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Abstract Electron microscopy (EM) is one of the most important techniques to characterize the morphology and structure
of micro- and nano-particles. However, conventional procedures for sample preparation often alter the structure and mor-
phology of samples with high water contents, causing distortions and misinterpretations for EM characterizations. The inven-
tion of Cryo-electron microscopy (Cryo-EM) has largely solved this problem. Via rapidly freezing the hydrated samples at
low temperatures, cryogenic techniques instantaneously transform liquid water into amorphous ice to ensure high vacuum
and reduce electron radiation damage, allowing researchers to observe hydrated samples in their native state with high resolu-
tion. For example, applications of Cryo-EM during the COVID-19 pandemic have demonstrated the amazing ability of
Cryo-EM to visualize the detailed structure of SARS-CoV-2 viruses, which provides vital knowledge for rapid and reliable
detection and diagnosis of the disease, transmission mitigation, and vaccine development. So far, Cryo-EM technology has
been widely used in materials, biology, pharmaceuticals, and other fields of research, successfully broadening and deepening
the understanding of the interactions between micro- and nano-particles. This review summarizes the recent development of
Cryo-EM from aspects of electronic components, imaging technology, and resolution and introduces the sample preparation
methods. Furthermore, the three-dimensional reconstruction method is highlighted to advance the EM method from 2D to 3D.
As most environmental samples are highly hydrated, Cryo-EM will likely become an essential tool to investigate microscopic
particles in the environmental field. This review gives examples of the applications of Cryo-EM in the formation of aerosol
particles in the atmosphere, observing biofilm morphology in the water treatment process, the pore structure of activated
sludge flocs, and the potential mechanism of soil microorganisms on heavy metal remediation. Finally, the prospects of
Cryo-EM are summarized and discussed. We expect that with software, hardware, and artificial intelligence development,
Cryo-EM technology can achieve faster data acquisition and higher resolution and make breakthrough contributions to envi-
ronmental chemistry research.
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Figure 1 Development history of Cryo-EM
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Jf, X INiE T AA15FF SARS-CoV-2 JEYLHHM. 5T
AT DUV S RS A R A AR TR, AR LR B A R 77 Bl
LA B AR FIURL (1) 15 2 55 R TBOML Ak 495 DA R B ks
FRRE B 5 A% 31901, X TG 558 FE-OCIE B T ¥ R FRLBE ZE L
KA B R HIAE IS5 H BAE N 5RK6 7, AT
73 S AR TS YRR B A T R R
HAER, Tk A RE I 54k A Rk B 3 A 33K
= ASRHERON G N, i R AR AEARRE, A E
RS BIE BoR, HATHER SR T A L TR
Ei 1.1 C, HdE 03 CkE TR SRR TH
FeiRk BE AR T A AR, (AR = RN & AR 3L
5, PRI KA R e A TR JE R, BRI,
B G R O R W RE 2 — M U Tk, R RS
R SR B R R R S0 U (pMIMO) 1 LA
TR N Rk B e % 4 o8 FREE7-%). Chang 250101
I pMMO A B G /R T H =N T HE(PmoA,
PmoB Fil PmoC) LA KA R s (AL B 73 A (K 6a). Horp
BT MRFER D (B 6b)RE T 45 F I A PmoA
1 PmoC P/ NIEFE 2 [0, IX A& FEIE A7 S BT 7E b 7
ZARTENE O Wi I AR B e S BV SR 2R A SR A
mEE, 5 R C—H 8BS HEE(E 6c), %
RIUREIER S iR S SR R A T B B
52 AFEBEBEKCFERATHHNA
TREGOKAA RIAE FLEEA A iy A A P & 7E 3. /K0
AR BEIRIEA R AW RS . #510 AL RIO
T S0 B 7K AR B AE M AR A iE s 02, DL B R
T2 R 248K 2k (nZ V) 5 7K AR v WL R 5 95 4
J T (R AH ELAE O, K S WIS RS nZ VI IRA
SN 30 min, 36T U R R A R FRBR 1)
AR A AT LLR B, HE SEM [Tt s S 8is i
AN SERI K i, R TENESE Ta), M
TR DA VR () 20 i R THD AL e (B 7b~Tc), KW
T VR B S KBRS R AERE 71, I HLE i Wi s2
Bl 7c FTLURIR, nZVI PG 1R 2 400 i 2 1 HE R (2 1)
SAECEEHE), TIARA NS nZVI BI40 2R H-F 861 (4
HE), H AT LLIE B M 0 %% 51 3 35 20 B 18] 17 75 220 0E 12,
RN nZVI BIAIR T30 A ss 1, HI3F
SN B E L2 AR A, IR T AT F TR K
SR 55 PRI A A 40 1 A EL A FH ) A
BEAR, GRS AR IR S5 (R 40 T 2 R 2 = AR
A HAEH. Loza S8 AR B FAIRE] T 5 22 IRPEMER
B BR 1A AN 22 IR K AT B 5 8 Rl 4 99K B2 (NRs)
[EEF B 2 22 5, WifEl 8 i, NRs B A EAER L
BERRTE ) JE (B 8a~8c), 1M 7E AT B I 2 1 5 oK 2
71~ RS S (R B () 8d~8f). X AP T NRs %
TH] 1 FEL A 55 400 VR P 67 P e A B, 5 K AT B A
bb, R EEEKEE AT I AT B 2 . RN/, itk
5 NRs Frr=A s /e AR A, MM 8 5% 547
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Bl Protomer1,2,3 M Engaged ACE2 |l ACE2 |l FP

Bl 5 #dmi S ME A AR R, (a) ACE2 55 SARS-CoV-2 S =R R HHLH]. M IA T A- R BIBE I T TR S CE IR DI
MR, AA S S1 N Es) (A G H )M R BT IS SRR i kR B EoR), MTIPRERIEE ACE2 5 IRECP R 2), RE— B EW
PEHIRE FIRAECETE 3). ACE2-RBD 7E S =RAKN LR NZ 2N H A A F kTR, (b) SARS-CoV-2 S-ACE2 HAKMAGHEE. (c)kH
S-ACE2 i) ACE2( A1) 45 & S1(Hk &) M SR MLIE, LUK ACE2 1 RBD 2 [AJAH EL4 i S (MK L. (d) RBD [A) B/ MR 71.0°, 5
J& S1 4+ SDI {1 R 3h A %

Figure 5 Cryo-EM map of SARS-CoV-2 S, (a) The proposed mechanism of ACE2-induced conformational transitions of SARS-CoV-2 S trimer.
Conformational transitions from the closed ground prefusion state (with packed FP, in red) to the transiently open state (step 1) with an untwisting motion
(highlighted in dark gray arrow) associated with a downward movement of S1 (red arrow), from the open state to the dynamic ACE2 engaged state (step
2), and then all the way to the refolded postfusion state (step 3). The continuous swing motions of ACE2-RBD within S trimer are indicated by red arrows.
(b) Cryo-EM map of SARS-CoV-2 S-ACE2 complex. (c) The overall view of ACE2 (violet red) bound S1 (light green) from S-ACE2 structure, and
zoom-in view of the interaction interface between ACE2 and RBD. (d) There is a 71.0° upward/outward rotation of RBD associated with a downward shift
of SD1 in S1
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Bl6 JBUkL F e B I UG I ¥4 VR i B R0, (@) pMMIO JELZS ) JE 7B, Horh PmoA, PmoB 1 PmoC 43 i 4 8, ZLaMERRR. REBERT A,
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Figure 6 Cryo-EM map of pMMO!'”!. (a) Atomic model of the pMMO protomer, where PmoA, PmoB, and PmoC are depicted by ribbons in gold, red,
and green, respectively. The A, B, and D sites and the location of the E clusters are highlighted. (b) Close-up view of the Cryo-EM map at the D site in
stereopair: This site is composed of PmoA His38, Met42, Asp47, Asp49, Glul00 (not shown in this view), and of PmoC Glul54, denoted as Glul54(C).
These residues, largely hydrophilic, form the proposed catalytic center. (c) Chemistry scheme of methane oxidation proposed for the D site

Bl 7 A0KRENSS EEEATE IR SRR, @AM BEE T (b~ i i A (Gong 1 Zhang R K EHIE )
Figure 7 The SEM of nZVI-treated cyanobacteria-containing sludge. (a) Traditional SEM micrograph. (b~c) Cryo-SEM micrograph (Gong and Zhang,
unpublished results)
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B8 A4S G AR IR A ELAE U, (a~ o) R B BERK T 5 S 9K PR IR A IO Uk FRBEIEL: (2) 670 nm, 2810, (b) 717 nm, £%(%. (c) 860 nm,
. (d~DKBATE S5 EPRERA AR BB EL (d) 670 nm, %, () 717 nm, . (f) 860 nm, Z1{4. S5 RMHITEAIMREAHLL, PR
5RGEEREMBR IR B, FOVT# BA R, HH RZER 500 nm

Figure 8 Interaction between bacterial cells and gold nanorods!'®!. (a~c) Cryo-EM images of S. epidermidis mixed with NRs: (a) 670 nm, purple.
(b) 717 nm, green. (c¢) 860 nm, red. (d~f) Cryo-EM images of E. coli mixed with NRs: (d) 670 nm, purple. (¢) 717 nm, green. (f) 860 nm, red, respective-
ly. The nanoparticles show tight binding to S. epidermidis cell surface compared to E. coli cell surfaces, as the former has a higher negative surface charge.

Scale bar indicates 500 nm

We 5| gy oK, I B i 1 26T 0 9y 8O 1E
SO X AR IR B ) A R % S A IR A T
BT

Br T fe e L8 B TR G OK R 5 B0 B3 1 AE ) TRD 1)
AHELAEF, VR BB B A BE WL I A v Yo 11 2% g L1041,
FHEG T2 0 A= Pt R 14 B A2 20 BT, LR
TR A A 0 5 e )5 A — ol B € v R 7 k1051070,
WEFCF AR A VR 3 8 SEI 1 IV R AR M I DA K
THIZK T 1 (] BT A TR, K g v vl B AR IR T RE 1) AL
borkumensis 41T 35 7% J5 A5 N FH BT 4018 4 Ty 50t 3 1
ONR7a B 775 (— P K 4Ll 55 72 5), 3~4 d J&
TR S A PR, VAR A P B T DA WA b 0 52 3
A. borkumensis 404 FLBE IR A4 B I U AR
VIR, FEZK TR b, 2 R A A PR 7 R R TV 2 R
A T ok B 2R B/ IN VBGRB8,
1K 2 2 BLSR B AR W i ] DUKE I A8 g T B = o3 B R
BHAARA JUHROK 1R e W0 20, A R kb AR e ifg
i P 7] .
53 RFBRRETIENERMRSERNNMA

T E RS Y — B AR A AR G 1) PR B i) i
2 —O0 & B B F B 1T A T 7R SR AR IR A T %2
TIE A S ETG R HE R, Ahmad SO
X WCEE HIBRE B BTAR AN B SMP1 X 4R 7 B
SHER, JEd AR 5 S AR RE Sy, g
AR B A N ERTE ARG K BT (AgNPs) (B 9), AT
A& 52 R0 [ 1 438 v 1 D% R AR

B 7 iAE AN, TR A V2 nT DU SRR T
BEREIRR A FAENA, WRTERR. S5 RE MR
WA LL, ¥R H 8% AT DS U MO 7E 3 /KR AS S 82 R
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B9 ARGK RN B AT & 78 R B S B T B R L (a,
a’) 2T PR 1 B 4 T 4 PTG 2 B 37 3 B, (b, bY)IRGIK
SURL (R BN R W E T SRR N A P9 IR AR KR, B RSk R
ARG LA AR K AR

Figure 9 Cryo-scanning transmission electron micrographs showing the
adsorption and synthesis of AgNPs!''%). (a, a’) dark field and bright field
scanning images of mature bacterial cells with silver adsorbed on the
surface. (b, b’) Adsorption and synthesis of AgNPs. Intracellular AgNPs
and extracellular AgNPs are highlighten with blue arrows and yellow
arrows

PR A R R RIORE X 5 g, T P 5 DAL XA i i 7K T 14
SELLWR, SRR RS B, 22
B bt (R TR PR,

XF G KA B R AR S P R, RV R A
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#B. (c, d)BURLIR S YR AE it 4 35

Figure 10 Cryo-SEM images of sludge®”. (a, b) The interior of a floc-
cular sludge sample. (c, d) The interior of a granular sludge sample

6 BESRZE

AURHEHARE 1974 FE R H UK, Sidir 50
FERRRE, CEBNRIMEFE MMM EEZFTR. ik
THE BB RS KR B, IR AR IR
TEARIER NP A, RS KR T T B B A UK,
BRI A2 T RE R S B R, O B HOR AR i
PSRV SR A543, AT AT DA v 43 1% 1 Je A ot i SR A IR S
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HAm e 5 AL BRI EE D, I B K PR B v K08 i
S 2 G T DL B R TR, n, HTeE
A B TSI A A R HLBE, HLAEPR ST B A
TR, BATR R AR T e, ¥
T MRS P B GOVRL 7 8] AR EL AR A AN, e (1)
JS2FH VA B0 7K A B A PR B L T E RS A 2
HERBAH LK TH G R I HE R R
BEATATRUAL, ()W FTiE RIS Je A L R vh 2 23 S AL
VR AL, ST BRI B TS B i A
TR ANEALHLH, KA BT B, (RHEF BRI A R,
) RZ AL IR N BE B 45 Y6 b 45 45 7K R i 2 7K e Ak
(I RE, ANIMTIE BT GF A5 e BRI, U3 EEAE 22 A
B R SR

(= TER

2

BFE, FIFRE RIS S TRER 2021 AAE L,
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AR T, #ax. WEASIF, BRAEBER, 2011 FR4E
FRENSFRMATARE SERE 4. 1984 SFELT
Bl # K45, 1996 4 3% £ E £ #h+ & &4 A7 X ¥ (The Johns Hop-
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