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The growing acceptance of cryo-EM for determining high 

resolution structures of proteins stems from hardware and 

software advancements and because the method does not 

necessitate the growth of protein crystals. However, 

sample preparation remains largely unchanged since the 

technique was first developed in the 1980’s using grid 

wetting, blotting and plunge freezing steps that often cause  

problems. Improvements are needed to prepare samples 

more efficiently and reproducibly (Earl).  

Approach
We evaluated a sample preparation method that deposits 

gas-phase protein ions directly onto cryo-EM grids using 

soft-landing conditions – an approach that allows ions to 

land onto a surface gently so that the molecular 

conformation of the ion is not altered during the landing 

process.  

Method Summary
1) A protein in 100 mM ammonium acetate is 

electrosprayed and converted to singly-charged gas-

phase ions using our charge-reducing electrospray ion 

source.

2) The singly-charged ions are passed through a 

differential electric mobility analyzer for the purpose of 

selecting a subset of the molecular ions which have a 

narrow range of conformation as determined from the 

electric mobility of the selected ions

3) The humidity of the ion-laden gas stream is adjusted as 

needed to control ion hydration

4) The selected ions are focused to land at low velocity 

onto a temperature-controlled cryo-EM grid 

5) The flux of deposited ions is monitored via a deposited 

ion current to control the surface density of the 

deposited ions

6) The loaded grid is preserved in liquid nitrogen for 

subsequent analysis by cryo-EM 

Advantages of the Approach
1) The method is compatible with all buffer solutions and 

deposits molecules randomly onto grids, 

2) Atmospheric pressure ion mobility is readily 

implemented into the work flow and provides an 

additional purification step through mobility-selection of 

a narrow size distribution of molecules, thus removing 

multimers and enriching the target,  

3) The deposition rate can be monitored in order to control 

loading density, 

4) Image noise is reduced and contrast is improved 

because molecules are not embedded in a film of 

vitreous ice and instead hydrated and frozen molecules 

are imaged on thin carbon films. 

* Contact: Henry Benner, hbenner@iondx.com

Summary
The approach described here focuses mobility-selected ions in air at 

atmospheric pressure to land onto thin carbon films. The landing 

process is easy to control and can be automated. The kinetic energy 

of the ions at the time of impact with a thin carbon film is small enough 

to prevent gross conformation damage and to preserve multimeric 

noncovalent protein assemblies (Fig. 4); we predict that to preserve 

the fine structure of proteins at the atomic level, further reduction of 

the temperature on the grid and EM optimization is needed.
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Fig. 2

System Description
Fig. 1 illustrates the soft-landing technique and the equipment needed to generate, select and 

deposit mobility-selected ions onto a cryo-EM grid. Fig. 2 describes the operation of a 

differential mobility analyzer (DMA, Kaufman) in which larger (black), medium (red) and smaller 

(green) circles represent singly-charged ions with extended, normal or compact conformations. 

A predetermined voltage applied to the inner member of the DMA guides the red ions to be 

selected and pass through the DMA to the ion focusing funnel. Fig. 3 illustrates the operation of 

the ion focusing funnel – as ions travel  through progressively smaller rings, the electric field 

increases and focuses ions onto a grid mounted onto the end of a chilled pedestal.                           
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Apoferritin Results 
Apoferritin (~450,000 Da) was landed for 20 min onto a single layer of 

graphene supported by a pre-clipped 2000Cu grid cooled to -40 ˚C 

produced 50-100 particles/um2. The proteins were observed within 

non-crystalline ice (red arrows). In  Fig. 6,  images of the softly-landed 

ApoF show a preserved ring structure of 24 protomers and features of 

a 5-point pentagon structure. Particles were found to be larger ~10% 

larger than expected, however. Fig. 7 shows a mobility spectrum of 

ApoF. Only M+ ions were landed, thus excluding solution-phase 

monomer species, and electrospray dimers (2M+) (Fig. 7).

Fig. 6 

GroEL Results 
GroEL (~812,000 Da, 14-mer) was landed for 20 min onto a single 

layer of graphene supported by a pre-clipped 2000Cu grid cooled to    

-20 ˚C produced a distribution of randomly-oriented particles. The 

proteins were observed within non-crystalline ice. Landed GroEL 

showed a preserved barrel structure as indicated by observed top and 

side views. Image classifications indicated the barrel shape was 

partially denatured, due presumably the relatively high landing 

temperature of - 20 ˚C. Fig. 9 shows a mobility spectrum of GroEL.
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A small fraction of molecules will 

by chance land near each other 

and appear as a multimers 

Initial Results 

Fig. 4  shows a typical result for the first steps of preparing a sample and checking it’s purity. Green 

Fluorescent Protein (GFP) at 0.05 µg/mL in 100 mM NH4OAc was electrosprayed and charge-

reduced to generate lowly-charged ions. Voltage applied to the inner member of the DMA was 

ramped from 0 to 1 kV while detecting a GFP ion current on the holder for the grid. The mobility 

spectrum in Fig. 4 correspond to M+, 2M+, 3M+, 4M+ ions of GFP. The DMA was then set to transmit 

only 4M+ ions. The ion focusing funnel was set at 4 kV to load a grid efficiently with tetramers at room 

temperature. Fig. 5 shows a fluorescent signal (green glow) of GFP deposited onto a copper cryo-EM 

grid. GFP is easily deformed and loses its fluorescence after its gross conformation is altered. The 

detected fluorescence indicates the GFP conformation was not damaged after deposition. 
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