shine new light on the
properties and behavior of nanomaterials in vitro and in cells.
We discuss the main technical challenges and abilities of the
di�erent methods (see Figure 1), providing a guide to
nanotechnologists approaching these new and exciting
techniques. Finally, we envision the role of nanoscopy in
promoting a more rational design of nanomaterials for
medicine.

Why Super-resolution for Nanomedicine? The �eld of
nanomedicine is currently in a critical moment. Despite
numerous reports in the past decade describing novel
nanomaterials with therapeutic potential, clinical translation
is still unsatisfactory and only a few drug and gene carriers are
FDA- and EMA-approved.4 Several recent reviews have
discussed what must be improved upon in the current
approach to design the next generation of e�ective therapeutic
nanomaterials.5�9 In this framework, there is consensus that
one of the limiting factors is our lack of basic knowledge on
nanocarrier behavior in the biological environment, that is, the
nanomedicine black box (see Figure 2). Understanding key
phenomena such as protein corona formation, immune escape,

extravasation, and targeting is critical for the rational design of
e�ective materials. Novel spectroscopy and microscopy
techniques that can reveal the behavior of nanomaterials in
complex cellular and tissue environments are of outmost
importance, and super-resolution imaging can play an
important role due to its appealing features.

First, super-resolution microscopy enables nanometric
resolution whereby researchers can image nanostructured
materials down to tens of nanometers in vitro and in cells.
This functionality paves the way for determining nanoparticles’
sizes and morphologies accurately, both before and after cell
administration. Second, nanoscopy retains a key feature of
conventional �uorescence imaging, the multicolor ability,
which is of paramount importance for imaging interactions
between two or more molecular partners and is one of the
reasons for the success of nanoscopy in biology. Being able to
label the materials of interest in one or more colors and
biomolecular partners in di�erent colors enables the study of
key binding events such as protein corona formation, immune
recognition, and targeting. Finally, the molecular speci�city of
nanoscopy labeling enables researchers not only to track single
nanoparticles but also to follow a speci�c molecular species in
space and time, including tracking payload molecules’ loading
and release and identifying changes in the nanoparticles’
molecular structures and compositions.

This information, which is typically inaccessible or accessible
only with indirect methods, is critical for the design of new
nanoparticles and elucidating their function, contributing to
opening the “nanomedicine black box” and providing a guide
to understand the biological barriers to the therapeutic target.
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Nanomedicine in Multicolor. Researchers currently study
the structure of nanoparticles with a combination of ensemble
techniques (dynamic light scattering,10 DLS; small-angle X-ray
scattering11) and imaging (atomic force microscopy,12 electron
microscopy13). Super-resolution microscopy can complement
these methods, providing molecule-speci�c information at the
single-nanoparticle level. Due to �uorescence labeling, a
precise molecular component can be tracked. As a relevant
example, a recent report demonstrated the ability of stochastic
optical reconstruction microscopy (STORM) to measure the
loss of antibodies due to interactions with serum proteins.14

Moreover, multiple components can be visualized at the same
time, paving the way for the intraparticle mapping of features
and functionalities. Meijer and co-workers used this capability
to image multiple monomer types inside a supramolecular
polymer, highlighting their positions and their di�erent
dynamics inside the �bers.15 Notably, super-resolution
microscopy routinely enables two- or three-color imaging
and can be expanded to a theoretically unlimited number of
channels in the case of DNA point accumulation for imaging
nanotopography (DNA-PAINT),16 enabling the full character-
ization of complex and multifunctional drug and gene carriers.

Dynamic Information from Static Pictures. The
multicolor ability of nanoscopy can also be exploited for an
unexpected use: studying the dynamic behavior of self-

Figure 1. Super-resolution microscopy. Schematic representation of super-resolution methods and their performances. Three main families
can be identi�ed: (i) structured illumination microscopy (SIM) methods and their point scanning variations where the sample is irradiated
with patterned illumination and the resolution is enhanced through mathematical reconstruction; (ii) stimulated emission depletion (STED)
where a de-excitation doughnut is scanned around the excitation beam, resulting in the con�nement of the excitation and subsequent
enhancement of resolution; and (iii) single-molecule localization microscopy (SMLM) where individual �uorophores are sequentially
localized and the image reconstructed in a pointillistic fashion. Many SMLM variants are available, depending on the mechanisms of single-
molecule control: stochastic optical reconstruction microscopy (STORM), photoactivated localization microscopy (PALM), ground-state
depletion (GSD), and point accumulation for imaging nanotopography (PAINT). Notably, it is important to compare the techniques’
performances with the properties of the material under study (top left).

Figure 2. Opening the nanomedicine black box. Pictorial
representation of the journey of a nanoparticle from the injection
site to the target tissue (cancer). Several barriers have to be
overcome in blood (protein corona, immune system), tissues
(extravasation, matrix di�usion), and cells (membrane targeting,
cell uptake, endosomal escape, and cell tra�cking). Super-
resolution imaging can shed light on the mechanisms of these
phenomena, contributing to opening the black box of nano-
medicine.
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