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Abstract

Carbon dots (CDs) are nanomaterials with both fluorescence, water solubility and low toxicity, which
show great potential in the field of environmental remediation. In this paper, we systematically re-
view the interaction mechanism and research progress between CDs and phytoremediation and
plant growth. After introducing the characteristics of carbon dots and the main types of phytoreme-
diation (phytoextraction, degradation, and immobilization), and analyzing the limitations of the tra-
ditional methods in terms of efficiency and tolerance, the pathways of carbon dots were discussed
from two key dimensions. In terms of pollutant uptake and transport, carbon dots can promote the
uptake of heavy metals through chelation, or enhance the degradation of organic pollutants through
photocatalysis and microbial synergy. Examples of typical applications of carbon dots in the reme-
diation of organic pollutants such as heavy metals, phenol and levofloxacin are illustrated in the
paper, covering different environmental media such as soil and water. Through a multi-scale re-
search method combining macro-biomass observation and micro-gene expression regulation anal-
ysis, the mechanism of action of carbon dots was elucidated, and the controversies (e.g., the direct
effect of fluorescence properties), environmental risks (long-term residues, secondary pollution)
and limitations in practical applications were pointed out. In the conclusion of the article, the de-
velopment directions of functional customization, green synthesis and multi-technology synergy
are also envisioned to provide theoretical basis for the efficient and safe application of carbon dots
in phytoremediation as well as practical application.
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1. 45ig

B T AR A, L2 BIARREREANA FMSERE S, K Rk T NS, B
SRR E AT, (HARIREERR. g m e s AR, JFHAE %
HAECAREAR; EE RS tAT R, RHKRE T ESRIGRTIRT AT s R,
AR SR S R E IR E A ROA A, R EamENERG. AR HRESRERENIEAME,
FREMTIE . MIEEEARA BHEL. WREEMBaEiE, EH T AN By g™ E ik 3%, wILl
MARAS 288 TRV, A AE RIS AN, WG Gt — Dy i, HR AR B HA 5 —Ikis 2L
M. B RFEARG ML, BENEREMBEERE, HEERCRRmARRA, ZESEAR
fERTTE. EMEESACFEEMER. SEEMMAEMIER, il AR E R is Y 5%
BEATAREE, PRI CLYg A It i B AR (2] IXEE R BRG] . BRAMBCRE A B, JF HAE
SEBR R R SRR, PRI — BT AR AN I B R AR RIE HAUR, UL R ZE ., (e i)
BEEBARBG M, A RERERIFIIZCR . IEFRK, AN AR HIDUKRARRSEAME YIS R I8R5 [3]

AL EETREMIE R MRS REEOR, BB ERABIR, AL, &1 KmARTE e 5%,
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T 5F

(ER ARG A, BRI, YRR AR e 77 A EA = PRI,
TR AR 5E [4] [5]. AEYIRASOR FE ) S 50 2 J A R = SR R 0 R AR R R IR 2 S JF
MAREERS M EFESy, A fE il iR b kA BB R E SR 5 A H . IR VA ZE SR H 5
JEA BRI 2, H A BRI R AR i R AR ST, 1977 FEHIV 22 BHE 5K Brooks 4 H)
THE S, SRR T Ee R E 6], BIRT DL SR 4R H Ak s i A b
gr, FEHL B ER O BCE B AR 100 5L EESEMER 7). BRI CE R TR Z Ml Ry,
xR 1) S AR T SR B R] LUR SRk (He), JF HBEE IR Sk B R, MR AR A RSB R
JEUB/N8]; MRE BT UE RER(Cd), RE SRR A B R 2 AR AE ), WA R KR
FIR[9]: AP SR AT LS B (Zn), R R AEAC S AR Bn AHOR 338 oh (7K M B A0 RS B e 4L 00 SR A T
1K, FTH NS S a3 GIEE[10]; BRIAFEXN (P & R R R, M EiL iR maE e
s B AR AN ZE TP ) B ER A, DURMIGIE RS 2 (b 28 (e B o o AL 11 RUR BT Bl 14 e 5
FERERES1IRGE, fi(As) B UM S BER Eh(ASVELE, AsILEF i A ERAIGEH, (AFE £ AsV
RRTEAN N EE S, S, BRI R AR SS & PT AR AL B AT R 22 B2 P. Vittata A=) 5T 7%
B[ 12]. REYRSCR B R bl T % AR R RGBS 49, JRAE IR A
AN IR SRIREIR A, WA BMEE E G RIRCR, (BRI % — R EEM, i
B o REAIE] SE AR AR ARG G S R B ZS A DR 2R, 39 K b T e A sl P A
PRI RI PR AIG  AELIXh J2: U E e S R I PR AL BT 5, — AR O T T B R T AR B AE S
FAAE IR 13].

2. R EEYEENERNTAE
2.1. BRHEEXSHHE

B 55, (Carbon Dots, CDs) & —28 R ~F/NTF 10 nm FTEERTE 5 YERR KR, 2004 SE4% 2 ORI 14].
HAZ O ARG R N M, RIHE & KR (W-COOH. -OH), FHEMZMEM. (Ko TR aiEEE
R MRTEFES oK SRR o X R S [RGB st S AR AR AR M S PR B AU [ 150 Bl SRR
By RIMEREM 456 SRS 0T Holl & s HE Rz, I B gmEmie S 80R . wln,
AR 2R RIBIE R, RINH Geldl 2 s G b /A S I, 45 dh B s H i A idRe 71, B
S R 2 R A AR B RSB A R B AU B O B BT R VEAT B R RV, T ROk
UL, B B B K BIE G ORE IR . ot belhik 2 DL e O 2 di A B Bk 4l
K, JERVTAAEIY Bk s, X ETE B = RAE /N (1~5 nm) 25 SR RGRRE, (R T RESR
BRSBTS A R A PR SOV VR LA SR P, B PR SR R B AR B i, DT
AR BB SR T E SRR IR ORIE AR ), 30 I 1 % e R m] R AR (5~10 nm), i 2 REFER &
IK I TGRS B T8, 120712 DL &) B8 BT AR R 55 /N 43 1 B IR AE il i R I h A SR G T
BRICIBR A, 7 VR A R s R AR AT 45 (5~20 nm) R T Y BE [ & (-COOH/-NH,) . BRIE AT 1 25 Yo ki ok,
& TR AR =, B AR TR BV AR DI (A [16] s T v FH i A S I s B e A (S SR ] = 434
G, EIEA R SRR — VA, (R R S AT e S B ARG B DA LR S
BEAR PR Bk s A, 1207 R AT DU HEFE B U R ST, (HRARAR 25 BB BR S B I AR [ 177

2.2. EYHEEHRARBESNRER NI EIEE R

TEPEZHAN AR — T RENS A RO IR T LB HM IR A HR . S GRI B AL 2 52 5
ML, MYWBEEREARBA AR, I AFER A JFRA —EREMINE, Al i R
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M, JREFXLLFRE, HEPEEIATIGE PR, B9t Ao 2R 5E 8 2 iUk PE . B TR # A 1R
R T Z2MIrdkitmES BT RIEDEE AR, FEIE 7 —E k18],

ANIR AT DN T AR SR MBS 3, AR () AR W R SHE S 2 S gl R 7T, Heas SRR,
B AR S5 B R ERE A, o EIRIE e BoA B EEEN, I BA BT HM 7E
YR EPRREE, LEPESENAEE BRI T 1 mg/ke BIZKF, 24 H 5 0 4 P il
WiEEERr, SR REEIM19]. BRAEZZ IR TIEF= SO IER . BErE) Ry LI R
7, 5EME(Betula pubescens)TEYMEEF AR, RGVPE T H i H XA EE VBRI SOUR, R
REI, R it AR T B AR R G AR A R . IS Jebkigs, R R TS AR, [
R EMAE K S, it A NUEN SEHEMAS) E EE LTF, FEESTTEA G Y6 i (n2if
# MR HEMER) [20]. B A IEAERFT, 510K H 2R 7L 7 A R KCE S e S g R
BSR4k S A DGR R R R MR, 45 SR G Bt FH A AE T 32 v 338 pH (A AN 36, (g - dgeuft
VB 7] A RS AL, (R BEAR DGR IS R RETE JF 15 S BEIE M A DGR R M R IA[21]. FIH 2 N &
FR(EDTA)R AT LA i 3 b B e @ W AE R R, IRt AT T il [22] . BT 98 &8I, fE4R(Cd)ie
N, RAEYE KR EZIECEERSESRIT R MR IR (CA) AT 1 3 35 M S —— 1 4E )
BT 3.01 5, A OERKE EXBACK)KT, FEEZP K Cd S AM I br EXH R T2
1R R EE BT, KR CA B W R A B IR E 5 2 B A B, A RO s e Cd 1)
M 321, MBS RS T 22 4 d BN I SR 23] A B IFHl % 17— R RIR . Sx Cn R ARk
- VEM/ZE WA A ME(SMC), ¥ H 5408 & S Y) Y4t 5 (Bidens bipinnata) P} [FME 5 IS 4, 45
RBWZAL BN, Cd A R BRI 77.92%, HIERAIEE K, A B AR5 G35 v Cd (R B2 AR
Bl H ARSI IE(E LA, SMC Al AT SR B RIVE P 15 e R Cd 1B 23 24] .

HH LA AR, NIRRT BN TG B A O E LR, BT DUAS SCER BT B A K s BRI K
HWAEKMEDEE R, SCREBEEERNE 1R,
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Figure 1. Article ideas flowchart
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3. BRXEYIMEE NI RESHLE
3.1, SHEYERSE KRN

3.1.1. {REFEME RIS

WA K G SN A KIS IR R ICE VIR R, TR RN Y A KRS TR TR A
[25], FHABK 25(CDs) 2 ATy T L X AR K BT TR EH, JCIAE DB IREE T IR 3 208 4 52 %
H[26] [27], 1 2 JEAR T G0N T S5 F 1 2 . AR KA & .

B B AR A AR SR R A Ko [28] [29]. EARHLEIZES 57 CA> Wil FRIUA: B AR
A RESHRAMMAESWE T ¥, WMAOME T CTERMIFHEF R, T aT LA 4 45 44
WK [RIIE, B AURT CASESRAR 2R 05 7 CABRTH /K 73 R F% 43 IR SOk R, i ot R i S e &5 44 8 B 1 R 2
FMEEER ab EE, REDERS U PGSR . XL FE A B & LIRS T Cd X /NEY)
BRI R [30]

Table 1. Effects of nanomaterials on plants

T 1. GURMRIER R

AARIEL ) A 51 &2 30k
BRIEEGIR TR EMER(Z VD) KEE & E R E R ZVI A FesOs NPs 1] LA #E KRG K, ;31]
Fe304 Fl Fe203NPs " AT FAERRAERL, oS KRR i Bk 25 1
N - IEE K HA-AgNPs R 2E R . 1735 %,
AR R S PEHOHORUR KR -
IS T G BN AR SH AT B ) 25 0 i [33]

(ER B R B B A P A AE S8 35 VR RN, 3 iR, Ll s WL B (R 3247
(RIPTI L S AU R HRR B, B FT R DA L FE IR B AR R AR i S JE AR (AT, BTt s 1B i
s, YL F R R, BRI SR, RIS [34]. IXULIIRR R Th BRI S 3L

BRACHE PR (kAR . 2R LT
ARR R R (520 o

Increased
Increased

evolution

HREHIZEM) . YRl LIRS a R R B YIAA R[35]. & 1 Al T L8

biomass, : Increased
photosynthetic fotal profeing grain yield
rate, photophosph e and Zn
: nt
chlorophyll orylation NP
P tent and oxygen content

Increas:h

sugar
Increased and
germination rate protein
d activity inde: content
- Increased root length, number
of tips and root biomass
5| H J. Agric. Food Chem. 2020, 68(7), 1935-1947.
Figure 2. Nanoparticles for improving seed germination, plant growth and biomass
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Figure 3. Toxicity due to different properties of carbon dots (CDs)
3. RRMA R SE S

WEFURIL, S B IS A BE5 2RT i (Mg N-CDs)I, 7K [k e 5 66 A 4 B X xR A AT Bl
Jt. #:(Mg). N-CDs BeRZEHMKFE 7 it E ab K& R, (HEKBRmoKL G & & N . 8%
(Mg). N-CDs 7] DL AHOCEE R ) 2R35,  INERIM S R AR K FEAR N I AP 6 i S5 AR e R, DA ok
AR S EAEN . 4, BRI BRAR I A Y AN A AR AR, RS BT
ATLMENM SR J6E B S lEE BB ATARA, N BR(Mg) MIEU(N) TG 3R R & X L A=Y 70 1 B SR B 2H R
51361 H—WFFLR, B nl DIGSRAEAE (I PTIE, CDs ZR1H 1ML AN #2852 B Sk MR AE A 25
PEo P AR, PRI E A KT R AR AL AR T S I A KA o 3 EIR BE R s A
SR [ o A e e S SN = s D 21 w1 1 7 S M U5 L L a2 e O SR ER 1/ P e o L R A N SR
KRGS RA TR A, BERRICRY, B TR AR SRR s B, SRk A
Refie 7 B R B A G R IMCE FR o0 3, RIS sk /K 73 2R (37 Junli Li S8 N FEREH, CA X MIF 4w
PREEPE, CDs MHHAFM/N. CDs WU Cd*, b H IS ARIR AL, PRIt NAEIAR BRI Cd* i, JF
AR CDs XM F Cd B R MANE, 600 mg/L CDs {2348 MR 452, 900 mg/L CDs £k /b i
R &, CDs BEIAR Ca* 5l RN, WOm T ALBE T, FRARAH ST RIRRIA[38] o Reik s FH AR
TR O R PR, (AR B RERL R S = B2 o o,  JLSTIRZs R, N e 5 A ik
B AJE, MENZOAKBRISERRERI, GlURK, TE, BB TR ES; [, NFRt
BERVEI S A BT IN[39]. AW FHROE TR AR A B e N A RN, A5 SRR CDs HImAAE
INEZEK AVATEREAIEMEE A S E, A APX. CAT 1 POD & HE#IKE BIR Z A /K F, CDs
AR AR CA> X i B AR A P . S SR UL, B OB 3 SR A P DL A AL BTG . PR DG 2R ]
(I IA R RPTME, RIS S R A& R 40]. (HAR St A T, AR R, Was
HHIIRE TR R AR, IR R, CDs EMRRM S AHL L PR, ] EHR A H X (PR)T)
Ak, JEHBEE CDs IREEMII N, H0HIRCRHBE R3%, CDs il N8 DNA #5515 52 5 PR A0 20 A & 39 8
PR ZRIBIKT, SR 7 AR X A 2 2E T, CDs A SRR R UK B 1 5 IRIA K &
W PRRE A G, R RAINHR R MK A KMRATR K [41]. 25nM CdSe QDs A 41 &%, 50nM H
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BHIAETEME, AT INRUZIE R Gt ki AR DNA #5145, nli%S ROS 4. ZRbi AR A7~ % H0,
FREAIE L AL, FEAMR T SOD. GPOD Al GSH i Mt h, CAT 3tk FRAR[42]. GKEALER T 2%
gz J HAEYME S 71, 45 BRI A 90K R 3 P 7 S S . TE, SKE,
IR EARIE43]. B S ER mORAR . RSE L FT HL A A5 LA A DGV (/N RLAR ik U BE 5 AR RN
Wik 3 fioR. FRAEFOCHEFLRIT, B RS 1 232 s L f v e, fl A=Y iR B ol R E &
B REESREM, SN IR TS B, W H R AT AR A L AR RTIA 500 mg/L, T 4
TIRABHETR SAE 100 mg/L N ED I W BEEVE[44]. R RTT LGS SR A SR, A HT R O
A KER. AR REZEREN TS, @B T YR SR EB, W9 AL F N %4
PR BEAR o

3.2. SRR S EHEE

3.2.1. BRREEMERREERTLIE

T AR SAEAEY AR Y IS ST AR R O E B, SZ AR R 4 R R I A AR 14 45 7 (1 52
YUK RERT A AR Y A LI SRR AR, BB RAE R0 R 5, AR THEDEK45]. 9
KAPRLE NAEA A4 P 177 A T R AR B WSO P [ P52 e

AR BRI ) ST AMA IS AR 2 Bt R B 22—, GPRBTRIA] 28 AR AR 3 AR UK K IX B X (T
FIRAR AR X)) (14 200 [ B 3 N 52 474 R 200 B ) 3 17 ) % 22 1) [46] o 4 IRLBRE AL R AR R /It S BRI R 2R
DA MR A2 25 /N (R K SR T 25 5 2 5, SRR Se g oK U AB 388 3 Al PR Bl A8 i 4 B 45 M R R i FLaE N . )
— PP AR IR IR AR, W GO 1 AR 2% B A RS OGN A0 T [47] [48] 0 IXFREEE AT LA = BBl
B, ATREEE NEIER . BE s B IEE AL RS e, NS, KRR e
I ) 2 AR N 2 N B, RERAEILTUAIZ fr. AR AT DA IR R AR, A Le gk Bkt 2>
HE 449,

I T P e T B I PR B IR PTARAE M R I [50] e AL GUKBURLEE N 5 2 B i%
172, AAAVREE T BECIROK, g RPN TRALFUE . Bk, KRR AR B4R BE K 2 B
AR, ORI N AU, RS /K P B K P A TR L BE K AR N R ) G B
DRI 2E . 2 R0 00 2 A0 A o 2 A B 1 W B 2 B B BB, S I PP oK SBORE v il i - v i 28 1 X
JRRE s — Ll SR FE R R K ISURL P 6 2 06 5 )25 B A 0 U2 T Rk L B A AT 8 NS 2 B e s 3 T Vi 1 57
S B0 S FH AR RS B AN K AOREIB B I U2 (511 MR R BRAAR S AR 6 I3 B 25 45 Mg S 40 Mt 1) Bt 1 2
YRR IE N FIAL S BB TE o AR FIRLAE AR AR A AT GE A BE 7K 2 HE B 00 s g NAE AR IR, [
NARAFHED I RBI 2%, KFLR YUK RS EN T o BENIE RIS, oK BURL AT 58 A7 T I PRI 4 i 1)
JRAMA A (R (A BRIRI B, B R B A [52] . AR R SBIORE I Ji5 B JE Iok i [9) 3% 22 gk A7 S i ik ig i, B
HYEE R RGHAT KEE B IEH[53].

YUORFRLAEAE PN B — i i 2l = AR R st MRS, JE AR AR DR 4R R
IO TR 2 1) b KRR B IS S ) A ) [54] . 99K URE ) A5 398 A Ak T B R - A S R A
BRI AMA S (B AT A A 1 S B M, 5 8 AR S N R AT ) BB . W) R R )
RN BE. FIEERRSY) S F EIEIE, EYKBREZ RS A RO NFIK BE B2 fae 1 A IR,
AR TR R /D, IR R IE i mT 58 52 BR T J0RARF H:—— N R AR FIRY 52 1R 2 TS Ui v RE AR a3k L300 N 0 85 I
BE TR B RIS HUE RS B [55]. AOKBURLIIAR e It SRERMUR] . W MVERT SR MMAH IR, 23R 5
a0 pH. B RRfE. AU & & S AR5 B s .
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322, BRREVEEES BRI EEEEEYRYERE KIS

W i NAEE BB R &R B Ak, R RS BB A IR AT I, I AR AN
HWFR T IR 2 A S E B SR AR [56]. BN, RN s AT CAGERE Cd> /N2 4 it R ol
H, WEERDEGERMA RS E, R RE ISR ST BRI, B RERY, ITER
Tl i o] AR SR 4N 7E La™ N e, 285 A mT DI Job W B R SO AR 0 1 A B S PSR SR AR T 38 24K
FETF B ARG, S0 25 B0 3R B v R BE B s N AR (AR K B [S8] . DR MBI K AU K
Cd/Pb JHEma L gZm, A Fias R, DIREMEIRGIK RU(FCNS)FI 45 AR ik 49K s (N-FCNS) H] LS 5
HMs R4, Bom RN &1 HMs &5, A0, 50550 7o 3= IR ISCRIAE SSHRE R 3%
ik, PEEAEINT HML B E RS2 [59]; 3 RIS PR ST AHRE 1 P M S5 2 ik s B8 i 0L B T IR AR AR R A
AT Cd WM 321, 45 B3R B T 5 24 B A (N-CDs) il i1k 2 [ 5 4 B8 1 22 1) i 8 e I 5 RN 2%
ER, WEVSIOKFE Ca AR R I RE /), BEE0E 1 s Cd e $0l v 4 v B K i) 2 (601
AR AE S B R 15 2R ANK AT )T B G AR TS Y IR R LA B 4518, BRSO TR
B AR ANK SRR S S S A AR B RO S5 5 A LA (R AL s AR AR L - Y RS
WA RS, i TR AR, fEm TR RIRIEE EAE61]; Lad WhE Nk s Lad R AT
NI E N EK N L BN, 457 RPFFEERIE CDs (C-CDs){E /KA 2 A ml LU R R IL A
MEWE-n B La®", Jf H C-CDs RIAFAEIS T La fEAANEAL N IR, W50 La FERIR A 1AL
TR AR[58].

Mg TR OL, B SOMAE IS BRI T W AR, — Bl i s P A P TSR MRS G 51 R )
EAL LB FARVE T B F R AR RO AEREVE RS s 73— PRl mi AR & BAA R BR 1 D e, Reag A 43
BEESEITGTR62]. =l BB AU BeAIHIAR Rk & BT P U (il DR 40 B s e 28 ) o ik s m] BA
PR AT B A R R, e AR N AR P B E G R S S ) Al A P R BEAR R R . R
A DL A SR A AT, IR0 BRI B IR AN R R AR R, R R S R T B4 BE (63 ]

3.2.3. BRREBIISEIERPRER

BHRGUKBRL(Ag NPs) R R T A(CQDs) M B NN K B AR,  BFITH T HOB B ERE, o,
Ag NPs F| FIZR1H 46 & T AR ILIRBOSIG 58 1 5 A PR o] WG W CQDs U Ay i 24 A& 4 A )i,
Tk AR R R A AN T - 2 E A ETVEE a-FeOs IRLARNR/N T, F HAR M T 64 B i 20 28
R, WERR T O IE T . % E A PPRIG LR (MO). S AIE B L T (MB) 1 B R 23 K 3] 49%.
T4%F1 99%, Fe5UEA T CQDs TEHETHE Yel e fE A B v B8 7 T 1Y) s bR A FH [64] . A BT R FARFH T —
FRA B = ATA R E T A(CQD) I I(BOVCNYE G 4EL,  H TR 2% Cr (VLRI S P £ (LEV).
WA SO R . FAT 2 B A T RE R VR RE ST T P FI R 9, X Cr (VDFDGIEJEREIAF] 100%,
LEV MR 94.8% [65]. I HALHEFL ik s K] BIOCL EEHEANK 7 IR AL 2 52 I — Fih 52 5 44
BH=4E5r )7 CQDs/BIOCICEM E & 41K, T Bk ZMEHIE 4, BiIOCI SR 3D 47 )= 454 1
EYERFEII{00 1} AR IG5, CQDs B IAF/E ML MATE M m, (XS &M R T 7E R WOk
5 8 /NI JE S BR R KRR b B2 73%I1) COD [66]. BT M E414% T E T S 2 & =48R aFeOOH
MEHCQD@FeOOH): 4K A AL ZI M B & Eid M 21 1) oFeOOH 24, P4 JR 3/ LB IR]
I IR A o IZMRHE G IEAY — ST )4 25 mhont i Fae g R 7y 1) 2 i 18 22 (k) ik SR 4 aFeOOH
() 2.8 15, I AL 1 RE o Bk B T 5 (CQDS)TE aFeOOH _F R IHE i T B Fe-O-C 4, aFeOOH 5 CQDs
(R BEAE ELAE AR 3E 1 6 o7 i bR L T 85 8% (aFeOOH—CQDs), [AJI 584 7 1] W% 7RIk [67]. HEHE
DAL EBRAER I, BRE T A(CQDs)TE N Z DRI, i M m AU Ao e RL, BT Ti5 94
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