
Advances in High-Resolution Microscopy for the Study of Intracellular 
Interactions with Biomaterials 
 
Catherine S. Hansel1,2, Margaret N. Holme3, Sahana Gopal1,4, Molly M. Stevens1,3* 

 

1Department of Materials, Department of Bioengineering and Institute for Biomedical Engineering, 
Imperial College London, London, UK 
2Department of Chemistry, Imperial College London, London, UK 
3Department of Medical Biochemistry and Biophysics, Karolinska Institute, Stockholm, Sweden 
4Department of Medicine, Imperial College London, London, UK 
 
ORCIDs 
C.S.H.: 0000-0002-2525-1856 
M.N.H.: 0000-0002-7314-9493 
M.M.S.: 0000-0002-7335-266X 
 
Correspondence to:  
 
* E-mail: m.stevens@imperial.ac.uk 
 
Molly M. Stevens, PhD 
Department of Materials 
Imperial College London 
Prince Consort Road 
SW7 2AZ 
London, United Kingdom 
 
 

Abstract 
 
The study of sophisticated biomaterials and their cellular targets requires visualization methods with 
exquisite spatial and temporal resolution to discern cell organelles and molecular events. Monitoring 
cell-material interactions at high resolution is key for the continued development and optimization of 
biomaterials, for monitoring cell uptake of cargo, and for understanding the cell response to 
extracellular cues. This review evaluates the advantages and disadvantages of different forms of 
electron microscopy and super-resolution microscopy in elucidating how biomaterial surface 
chemistry and topography can affect intracellular events at the nanoscale. 
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Glossary of super-resolution microscopy terms 
 

AFM Atomic force microscopy 

CLEM Correlative light and electron microscopy 

DyMIN Dynamic intensity minimum 

EELS Electron energy loss spectroscopy 

EM Electron microscopy 

ET Electron tomography 

EDX Energy dispersive X-ray spectroscopy 

FIB-SEM Focused ion beam scanning electron microscopy 

FLM Fluorescent light microscopy 

FRET Fluorescence resonance energy transfer 

LLSM Lattice light sheet microscopy 

LSM Light sheet microscopy 

MPM Multiphoton microscopy 

PAINT Points accumulation for imaging in nanoscale topography 

PALM Photoactivation localization microscopy 

SEM Scanning electron microscopy 

SICM Scanning ion conductance microscopy 

SIM Structured illumination microscopy 

SMLM Single molecule localization microscopy 

SRM Super-resolution microscopy 

STED Stimulated emission depletion 

STEM Scanning transmission electron microscopy 

STORM Stochastic optical reconstruction microscopy 

TEM Transmission electron microscopy 

TIRF Total internal reflection fluorescent 

 
 

Introduction 
 
Cells are continually interacting with a dynamic external environment in vivo. This environment 
consists of an extracellular matrix (ECM) which is composed of a variety of proteins and 
polysaccharides organized into unique compositions and topographies, reflecting the requirements for 
a particular tissue. The cells deposit, maintain and remodel the ECM and in return, the ECM interacts 
with receptor-protein complexes such as transmembrane integrins, inducing biochemical and 
mechanical signaling cascades involving structures such as focal adhesion (FA) complexes, the 
actomyosin cytoskeleton, and the nucleus. The topographical and chemical cues presented by the ECM 
can influence many cellular functions such as cell survival, proliferation, and differentiation [1]. This 
realization has led to the development of biomaterials with unique nanotopographies and surface-
properties in order to precisely manipulate cell behavior [2–4]. For example, a variety of cell substrates 
with nanotopographical cues have been designed which present various micro-/nano-topograhies [5–
11], stiffnesses [12–15], and spatial confinements [16–24], and developments in chemistry have 
enabled the tethering of chemically functional groups [25–27], ECM constituents [28,29], growth 
factors [30] and cell surface ligands [31,32] to biomaterials in order to control cell fate. 
Nanotopography and surface chemistry have also been exploited in the development of biomaterials 
for intracellular delivery, increasing the frequency of endocytotic events [33–39] (Figure 1).  



 

 

 
Figure 1: Summary schematic of a cell interacting with various biomaterials. Biomaterials with 
engineered nanotopographies, stiffnesses and chemical functionalizations can be utilized to direct cell 
fate and function. When going from a soft to stiff hydrogel, integrins are activated, focal adhesions are 
formed and cells spread, showing increased actin/cytoskeletal tension. The surface functionalization 
and nanotopography of a biomaterial can also affect cell adhesion and can help mediate biomaterial 
entry into the cell.   
 
Scanning probe microscopy techniques such as atomic force microscopy (AFM), scanning ion 

conductance microscopy (SICM), and scanning electron microscopy (SEM) have been highly effective 

at imaging extracellular biointerfaces at the nanoscale, demonstrating the impact of nanotopography 

on cell behavior [40–42]. However, the mechanisms that are involved in the cellular response to 

nanotopography, and the effect of surface chemistry on the cell, are less well studied. Therefore, 

signaling pathways and intracellular events that lead to changes in cell behavior following cellular 

interfacing with materials must be further evaluated. High-resolution imaging techniques that can 

image multiple specific proteins with respect to cellular compartments in 3D, as well as the nanoscale 

architecture of a biomaterial, will be critical in elucidating the signaling pathways that are activated in 

response to precise environments within biomaterials. Moreover, since the cell response can be 

transient in nature, live-imaging techniques with minimal toxic effects will also be crucial for the 

development of new and improved biomaterials (Figure 2).  



 

 
 
Figure 2: The ideal high-resolution imaging technique for cell-material interactions. Summary of the 
key properties of an imaging system for cell-material interactions using an example of a cell interfacing 
with a vertical array of nanostructures and taking up nanoparticles. 
 
Commercial (e.g. Volocity, Amira and Imaris) and open-source (e.g. Fiji/ImageJ [43,44], CellProfiler 

[45], Icy [46], and V3D [47]) software packages have been developed to enable the processing and 

analysis of microscopy images. In addition, programming languages (e.g. Matlab, Python, and R) are 

useful for customized analyses and machine learning. Although most heavily developed for the 

quantification of phenotypes in lower-resolution images and high throughput experiments [48], these 

software packages and programming languages will be highly useful in the assessment and 

quantification of high-resolution interactions between cells and materials. In this review we will 

present the advantages and disadvantages of electron microscopy (EM) (specifically transmission EM 

(TEM), and focused ion beam SEM (FIB-SEM)) and super-resolution microscopy (SRM) techniques 

(specifically structured illumination microscopy (SIM), stimulated emission depletion (STED) 



microscopy and single molecule localization microscopy (SMLM)) for the visualization of cell-material 

interactions at the molecular level.  

 

Electron microscopy and intracellular cell-material interactions 
 
Electron microscopy has been used to visualize the interactions between cells and a wide range of 
biomaterials at the intracellular level. Electron microscopes use a beam of accelerated electrons as the 
illumination source, whose path is controlled by electromagnetic and/or electrostatic lenses. This gives 
EM a more powerful resolving power than light microscopy since electrons have a shorter wavelength 
than photons. This review will focus on TEM and FIB-SEM applications for cell-material interactions, 
with a focus on sample preparation and the reduction of artefacts. 
 

 
 
Figure 3: Diagrams of high-resolution microscopy techniques for intracellular biomaterial interactions. 
Top left, schematic of transmission electron microscopy (TEM): An electron beam is accelerated through 
an electromagnetic field that narrowly focusses the beam. The beam passes through a very thin slice 
of sample material (less than 100 nm). The electrons that pass through the sample hit a detector and 
produce an image. The image is brighter where the sample has less density as more electrons get 
through. Top middle, schematic of focused ion beam scanning electron microscopy (FIB-SEM): A focused 
Gallium ion beam orthogonally mills a sample embedded in contrasted resin. Whilst this milling is 
underway, angled scanning electron microscopy (SEM) is used to image the front face of the sample, 
enabling a 3D reconstruction of the sample to be built up. Top right, schematic of structured 
illumination microscopy (SIM): A series of images are captured using a patterned excitation beam that 
is rotated in steps and phase shifted. In each individual image, the interaction of the patterned 
excitation beam with the sample leads to Moiré patterns that contain high frequency information. The 
image stacks can be reconstructed in reciprocal space to obtain images with a 2-fold resolution 
improvement versus wide-field microscopy. Bottom left, schematic of stimulated emission depletion 
(STED) microscopy: STED microscopy uses the same approach as a laser scanning confocal microscope 
but achieves higher resolution by reducing the size of the point spread function (PSF) by stimulated 
emission. A donut shaped “STED” laser that overlaps with the excitation beam is pulsed shortly after 



the normal excitation laser pulse. The STED beam instantaneously ‘bleaches’ excited fluorophores back 
to their ground state by stimulated emission before spontaneous fluorescence emission can occur. 
Therefore, only the molecules in the center of the STED beam fluoresce, the PSF is reduced, and 
resolution is increased. Bottom right, schematic of single molecule localization microscopy (SMLM): 
SMLM techniques ensure that only a small, random subpopulation of fluorophores are switched on and 
recorded at any given time so that neighboring fluorophores within the same point spread function 
(PSF) can be isolated and imaged separately at sub-diffraction precision. This process of fluorophore 
activation and inactivation is repeated over a high number of frames to ensure all the fluorophores are 
imaged. The resulting frames are then merged by post-processing to create a final image.  
 

Transmission electron microscopy (TEM) for cell-ultrastructure and biomaterial 
visualization in 2D 
 
In TEM, an electron beam is transmitted through a very thin sample that is semi-transparent to 

electrons (Figure 3). The transmitted electrons are then focused to form an image on the detector, 

which is typically a charge-coupled device (CCD) camera. Recently, the development of direct electron 

detectors has seen a huge improvement in electron sensitivity and TEM can image samples at near-

atomic level with a very limited dose of electrons [49]. TEM has been used to assess the interaction 

between the ultrastructure of cells and a variety of materials such as hydrogels [50,51], implant 

materials [52], biosensing apparatus [53], nanopillars and nanoneedles [37,38,54], and electrical 

devices [55]. For example, it has been used to quantify the effect of surface roughness on cell contact 

in titanium implants (Figure 4a) [52], cell engulfment of microelectrodes (Figure 4b) [55], and how 

membrane continuity is maintained around nanoneedles/nanopillars with nm-scale precision (Figure 

4c) [37,38,54].  These findings have provided insight into intracellular interactions at the cell-material 

interface, where the material’s nanotopography can be imaged without the need for labelling. 

 



 
 

Figure 4: Selected examples of transmission electron microscopy (TEM) applied to visualize cell-material 

interactions. a) TEM evaluation of the surface proximity between the cell membrane and a titanium 

implant surface. Cell contact with the surface was most frequently found on protruding portions of 

rough surfaces. Adapted from Baharloo et al., J. Biomed. Mater. Res. - Part A 74, 12–22, 2005 [52] with 

permission from John Wiley and Sons, copyright 2005. b) TEM used to show the engulfment of ∼1 μm 

size gold mushroom-shaped microelectrodes (gMμE, marked by asterisks) by neurons. Adapted from 

Fendyur et al. Front. Neuroeng. 4, 1-14, 2011 [55], open-access article. c) i) front and ii) side-view TEM 

imaging of a focused ion beam (FIB) lift‐out thin section of a cell-nanoneedle interface. C = cytosol, M 

= membrane. Adapted from Gopal et al. Advanced Materials. 9, 1806788, 2019 [37], with permission 

from John Wiley and Sons, copyright 2019. 

 
Although the resolution of TEM enables the ultrastructure of cells and biomaterials to be resolved, 
further interpretation is required in order to gain information on the localization of chemistry within 
the sample. Spectroscopic techniques such as energy filtered TEM or scanning TEM (STEM) in 
conjunction with electron energy loss spectroscopy (EELS) [56] can provide information about the 
spatial resolution of specific elements in biological samples [57]. EELS in combination with electron 
tomography has also been reported to study osseointegration of titanium implants [58]. More 
generally, combinations of fixing and staining methods can be used to determine the exact nature and 
localization of intracellular components. Typically, stains are mixed with fixatives such as 
glutaraldehyde. One of the most common stains is osmium tetroxide which heavily stains lipids, and 
improves the contrast of membranous structures within the cell [59]. However, lipid staining is often 
insufficient for the visualization of structures with high nucleic acid or protein content, such as 
chromatin and protein complexes. These structures require contrast agents such as uranyl acetate [60] 
which binds to nucleic acids, glycoproteins and lipids. Immunogold staining using antibody-labeled gold 



nanoparticles is also a widely explored technique for visualizing and quantifying specific markers within 
the cell [61,62].  
 
Cryo-TEM allows samples to be imaged in vitrified ice in their near-native hydration states without the 
need for staining, avoiding artefacts caused by chemical fixation and dehydration steps usually 
required for conventional TEM [49]. The development of cryo-TEM techniques, where aqueous 
samples are blotted on a TEM grid then immediately vitrified (typically in liquid ethane) [49,63], won 
the Nobel Prize for Chemistry in 2017. A low dose of electrons (usually <10-20 e/A^2) is used to 
preserve the high-resolution information of biological samples. Near atomic resolution is still achieved 
at this limited dose due to the development of direct electron detectors, which dramatically improve 
the sensitivity of the detector. In low dose mode operation, regions of interest on the grid are typically 
identified at low magnifications and focusing occurs in areas of the sample adjacent to the region of 
interest to avoid unwanted pre-exposure of the sample. Therefore, the imaged area is only exposed to 
appreciable electron dose during image acquisition [49].  
 
TEM requires ultra-thin sample sections (< 100 nm) to avoid unwanted plural scattering. In the case of 
larger structures such as cells, obtaining ultra-thin samples requires a number of costly and lengthy 
processing steps that prevent the imaging of live samples and produce a number of artefacts. 
Vitrification by high pressure freezing, usually in the presence of a cryo-protectant, allows access to 
thicker vitrified samples which can then be sectioned to samples thin enough for imaging by TEM in 
cryo-conditions [64]. Alternatively, samples can be fixed, dehydrated and block embedded in resin 
prior to staining to enable sectioning with an ultra-microtome. However, the mechanical sectioning of 
samples with different densities (e.g. cell and substrate) can generate high processing artefacts, and it 
is not usually possible to section hard substrates such as metals [65]. Focused ion beam (FIB) lift out 
preparation techniques largely overcome these problems, where samples are milled using the FIB to 
the required thickness for imaging by TEM [37,66,67]  
 
Since TEM samples are ultra-thin, it is largely considered a 2D microscopy technique, although 3D 
images can be obtained by electron tomography (ET), which uses a fixed beam and rotates a sample 
of up to 500 nm thickness through various angles to generate a 3D image [64]. ET of fixed samples and 
cryo-ET of intact cells allows different parts of the cell to be extracted by applying segmentation and 
template matching software to the tomogram images [64,68]. The resulting extracted 3D volumes can 
be visualized and quantified. The recently developed technique of subtomogram averaging allows 
higher resolution information about the structures of particles (i.e. protein and protein complex 
structures, and their dynamics) to be obtained [49,64]. Here, sub-nm resolution in 3D [69] can be 
achieved by averaging 3D volumes or “subtomograms” of individual particles extracted from the 
tomograms. Wedge artifacts which arise in ET due to the limited tilt angle are also mitigated since the 
particles are randomly oriented within the sample [49]. Sections up to 1 μm thick can be imaged using 
STEM [70] and cryo-STEM [71] by detecting the angles of scattered electrons. Software packages such 
as Amira (from Visage Imaging) use guided segmentation to create 3D models of cells that can be 
segmented to show different ultrastructures, e.g. a human erythrocyte infected with P. falciparum, 
with spatial resolution down to 5-10 nm [70]. However, cells are generally larger than 1 μm and thus 
whole cell information cannot be obtained from STEM and cryo-STEM. Dynamic information on the 
cell-material interface is not easily accessible via TEM. Liquid TEM cells are available and have been 
successfully used to characterize particle growth [72,73]. However, although live-cell EM on cells in 
their native liquid environment has been published, this technique is limited as the electron beam 
exposure required for imaging is toxic to cells [74].  
 

Focused ion beam scanning electron microscopy (FIB-SEM) for cell-ultrastructure and 
biomaterial visualization in 3D 
 



Focused ion beam scanning electron microscopy provides a solution for the high processing artefacts 

induced by sample sectioning in TEM whilst enabling 3D imaging of whole cells [75]. Instead of using 

mechanical sectioning as in TEM, resin embedded samples are directly introduced under a focused ion 

beam (FIB). The FIB is used to mill the front face of the sample to obtain serial cross-sections and these 

cross-sections are imaged via SEM in a process commonly known as slice and view (Figure 3). A SEM 

raster scans the surface of a sample with a beam of electrons, producing secondary, back-scattered 

and Auger electrons that are collected by a detector to give an image displaying the surface topography 

of a sample. In the case of FIB-SEM, this allows the visualization of sub-cellular structures over 

hundreds of sections per cell to produce a complete 3D reconstruction of the cell’s ultrastructure. A 

drawback of FIB-SEM is that the samples still require contrast enhancing methods similar to those used 

for TEM, and FIB-SEM is unable to image cells live.  

 
Focused ion beam scanning electron microscopy has been employed to study cell interactions with 
biomaterials such as pillars [76,77], wires [38,78,79], scaffolds [80] and 3D gel systems [81]. For 
example, image quantification of FIB-SEM images has shown that the cell membrane tightly interfaces 
with protruding structures but minimally interfaces with invaginating structures (Figure 5a) [76]. 
Moreover, FIB-SEM has been used to demonstrate that porous silicon nanoneedles tightly interface 
with cells and can deliver quantum dots into the cell interior (Figure 5b) [38]. This enhanced 
biomolecule delivery is likely due to the clathrin pits and caveolae endocytic vesicles which accumulate 
around the nanoneedles (Figure 5c) [37]. Amira software is particularly useful for 3D and 4D data 
visualization of FIB-SEM images, marking specific structures and regions of interest in 3D image 
volumes which can then be quantified by software such as Fiji or Volocity. For example, Amira software 
has been used to segment nanoneedles, the cell membrane and the nuclear envelope in a 3D image 
of nanoneedles interacting with a cell; thus enabling the quantification of the depth of nanoneedle 
cytosolic interfacing and the distance of the nanoneedles from the nucleus [38]. 
 

 



Figure 5: Selected examples of focused ion beam scanning electron microscopy (FIB-SEM) applied to 

visualize cell-material interactions. a) FIB-SEM to show that the cell membrane tightly interfaces with 

nanoscale protruding structures, but barely deforms outwards to interface with invaginating 

structures. Adapted from Santoro et al., ACS Nano, 11(8), 8320–8328, 2017 [76], with permission from 

the American Chemical Society, copyright 2017. b) FIB-SEM cross sections of cells injected with quantum 

dots through tight interfacing with quantum dot adsorbed nanoneedles. Adapted from Chiappini et al., 

ACS Nano, 9, 5500-5509, 2015 [38], with permission from the American Chemical Society, copyright 

2015. c) FIB-SEM image of a cell-nanoneedle interface with endocytotic vesicles (clathrin pits and 

caveolae) accumulating around the nanoneedles. Adapted from Gopal et al. Advanced Materials. 9, 

1806788, 2019 [37], with permission from John Wiley and Sons, copyright 2019. 

 

Intracellular labelling for electron microscopy 
 
It is possible to combine EM with intracellular labelling [82,83], which would enable the precise 
localization of cellular targets with respect to the cell ultrastructure and the geometry of a material. 
Since the electron microscope is unable to visualize fluorescent probes, antibodies are instead 
conjugated to colloidal gold particles (immunogold) in order to visualize labelled intracellular 
structures with TEM, and these can also be utilized in FIB-SEM [62]. Labelling can be carried out prior 
to heavy metal staining and resin embedding (pre-embedding) or after preparation of ultra-thin 
sections (post-embedding). Pre-embedding labelling achieves greater specificity and labelling densities 
than post-embedding labelling [84], however it often requires permeabilization of the cell in order for 
the immunogold to penetrate into the cell, which can damage cellular ultrastructure and disrupt 
certain receptor-protein complexes at the cell surface [85]. Methods have been established to 
circumvent these issues with penetration, for example extremely small gold particles (1.4 nm) can be 
conjugated to antibodies [86], and gentler permeabilization methods have been adopted [62]. 
Recently, immunogold FIB-SEM has demonstrated simultaneous spatial mapping of cellular 
ultrastructure and biomolecular information in different cell-material systems [62]. For example, the 
volumetric distribution of an epigenetic marker H3K9me3 in the nucleus of a neural stem cell subjected 
to flat substrates or 10 µm microgrooves was assessed and quantified at nm separation distances. 
Further methods to circumvent penetration issues include genetically encoded EM tags that generate 
strong EM contrast [87]. Example tags include horseradish peroxidase (HRP) and  enhanced ascorbate 
peroxidase (APEX) [88,89]. However, these methods have a number of drawbacks. For example, it is 
hard to express HRP in the cytosol of mammalian cells since HRP requires higher than physiological 
levels of intracellular calcium concentrations for binding [90]. Moreover, genetic tags might affect 
endogenous protein function and localization, and can be sensitive to different cell types [87]. Finally, 
the genetic tags require enhanced contrast via diaminobenzidine (DAB), and the fixation and 
incubation with DAB reagents must be carefully controlled so that they are localized to the specific 
subcellular target of interest [88]. Therefore, although advances have been made in intracellular 
labelling for EM, labelling is much easier and more established in fluorescence microscopy, which can 
achieve high molecular specificity for multiple targets. There is therefore a need for a high-resolution 
imaging methods that can image cell-material interactions live and in 3D, with easier sample 
preparation that enables the precise labelling of multiple specific intracellular and material 
components of interest (Figure 2).  
 

Fluorescent Light Microscopy 
 
Conventional fluorescent light microscopy (FLM) has been a fundamental technique for elucidating 
cell-material interactions. Specific sub-cellular targets can be labelled using antibodies, genetic probes 
and membrane binding dyes and multiple parameters can be labelled at once. Immunofluorescence 
(IF) uses fluorescently tagged antibodies or other molecules (such as phalloidin) which can interact 



specifically with the protein of interest at high affinity. IF has been highly useful in characterizing the 
conformation, binding-availability and topography of adsorbed proteins on a material [91,92], as well 
as the response of cellular proteins involved in focal adhesion (FA) assembly and the resulting signaling 
pathways [6,15,93]. A downside of full-length antibodies is that they cannot be used to visualize 
intracellular events live, since they are relatively large on a nanoscale level and the cell needs to be 
permeabilized to allow them to access the cell interior. Antigen-binding fragments, such as single-
domain antibodies and nanobodies show great promise in overcoming such obstacles but their 
preparation is time-consuming [94,95]. Alternatively, intracellular target proteins can be genetically 
labelled with proteins such as Green Fluorescent Protein (GFP) and can be non-invasively imaged live 
allowing dynamic interactions to be resolved in-situ. Genetic labelling must also be treated with 
caution however since it can impact the sample’s properties. For example, the adhesive and signaling 
properties of integrin heterodimers have been shown to be dependent on whether the alpha- or beta-
subunit of the heterodimer is labelled, since the integrin is partially activated when the beta-subunit 
is tagged [96]. 
 
A drawback of conventional FLM however is that its resolution is limited by the diffraction limit of light, 
as described by Ernst Abbé in 1873: D = λ/2NA, where D is the diffraction limit, λ is the wavelength of 
the light, and NA is the numerical aperture. The wavelength of light and the numerical aperture of a 
conventional optical system results in a diffraction limit of 200-300 nm in the lateral direction, and 
500-700 nm in the axial direction for conventional FLM. The resolution limit can be described by the 
point spread function (PSF), which describes how the fluorescence of a point-like object is spread, or 
diffracted, in an image, giving an intensity distribution. If two fluorophores are contained within the 
PSF in conventional FLM they cannot be distinguished, and objects that are smaller than the PSF are 
visualized the same size as the PSF. This significantly affects the study of interactions between cells 
and their substrates, which typically occur at the nanoscale. 
 

Super-resolution microscopy and intracellular cell-material 
interactions 
 
In 2014, the Nobel Prize in Chemistry was jointly awarded to Eric Betzig, Stefan W. Hell and William E. 
Moerner for the development of super-resolved fluorescence microscopy (SRM), which breaks the 
diffraction limit of conventional FLM and enables imaging at the nanoscale [97]. A variety of methods 
exist, which achieve super-resolution either by spatially modulating the fluorescence emission using 
patterned illumination (e.g. stimulated emission depletion microscopy (STED) and structured 
illumination microscopy (SIM)) or by stochastically switching on and off individual molecules using 
photo-switchable probes (e.g. stochastic optical reconstruction microscopy (STORM)), or 
photoactivatable/photoconvertible fluorescent proteins (e.g. photoactivation localization microscopy 
(PALM)) [98]. It is crucial that the right SRM technique is chosen for a given sample and scientific 
question in hand. 
 
Super-resolution microscopy has resolved a variety of intracellular, secreted and surface structures 
including ECM proteins [99], integrins [100–102], FAs [101,103], cytoskeletal components [104–110], 
nuclear pore complexes [111–115], the nuclear lamina [116], chromatin domains [117,118], lysosomes 
and vesicles [119,120], and many more organelles and sub-cellular structures [121] (Figure 6). Indeed, 
structures such as integrins, FAs, and the cytoskeleton are critical for cells to sense their surroundings 
and it is important that they can be imaged dynamically and at high resolution to understand how cells 
interact with different materials. Moreover, the imaging of lysosomes and vesicles is useful in the 
assessment of cellular uptake and subsequent trafficking of nanomaterials. 
 
 



 
 
Figure 6: Super-resolution microscopy (SRM) of intracellular organelles. SRM has been used to image 
intracellular organelles such as integrins, focal adhesions, the cytoskeleton and the nucleus at high 
resolution. Integrins: Photoactivation localization microscopy (PALM) image of integrins in a mouse 
embryonic fibroblast. Scale bar = 5 μm. 2 and 3: zoom of marked regions. Scale bars represent 2 μm 
(2), 500 nm (top), and 200 nm (bottom) (3). The false color scheme indicates density of molecules per 
square micrometer. Adapted from Changede et al., Developmental Cell, 35 (5), 614–621, 2015 [102], 
with permission from Elsevier, copyright 2015. Focal adhesions: (C&F) Dual-color PALM overlay of 
tdEos-tagged paxillin (green) and PS-CFP2-tagged zyxin (red) focal adhesion proteins. (D) Diffraction-
limited, summed molecule, dual-color TIRF (total internal reflection fluorescent) microscope image. (E) 
Differential interference contrast (DIC) image. The two adhesion proteins seem co-localized in the TIRF 
microscope image but are shown to have very little overlap in the PALM images. Adapted from Shroff 
et al., Proceedings of the National Academy of Sciences, 104(51), 20308–20313, 2007, [122] with 
permission from the National Academy of Sciences, copyright 2007. Nucleus: 3D-structured 
illumination microscopy (SIM) imaging of lamin isoform in mouse embryonic fibroblasts. (A, B) lamin 
B1/ lamin A, (C, D) lamin B2/ lamin A, (E, F) lamin B1/ lamin B2, (G, H) lamin B1/ lamin C, (I, J) lamin 
B2/ lamin C, and (K, L) lamin A/ lamin C. B, D, F, H, J, and L, are 5x zoom-ins of the white boxed regions 
in A, C, E, G, I, and K respectively. Scale bar, 5 μm. Adapted from van der Shimi et al., Molecular Biology 
of the Cell, 26(22), 4075–4086, 2015 [116] with permission from The American Society for Cell Biology, 
copyright 2015. Cytoskeleton: (a) Dual-objective stochastic optical reconstruction microscopy (STORM) 
image of the actin cytoskeleton in a COS-7 cell. The z positions are color coded with violet being the 
closest to the substrate and red being the farthest. (b) Zoom-in of the boxed region in (a). (c) Zoom-in 
of the boxed region in (a) using information only collected by objective one of the dual-objective setups. 
Scale bars, 2 μm (a), 500 nm (b–c). Adapted from Xu et al., Nature Methods, 9(2), 185–188, 2012 [110], 
with permission from Springer Nature, copyright 2012. 



 
Interestingly, the application of SRM to study cell-material interactions at the nanoscale is rather 
unexplored. This might be due to the small microscope working distance for SMLM techniques, and 
while other SRM techniques with slightly less resolution achieve slightly better z reconstructions, these 
can still be limiting for materials. Furthermore, it is also difficult to fluorescently label dense material 
structures, and this can prohibit an understanding of the material’s nanotopography. However, the 
fluorescent labelling of surface chemistry structures would be highly useful in quantifying integrin-
adhesion ligand bonds, for example. More recently, SRM has been used to investigate material 
properties [123,124] such as polymers [125,126], catalysts [127], DNA origami [128–130], lipid-based 
materials [131–133] and self-assembled materials [134]. SRM will be highly advantageous when 
looking at cell interactions with soft materials such as polymers since EM has issues with contrast in 
soft material due to the lack of heavy elements with significant electron numbers [135]. The key SRM 
techniques will now be described, as well as their advantages and disadvantages for the investigation 
of intracellular interactions with materials. 
 

Structured illumination microscopy (SIM) for simple sample preparation with 
moderate resolution improvement 
 
Structured illumination microscopy is a wide-field technique that uses a patterned (usually striped) 
excitation beam that is fully rotated in steps between the capture of each image set (Figure 3). The 
patterned excitation beam interacts with the sample to produce a Moiré effect that enables high 
frequency information to be obtained at lower spatial frequencies. Thus, usually non-resolvable 
structural information is captured. Following processing with a specialized algorithm, high-frequency 
sub-diffraction sample information can be extracted from the raw data to produce a reconstructed 
image with a two-fold improvement in lateral resolution (in comparison to conventional FLM 
techniques) and an axial resolution down to 150 nm [136]. Approaches such as instant SIM [137] and 
nonlinear SIM [138] have enabled spatial resolutions of 50 nm and temporal resolutions of 30 ms to 
be achieved.  
 
Although SIM only has a moderate resolution improvement compared to other SRM techniques, a key 

advantage of SIM is that it is compatible with all conventional fluorophores and mounting conditions 

facilitating simpler sample preparation as well as 3- and 4-color imaging [139]. SIM has been used to 

demonstrate how cells interact with a number of biomaterials. For example, SIM has been used to 

visualize how the nucleus of primary human cells interacts with nanoneedle arrays. The nuclei were 

shown to remodel around the nanoneedles, which were fluorescently labelled to enable the tight 

interaction between the nuclei and nanoneedles to be demonstrated. Moreover, SIM revealed 

remodeling of lamin A/C but no remodeling of lamin B around the nanoneedles (Figure 7a) [140]. SIM 

has also been used to visualize the interactions between actin stress fibers, the nuclear lamina and 

LINC (Linker of Nucleoskeleton and Cytoskeleton) proteins in endothelial cells spread on a fibronectin-

coated rectangular micropattern (Figure 7b). The micropattern was used to restrict cell spreading 

which increased apical actin tension, deformed the nuclear lamina and increased LINC protein density 

by two-fold at the sites of nuclear deformation [141]. Lamin A/C deformation was shown to localize 

with apical stress fibers. This result was demonstrated by quantifying the normalized intensity of lamin 

A/C and actin along specific lines oriented across the long nuclear axis of the cell; the most intense 

lamin A/C signals were found in the presence of apical actin filaments. Although the micropattern was 

not labelled, SIM could have provided an extra color channel to visualize the cell-micropattern 

interaction in more detail: the fibronectin could have been fluorescently labelled and its interaction 

with the cell’s integrins and FAs (which are connected to the actin cytoskeleton and therefore indirectly 

connected to the nuclear lamina and LINC proteins) could have been assessed and quantified at 

nanoscale resolution. As well as looking at cell-substrate interactions, SIM has been used to assess the 



internalization, subsequent intracellular localization, and possible degradation/deformation of a 

variety of nanoparticles [142–148]. SIM has been deemed the SRM method of choice when imaging 

dense, 3D networks of fine (and therefore weakly labelled) structures such as actin [149]. Indeed, this 

technique could be favorable for labelling and assessing the interaction between cells and fine electro-

spun materials. 

 

Structured illumination microscopy shows high potential for visualizing dynamic cell-material 
interactions live in 3D [150–152]. SIM uses lower light intensities than the other SRM methods and can 
take faster recordings over cell-sized fields of view, making it superior for live-cell imaging [153]. For 
example, it has been used to record the dynamics of ECM ligand Arg-Gly-Asp (RGD) cluster growth and 
movement in relation to early FAs (Figure 7c) [102], and has tracked cell-uptake of metal-organic 
frameworks [144]. Moreover, two-photon instant SIM has enabled the imaging of cells in thick, semi-
transparent biological specimens, such as cells in a 3D-collagen matrix, and the live imaging of tumor-
like cell spheroids [154]. As with all forms of live FLM, SIM has an inherent trade-off between spatial 
resolution, temporal resolution and phototoxicity, and when imaging in 3D, this trade-off becomes 
magnified. Light sheet microscopy (LSM) addresses these limitations and has therefore been combined 
with SIM [108,155]. LSM projects and sweeps a thin sheet of light through a specimen, capturing an 
image in each plane to produce a 3D image. This process is high speed and eliminates out-of-focus 
background which therefore increases axial resolution as well as reducing phototoxicity and 
photobleaching [108,155]. 
 
A downside of SIM is that it is prone to many artefacts. These can result from imprecise calibration of 
the system, refractive index mismatch between the immersion oil and embedding medium, a poor 
signal to noise ratio, and bleaching properties of the sample (since a number of rotated images are 
required for each plane) [156,157]. SIMcheck is a plugin from the open-source image analysis platform 
ImageJ/Fiji which can check resolution and data quality of SIM images and enables users to identify 
and avoid common problems associated with 3D-SIM data [158]. Moreover, the fairSIM plugin enables 
image reconstruction of SIM images, providing users with an alternative to the commercial SIM 
software [159]. 
 



 
 
Figure 7: Selected examples of structured illumination microscopy (SIM) applied to visualize cell-
material interactions. a) 3D SIM orthogonal views of i) a nucleus interacting with a nanoneedle array 
with ii) remodeling of lamin A/C around the nanoneedles, but no remodeling of lamin B . Adapted from 
Hansel et al., ACS Nano, 2019 [140], with permission from the American Chemical Society, copyright 
2019. b) 3D SIM orthogonal views to visualize the interactions between actin stress fibers and the 
nuclear envelope (DAPI and lamin AC) in cells spread on a fibronectin-coated rectangular micropattern 
that restricts cell spreading. Adapted from Versaevel, et al., Sci. Rep. 4, 7362, 2014 [141], with 
permission from Springer Nature, copyright 2014. c) Live SIM imaging to show the dynamics of ECM 
ligand Arg-Gly-Asp (RGD) cluster growth and movement in relation to early focal adhesions. Adapted 
from Changede et al., Dev. Cell 35, 614–621, 2015 [102], with permission from Elsevier, copyright 2015. 
 



Stimulated emission depletion (STED) microscopy for high resolution 3D imaging 
with greater depth penetration 
 
Stimulated emission depletion microscopy uses the same approach as a laser scanning confocal 
microscope but achieves higher resolution by reducing the size of the PSF by stimulated emission. In 
confocal laser-scanning microscopy, an objective lens is used to focus the excitation beam onto a small 
spot on the sample (the PSF) and this spot is scanned over the sample enabling a complete image to 
be obtained. All the fluorophores within this spot emit fluorescence and are detected and observed as 
a single pixel. The size of this PSF therefore limits the resolution of the image. In STED microscopy a 
STED laser is pulsed shortly after the normal excitation laser pulse. The STED beam overlaps with the 
excitation beam but has a doughnut shape with a hole at the center (Figure 3). It has a longer 
wavelength than the excitation beam and produces photons that match the energy difference 
between the fluorophore’s excited and ground states. The excited fluorophores are instantaneously 
‘bleached’ back to the ground state by stimulated emission before spontaneous fluorescence emission 
can occur. Therefore, only the molecules in the center of the STED beam emit fluorescence, the PSF is 
reduced, and resolution can be increased to 20 nm in the lateral dimensions [160–163]. IsoSTED further 
increases the axial resolution through the coherent use of two opposing objective lenses (known as 
the 4Pi configuration), by means of a polarizing beam-splitter [164]. 
 
Stimulated emission depletion microscopy is advantageous compared to the other SRM techniques 
since super-resolution is achieved by optics alone and there is no need to computationally reconstruct 
images which evades image reconstruction artefacts. However, the laser power used for STED 
microscopy is considerably higher than many other SRM techniques, and could cause phototoxicity 
and photobleaching of samples. The high laser power may also be incompatible with some material 
systems, such as the imaging of cell interactions with gold nanoparticles: the high intensity STED laser 
could interact with gold nanoparticles to generate heat which could damage the sample [165,166]. 
Despite the high laser power ,which can cause phototoxicity and photobleaching, live-cell and in vivo 
STED microscopy has been conducted [167–169], and imaging modes such as dynamic intensity 
minimum (DyMIN) [170] and MINFIELD [171] have been developed which reduce the laser intensity 
and scanning sizes of the STED beam respectively. The high laser power can also affect choice of 
fluorophores for optimal output. Indeed the correct fluorophore and mounting conditions are key for 
a successful STED image, although conventional fluorophores and mounting conditions can be used 
[172]. STED has been used to image how nanoparticles such as nanodiamonds [173], carbon dots 
[174], protein-based fluorescent nanoparticles [175], and silica nanoparticles [176–178] are 
internalized within cells. For example, STED has shown that decorating nanodiamonds with albumin 
prevents their clustering inside cells [173] (Figure 8a) and has enabled the differentiation of 
membrane-bound and internalized silica nanoparticles [176] (Figure 8b). Furthermore, STED has 
been used to quantify the average size of vinculin FAs on homogenous and nanopatterned 
fibronectin substrates of different sizes (Figure 8c). It was shown that the diameter of the FAs 
correlated with the diameter of the fibronectin nanopatterns [179]. 

 

 



 
 
Figure 8: Selected examples of stimulated emission depletion (STED) microscopy applied to visualize 
cell-material interactions. a) STED imaging of bovine serum albumin (BSA)‐conjugated fluorescent 
nanodiamonds < 42 nm in size internalized in cells. Adapted from Tzeng et al., Chemie Int. Ed. 50, 2262–
2265, 2011 [173], with permission from John Wiley and Sons, copyright 2011. b) 3D STED imaging to 
quantify the internalization of 25 nm and 85 nm silica nanoparticles. Multi-color orthogonal views i) = 
xy, ii) = xz, iii) = yz of the nanoparticles (magenta) in STED mode, the cell membrane (cyan) and nuclear 
membrane (yellow) are imaged in regular confocal mode. Adapted from Peuschel et al., Biomed Res. 
Int. 2015, 1–16, 2015 [176], open access article. c) STED imaging of vinculin focal adhesion proteins on 
a c i) homogeneous fibronectin surface and a c ii) nanopatterned fibronectin surface of 250 nm pattern 
size. Adapted from Chien et al., Small., 2906–2913, 2011, [179], with permission from John Wiley and 
Sons, copyright 2011. 
 
Whilst 3D cultures will be fundamental in helping to elucidate cellular interactions with their natural 
microenvironment, the use of 3D cultures also presents new challenges. Many imaging techniques rely 
on light being transmitted through the sample and therefore have limited penetration depths. For 
example, confocal microscopy has a tissue penetration of around 100 µm due to the scattering of light 
and technicalities associated with the microscope set-up [180]. This makes tasks such as visualizing 
cells deep within a scaffold, hydrogel or in vivo tissue imaging difficult. Multiphoton microscopy 
(MPM) provides a solution for imaging thick 3D cell cultures or tissue since it has more than a two-fold 
improvement in penetration depth compared to conventional confocal microscopy [181]. MPM works 
by exciting a fluorophore with two or more photons at the same time. Longer wavelength light (roughly 



2-fold) is used since photon energy is inversely proportional to wavelength. Since excitation can only 
occur at the point where the photons coincide, fluorophore excitation is restricted to the plane of 
focus. This means that the excitation light is not scattered by fluorophores above and below the plane 
of focus and phototoxicity and photobleaching are reduced. Since STED is conducted on a confocal 
microscope, its virtues can be combined with those of multiphoton microscopy, enabling high 
resolution imaging of thicker and highly scattering media [182,183]. For example, dendritic spines have 
been imaged in dense and highly scattering brain tissue using two-photon STED [184,185]. Combined 
STED and multiphoton microscopy could therefore be highly valuable when evaluating cell interactions 
deep within a highly scattering material.  
 

Single molecule localization microscopy (SMLM) for a simple optical set-up and high 
resolution single-particle tracking 
 
In conventional FLM most fluorophores emit fluorescence simultaneously within the PSF, and are 
therefore indistinguishable. SMLM techniques ensure that only a small, random subpopulation of 
fluorophores are switched on and recorded at any given time. That way neighboring fluorescent 
emitters do not overlap and each fluorophore can be isolated, identified and located at sub-diffraction 
precision (Figure 3). This process of activation and inactivation is repeated over a high number of 
frames (few thousand to tens of thousands) to ensure all the molecules have been imaged and the 
resulting images are merged into a final image by post-processing. The resolution of this image mainly 
depends on the number of photons collected and a resolution of 20-30 nm can generally be achieved, 
going down to the 5 nm range with further optimization [110,186,187].  
 
Single molecule localization microscopy has the advantage of a relatively simple wide-field optic setup 
and is often performed in total internal reflection fluorescent (TIRF) mode to reduce background. TIRF 
microscopy can image fluorophores close to the glass/water (or glass/specimen) interface at an axial 
resolution below 100 nm [188]. An evanescent wave is employed to excite the fluorophores; this 
occurs when the excitation beam is totally reflected at the interface of two transparent media with 
different refractive indices (e.g. the glass of the coverslip and the contact area of adhering cells). The 
energy of the evanescent field decreases exponentially with distance from the interface. As a result, 
only the fluorophores in close proximity to the interface are excited, and the background fluorescence 
from the fluorophores in the rest of the cell is removed. The disadvantage of TIRF microscopy is that 
only molecules in close proximity to the interface can be investigated. Therefore, wide-field setups are 
also employed for SMLM, although they have the disadvantage of a higher background. 

 
STORM, PALM and fPALM, which were originally published in 2006, are examples of such stochastic 
imaging [120,189,190]. STORM originally involved photo-switchable dyes (cy3 and cy5) and two lasers: 
one low-power activating laser stochastically turns a small, random number of fluorophores on and 
then another high-power laser immediately turns all the fluorophores off. More often direct STORM 
(dSTORM) is used which exploits the intrinsic blinking properties of specific fluorophores. This blinking 
is coupled to the use of specific imaging buffers that scavenge molecular oxygen, pushing the 
fluorophore into a triplet ‘off’ state. Regulation of the number of fluorophores in the triplet state 
dictates the sparsity of detections [191]. The PALM techniques use a similar principle to STORM but 
employ photo-switchable protein tagged fluorophores (e.g. tandem dimer Eos and photoactivatable 
GFP, PA-GFP) instead of photo-switchable dyes [192]. PALM and STORM thus require fluorescent 
proteins or specific organic dyes which can stochastically blink under specific excitation schemes and 
buffer conditions. These fluorophores must also label their target structures with high labelling 
densities in order to fulfil the Nyquist-Shannon theorem, which requires the structure to be sampled 
at twice the rate of the intended resolution. Choice of dye, excitation conditions, buffer conditions and 
labelling density are therefore paramount in SMLM and must be heavily optimized [193–195]. Points 
accumulation for imaging in nanoscale topography (PAINT) is a SMLM method which overcomes the 



constraints imposed by fluorophores. Here, the stochastic binding of a fluorescent ligand is exploited, 
rather than the stochastic photo-activation of a fluorophore [195,196]. Specific buffers and high laser 
powers are therefore not required as the blinking is not dependent on the fluorophore’s photophysical 
properties. SMLM can image live cells in 3D with high spatial and temporal resolution [197], and six-
color STORM images have been obtained [198].  
 
Single molecule localization microscopy techniques have been used to visualize molecular 
reorganizations at the nanoscale when cells are interfaced with different materials (Figure 9). For 
example, dSTORM has been used to assess how homogeneous and nanopatterned fibronectin surfaces 
can affect FA formation [179]. dSTORM enabled the location of individual vinculin FA molecules to be 
located with an accuracy of around 20 nm and the spatial correlation between each vinculin protein 
was analyzed as well as the number and density of vinculin proteins in each FA. Moreover, PALM has 
been used to characterize and quantify early integrin clusters on RGD matrices of different stiffnesses 
at ∼10 nm resolution (Figure 9a) [102]. It was shown that very early adhesions consist of ∼100-nm 
clusters of ∼50 β3-activated integrins. These early adhesions formed similarly on flexible and rigid 
substrates, however most adhesions were transient on rigid substrates. In addition, combined PALM 
and highly inclined and laminated optical sheet (HILO) microscopy has been used to image the 
dynamics and molecular organization of cellular nanostructures on micropatterened substrates with a 
precision of 7-20 nm [199]. It was shown that caveolin-1 at the cell membrane, and emerin at the 
nuclear membrane undergo dynamic nanoscale structural organizations in response to steady-state 
mechanical cues induced by the micropatterns (Figure 9b).  
 
To enable the rational design of safe and effective nanomedicines, the intracellular fate of 
nanoparticles must be understood [200,201]. Indeed, high-resolution multi-color imaging techniques 
that can image and quantify intracellular nanoparticles and how they are internalised (preferentially 
live and in 3D) will provide a means to understand the complex and numerous mechanisms involved 
in nanoparticle uptake [201]. In addition, it is also important to understand how nanoparticle 
parameters such as size, shape, and surface properties (chemistry and charge) impact the endocytic 
process [201]. SMLM techniques have the capacity to quantify cell-nanoparticle interactions directly 
at the single molecule level since each single molecule is localized and stored in an output file as a 
coordinate, and they have been used to track nanoparticle uptake and trafficking [202–205]. For 
example, processes such as nanoparticle engulfment and storage of nanoparticles in vesicles have 
been visualized at single‐nanoparticle and single‐endo/phago/lysosome resolution (Figure 9c) 
[202,203]. Moreover, the size distribution and chemistries (highlighted by different colored 
fluorophores) of intracellular nanoparticles has been accurately quantified [203]. Furthermore, PALM 
imaging has demonstrated that polystyrene particles can be uptaken by two distinct clathrin-mediated 
endocytosis pathways: for the majority of cases the nanoparticles initially attached to the membrane 
followed by the formation of a clathrin-coated pit, however events in which the nanoparticle diffused 
on the membrane and utilized a pre-formed clathrin-coated pit were also observed [204].  
 



 
 
 
Figure 9: Selected examples of single molecule localization microscopy (SMLM) applied to visualize cell-
material interactions. a) Photo-activated localization microscopy (PALM) imaging of the relationship 
between integrins and RGD ligand clusters on functionalized fluid supported lipid bilayers. Adapted 
from Changede et al., Dev. Cell 35, 614–621, 2015 [102], with permission from Elsevier, copyright 2015. 
b) PALM single particle tracking to evaluate the diffusion trajectories of the nuclear protein emerin at 
the basal nuclear membrane of a deformed nucleus in a cell seeded on a 210 × 10 μm2 micropattern. 
Adapted from Fernandez et al., ACS Appl. Mater. Interfaces, 9, 27575-27586, 2017 [199], with 
permission from the American Chemical Society, copyright 2017. c) STORM imaging of the 
internalization process of polymer hydrogel nanoparticles (green) by dendritic cells (cell membrane in 
red). i) cell membrane engulfment of the nanoparticles ii) intracellular routing and iii) storage of the 
nanoparticles in endo/lysosomal vesicles. Adapted from De Koker et al., Angew. Chemie - Int. Ed., 55, 
1334-1339, 2015 [202], with permission from John Wiley and Sons, copyright 2015. 
 

Fluorescence resonance energy transfer (FRET) for the quantification of high 
resolution interactions 
 
Fluorescence resonance energy transfer (FRET) describes a mechanism that can be used to measure 
nanoscale distances between two chromophores using FLM. A donor chromophore in its excited 
electronic state transfers energy to an acceptor chromophore via nonradiative dipole-dipole coupling. 
By measuring FRET efficiency, the distance between two chromophores can be determined at 
nanoscale resolution (up to 2-8 nm) since FRET is inversely proportional to the sixth power of the 
distance between the donor and acceptor chromophore [206].  
 



There are few methods to directly quantify cell-material interactions at the molecular level, and the 
cellular response is often correlated to the general properties of the material (e.g. elasticity). However, 
this is not an accurate assessment of cell-material interactions since the cell is also responding to other 
stimuli, such as soluble stimuli, and the cell-material interface is not static. FRET has been used to 
quantitatively assess specific parameters of the cell-material interface in both 2D and 3D. For example, 
molecular changes in matrix proteins, the number of bonds between integrins and their ligands, and 
changes in the cross-linking density of hydrogels have been recorded using FRET [207]. Indeed FRET 
could be highly useful for the quantitative assessment of how cellular signaling pathways respond to a 
material interfaces dynamically in 3D.  
 

Future outlooks 
 

Light sheet microscopy (LSM) for live 3D imaging 
 
Living cells are highly sensitive to perturbations in their surroundings and it is therefore of high 
importance that they are imaged in their native environments under gentle illumination conditions.  
LSM is an ideal technique for live 3D imaging with minimal sample perturbation since a single optical 
section of the sample is illuminated at a time, with no illumination above or below the section, 
minimizing phototoxic events [208]. In addition, since an entire optical slice can be collected in one go, 
it can be detected by a camera, which enables sub-second volumetric imaging. LSM would therefore 
be the microscopy technique of choice for monitoring rapid dynamic intracellular responses to 
biomaterials over prolonged periods; however, it is not a super-resolution technique. Fortunately, LSM 
can be combined with super-resolution techniques such as SIM, STED, and SMLM [209]. Lattice LSM 
(LLSM), which combines LSM with Bessel beam microscopy and SIM, has recently been combined with 
adaptive optics (AO), which correct refractive index aberrations, to study a variety of subcellular events 
within whole transparent organisms [210]. Intracellular dynamics, extracellular communication and 
collective cell behaviors could therefore potentially be studied in thick transparent scaffolds and 
hydrogels using AO-LLSM. Moreover, delivery of nanoparticles could also be monitored in whole 
transparent organisms such as zebrafish. Combined LSM and SRM imaging could thus further our 
understanding of dynamic nanoscale interactions between cells and biomaterials.  

 

Correlative light and electron microscopy (CLEM): combining the advantages of 
electron microscopy and super-resolution microscopy 
 
Super-resolution microscopy is advantageous compared to EM for cell-material interactions since it 
can image specific intracellular components and how they respond to materials both live and in 3D. It 
is clear that each SRM technique has its own key advantages: SIM is most appealing for live, multicolor 
imaging; STED has advantages for deep 3D imaging; and SMLM is advantageous when wanting to 
quantify and localise events on a simple microscope. However, SRM techniques also exhibit certain 
limitations: SIM only provides a 2-fold increase in resolution compared to conventional FLM and is 
prone to artefacts; STED has high laser powers which can cause photobleaching and damage the cell 
and substrate; SMLM techniques are highly reliant on fluorophore selection and imaging conditions. 
Although SRM techniques can localize labelled structures at very high accuracy, they do not provide 
information about the position of the labels in relation to the cell ultrastructure and it is hard to label 
dense materials. There are clear advantages and disadvantages for both SRM and EM when imaging 
intracellular interactions with biomaterials (Table 1). These limitations can be overcome through the 
use of correlative light and electron microscopy (CLEM) [211]. The imaging of a sample with both 
microscopy techniques produces results that maximize the strengths of each technique while 
minimizing their individual weaknesses.  
 



Super-resolution microscopy and EM have successfully been correlated to image the same sample 
[120], however the main challenge lies in the sample preparation [212,213]. To begin with, sample 
preparation protocols for the different techniques may be incompatible. Critical EM sample 
preparation steps such as chemical fixation, heavy-metal staining and resin embedding quench 
fluorescence, may alter a fluorophore’s photo-switching ability, and can also lead to stronger 
background autofluorescence [211]. This is detrimental for SRM since it requires a high signal-to-noise 
ratio. A number of sample preparation workflows have therefore been developed to enable super-
resolution CLEM. For example, a photoactivatable fluorescent protein has been developed which does 
not lose its fluorescence after the heavy OsO4 fixation required for EM imaging [214]. Moreover, cryo-
fixed resin embedded samples have been produced which preserve the fluorescence and photo-
switching ability of fluorescent proteins [215], and graphene has been shown to act as an ultrathin 
barrier material enabling CLEM of hydrated cells [216]. Super-resolution cryo-CLEM is a promising 
technique that could provide super-resolution imaging of samples with structural preservation in the 
native state [217], however it comes with a variety of technical challenges that need to be addressed 
[218]. 
 
Correlative light and electron microscopy allows the direct and live examination of fluorescently 
labelled molecules within the high-resolution landscape of EM images. Live light microscopy has been 
performed in correlation with EM [219], and since SRM imaging has been conducted on live samples it 
is therefore feasible that live SRM imaging could be combined with EM, correlating cell ultrastructure 
to dynamics and function. CLEM could enable the advantages of both EM and SRM techniques to be 
combined for the imaging of cell-material interactions. 
 
Table 1: Comparison of electron microscopy (EM) and super-resolution microscopy (SRM) for cell-

material interactions 

 EM SRM 

Advantages • Near atomic resolution [49] 

• Can image the cell ultrastructure 

• Can image the surface 
nanotopography of materials 
without the need of labelling 

• Continuous 3D cross-sectioning  in 
situ with immunogold labelling 
(focused ion beam scanning 
electron microscopy, FIB-SEM) 
[62] 

• Live 3D imaging [151,168,197] 

• Multicolor imaging [139,220,221] 

• Conventional fluorophores and 
mounting conditions (structured 
illumination microscopy, SIM and 
stimulated emission depletion 
microscopy, STED) 

• Simple optic set-up (single molecule 
localization microscopy, SMLM) 

• Single-particle tracking (SMLM) for 
nanoparticle internalization experiments 
[203] 

Disadvantages • Single section therefore 2D, with 
potential artefacts on sectioning 
(TEM) [65] 

• Complex and time-consuming 
sample set up 

• Availability of equipment (FIB-
SEM) 

• Live imaging may be impossible to 
attain [74] 

• Complex data processing (SIM and 
SMLM) with possible artefacts from 
image reconstruction 

• Cannot image cell ultrastructure 

• Cannot image a material’s 
nanotopography without fluorescent 
labelling (unless it is autofluorescent in a 
different channel to the label) 

• High labelling density required (STED 
and SMLM) [149] 

• High photobleaching (particularly for 
STED) [222] 



• Specialized probes and optimization of 
mounting conditions required (SMLM) 
[193] 

 

Conclusion 
 
Physical and chemical cues presented on the surface of materials can affect cell function and fate. 

Indeed, biomaterials with various nanoscale topographies, stiffnesses and surface functionalities have 

been shown to trigger intracellular signaling pathways, and nanoparticles show great promise for the 

delivery of biomolecules into cells. It is of high importance that these interactions are better 

understood for the improved design of cell manipulation/delivery strategies. The visualization of 

specific organelles and nanomaterials and quantification of their morphology and interactions at high 

spatial and temporal resolution within the context of the cell ultrastructure will be key in 

understanding such cell-material interactions. An ideal imaging system for cell-material interactions 

would image in 3D at significant depths with facile sample preparation and minimal artefacts. Multi-

color SRM imaging enables multiple cellular components to be resolved simultaneously and 

unambiguously both live and in 3D at nanoscale resolution whilst EM provides cellular ultrastructure 

and material topography at nanoscale resolution. A combination of both SRM and EM (CLEM) will 

therefore be critical for the visualization of cell-material interactions at the nanoscale. 
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