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Fig. 1 Interaction processes between microalgal cells and toxic metals and their molecular mechanisms
TiO, NPs. S AbERY R IRL; PCs. HEE & 1K MTs. &RMAE N
TiO, NPs. titanium (TiO,) nanoparticles; PCs. phytochelatins; MTs. metallothioneins
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Tab. 1 Microalgal cell-surface functional groups involved in the removal of toxic metals and metalloids, and their removal efficiencies
N SRR AR B
i ==
= AR T o Wﬁ”fﬁ = Maximum EBRE PR
#5408 e Erfi i T e
Toxic metal Algae species Functional group  Initial toxic metal capacity efficiency (%) Reference
conc. (mg/L) (mg/ y
g/g)
As” kL —OH. =NH. C=0 0—37.5 0.04—0.212 52.8 [17]
Synechocystis sp. PCC 6803
As™ R s —OH. =NH. C=0 0—37.5 0.032—0.198 49.5 [17]
Synechocystis sp. PCC 6803
ST A B —OH. =NH. P=0. 11.7 0.160 20.1 [18]
Chlamydomonas reinhardtii —C=0ONH,
cd’ HEME —OH. 0.2. 0.4. 0.6. 0.142 >86 [15]
Synechocystis sp. PCC 6803 —COOH. =NH. 0.8. 1.0
—CH;. —CHO
8 /INERFE Chlorella vulgaris  C—O+ C=0. 0.1. 1. 10 — 65 [19]
—COOH. —NH
Chroococcidiopsis thermalis 4 225
SM/S9
RE S BR
Nostoc punctiforme A.S/S4
IR 5 Bk 5 Nostoc muscorum  —OH. —COOH. 10—100 666.7 79 [20]
—NH,
B Oscillatoria sp. —OH. —COOH. 0. 5. 25 — ~60 [21]
—NH,. PO},
—C=0ONH,. —CH;,
VR TiE #ESpirulina sp. —OH. —COOH. — 159 — [22]
PO}~
cr' YR e Spirulina sp. —OH. —COOH. — 185 _ [22]
PO3~
cr’’ el /NER I Chlorella vulgaris  C—O. C=0. 1. 5. 10, 20 — 100 [19]
—COOH. —NH
IR ENostoc sp. —OH. —COOH. 40 — 66 [23]
—NH,. —CONH,
IR EENostoc sp. —OH. =NH. —CH. 100 — 98.16 [24]
—CHO. C=0. (S03)
Mn™* B ¥ Anabaena spiroides —OH. —COOH. 0—22 10.0+2.0 — [25]
—NH,
NI R C—0, C=0. 0.1, 1. 10 — 100 [19]
Chlorella vulgaris —COOH. —NH
Pb*’ IR B —OH. —COOH. 10—100 833 85 [20]
Nostoc muscorum —NH,
Ra U AR PO}, —COOH 1000 1.01x10° — (7]
Chroococcidiopsis thermalis 6.73x10°°
S.M/89 :
RSB
Nostoc punctiforme A.S/S4
BU EEIRE PO} . —COOH 1000 630 — [7]
Chroococcidiopsis thermalis 730

SM/s9
R Bk
Nostoc punctiforme A.S/S4
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B B9 11k (pH>8.5)¥% i 7 Pb” "5 Ji2 St 2 B 35 (Gloeo-
capsa gelatinosa) . 5h e 5 2 BE(CPS)H R B H A4
B A -
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T RE 8 I A AU &R NS
BURR, LA B a8 i B B B E R SS, 1%
LB TR A e LR A EE& BN EEZE AR
1o AL F E ARG A AR TR . AR
YK 4 JE kL S A S

EUEUTFERTS T EPSIE T 4k 5 Ak
W5 R, 3EAT B R R, TT AR 42 R S A
BHIEE, XS RAEA MR IEA BB
MTHEEEE(Microcystis sp. PCC 7806). Bk (Nostoc
sp. PCC 7120)F14E M7 (Synechocystis sp. PCC 6803)
% % T NaAsOIE TR, ARG 35 7 A AL EH T #%
by Bl i 26 B2, 4R 4% 0B T (Mlicrocystis aerugi-
nosa) A ¥599% (1 LR £ H iR 46, 1A L
B, R (Nostoc sp. PCC 7120) K AL 2 929%—
57%"Y,

F R & B MK R fRERETFa2544
WG R AR I, i — BN AN ETE A 1 68
44K ik (Nanoparticles, NPs)™, 45 75 45 J& 401 K 15
R e B T TR EPS I, B J5 @ IS 4k 3h 9 BUT R
20 M B 5 0 2 T 1) B e i TR (Scene-
desmus obliquus) EPST] ¥ Ti' % 4k, 4 TiO, NPs, &
EWFAETIVH 1. Mahawar 25 0F 2 % W1, Ag
NPs. ZnO NPs F1 CuO NPs#] 7£ J& 7% (Calothrix
elenkinii) 41 il R H AL 2

EEEREYT K W R W], S EPSH]
T I T BB ROIR 1 2 FLAN 5T, (R AT A AE
HERSES THANNRAAY . RS, RKR
e BN E AN EE L, e 2R IR
ERUTAR, T RCARL 4, T BR 45 75 4 & gk A
7, G Bk BE (Chlorococcum sp.)F i ¥ (Phormi-
dium sp.)i@ it EPSKFCu’' s Zn" FIW F 4 J& 41 A7
WAEH, SELEPS = =AM /MG 548 AL R = 4
e, 15 ¥ (Gloeomargarita lithophora)ﬂﬂ%mRaﬂl
"Sele 0T IRTG T T BR R B W A, S 4
THEMN 1L .

1.3 B5sRERERRNNZIZSHEL

T 4 J8 IS RNDIR B i A B &2 H
ORNDJFA TR R [ 538 4 (CzcA+ CusAJRND
W E). LS H E (CzeB. CusB)HIAF [ 1
(CzeC. CusC)FT£H ™. 16 % % ¥ (Hapalosipho-
naceae)dH LI EE R ITU2P) 3 B 20 A R BW 1 4R i 52
K czed czeBRlcadA™, 1% w6 3 R g B T 4 fifa g

defneRE RGOS EA
CzcAFICzeB™,

AEEelE— B N, 238 55 E B AE
W fifp w5 AL, BE S LR MBI B E 75 0% A7 1 5
HEH 41 B . £E B 7 (Synechocystis sp. PCC 6803)7F
ASb™ . As”HUME BRI #RarsBHC, T AE A
&R R 2, 2R 5 s109465 K]
o 2 08 AT B vy R AR X i dE B A2 1 . B e
(Synechocystis sp. PCC 6803) ] arsB 3 [K 4 i —
Pl S M AN HESE, TS AsOD B AS™ HE H 48 i 41 .
IR E K AS R AS G, B S 3040 fif o e
(I R, T R AT R 2R P ik e
B8 E T ER N A 5 & B i
Yy, AT BEAR L B 1% o 1 4n, S TR AK 3 (Chlamy-
domonas reinhardtii)~ F¢ 58 21 ¥ (Cyanidioschyzon
merolae) 5 5 BR % (Synechococcus leopoliensis) e %
FeCd” A Ak i CdS, SRR TG 3 A 3 BRI T2
R, LA, L (Limnothrix planctonica) Rl
/NS F i (Selenastrum minutum)R] U&{%‘Hgﬂiq@
Ak AHgS™ .

14 E5EE5&RAEERNESER

TR 1Y) 4 @ B AR 1 (MTs) AAE ) 2 & K (PCs)
Refg WL it d it s SR NG A B e )R, A
ML A B & Em M EH . BREREE(Synecho-
coccus sp. PCC 7942) MTsZ 1 SmtARE 55 Zn” F
Cd FE PR 4, Mgt st hed”. Co™'y Cr”
SEAT TG B B TR SN, smid 23k B 5% R,
[6] #F, Bl 5 (Oscillatoria brevis)™H bmtAFE K 3K 1k &
TR R 573 A B 4R B TR N . Zn”
RICA™ 28 52 3 5 S bmtA R bxa 13 F 3 3% 75 8 %
7 BmtAFICPx-ATPase ",

PCs4 1 2 e Rl 30 KR Re 8 v U 4 & 2 M 4
J& . HREEPCC 71207EAs” e F, JLPCsHl 2%
%S, 7E100 pmol/L Cd™ it Z 1 7, 7% 2
(Geitlerinema sp. PCC 7407) 1 IPCs 5 35 il 4 11 i
WO, PCs AR R,

45 e H Bk (Glutathione, GSH)7E 13 38 1 B 5 XX
HAEM, AMUR A PCsH JF R, B Ree B S
R AR EN R E S AR SR E TS G
W), T A 35 2B 0 e oA i s 5 =
¥ ¥8 ¥ (Phaeodactylum tricornutum)Zk 5% 110 pmol/
L Cd” B Pb” W 75, FLGSHH 24145 50% f1y-45 &
12 -1 ok % B2 (y-Glu-Cys)Fk 5 # b A PCsbL 45 &
Cd™™, LR F R, MR LA R BT
B8R A, PCs2 B 73 fif, B TBLH
GSHE & 2k o 15 3 14 A< % (Chlamydomonas
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reinhardtii)4, T ﬁﬁmeg%ﬁﬁ%ﬁiﬁgGSHE@ B
HEE R, MRS SPCs & Bk Bl g™
2 EWEERESERUENIMERER
A R 3R R AT DA 4 5 T B 0 A 7 < 1Y)
FeRBRAER, T DLd i O s i) AR K 5 AR BRUIR VL
) H2 2 AT 75 < R I PR A0R . FE RS
AR B TR . pH AR S fEgE R

AR, Wl /NBRTEE (Chlorella vulgaris) 5 7K 6.8
B 3% (Nostoc muscorum)=5 H: Ak G815 S B 5 &
J& B S AR AR o R IR S X AR A 2%
i, T2 B R R B A I A R, T
AR AE SRR A 52 AR IR S ) AR R
XH¥E

28I T AN FEEN A B e R Bk e 1) %
FRAUR, 2 Z PR 2w, G REME. AEe

R2 WEMNEESERIXEBHNERYERLLE

Tab.2 Comparative analysis of the removal efficiency of toxic metals and metalloids by microalgae

. KA
. e i L%
G B AT gy SR RS o fomesl 5500
Toxic metal Algae species CMPCIAMUIe () i al pH  1IUAL tOXIC ume biosorption  efficienc Reference
gae sp (‘C) P PR metal conc (min) : y
(mg/L) . capacity (%)
& (mg/g)

As™ SEV AR % Chlamydomonas — 9.5 12 180 4.63 38.6 [18]
reinhardtii
W18 /NEREE Chlorella vulgaris — 5.5 12 180 3.89 324
£} Chlorophyceae spp. — 9.5 12 180 — —

M. Scenedesmus almeriensis — 9.5 12 180 5.0 40.7
JAE B & W 15 Maugeotia genuflexa 20 6.0 10 60 57.48 96 [55]

Ccd” WMUNEREE Chlorella 28 6.0 — 20 303.03 74.34 [56]
minutissima UTEX2341
/NERSE Chlorella sp. — 7.8—8.0 20 80 — 59.67 [57]
(Immobilized)

Ll /NER i Chlorella vulgaris 28 — 4 4320 21.5 87 [58]
JSC-7 (Flocculation)

Bl #Desmodesmus sp. MASI 23 35 2 23040 — >58 [59]
Zk3% Heterochlorella sp. MAS3 23 3.5 2 23040 — >58

W Scenedesmus-24 — 6.0 200 — 48.4 60.5 [60]
WM Scenedesmus obliquus 30 6.0 50 10 144.93 93.39 [61]
(Self-flocculation)

M Scenedesmus obliquus 30 6.0 50 10 84.03 —
(Non-flocculation)

cr’ VU M Scenedesmus 25 6.0 100 120 58.47 98.3 [62]
quadricauda

cr’ il /NER i Chlorella vulgaris 25 2.0 147 240 63.2 43 [63]
WA/ NERBE Chlorella 30 2.0 100 2880 57.33 99.7 [64]
minutissima (Immobilized)

i T A8 jE ¥ Spirulina platensis 25 — 18—25 120—240 16.7 80 [65]
(Methylated)

ZER#ENostoc sp. 30 6.0 40 120 — 66 [23]
VU M Scenedesmus 25 2.0 100 120 46.51 47.6 [62]
quadricauda

VY Mt Scenedesmus 22 2.0 10 240 25.19 100 [66]
quadricauda (Biochar)

Hg2+ il /NER i Chlorella vulgaris 20 5.0 48 120 16.8 72.9 [67]
el /NEREE Chlorella vulgaris 25 7.0 10 1440 — 94.74 [68]
(Biomimetic Mineralization)

Ni** Y53 Oedogonium hatei 25 5.0 700 80 40.9 — [69]

Pb”  #E ¥ Chaetoceros sp. 25 6.0 20 180 8 60 [70]
/NERFEChlorella sp. 25 6.0 20 180 10.4 78
[ % Phormidium sp. 25 5.0 10 40 2.305 922 [71]

Zn® E/NEREE Chlorella vulgaris 28 — 5 4320 71.5 92.3 [58]
JSC-7 (Flocculation)
3B/ NERBEC. vulgaris CNW1 28 — 5 4320 6.1 67.4
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JBETRISEKRE., pHARES. FREE ST
1) PAS 5 3 o) T B I B 1k e B AR . FETE
J5E 6 ] P AT 4 v I P R R, (IR I i 2 e AR
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S ME) (0L 240 PR 2 T ) FRLARTAR A, DT 52 i JHG 6 42 )
BT IR B RE T o e B AR A T R A i 4 i
(R B PR RN 4 8 B I BOE 36, $ e B AR .
RN fR X Be PR 22 B9 VR AL, G B TR A A
BHEEEGGRE A IR .
21 EEERBETHINERE

MELEBARSRE TR SIS Y5
IR ETIREEYIMK. £ CRETEEN, ME
& B B TR BE I T i, R 23 T e 1 25 B e B
R i, FECH WA IR B TS RIS LR, AR
(1B R € 8 (Dinophysis caudata) FIHTAEEE(D. acu-
minata)ﬁﬁ%ﬁ?&&%ﬁ%m]o KA EE(Chlamydo-
monas reinhardtiiy® Hg' . Cd” F1Pb” Wy it 2 %
BRI T B TR R T e ZEMRIpH
RIS IR AAE T, %0 T ARIEEZ [(25—175) mg/
LXHIU 4 % (Fischerella ambigua 1SC67) 2 B Zn” )
SN . 4 SRR, B WA Z0T VR T, 2R
RGP E T, B NCR HILE 175 me/Li T,
FH UG AT AU B B & B X G A Y6
N7, RE 8% 0SB B E AN AEREL, (2 kK
g™, TR e R B T RM . BiE S AR
710 SR, i i B 55 45 R B VA FE 2 s 24 i
FEAANTI IS, i R A AR AT T ER L
ARBEMNA TR, T T PUIEE 8 A AN,
PR ERAHEBRAE. 25 T2.5 mgL
Ni* FICu” ¥ VBT, 7 38 /N 3R 35 (Chlorella vulgaris)
X I P < R I T D 25 B R 20 il K 31 69% A1 80%;
M 24T+ 2210 mg/LiF, HEBRF SR T2
37%8142%",
22 pH

pHAMY BB % 52 1A 73 8 EPS I B fg ] 8 25 AT H
ViR o A G A =R T A A AN D i 2=k N[5
W A B LR R 2O
pH 5.0—8.5I %) 4 J& BH 25 1 1 £ Br A R dwe £, BB
HIE W pHI 5, H LA 548 10U 31
5. KpHIE W T H 56 5 48 5 7 5 4, [
EPS L A T4k, IHAS &8 &+ 5 B Re 1 45
&, FEEN A BB E T ERAER K. &
pHYAE W HH />, 4 5 4 R B B T SRk 45 &
WG, B REE A T IO A M R T, $2 T GG
H#HSRE TR "™, 2% W pHE
3.0—4.5, /NERE (Chlorella miniata)%t Cr 22 [ % i

pHAE G N # w243 3 K pH A 8.5, 4E i
(Synechocystis sp. PCC 6803)%f As™ (117 bt & 5% K .
i FAs™, pHJy4 SIS AS” AEHS,
TEpH N 7.0, K & Bk i (Nostoc muscorum)ge i
BB FR L 80%IICd”, T 7EpH A 4,08, Ft %4
FALN30%™ . Brik 2 A, R R, B 4
JEBRHE T 5 5OH 454, TE AR (A A TTE,
SRR P IR AR
23 IMREIRE

PRI T s e AR KB 1 AR K S AR B AR AR
A, #E R oA e R I ERAAE . REMN
25°C F+ & 35°C, K 8 4 Bk 3% (Nostoc muscorum)*f
Zn” 1 2 B0 1 85% 4 5 98.5% " o LI T i i
H & ¥ (Dinophysis caudata) i 2R & ¥ (D. acu-
minata)%fCr® 2B F 2 " FETMOEA 2
A AR P A B a1, G I R Y B B, AR T
FESE T2 WM B 26 A IR RS E I D RE . MR
H15°C T+ 245 CH, 58 /NER#E (Chlorella vulgaris)
NG IR B % 77 H148.1 me/gh FF 2 60.2 mg/
g™ B R E N 20°C T+ F50°C, TR 0 1A i
(Padina pavonica)™£ ) J5i % AU W% I % 1hiAy i
83% L $198% .

g bRk, fEREpHE M T, A S EE 5
T A 45 A A B A W, I A T BB T 0 4 T 3R
T o 3 R U P2 v 1 40 M R P 3 0 P AR 1, A
TN 1 W B I FE I e SR A AL . T iR
WIth 4 B IR E AT N & 8 B 1 5 W AL s TR it 72
53 98B 77, AR FE ek v ) AT R 51 R 2 R A, FRAIK
BARLERACE . SR FEEHIESE, MR ERA
B OB T PR B AN AR A e 2
18 M A iz 5 8 A 10 2 B AL, i — Ak
FCEOR T2 4 7 IR SE i BRI . 25 b, 725K
bR R N 2R A 2 fEpH . A& R IR SR &,
PASEIINAG 5 42 8 V5 G s J0E 2

3 WEEBSEYHMHEMENEEEREMN
ENERVES

B TR R, GO A A R R 2 R
LA REREE . AR B SR e
& T L BRI R, AU B TR A )
FERMLA BB, X010 25 BRI RE AN i 2 FH 2%

R R L
31 “EKHE SRR AR BERY
LR

B T AR O T B e RS Ra B, B
2 B 220 ol K TR E o S i AP A A B (R AR SE T
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W IR EAE A EA R T A &R i5 46 2,
0% ERAEEAER R 2R, 548 KM
L, SE TP A B s BT LU R R3S (D) A
&8 BRI R, (2) ] A A B B TV
P DAF e B B 80 RE s (3) MR B i Pl 3 e ol i A0 P A= 4k
TSI B A P (4)38F Ho A K Al T RE AT SR B A2
TREUARK -
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Fig. 2 Schematic diagram of the mechanisms of toxic metal removal by microalgae
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nanoparticles; PCs. Phytochelatins; MTs. Metallothioneins; EPS. extracellular polymeric substances
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ADVANCES IN DECONTAMINATION OF TOXIC METALS BY MICROALGAE:
MECHANISMS OF ACTION AND INFLUENCING FACTORS

GONG Zi-Chao"*, ZHANG Yan-Wen”>, ZHOU Qi~’, MA Jin”*, SONG Li-Rong’ and JIA Yun-Lu’

(1. College of Fisheries and Life Science, Dalian Ocean University, Dalian 116023, China; 2. Institute of Hydrobiology, Chinese
Academy of Sciences, Wuhan 430072, China; 3. University of Chinese Academy of Sciences, Beijing 100049, China;
4. School of Environmental Studies, China University of Geosciences, Wuhan 430078, China)

Abstract: The intensification of human activities has resulted in pervasive toxic metal pollution in water bodies,

thereby endangering ecosystems and human health through bioaccumulation in food chains. Decontamination techno-

logy, recognized for its cost-effectiveness, versatility, and minimal secondary pollution, has garnered considerable
attention. Among the diverse methods, photosynthetic microalgae exhibit considerable potential in the purification of
toxic metals. These microalgae actively remove toxic metals through diverse molecular mechanisms during their life

cycle, and continue to purify water via residual adsorption after death. This review explores the molecular response

mechanisms of microalgae under toxic metal stress and the environmental factors affecting their decontamination effi-

ciency. A comparative analysis of live vs. non-living algal biomass highlights the dynamic remediation advantages of

live algae and the rapid treatment potential of non-living algae. The present review also discusses the sustainability and

regeneration potential of microalgae as biosorbents. Furthermore, it elucidates the potential of microalgae-based toxic

metal applications, while also delineating the challenges in the domain of toxic metal decontamination.

Key words: Toxic Metal; Decontamination technology; Biosorption; Biotransformation; Microalgae
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