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Abstract

To investigate the effects of the combined stress of graphene oxide (GO) and salinity on the early
growth of Avicennia marina seedlings, and to elucidate their interaction mechanisms and tolerance
thresholds, Avicennia marina seeds were used as research material. A two-factor, three-level exper-
iment was designed using the Box-Behnken response surface methodology, comprising 13 treat-
ment combinations with GO concentrations (0, 100, 200 mg/L) and salinity levels (0, 10%o0, 20%o0).
A pot experiment was conducted using river sand as the growth substrate. Root morphological pa-
rameters (root length, number of root tips, root projection area) and biomass were measured. Re-
gression modeling and multi-objective optimization were performed using Design-Expert 13. The
results showed that: 1) GO concentration and salinity exhibited a significant interactive effect on
seedling growth (P < 0.05), with GO concentration being the dominant factor (in the ANOVA for bi-
omass, root length, projection area, and number of root tips, the F-values for GO concentration were
146.37, 84.59, 66.12, and 81.53, respectively, while those for salinity were 34.58, 19.46, 13.18, and
24.08; the F-values for GO were higher than those for salinity across all morphological indices). 2)
Using root biomass, root length, number of root tips, and projection area as response values, multi-
objective optimization yielded the optimal combined conditions: GO concentration of 0.171 mg/L
and salinity of 0.74%eo. Under these conditions, the theoretical values were: biomass of 0.151 g, root
length of 200.148 mm, number of root tips of 33, and projection area of 157.638 mm?. The optimal
GO concentration (0.171 mg/L) was lower than the lowest experimental concentration (100 mg/L),
indicating that the optimization result was derived from model extrapolation, which requires fur-
ther validation through experiments with lower concentration gradients. This study provides a the-
oretical basis for ecological risk assessment of nanomaterial combined pollution in coastal wetland
plants and for mangrove ecological restoration.
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1. 518

I # # (Avicennia marina) {9V TR A S B R RSB BMAI[L], ERTRG IR, iy A 2]
YEFRIRHE AR 2 REVE S 7 T RS AN BRI AE S ThRE . IRk, I “MAMRIMER L TTEL” [3]
e, VLA AR AT S WAV % O RSB R TREAE /8 B [4] S AR 4 Spt, LT i
RHEBLRANEE R

#h BE S S 1 R4 B E R OSBRI R . ARIMAE SERRAE BT, AR T R Pk — T
T, RO B AR e SR BEAI[S]s F3—TJ5Thl, i B A A SR w] J A 17 5 S D e B A AR )
PUAMEE R SE[6], KRG Pra /™ Ell ) 7 ARG A . DI, SRARAT i S i R 194
TR R S E ML, AR B TR s L s e, RO TR ST KA MUAEMREOR, AT
FTHE R TRELL AR R R SRR 224K 3

AL A 4% (Graphene Oxide, GO)/2& A1 s () — FMATAEWI 7], RiiAH 45 1E BEHI(InFedE . Bk, 3
) [8], A sRIm AR BT INEIR, DIRESEINE At Kl GO BA R HIG .. fia . HUBEEIERE A =

DOI: 10.12677/aep.2026.165088 890 LR AT U


https://doi.org/10.12677/aep.2026.165088
http://creativecommons.org/licenses/by/4.0/

Wrrts <5

MLLRMER, FEBZy. Ja. HRL. BRI, ARV Rl RSS2 T T 2 B [9]

GO TEAV 7 THI N FH R W, 38 MR BE (1) GO AL FE ] LU AP FP -1 & S A A K . i 100 mg/L
GO 4b P~ 45 3 AH L (Acacia cincinnata) P& 2 ZH00 fE 4 157 15.36% [10]; 150 mg/L ] GO 1= b B A
SRR (Amorpha fruticosa L.)Fh - [ & 3 o0t B R & 23.33% [11]; 50 mg/L GO AbFREHE T ik
(Ulmus pumila L)FFHEE IR RAEK[12]. 55— J5TH, A S2)@ AR R I T 8 5 AP 3 208, i 1~10
mg/L GO Kb Gala 3¢ RARE W R K F[13]; fEMAEFREES, 12,5, 25, 50, 100, 200 mg/L GO
Qb ER S5 /N By R R RS I R FE R B T RS, 4R e T UGS AT S &
[14].

TELLMMRA B R, VR AR R S B bt 2R 68 e, (H L4 e R I 1 2 PR ) R 3R A A
S K TR, TAESRE . B TR YO B B AR K — e, R L [15] 55 N I 7R B,
FIERE LY 5% 2 NI, TSR 15%0 11 20%o U i & A1 AE K 52 I B i) . S0 H[16]%%
NI RAFH, 7E 2.9%0 NaCl E:ia ~, RIKRE GO f LMEB/KREH &, MimikE GO XMKEAEKES
—EfEE, MRHMHESKFEAKNEE. EAERKTAERWOWEY, £ ErREEEEN GO Xt
HAhF W ARG A AR ST, H AT OIS IR DI R .

BTk, AL AR ORI R, ARV AR KT, SR Box-Behnken # i1, & GO ¥
J&(0~200 mg/L)-5 £ 5 (0~20%0) A H 35 = /K PR30, $R 70 GO FEh FExT Fa 14l R AE K s, LR
R GO 5 EREERN G A T B R i A K 1 2 B S & R, LRI AR RS 2 AP 5B s
AR ES KT

2. M 55%
2.1 RIEAR

ARG T 2025 429 A 10 HZ 10 A 29 HitAT, JH 50 do RIA R ESER 7R B RE EILTH
B XK R (21.21°N, 110.42°E)MER AR K IR RERT . SREEJS Lh YA [RISE00 =, i Ml i & 1 |
Tohs E R RR AT, FTEKPRSE 3 i 2 pRR M Y, B TR 12 h (K 2 1K), FeRE A
TP, BREIRH B4R 1.2 cm. KN — R T4 1 .

WRIGIEFUE YD, i 2 mm i &BRAeF S, BT 105°CHAE K 30 min LR KR, AHEEAN
BEHHAPA70x115x52mm). FEEPERF %, BEMETESN RS2 = W E I I RFER
BT IR = 1A AT S5 K PR 2 BB (2 > 99 wit9n), 26 WA B A LI B 1 AR (L 1), IF
AN AR . #E 30 min JE A BIRA R B &R

FEEI AN 10 PALBRAT (R T-(BRIAIFEZ) 1om, L) 1om, WA 1). $EFE% E 0 & 80E R
BT, 424 LED T (45 W 463l (%, 295000 Lux $EHEEHR), #RE N 25°C~30°C. IR A 7d Wi
3 YAERT LR B (175 7 (GO AT NaCl Be il i i) » 557 50 d J5 45 ik 5e, BUREIE , TR R 4T
INMEBEENLIANES, 1-8LRMAELE 3R, 9~13 WA EL 1k, It 13 NbH.

2.1.1. SHAEIE TEM 947

ARG R TR MR E RN 2 7 A P A A S8, B EN A AL E FEI AR 4771 Tecnai-G20.
W7 W— R, SR A Hoat. DR 200 KV, f#F3AE 0.24 nm. 2673 #5%17E 0.14
nm, HKREEZN 100 5 (HLE 2).

2.1.2. | AER Raman 9
T EAY BTSN TE 4HJE Renishaw inVia2000, #4HC 514 nm #0OB2%, SEiE RN 1 oem™, e
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N 50~4000 cm™t, (A EER 1 um, FLAERFEEE 1.5~2 pm (LA 3).
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Figure 1. Experimental design for the effects of graphene oxide and salinity treatment on the early growth of Avicennia marina
seedlings
1. SAERSRELEN B ERGEFHEKEMAR LR

Figure 2. Transmission electron microscopy image of graphene oxide
E 2. SHAEHKN TEM SHE

2200
2000

1800 |-
~~ 1600

1400

1200

1000

Intensity(a.u

800

600 -

400

" 1 i 1 " 1 " 1 i 1 i 1 A 1 i
0 500 1000 1500 2000 2500 3000 3500 4000
Raman Shift(cm ) v

Figure 3. Raman spectrum of graphene oxide
3. | AERKHH Raman HiLE
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2.2. REEit

K FH Box-Behnken i B T2 B 11 WUE R = ARG (L% 1), JEEUEMA SERE(A: 0. 100, 200
mo/L, KPS A1, 0. +1)FIZEEE(B: 0. 10, 20%0, KP4k -1, 0. +1) Nk &, It
13 MEFRAH A (S 5 AN ER).

Table 1. Coded design of experimental factor levels

= 1. G ERK TR

I A KT G
s
A AMAT SR (/L) B #J% (%0)
1 0 0
2 200 0
3 0 20
4 200 20
5 0 10
6 200 10
7 100 0
8 100 20
9 100 10
10 100 10
11 100 10
12 100 10
13 100 10

2.3. MEHEIESFE

2.3.1. RAESIEIR

R SG, A EEEFEHLIEI 6 ARENETHATIR RIEA T (LI 4). B9, R R ARG
Ve LRI E R, HBOKARTRIK . REHILET WIinRHIZO R &S Frif i irHd, H
WInRHIZO A TR BUR RE KB IRARB I RAER . RRBES LR

T MWEFARIKNAEFEA 1~13.

Figure 4. Effects of GO and salinity treatments on root growth of Avicennia marina seedlings
[ 4. GO FAELE ALIEST B BB E R R E KRN
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2.3.2. EMENE

B R CHHATR AT LR R, BB 3 ¥k, B JS RS 0.0001 g 7304 R-FFK

B, T ARKAHRRE D,

2.4. BT

DNER-

b O R AT T

K H Excel 2019 HEATH 4% 28, SPSS 25.0 #4777 % 43 HT(ANOVA) Al Duncan £ # L4 (a = 0.05). il
A HAEF A2 H ARl A .

it Design-Expert 13.0 AT i B [ (=] 5 73 Ar « AR 6 25 P A B

3. BRE S
3.1. GO BM{EAX B BB EE KT
0.25
I @
0.20 |
C
7e00.15 | ‘
Hotwop I a
R
0.05 | a
a a a
T 340,114
0-00 1 2 3 4 5 6 7 8 9 10 11 12 13
sof, ©
m—\
C
o
ﬁgj ab-[ ab ab

[S]
o
1
—_
f<~)
IS

0} |

0
1 2 3 4

E: BEPEEE N TIME £ brdEiREs F—

5

6 7 8 9 10 11 12 13

250

200

150

A ()

50

0

ab ab
[ ab
ab b . ab I
T T T ? T %
1 2 3 4 5 6 7 8 9 10 11 12 13

ab
ab ab I ab‘[
T 17T 2 a1
ARERE
1 2 3 4 5 6 7 8 9 10 11 12 13

PR e NG FRERFRE, RoRZERIEEZKT(P<0.05).

Figure 5. Effects of GO and salinity treatment on biomass and root morphology of Avicennia marina seedlings

5. GO ML E BN BB IEMEEMENRALS

A

AFEIRE GO 4bFE 50 d J& HE 4N HiAR RIBFRAIAEY) BRI 5 fs. BEE GO IREEHG N, 0%o
R E Y IR R S fehr A 2 I ETHE RS, HAE GO KN 100 mg/L I ik fik . 100 mg/L
(4bFE 7)F1 200 mg/L (ALFE 2) GO WRFEXT A B RAEMR R AN E . WRKE . RARE. BRI %
#, 100 mg/L I 5%F AL (b 2 1)AH L %48 bR 7370 R 1% T 63.0%. 53.0%. 59.5%. 51.8% (P <0.05); 200
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mg/L W55 T I T 76.4%. 69.8%. 61.5%. 67.7% (P < 0.05). 10%oh & ) I HEL R R, % GO Ik
FERIAN, 0 mo/L GO M &4 R 4645 5 35 /= T 100 mg/L (ALEE 9~13)F1 200 mg/L (42 6) (P < 0.05). 20%o
R B RS SR R IR IBEE GO IRIEHE N, 2 RS LA, 0mg/L (Wb 3) GO iRk
HEIER R AR RRKE LB AR T3 5T 100 mg/L (4 8)F1 200 mg/L (b 4) (P < 0.05) (I
5(a) [ 5(b)s &l 5(d), HARREAEZEP >0.05) (K 5(c)).

3.2. GO ML B F IR E R ARIEFRAZ E 54T

Table 2. Two-way ANOVA results for the effects of GO concentration, salinity, and their interaction on physicochemical
indices of Avicennia marina seedling roots

F?2.GORE., BERARXEERMNBRRNERABUIBTHVNERSESTER

LRES L 24 F P
GO k% 146.37 <0.0001
EYE I 34.58 0.0006
GOWIE x #HhE 7.61 0.0281
GO RJE 84.59 <0.0001
RAKSEE I 19.46 0.0031
GOWRIE x #HhE 2.76 0.1407
GO Wk 81.53 <0.0001
HRIHL g 24.08 0.0017
GORMEE x 6.99 0.0332
GO Wk 66.12 <0.0001
RARBF *HhE 13.18 0.0084
GO M x 0.9081 0.3724

B2 2 A T 5, GO MR BE R 2R FEXT i R R & LA 4R bR 52 A7/ 2.3 22 5 (P < 0.05); GO
WRPEAN R B B)AS BAE RN B IR AR R AR RAREIN I fAE 23 7 (P < 0.05), XHRRKEEA
MR Z A5 AR 1 52 0 AN 2 2 (P > 0.05)

3.3. GO MZLEE X B B ML IR RIEFRRO N N T 5347

A Design-Expert 13.0 #4442 2 F AW B HEAT 22 70 IR IBEE 708, AL T IH RN R
(Y1), HRAKE(Y2). RRH(Y3). SEHMIA(YA) NTIME, GO MR RN A 2 K] 2 70— IRk [
Tk

Y1=0.021 - 0.0469A — 0.0228B + 0.0131AB + 0.0449A? + 0.0060B2
Y2 =38.45 - 59.96A — 28.76B + 13.26AB + 57.87A% + 6.14B?
Y3 =8.76 — 7.67A — 4.17B + 2.75AB + 10.34A2 — 0.1552B?

Y4 =30.76 — 49.13A — 21.94B + 7.05AB + 48.21A + 3.44B?

DR T AR TE) R A2 LA RIS R SR TR R TR AR K2, R 1 Design Expert #4722 7 —
ORIV AU A, AR S 0 A N PR 2 TR 7R i 2 T 1T P (DL ] 6~9) ELWL S L 1 GO I AN L JBE AR i — A
ARV, I3 — BRI A AR I BB SR R R SR AR R
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Figure 6. Interaction analysis of GO and salinity on root biomass of Avicennia marina seedlings
[E 6. GO ML EX A BRI BERAEMEMNRZE N
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Figure 7. Interaction analysis of GO and salinity on root length of Avicennia marina seedlings
& 7. GO MR EXMN B FRMNERAKENZE S

F R ARA R R TR AR AEARER B T B SR AT SR JA IR 08 I 2 5 B R TH D 55 (L &1 6~9), R WIA7AE Bt
R EEVE I, T AR A R R A A SR DX S5 i 2 o R T R X, Ui W e A
SR R, HEmLEMEE, W L.

3.4. MK

BT EEREEBRR, RAKERK., RRNMURZ . B mPUERR, Ak thilie, &4
ELVEDE Y1, WRARKE Y2, MR Y3, M Y4 N RNAE, oS S sk o o, d i
SR REILAES R GO IKIEJy 0171 mg/L, N 0.74%0, MEFEIRAYE)Y 0151 9. RAKEN
200.148 mm. HFMFN 157.638 mm2. HRISAECH 33 ML ZE 3).
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Figure 8. Interaction analysis of GO and salinity on number of root tips of Avicennia marina seedlings
8. GO MELE N B BB BRI ZE N
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Figure 9. Interaction analysis of GO and salinity on the projected area of the root system of Avicennia marina seedlings
9. GO M E X BB BB RARIRELERMZE S

Table 3. Predicted values of biomass and root system indices
= 3. £ MR FAIBRTUNE

M 7 A TiE brifE iR 95% 5 [X (Al FAIAE 95% & 15 [X A 5t o
Y= 0.1509 0.0080 0.1322 0.1698
RARKE 200.1480 13.3759 168.5190 231.7770
RN 33.0585 1.7127 29.0086 37.1084
TR 157.6380 12.3954 128.3270 186.9480
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4. W1ig

AW SR T GO SEAE X B A AR K IS . TEER A 0% 25144, 100 mg/L GO 4b3i
EAR IR E AR WRKE . MRARE. BB 57 % 63.0%. 53.0%. 59.5%. 51.8%:
200 mg/L GO K3 FiRFabrit— 0 T hE. X —455 %, 7E 0~200 mo/L REGTEHE P, GO X FH %)
B AR KR I AR BEARIR IR o IX — &5 R 5 RO AR, B RS E L7 R R, GO Xt
R A3 7 AR R R R0 R B AR (4 25 R s - Li 2 [131 2 81 1~10 mg/L GO B X 3 AR AR R K
B A

A IR (GO) 5 #h B B A7 1 R Mg i AR K A RE S BN, H GO IR0
(F 1H Y5 66.12~146.37)3) % 2 KT 3R B s (F {EYEF 13.18~34.58), KW GO ¥R & A& 52 M (B 14
HAEKMEZET. GO HEEZ RIAFET FIFIH RN . XA 7 (100 mg/L GO. 0%k )5 Ab ¥
9~13 (100 mg/L GO. 10%o#h i), #:JE 10%ofH 4= P& M 0.0551 g [% %% 0.0188 g ('~ F4# 65.9%), R RKE
M 89.09 mm [£% 34.53 mm (P 61.2%), MRAELM 13.38 ME S 8.25 N(TFF% 38.3%), RN
70.73 mm? J+ % 27.18 mm? ('~ [% 61.6%). XKW, 7E 100 mg/L GO B Fat b, 0 10%0 3 & 3 (18
AT A K, B RAR T % 38.3%~65.9%, 1IESE GO 5 # x4 i A K B B [ AR . X
— LR AT BENLEE . GO 1 i T A AL W I il IR 40 B 8 S 8P, A 20 i B 45 5 52 31 3R W RV 3
MEFEE; FN, SRSt SEE 4, —HSNS ARG IR . 58S [18]1E X} 2
FEMR AP PRI, FmifE GO A4 B EH S POD. SOD. CAT i&HtE &k MDA & &, MIERA
W 1o 175 AN A (193 ok 5% e 20 2 i R I, A S A b B AT 53 R R £ HEAR R 5 SR A TR DR R R A
Fik. AEEERENZ AW E &L R[20], K H-ATPase. Na*/H* ¥ [ %415 5 (A 1 K+iE1E 15 Se 9 A
BOXFNBUAE, GO W] REE i P E R B FH 5 h R T 26 it AP 35 AT BB A 2 SR R b R . 54E
SRS, A v P AR R IR AN B I S T AN HE S Bk g AR, GO HARIEE AR RAE B R IEEH,
T 2 5 ) 6 A il 25 I B S I B PR A R . XSS R BUNATE R GO 525 42 4 Wl 1 1 =) 40 ) 5
SO T LR .

T e BT AT, ASRES R E B R RS AR KSR N GO IKREE 0.171 mo/L. #hSE 0.74%0, TEULEH
AT ABEEMGE AR 0.151 ). MR R KJF(200.148 mm). HARDE(33 A4N). B (157.638 mm?),
BE ST HAMALFE (P <0.05). Z%HIE #h AL T ST B[15] 55 W 7L 5%, R GO MIAFA1E n] Reid i 14
HYPEN RS S IBIE TR ST, NI S a3t 26 B (it 52 96 .

FIE B HEIRIKRE GO R & M TR B BRI E R S A K, MITERKE GO 55
BT AERKZMH. GOWERFERHT, HERY, “HLEERERRKE S5PUE L m R R iEE
BREER . AT PURA RS 3h 40 B & e RO A S MR GE T B HE, thONIR
R A B E T BTs R R B iRt 7 2% .

5. &g

X B AT I S A AR K AE A R B A A SR I TR B A L B A R A BT RIVRA R B 1) B
HIEFFLEER LN 0% 2% 144 T, 100 mg/L GO Ab3AE (-5 4l i B & . IRAKEE . RIAH. #pii
EENHR 2> B R % 63.0%. 53.0%-. 59.5%. 51.8%; 200 mg/L GO ACFEfNHIE N, AME. MAKE.
MRS, BT AR B 23 1) N [ 76.4%. 69.8%. 61.5%. 67.7%. 2) J7ZnHriEn, GO WEEH F M (¢E
VI 146.37. HRARKSE 84.59. RN 81.53. #HFUTHIAN 66.12)38 % & KT M FE(EY & 34,58, 1R
ZKE 19.46. 5N 24.08. #ZHIAR 13.18), KB GO WREM MK T 2. 3) 7E 100 mg/L GO 1F
EN, R 10%fH 56 F5 N % 38.3%~65.9%%. 4) {£ GO JKJEH 0.171 mg/L. EhE A 0.74%0 141 & %14
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T BOEE AE R, XU AR NARE A SR IRERIAE, (HAE GO MR Z [F) A7 AE

BF, 2= A R I R

EEWH
I7HRA KA QL ADE AT FL I H (CXXL2025173) |~ RAE AR EL Lk L& FRA R —IMiRER I

Hl (jxyj20231215017).
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