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Abstract 17 

Correlative light and electron microscopy (CLEM) has become a powerful tool in life 18 

sciences. Particularly cryo-CLEM, the combination of fluorescence cryo-microscopy (cryo-19 

FM) permitting for non-invasive specific multi-colour labelling, with electron cryo-20 

microscopy (cryo-EM) providing the undisturbed structural context at a resolution down to 21 

the Ångstrom range, has enabled a broad range of new biological applications. Imaging rare 22 

structures or events in crowded environments, such as inside a cell, requires specific 23 

fluorescence based information for guiding cryo-EM data acquisition and/or verify the 24 

identity of the structure of interest. Furthermore, cryo-CLEM can provide information about 25 

the arrangement of specific proteins in the wider structural context of their native nano-26 

environment. However, a major obstacle of cryo-CLEM currently hindering many biological 27 

applications is the large resolution gap between cryo-FM (typically in the range of ~400 nm) 28 

and cryo-EM (single nanometre to Ångstrom range). Very recently, first proof of concept 29 

experiments demonstrated the feasibility of super-resolution cryo-FM imaging and the 30 

correlation with cryo-EM. This opened the door towards super-resolution cryo-CLEM, and 31 

thus towards direct correlation of structural details from both imaging modalities. 32 
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Introduction 33 

Fast freezing techniques (vitrification) provide immobilization of biological samples 34 

embedded in amorphous ice, thus preserving the structures in their native state (Dubochet et 35 

al., 1988). This sample preparation method with its advantages over chemical fixation has 36 

been used in structural (cell) biology for already a few decades (Dubochet, 2012). Recently 37 

undergoing a “resolution revolution” (Kühlbrandt, 2014), electron cryo-microscopy (cryo-38 

EM) can resolve biological structures down to the atomic level (Rodriguez et al., 2015; 39 

Glaeser, 2016). Identifying and locating particles or structures of interest within a crowded 40 

sample at such high resolutions and without specific labelling presents a major challenge. 41 

This has led to the implementation of correlative light and electron cryo-microscopy (cryo-42 

CLEM), particularly the combination of cryo-EM with fluorescence cryo-microscopy (cryo-43 

FM) which allows labelling and identifying specific proteins or structures in vitreous samples 44 

(Sartori et al., 2007; Schwartz et al., 2007). Technical improvements of the cryo-stages used 45 

for cryo-FM imaging over the last decade enabled rather routine cryo-CLEM measurements 46 

(Briegel et al., 2010). However, the optical resolution in the fluorescence images is limited to 47 

a range of 400-500 nm mainly due to the lack of immersion cryo-objectives (Schellenberger 48 

et al., 2014). 49 

In 2014 Eric Betzig, Stefan W. Hell and William E. Moerner were awarded the Nobel 50 

Prize in Chemistry for their pioneering work of super-resolution fluorescence microscopy - 51 

marking another ongoing contemporary revolution (Weisenburger and Sandoghdar, 2015). 52 

However, whether the concepts of super-resolution could be applied to overcome the very 53 

limited resolution of cryo-FM was long unknown due to altered fluorophore characteristics at 54 

low temperatures (for review see Kaufmann et al. (2014a)). Very recently, first proof of 55 

concept experiments were reported demonstrating the feasibility of super-resolution cryo-FM 56 

and also possible ways towards the correlation with cryo-EM (Chang et al., 2014; Kaufmann 57 

et al., 2014b; Liu et al., 2015). It has been demonstrated that super-resolution cryo-FM can be 58 

utilized to identify structures below the diffraction limit and thus, for instance, discern 59 

different developmental/conformational states of macromolecular complexes in the crowded 60 

interior of a bacterial cell, which was not achievable with conventional cryo-CLEM (Chang 61 

et al., 2014). However, many routes to access resolution beyond the diffraction limit of light 62 

in cryo-FM remain unexplored, and a variety of technical challenges have to be overcome to 63 

exploit the full potential of this new methodology. In this review we highlight the challenges 64 
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and prospects of super-resolution cryo-CLEM in the context of the current state of the art 65 

regarding technical and photo-physical considerations. 66 

 67 

Sample preparation for cryo-microscopy – a primer 68 

Sample preparation and handling in cryo-FM relies on methods and sophisticated 69 

instrumentation originating mainly from cryo-EM. The latter imaging technique is becoming 70 

a major player in structural biology (Callaway, 2015; Subramaniam et al., 2016), recently 71 

distinguished as “Method of the Year 2015” (Eisenstein, 2016). Particularly the field of 72 

single particle cryo-EM, a technique where thousands of individual but identical particles are 73 

imaged, aligned and averaged, is benefiting greatly from the introduction of direct electron 74 

detectors into electron microscopes (Egelman, 2016). Near-atomic resolution can be reached, 75 

which was previously only possible by X-ray crystallography or NMR-spectroscopy 76 

(Nogales, 2016). Another popular modality of cryo-EM is electron cryo-tomography, the 77 

method of choice for obtaining 3D images with a resolution in the single-nm range for 78 

cellular structures, and at even higher resolution for isolated macromolecular assemblies by 79 

sub-tomogram averaging (Bharat et al., 2015; Schur et al., 2015; Irobalieva et al., 2016). 80 

To analyse unperturbed biological structures with cryo-EM, cryo-immobilization is 81 

needed to preserve a near-native state of the sample, especially by keeping the water in its 82 

structural context. For cryo-immobilization it is crucial to freeze the aqueous biological 83 

sample very fast in order to avoid crystallization of the water molecules and to yield an 84 

amorphous, vitreous state (Dubochet, 2007). Liquid nitrogen (LN2) is not suitable as a 85 

cryogen, since it does not allow rapid heat transfer (Dobro et al., 2010) and thus causes 86 

crystallization (Taylor and Glaeser, 1974; Dubochet, 2016). First successful vitrification of 87 

water droplets was achieved by using liquid n-heptane or liquid ethane as cryogen 88 

(Brüggeller and Mayer, 1980; Dubochet and McDowall, 1981). 89 

Today there is a variety of cryo-preparation methods to choose from, depending on 90 

how a sample should be vitrified and for what purpose (Mielanczyk et al., 2014). Plunge 91 

freezing of thin-blotted samples on carbon-coated EM grids with a gravity driven plunger 92 

into LN2-cooled ethane or a mixture of propane and ethane is widely used (Tivol et al., 2008), 93 

even under field conditions (Comolli et al., 2012). Commercial instruments enabling 94 

automation and environmental control of the blotting process help to prepare specimens 95 

reproducibly for research in the field of structural (cell) biology using cryo-EM. Examples 96 

are: the Vitrobot™ (FEI, Hillsboro, OR, USA), introduced in 2005 (Frederik and Hubert, 97 

2005); the Gatan CP3 (Gatan, Pleasanton, CA, USA); or the Leica EM GP (Leica, Vienna, 98 
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Austria), the latter blotting from one side of the specimen holder and thus being especially 99 

suitable for cellular samples (Resch et al., 2011). Automated inkjet-like dispense systems 100 

(Jain et al., 2012), time-resolved mixing of reagents (Lu et al., 2009) or the array-type 101 

application of multiple samples on a single EM grid (Castro-Hartmann et al., 2013) only 102 

mark the beginning of developments towards even more sophisticated sample preparation and 103 

automation protocols in cryo-EM (Glaeser et al., 2016; Tan et al., 2016). 104 

Beside plunge freezing, which can vitrify only thin samples (up to 5-15 µm thickness, 105 

see also Mejia et al. (2014)), high pressure freezing allows vitrification of thicker specimen 106 

like bulk cells or tissue samples (Riehle and Hoechli, 1973; Moor, 1987). This is achieved 107 

through super-cooling by applying pressure of about 2100 bar for a few milliseconds before 108 

flash-freezing. The applied high pressure avoids ice crystal formation by lowering the 109 

freezing point of water, enabling vitrification for sample thicknesses of up to 200 µm 110 

(McDonald, 2014). Unfortunately, for transmission electron microscopy ice layers thicker 111 

than 1 µm are not readily accessible, thus typically limiting tomographic approaches in 112 

practise to ~500-800 nm maximum samples thickness (Lučić et al., 2005). Electron cryo-113 

microscopy of vitreous sections (CEMOVIS) addresses this issue, by slicing 10-200 nm thin 114 

sections of an aqueous frozen sample (Al-Amoudi et al., 2004; Han et al., 2008), which then 115 

can be observed by cryo-EM revealing intracellular structures like proteins inside organelles, 116 

or in the nucleus. Recently, another technique for generating sections of vitreous biological 117 

specimens was introduced: focused ion beam (FIB) milling (Marko et al., 2006). For FIB 118 

milling typically gallium ions are used for the abrasion of thicker specimen to subsequently 119 

observe them in a transmission electron microscope (Rigort and Plitzko, 2015). Compared to 120 

other cryo-sectioning methods, guidance from the scanning electron microscopy imaging 121 

allows localizing larger targets and then to mill very precisely uniform lamellae of 150-500 122 

nm thickness. However, targeting rare events or small structures within a cell remains 123 

challenging and requires advanced correlative approaches (Arnold et al., 2016). 124 

 125 

Fluorescence cryo-microscopy and cryo-CLEM – state of the art and limitations 126 

The correlation of cryo-FM with cryo-EM is a growing technique that allows targeting (rare) 127 

objects or events using specific fluorescence labelling (de Boer et al., 2015; Fonta and 128 

Humbel, 2015; Timmermans and Otto, 2015). 129 

Dedicated cryo-stages allow fluorescence imaging of vitreous samples on standard 130 

fluorescent microscopes (Briegel et al., 2010; Carlson and Evans, 2011; Jun et al., 2011). One 131 

of the first cryo-stages to observe frozen-hydrated samples with fluorescence microscopy was 132 



5 

 

developed in 2007 for an inverted microscope setup (Sartori et al., 2007). An improved and 133 

commercialized second generation termed Cryostage² was developed in cooperation with FEI 134 

(Eindhoven, The Netherlands) and released three years later (Rigort et al., 2010). With this 135 

stage, working distances of objective lenses below 2 mm are possible, an automated LN2 136 

pump system keeps the samples below the devitrification temperature and a slider holding up 137 

to four frozen-hydrated EM grids, which can also handle Autogrid cartridges (FEI), is 138 

stabilizing the handling and transfer of the rather fragile EM grids (Rigort et al., 2010). In 139 

parallel, a cryo-stage for upright microscopy had been developed, cooling the sample not 140 

with LN2, but with cold N2 gas to achieve reduced vibrations (Schwartz et al., 2007). This 141 

stage later was commercialized by Instec (Boulder, CO, USA), known as model CLM77K, 142 

also available as a version for inverted microscopes (model CLM77Ki). However, for the 143 

upright microscope version working distances of the used objective lens are in the range of 5 144 

mm to prevent devitrification of the sample. An already existing heating and freezing 145 

microscope stage by Linkam Scientific Instruments (Surrey, UK) modified for the 146 

observation of vitreous samples (van Driel et al., 2009) was the initial step in the 147 

development of a commercial cryo-stage, yielding the second generation Linkam cryo-stage 148 

CMS196. This stage fits most upright light microscopes, supports multiple types of specimen 149 

holders and contains an integrated LN2 Dewar, so no mechanical connection to pumping 150 

systems is necessary for short-term image acquisitions (Carzaniga et al., 2014). Additional 151 

cooling of the objective allows for shorter working distances, and thus higher numerical 152 

aperture (NA), as has been demonstrated for a 0.9 NA objective lens with 300 µm working 153 

distance and dry ice cooling (Schorb and Briggs, 2014). Recently Leica Microsystems 154 

(Vienna, Austria) introduced a cryo-stage for upright microscopes based on the prototype by 155 

Schorb and Briggs (2014), which has a decoupled LN2 reservoir to reduce vibrations 156 

originating from boiling nitrogen or pumping processes. The included cryo transfer system 157 

allows sample transfers with low ice contamination. The design of an air objective lens 158 

improved for cryo-FM allows an NA of 0.9 with a relatively short working distance of 159 

280 µm, which is achieved by less heat conducting materials in the front part of the objective 160 

body (Strnad et al., 2015). Most recently, the CorrSight system (FEI, Gräfelfing, Germany), a 161 

cryo-stage for an inverted microscope setup, has been described (Arnold et al., 2016). This 162 

system also enables using a 0.9 NA objective lens with the advantage that the objective is 163 

separated by a glass window from the cold environment, which allows to use any air 164 

objective with a working distance of >410 µm and correction for a standard glass coverslip. 165 
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However, a major problem for advanced cryo-imaging of current, both commercial 166 

and the various experimental cryo-stages, is mechanical/thermal instability. Alternative 167 

design concepts have addressed this issue by combining the thermal and mechanical stability 168 

of a cryostat with a sample exchange mechanism to enable insertion of vitreous samples, but 169 

creating additional limitations regarding the performance of objective lenses, and thus 170 

impairing resolution and sensitivity (Hussels et al., 2012; Li et al., 2015b). Hussels et al. 171 

(2012) used air objective lenses which had been designed for ambient temperature, but were 172 

still suitable for imaging at 1.6 K. A relatively simple optical design allows a very broad 173 

operation range, but typically is associated with chromatic and/or spherical aberrations if a 174 

high NA is desired. Li et al. (2015b), on the contrary, placed the objective outside of the 175 

cryostat at ambient temperature, which allows making use of more complex and highly 176 

corrected air objectives. However, due to the relatively thick quartz glass window in the 177 

cryostat, a long working distance air objective was required that could correct for the 178 

aberrations caused by the window, and which restricted the achievable NA to 0.7 (Li et al., 179 

2015b). 180 

A major limitation, especially for super-resolution cryo-FM, is the low NA of suitable 181 

air objective lenses in current cryo-stages, as described above. The most important factor for 182 

achieving maximum resolution with super-resolution methods in general is the signal to noise 183 

ratio, which is mainly determined by the number of detected photons per fluorescent 184 

molecule, to distinguish signal from background noise. Photon detection efficiency of an 185 

optical setup is quadratically proportional to the NA of the objective. Therefore, in cryo-FM 186 

the lack of immersion objectives not only results in reduced resolution for wide-field or 187 

confocal applications, but also severely limits the detection efficiency (30-60% compared to 188 

1.3 NA), and thus the achievable resolution for super-resolution cryo-approaches. Using a 189 

reflecting objective, recently a cryo-FM approach achieved an NA of 0.99 (Inagawa et al., 190 

2015). However, to realize localization precisions close to or below one nanometre, more 191 

than 106 photons have to be collected per fluorophore, still resulting in acquisition times 192 

exceeding one hour with an NA <1.0 (Weisenburger et al., 2014; Inagawa et al., 2015; Li et 193 

al., 2015b). First proof of concept experiments demonstrated the technical feasibility of a 194 

cryo-microscope with immersion objectives (Le Gros et al., 2009). The rather simple optical 195 

design of the objective lens used in this study prevented total mechanical failure (breakage of 196 

relevant parts during cooling/warming). However, the point spread function (PSF) 197 

measurements published for this system indicate that so far the resolution did not exceed the 198 
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resolution of other systems with air objectives mounted outside the cryo-stage at ambient 199 

temperatures (Smith et al., 2014). 200 

Even if reaching an NA >1.0 in cryo-FM, this will be associated with further 201 

challenges for high demanding applications like super-resolution imaging. Under cryo-202 

conditions, structures, but also fluorophores in the sample, are in a spatially fixed state 203 

causing the emitted light to be in a distinct polarization, which can result in an asymmetric 204 

PSF (Gould et al., 2008; Weisenburger et al., 2014). To avoid this effect leading to single 205 

molecule localization errors of ~100 nm when the fluorophore is 200 nm out of the focal 206 

plane, an azimuthal polarization filter can be integrated into the detection path of the 207 

microscope (Lew and Moerner, 2014). However, the use of this filter reduces the photon 208 

yield by 30-75%, depending on the fluorophores orientation (Lew and Moerner, 2014). On 209 

the contrary, if not corrected for, this feature could possibly even be exploited in the further 210 

development of super-resolution cryo-FM to gain information about the orientation of 211 

molecules, for example in single particle studies to identify conformational changes. 212 

Currently, the state of the art in cryo-CLEM for locating a fluorescent signal and 213 

correlating it with the cryo-EM image is an overall correlation precision in the range of 214 

50-100 nm, which has been demonstrated in proof of principle experiments (Schellenberger 215 

et al., 2014; Schorb and Briggs, 2014). However, to identify specific structures in crowded 216 

environments, where for example many similar objects are close together, it is inevitable to 217 

reach even higher localization and correlation accuracies. In cases where the labelled 218 

structures are densely packed, i.e. distances below the resolution of the cryo-FM imaging 219 

system, super-resolution cryo-FM is required to distinguish structures on the nanometre scale 220 

(Chang et al., 2014). For cryo-CLEM in the field of single particle cryo-EM even sub-221 

nanometre precision might be necessary, for example to determine different protein domains 222 

and their conformation or orientation. 223 

 224 

Super-resolution fluorescence microscopy – the basics 225 

Super-resolution fluorescence microscopy comprises techniques to overcome the diffraction 226 

limit of light, which is ~200 nm for the visible spectrum (for recent reviews, see Fornasiero 227 

and Opazo (2015), Hell et al. (2015) and Sydor et al. (2015)). The first concepts and optical 228 

setups for super-resolution fluorescence imaging have been developed already in the 1990s, 229 

such as the 4Pi (Hell and Stelzer, 1992; Hell et al., 1994), the I5M microscope (Gustafsson et 230 

al., 1995) and stimulated-emission-depletion (STED) microscopy (Hell and Wichmann, 231 

1994). The latter, which is currently one of the major super-resolution methods for biological 232 
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applications, is based on a point scanning confocal setup. In every scanning step the 233 

diffraction-limited volume of excited fluorophores is depleted by a doughnut-shaped red-234 

shifted STED beam to inactivate off-centre fluorophores. The volume of the remaining 235 

fluorescent molecules is dependent on the intensity of the STED beam, and thus allows 236 

fluorescence detection of features significantly smaller than the diffraction limited excitation 237 

volume (Hell and Wichmann, 1994). By scanning the whole region of interest a super-238 

resolution image of the sample is generated. 3D super-resolution imaging with STED 239 

microscopy can be achieved by 3D shaping of the depletion PSF (Wildanger et al., 2009). By 240 

tuning the resolution via the intensity of the depletion laser and varying the scanned area or 241 

volume, the balance between spatial and temporal resolution can be adjusted for the 242 

individual requirements (Hell, 2009). For small fields of views (~2 x 2 µm²) in 2D STED 243 

live-cell imaging, 28 frames per second have been achieved for a resolution of 62 nm 244 

(Westphal et al., 2008), whereas larger areas (20 x 20 µm) and higher spatial resolution (40 245 

nm) require longer acquisition times (10 s) for one STED image (Hein et al., 2010). 246 

A very different technique, structured illumination microscopy (SIM), that allows 247 

resolution beyond the diffraction limit was introduced around the same time as STED 248 

microscopy (Heintzmann and Cremer, 1999; Gustafsson, 2000). SIM utilizes a striped 249 

illumination pattern to improve the resolution up to a factor of two in comparison to 250 

conventional fluorescence microscopy. The interaction of the excitation pattern with the 251 

sample enables to detect higher spatial frequency information that is shifted to lower 252 

frequencies accessible to the optical imaging system. However, as the excitation pattern is 253 

still limited by diffraction, the resolution improvement is hence limited to 2x and a higher 254 

resolution is only possible by using saturation (non-linear) effects of switchable fluorophores 255 

(Gustafsson, 2005). The advantage of standard (linear) SIM compared to other super-256 

resolution techniques is that no switching or depletion of the fluorophores is necessary, and 257 

thus relatively low laser intensities can be used, which is highly beneficial for the sample 258 

with regards to phototoxicity, particularly in live-cell imaging. With already demonstrated 259 

16 frames per seconds it is a rather fast super-resolution imaging technique (Xu et al., 2013). 260 

Single molecule localization microscopy (SMLM) is currently perhaps the most used 261 

super-resolution technique for biological applications. It has been developed a few years after 262 

SIM and STED and was first introduced as stochastic optical reconstruction microscopy 263 

(STORM) (Rust et al., 2006), (fluorescence) photoactivated localization microscopy 264 

((F)PALM) (Betzig et al., 2006; Hess et al., 2006). In general, SMLM is based on the 265 

principle of localizing single fluorescent molecules by utilizing their capability of being 266 
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switched between a bright and a dark state (or spectrally different states) to separate their 267 

signals over time, and thus in space. The positions of these isolated single molecule signals 268 

can be determined with a precision much higher than the optical resolution of the imaging 269 

system, which enables the reconstruction of a super-resolution image of the underlying 270 

fluorophore distribution. (F)PALM typically uses photo-activatable fluorophores, which 271 

results in a single and irreversible on and off switching event of the molecule (Betzig et al., 272 

2006; Hess et al., 2006). STORM is based on reversibly switchable fluorophores, which can 273 

be switched multiple times between the ON and the OFF state (Rust et al., 2006). Later 274 

developments demonstrated SMLM using light induced photo-switching capabilities of 275 

conventional fluorescent proteins and organic dyes: direct STORM (dSTORM) (Heilemann 276 

et al., 2008), spectral position determination microscopy (SPDM) (Lemmer et al., 2008) and 277 

ground state depletion followed by individual molecule return (GSDIM) (Fölling et al., 278 

2008). The different methodological modalities and wide range of suitable fluorophores make 279 

SMLM a very versatile and broadly used super-resolution technique, which can achieve 280 

resolutions down to the 10 nm range (Aquino et al., 2011; Xu et al., 2012). 281 

All super-resolution methods face the challenge of live-cell imaging. Typically, a 282 

compromise between spatial and temporal resolution is required due to relatively long data 283 

acquisition times (Westphal et al., 2008; Jones et al., 2011; Shao et al., 2011; Huang et al., 284 

2013; Li et al., 2015a). The acquisition rate is not only limited by the specifications of the 285 

detector, but also by the photo-physics/chemistry of the fluorophores (e.g. photo-switching 286 

speed, photon budget and relaxation times), and thus the vast majority of current super-287 

resolution FM is performed in chemically fixed cells (Betzig, 2015). Chemical fixation is 288 

used to immobilize the structures of interest for achieving maximum spatial resolution. 289 

However, this can cause structural artefacts in the sample (Morgenstern, 1991; Bleck et al., 290 

2010), particularly at the level of resolution accessible and interpreted by using super-291 

resolution methods (Weinhausen et al., 2014; Betzig, 2015). It also has been shown, that 292 

chemically fixed tissues lost about a third of their volume compared to cryo-fixed samples 293 

(Korogod et al., 2015). This highlights that structural preservation is as important as 294 

resolution. A superior alternative to chemical fixation is cryo-immobilizing of the sample by 295 

vitrification. 296 

 297 

Super-resolution microscopy under cryo-conditions and its 298 

compatibility with vitreous samples and cryo-EM 299 
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Super-resolution imaging under cryo-conditions is a very new field of microscopy and most 300 

of the boundary conditions are currently unknown (Kaufmann et al., 2014a). Altered 301 

fluorophore characteristics at low temperatures (Creemers et al., 2000; Moerner, 2002; 302 

Zondervan et al., 2003; Faro et al., 2010) are a big challenge for super-resolution cryo-FM, 303 

but could also offer certain advantages over imaging at ambient temperatures. On the one 304 

hand, photo-bleaching and photo-decomposition of fluorophores is substantially reduced or 305 

could even be eliminated under cryo-conditions (Moerner and Orrit, 1999; Sartori et al., 306 

2007; Schwartz et al., 2007; Le Gros et al., 2009; Li et al., 2015b). On the other hand, photo-307 

switching, a crucial characteristic for most super-resolution techniques, can still be observed 308 

for many fluorophores at low temperatures, but might be drastically changed compared to 309 

ambient temperatures (Creemers et al., 2000; Moerner, 2002; Zondervan et al., 2003; Faro et 310 

al., 2010; Weisenburger et al., 2013; Chang et al., 2014; Kaufmann et al., 2014b; Liu et al., 311 

2015). Furthermore, the relatively high laser intensities used in super-resolution methods for 312 

photo-switching or fluorescence depletion can cause local devitrification of the sample 313 

resulting in the formation of crystalline ice, potentially destroying the biological sample 314 

(Chang et al., 2014; Liu et al., 2015; Huebinger et al., 2016). For an overview of challenges 315 

and prospects of super-resolution cryo-FM see Fig. 1. 316 

 317 

Cryo-SIM 318 

SIM could directly benefit from the substantially reduced photo-bleaching under cryo-319 

conditions to overcome one of the major drawbacks of SIM. Cryo-SIM would be unaffected 320 

by the changed photo-switching characteristics of fluorophores, and thus would mainly 321 

benefit from imaging under cryo-conditions regarding the fluorophore behaviour. 322 

Furthermore, the excitation intensities do not necessarily need to be very high such as for 323 

photo-switching fluorescent molecules in SMLM or the fluorescence depletion in STED 324 

microscopy. This would be highly beneficial for keeping the sample in a vitreous state. 325 

However, optical limitations of current cryo-microscopes would still apply, as to all other 326 

super-resolution imaging modalities. As SIM is fundamentally limited to a maximum 327 

resolution improvement of 2x in all directions, cryo-SIM would currently (i.e. without a 328 

dedicated immersion cryo-objective) be able to achieve a lateral resolution of only ~180 nm 329 

(~650 nm axially) and could from this aspect alone not add significant value in comparison to 330 

fluorescence imaging at ambient temperatures. However, cryo-SIM would find many 331 

applications in the cryo-CLEM field, particularly for 3D correlation/targeting for cryo-FIB 332 

milling of lamellae in cellular samples (Arnold et al., 2016). For achieving optimal 333 
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performance in cryo-EM/tomography, a lamella thickness of ~300 nm or even less is pursued 334 

(Rubino et al., 2014). Very recently, it has been demonstrated that correlation accuracies of 335 

200-300 nm are possible using 3D cryo-FM imaging and fiducial markers which give high 336 

signals in fluorescence and back-scattered electrons images (Arnold et al., 2016). However, if 337 

structural information is required in cryo-FM (e.g. to identify/distinguish specific structures) 338 

super-resolution cryo-FM techniques are required (Arnold et al., 2016). Particularly the 339 

improvement of resolution and contrast in the z-direction of cryo-SIM and cryo-Airyscan 340 

could be of advantage for applications in thick vitreous samples requiring FIB milling 341 

(Fig. 2). Similarly, 3D correlation in the thicker samples of soft X-ray cryo-microscopy might 342 

be another potential field of application (Schneider et al., 2012; Do et al., 2015). 343 

 344 

Cryo-Airyscan 345 

The Airyscan principle for confocal microscopes is a method which allows to enhance the 346 

resolution of up to a factor of 1.7 compared to conventional confocal imaging, similar to 347 

SIM, in all 3 dimensions (Tychinskii et al., 1997; Engelmann et al., 2014). It uses information 348 

usually cut off by the pinhole in regular confocal microscopes to reconstruct the image 349 

(Tychinskii et al., 1997; Engelmann et al., 2014). Higher photon-doses, necessary for 350 

confocal scanning microscopy, lead to faster bleaching and longer image acquisition times 351 

compared to SIM. However, not only the simpler instrument design, but also the fact that the 352 

Airyscan system has already been tested under cryo-conditions for correlative FIB 353 

approaches using the Linkam cryo-stage (Rigort et al., 2015b), makes it highly competitive to 354 

cryo-SIM. In a first cryo-Airyscan approach a resolution improvement of 1.4 and a 355 

substantially increased contrast compared to confocal cryo-imaging, has been demonstrated 356 

(Rigort et al., 2015a). 357 

 358 

Cryo-STED 359 

STED under cryo-condition has been demonstrated in a first proof of concept experiment 360 

achieving an increase in resolution by the factor of 1.6 (Giske, 2007) compared to the same 361 

optical conditions at ambient temperatures. Low temperatures allow for using wavelengths 362 

with higher STED efficiencies, as anti-Stokes excitation is absent in cryo-conditions (Giske, 363 

2007). However, in the approach of Giske (2007), the samples were slowly cooled down by 364 

the cryostat and therefore did not reach a vitreous state. Also considerable for cryo-365 

approaches is that the depletion beam intensities necessary for STED are typically in a range 366 

of MW/cm²-GW/cm², which might be a problem for keeping the vitreous sample below the 367 
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devitrification point. It has been shown that laser intensities of 300 W/cm² (wide-field 368 

illumination) for 1-2 minutes can warm up an amorphous ice sample and cause crystal 369 

formation and thus change or even destroy biological structures (Chang et al., 2014). Whether 370 

the photon-dose of the picoseconds-short but very intense scanned STED beam keeps the 371 

sample below the devitrification point, and thus would allow cryo-STED imaging of vitreous 372 

samples and correlation with cryo-EM, remains to be investigated. 373 

 374 

Cryo-ESS 375 

Very recently a new method, ESS (exited state saturation) microscopy, has been reported that 376 

uses the saturation effect of fluorescent molecules, somewhat similar to the principle of 377 

STED, for resolving individual single molecules at low temperatures with much higher 378 

resolution than the diffraction limit (Yang et al., 2015). However, for multiple molecules 379 

located within the excitation spot (diameter ~1 µm) the contrast is decreased (Yang et al., 380 

2015), thus currently leaving open the question whether this method would be conceptually 381 

suitable for super-resolution cryo-FM. 382 

 383 

Cryo-SMLM 384 

So far, SMLM under cryo-conditions is the only super-resolution fluorescence microscopy 385 

technique which has been applied to vitreous samples (Chang et al., 2014; Kaufmann et al., 386 

2014b; Liu et al., 2015). Using long working distance air objective lenses with NAs of 387 

0.75-0.8, resolutions in a range of 75-125 nm have been achieved with cryo-SMLM in 388 

cellular samples (Kaufmann et al., 2014b; Liu et al., 2015). The combination of cryo-SMLM 389 

with cryo-EM has been demonstrated, but so far with substantial sacrifices for one or the 390 

other imaging modality (Chang et al., 2014; Liu et al., 2015). Achieving maximum resolution 391 

for cryo-SMLM is typically linked to devitrification of the sample that is caused by the 392 

relatively high laser intensities used for the photo-switching of the fluorescent molecules 393 

(Chang et al., 2014; Liu et al., 2015), and thus currently hindering a wider application of this 394 

super-resolution approach in correlation with cryo-EM. Chang et al. (2014) achieved suitable 395 

EM imaging quality, whereas poor photo-switching of the fluorescent protein PA-GFP 396 

(Patterson and Lippincott-Schwartz, 2002) under cryo-conditions allowed only for a 397 

moderate resolution improvement on the cryo-FM side (<2x). Besides non-continuous laser 398 

exposure to allow for heat dissipation, the use of cryo-protectants (10% Ficoll PM 70 and 399 

10% ethylene glycol) in the sample helped to increase the devitrification temperature 400 

threshold, but laser intensities for photo-switching still had to be kept relatively low (300 401 
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W/cm2) to prevent devitrification of the sample (Chang et al., 2014). Cryo-protectants might 402 

be a suitable method for osmotically robust cells like bacteria (Chang et al., 2014), but not for 403 

mammalian cells. Furthermore, cryo-protectants in general decrease the contrast in cryo-EM. 404 

Very low contrast cryo-EM images were precisely the issue in the alternative approach of 405 

super-resolution cryo-CLEM by Liu et al. (2015), who demonstrated a resolution of 75 nm in 406 

cryo-SMLM with the fluorescent protein Dronpa (Ando et al., 2004). Formvar-coated EM 407 

grids, which absorb less light (heat), had been explored as an alternative to the typically used 408 

carbon-coated grids to allow for higher laser intensities (1.75 kW/cm2), and thus for 409 

improved photo-switching and consequently a higher resolution in cryo-SMLM (Liu et al., 410 

2015). However, this substantially lowered the compatibility with cryo-EM due to the high 411 

electron absorption of the formvar film and accordingly reduced contrast and resolution. 412 

To overcome mechanical instabilities of the setup in cryo-SMLM imaging, drift 413 

correction during or after cryo-SMLM data acquisition using fiducial markers or bright 414 

fluorescent background structures has been demonstrated, but the remaining error was on the 415 

order of the average single molecule localization precision (Kaufmann et al., 2014b; Liu et 416 

al., 2015). An active feedback system for drift correction was used by Liu et al. (2015), which 417 

enabled a 5 nm precise correction in lateral directions. 418 

SMLM offers, besides resolution improvement, single molecule information that can 419 

be used for further quantitative analysis of the data. This makes cryo-SMLM an ideal 420 

candidate for the investigation of protein arrangements and distributions in the structural 421 

context provided by cryo-EM (Fig. 2). 422 

 423 

Ultra-high-precision localization cryo-microscopy 424 

For certain applications of CLEM, structure-resolving super-resolution FM is not necessary 425 

and the precise location of a particle, a cellular compartment or a molecule is sufficient (e.g. 426 

in cases where rare objects or events are tagged with a fluorescent marker and no structural 427 

information is required in the fluorescence image). For isolated fluorescently labelled objects 428 

it is even possible to achieve a much higher localization precision than the resolution of 429 

super-resolution FM (compare Weisenburger et al. (2013); Weisenburger et al. (2014); Li et 430 

al. (2015b) and Kaufmann et al. (2014b), Liu et al. (2015)). For the latter, only the photons 431 

collected per one switching cycle of the molecule can be used for the position determination, 432 

whereas for optically isolated objects all photons are available which are emitted by the 433 

molecule(s) before irreversible photo-bleaching. Particularly under cryo-conditions, where 434 

irreversible bleaching is drastically reduced (Moerner and Orrit, 1999; Sartori et al., 2007; 435 
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Schwartz et al., 2007; Le Gros et al., 2009), it has been shown that single molecules can be 436 

localized with sub-nm precision (Weisenburger et al., 2013; Weisenburger et al., 2014; Li et 437 

al., 2015b), even the separation of two molecules with much smaller distance from each other 438 

than the FWHM of the PSF using their individual photo-blinking characteristics 439 

(Weisenburger et al., 2014). However, it remains to be demonstrated how well this method 440 

can be applied to vitrified biological samples which have typically a high background 441 

fluorescence compared to purified single molecules. 442 

Localizing isolated fluorescent objects does not qualify as a (super-resolution) 443 

imaging technique, but could offer an important tool for the field of single particle cryo-EM, 444 

and therefore has been included for the sake of completeness. With localization precisions in 445 

the Ångstrom range, fluorescent information could here be used to support classification and 446 

averaging (Fig. 2). 447 

 448 

Conclusions 449 

Super-resolution cryo-FM is a promising technique opening up new perspectives, particularly 450 

for cryo-CLEM. It bridges the large resolution gap between two important imaging 451 

modalities which is currently hindering many biological applications. However, to unlock its 452 

full potential, a range of challenges have to be overcome. 453 

Current cryo-stage designs lack high mechanical stability, which is a crucial 454 

requirement for super-resolution methods. Alternative design concepts have addressed this 455 

issue by combining the thermal and mechanical stability of a cryostat with a sample exchange 456 

mechanism, to allow for imaging vitreous specimens (Hussels et al., 2012; Li et al., 2015b). 457 

However, this impaired the performance of objective lenses, and hence the resolution and 458 

detection efficiency. Here, the development of an objective allowing immersion light 459 

microscopy under cryo-conditions could help to increase the photon yield in cryo-FM 460 

imaging drastically. 461 

Besides technical obstacles, the very limited knowledge about the fluorophore 462 

characteristics at low temperatures on the single molecule level currently leaves both, 463 

advantages and disadvantages, for super-resolution cryo-FM in the dark. Here, cryo-SIM or 464 

cryo-Airyscan might offer solutions for super/enhanced-resolution cryo-CLEM, being mostly 465 

independent of changed photo-physics of the fluorophores and particularly suitable for 466 

applications where 3D information in a (fluorescently) crowded sample is required. 467 



15 

 

In a proof of concept demonstration it has been shown that cryo-STED could offer 468 

higher resolution than the ambient temperature equivalent (Giske, 2007). However, drift 469 

correction for scanning methods is not trivial and thus cryo-STED would require a very stable 470 

setup. Furthermore, STED typically uses very high laser intensities (Eggeling et al., 2013). 471 

For an application in the field of super-resolution cryo-CLEM, more investigations are 472 

required particularly regarding laser intensities and their effect on devitrification of the 473 

sample by a point scanning technique. 474 

Although still in its infancy, cryo-SMLM is currently the only super-resolution 475 

method for which a correlation with cryo-EM has been achieved (Chang et al., 2014; Liu et 476 

al., 2015). The conceptual feasibility of super-resolution cryo-CLEM has been demonstrated, 477 

but so far the broad range of technical challenges and rather rudimentary knowledge about 478 

photo-switching under cryo-conditions is hindering a breakthrough of this approach. Besides 479 

the technical drawbacks of current setups impairing detection efficiency and mechanical 480 

stability, the problem of devitrification of the sample during cryo-SMLM data acquisition 481 

presents the biggest obstacle for routine correlation with cryo-EM. So far, correlative cryo-482 

SMLM and cryo-EM has only been achieved by severe compromises on either the quality of 483 

cryo-SMLM (Chang et al., 2014) or cryo-EM imaging (Liu et al., 2015). Here, a general 484 

solution is required to address the problem of devitrification in a way that is suitable for all 485 

kind of samples typically imaged with cryo-EM, to enable a broad application of this 486 

technique.  487 

Obviously, super-resolution cryo-CLEM with all its complexity is only justified as 488 

long as structural preservation is maintained. Super-resolution CLEM methods based on 489 

freeze substitution offer an alternative which presents a compromise between structural 490 

preservation, handling and imaging the samples at ambient temperatures that can be suitable 491 

and justified for answering certain biological questions not requiring preservation to the 492 

Ångstrom range (Watanabe et al., 2011; Johnson et al., 2015). Here, a battery of different 493 

staining and labelling techniques can be used known from classical EM of plastic sections, 494 

and the use of high NA immersion objectives and better mechanical stability increase the 495 

resolution of FM imaging. However, structural preservation is not as good as in vitreous 496 

samples, and other invasive procedures like heavy metal staining are required for contrasting 497 

(Bleck et al., 2010). 498 

The full potential of imaging vitreous samples with super-resolution cryo-CLEM can 499 

only be unlocked by overcoming the current technical challenges. The various super-500 

resolution methods are differently affected by changed fluorophore characteristics under 501 
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cryo-conditions (Fig. 1), but also offer different advantages and solutions to the broad range 502 

of potential applications in biology. Thus, cryo-SMLM would be an ideal method to correlate 503 

the distribution of a specific protein in its cellular context of the cryo-EM image, e.g. the 504 

distribution of ATPases in mitochondria (as indicated in Fig. 2; cf. Kühlbrandt (2015)). For 505 

the field of single particle analysis in cryo-EM, Ångstrom precision localization of 506 

fluorescently labelled particles might offer new possibilities for discriminating 507 

dynamic/conformational states of near-atomic resolved structures. Super-resolution cryo-FM, 508 

and thus also super-resolution cryo-CLEM, is clearly just at the beginning, but recent 509 

developments give a first glimpse of the enormous potential of this technique. 510 

  511 
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Figures 512 

 513 

 514 

Figure 1. Comparison of key issues for super-resolution FM under cryo-conditions. 515 

 516 
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 517 

Figure 2. Illustrative application examples of different super-resolution cryo-FM approaches. 518 

Cryo-SIM and cryo-Airyscan provide advantages for 3D localization and correlation in thick 519 

samples for guiding FIB milling in case of rare objects/events, particularly in crowded 520 

environments such as cells. Cryo-STED and cryo-SMLM enable to achieve maximum 521 

resolution in cryo-FM, which can be applied for correlating protein distribution with the 522 

ultrastructural context of cryo-EM. Ultra-high-precision localization of single fluorescent 523 

markers on isolated particles will enable gaining information about the orientation and 524 

conformation of single particles from cryo-FM imaging to assist particle classification and 525 
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averaging procedures (actual samples will require a lower particle density than illustrated in 526 

this figure to minimize overlapping of PSFs of fluorescent molecules of the same type). 527 

  528 
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