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Abstract

In this study, zinc oxide nanoparticles (ZnO-NPs) were synthesized using the green synthesis method with
Malva sylvestris extract, and their effects on certain physiological and morphological characteristics of
Trigonella foenum-graecum L. were investigated. Green synthesis is considered a sustainable, non-toxic,
and environmentally friendly approach due to its reliance on plant-derived bioactive compounds. X-ray
diffraction (XRD) and field emission scanning electron microscopy (FE-SEM) confirmed that the
synthesized nanoparticles had an approximate size of 40 nm. The experiment was conducted in a completely
randomized design with six ZnO-NPs concentration levels (0, 10, 20, 30, 40, and 50 mg/l) and three
replications. The results showed that nanoparticle concentration had no significant effect on shoot and root
fresh weight. The highest shoot dry weight was observed at 40 mg/l and 50 mg/l. Additionally, the greatest
shoot and root lengths were recorded at 30 mg/l, while the lowest values were found in the control group.
Chlorophyll a, b, and total chlorophyll content were highest in the control plants, and carotenoid content
showed no significant changes. The highest total protein content was recorded at 20 mg/l, while the highest
ascorbate peroxidase activity was observed at 10 mg/l. Catalase and peroxidase enzyme activities did not

show significant variations.

Keywords: Phytochemical compounds, Antioxidant activity, Ascorbate peroxidase and Oxidative

stress.
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Figure 1. XRD pattern of zinc oxide nanoparticles synthesized using Malva sylvestris (common mallow) flower extract
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Figure 4. Frequency distribution histogram of zinc oxide nanoparticle sizes
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Table 1. Analysis of variance and significance levels of zinc oxide nanoparticles’ effects on aerial part
indices of fenugreek plant

Olay yo (Sl
Mean Square Ol i 2slio
| Ky} -
Sul-‘l 5"°t|°Ij" Jt oo plail iz 59 &loo plail 5 59 @3l ax o S.0.V
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0.736 12.809 1216.669 48 o
Error
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*, and ns: indicate statistically significant differences at the 5% level, and non-significant

differences, respectively
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Table 2. Mean comparison of zinc oxide nanoparticles' effects on aerial part indices of fenugreek

(Trigonella foenum-graecum L.)

(€m) slsd pluil Job (M) olsb plail Sis 39 EARIHCA TS
Shoot Length (cm) Dry Weight (mg) Nanoparticle Concentration

4.61+0.79a 14.16 £ 3.63 ab 0

4.68+09a 12.42+3.65a 10

5.25+0.86 ab 13.61 = 3.81 ab 20

583+£0.63b 11.11+1.67a 30

5.27+0.84 ab 16.25+4.16 b 40

481+1.04a 16.23+3.95b 50

Jlisl s 55 1 b las o Slolins Slis 0y o (59, Sgliie Gy, aiily oo SD o Jaibil Glsuil 5 S5 ans il ol L ool
e (oo lis P<0.05)
Data represent mean values of three replicates + standard deviation (SD). Different lowercase letters

above columns indicate statistically significant differences between treatments at P < 0.05
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Table 3. Analysis of variance and significance levels of zinc oxide nanoparticles' effects on
root-related indices of fenugreek (7Trigonella foenum-graecum 1L.)
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Table 4. Mean comparison of zinc oxide nanoparticles’ effects on root-related indices of fenugreek
(Trigonella foenum-graecum L.)

Ay Job dla ) LS (339 ©l)dgil cdale
Root Length (cm) Dry Root Weight (mg) Nanoparticle Concentration
3.68+0.98 a 1.64+0.46 a 0
425+ 1.01 ab 2.85+0.98b 10
5.1+0980b 2.68+£0.53b 20
6.33+1.23¢ 2.72+0.63b 30
53+ 1.39bc 2.47+0.84 v 40
5.31 £ 1.06 bc 2.57+£093 b 50
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s o i P<0.05)

Data represent mean values of three replicates + standard deviation (SD). Different lowercase letters
above columns indicate statistically significant differences between treatments at P < 0.05
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Table 5. Analysis of variance and significance levels of zinc oxide nanoparticles' effects on
photosynthetic pigment concentrations in fenugreek (Trigonella foenum-graecum L.)

5 b ks b by, ks a g l5 R
Total Chlorophyll  Chlorophyllb  Chlorophyll a m .
(mg g-1 FW) (mg g-1 FW) (mg g-1 FW) Nanoparticle Concentration
4.62+049b 2.58+0.56b 2.04+£0.17d 0
2.17+024 a 1.04+£0.38a 1.12+02a 10
2.53+£0.18a 0.96 £0.08 a 1.56 £0.16 be 20
191+033a 0.62+0.07 a 1.28£0.26 ab 30
229+£025a 0.76 £0.05a 1.52 £0.26 bc 40
292+1.1a 1.2+095a 1.71+£0.16 cd 50

Jlisl o 50 1y bojlosd s lobine ciglds coygi ;o (59, Sgliie By, .ol oo SD o lailiwl Gl il 5 41,55 aw Kl Jolis ool
Qs e ks (P<0.05)

Data represent mean values of three replicates + standard deviation (SD). Different
lowercase letters above columns indicate statistically significant differences between treatments
at P<0.05

L o3y cdale 1 (59 dumnST Wil 343l i1
olis aldlis olS slo 155, 4 bgs e sl oLl },llﬂ 4 b o slaools ol s ds b yly Juloeigay joed Ll
Jedg kS ga Judg IS Jlade p ol )3l cdale 51 oz Gubb .l 436> Calitre (500355, 5 ol )35l clale S1aS aps oo
Aoy O maw 1o adsis S Jlade 5 ol dgl cdale Sl oog Hlolias (P<0.01) wojo ) mhaw jo JS° Ju8s,8 9 b

sl 0355 Joline (P<0.05)

Veomg/l bl s a Judgls il |y lade o it wald diged ;0 U5 L8905 9 b Ldg )5 ga L8g I jlake
215 6 Joline kS (55, ST 353 Calin slacdale 1o S g IS b Jubg 1S e ol L |, e 12 yieS
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Table 6. Mean comparison of the effects of zinc oxide nanoparticles on pigment concentration indices in
fenugreek (Trigonella foenum-graecum L.)

Slaspo (Sl
Mean Square O s golie
J5 kb5 Sigis,lS b Jss,ls a Jdy)ls &yl az o S.0.V
Total Chlorophyll Carotenoids Chlorophyll b Chlorophyll a d f'
(mg g-1 FW) (mg g-1 FW) (mg g-1 FW) (mg g-1 FW)
o34l clale
2.903 ** 0.009 ns 1.511 ** 0.309 ** 5 Nanoparticle
Concentration
0.290 0.036 0.231 0.044 12 ooyl L
Error

S sire iglds pae g duoyo N mhaws o o sme glel gl Sl ol 5 4 NS g e
** and ns: indicate statistically significant differences at the 1% level and non-significant differences, respectively.
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a3 g ol ST T lae 5T g U5 Jslomo (g Cale 4y by jo gloools 5l onalcussas iyl 4528 mlis
b ysSel Edlad e el 035 sloline (PLO.01) doyo \ gebans ;3 IS Jslome cyuing 2 Slydail i1 iz gabs a5
D b 5 S 5y 5 SIS (gl 2 lydail il 1 5 el 03gr loline (P<O.05) wsys O oo 1o ST

Lol 03405 loliae (P<0.05) oo,

Ol (5T Gl 5T (S Johono raTg LS 1 (539 wmaS T @39l ST 091 loline w9 (pilyyly 0525 -V Jgor
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Table 7. Analysis of variance and significance levels of zinc oxide nanoparticles' effects on total
soluble protein content and antioxidant enzymes in fenugreek (7Trigonella foenum-graecum L.)

Ola yo (ke

Mean Square
3Ty b ysSul o351 oS 2 3] Y 3l o= oo = "'J‘“’; (é)f‘“’
APX PX Catalase Toﬁiostgilgble 33! OV

(uUmg-1 protein) (uUmg-1 protein) (uUmg-1 protein) (mg g-1 FW) df

gl clale
1.157* 0.732" 0.212m 3001.21 * 5 Nanoparticle
Concentration
0.104 0.265 0.110 304.013 12 ool ez

o ire gles pac g o) Ve jo Yo ire (o)le] Wiglas Kl oS5 4 NS g ek

** and ns: indicate statistically significant differences at the 1% level and non-significant differences, respectively.
SLm 3T 5 JS Jolome (g p Clle @ borye o (oL 51 (59) ST Oly39iL ilio glacdald i1
| g~ |
S8l w3l cdled Jlade el Yo mE/l clale jo S Jolome (g p o o yidon abd o ylis Jgo sleesls
ol az gy B assS aes o plis |y cudled o xeS Fomg/l clale jo g cldled o i Ve mg/l clale s slaasTy,
5 5 casls bl 5y i, aile oLS Calisee slyml ol o (g9, duST O30 0 mE/l cdale o 3Tl clad
Jeds @y sl ol ilons 42,5 IS 4y (ZNO-NPS) (g5, 0T &l,36ib 3t sl o] 51 Lol (gloed ol 3 L ol yos cogue
Ja oS5 5 s alS Lol olyieas i e 45 Canl oS (sloo e 45 55 landyisd S 5 352y
lise oS 5 YF Slolis 4 e GC/MS S5 ) ooliwl L M. sylvestris oLS wilul 5JGT .(Husen, 2019) .aus
Bekhradian ) wog Jgud 5 JsS165 Jaing = P ecygid «Seitally dul o Stfgl ol ol uilial el jo LI S 5 o
L ZnO &l,356 odg sl ZnNO3 Sas b ol e Calotropis gigantea 3 s o,lac 5l waalllas S5 o (et al., 2024

Jacaranda oot3l sla S o1 ojlac 3l pizen (Vidya et al., 2013) o ooliiwl yioglb YO b Yo o (slojladl
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Xu) g o0 Z00 )36 LS5 5 630 lags (RolS czge 5 03,8 Jos 0aials Jelse (lsreay anl b cnl jo (LS
5y ily g FE-SEM) ivg, $9,Sl 0sfwg ,Sae aiile ol SiSS «l )39l ol obaasin ol p (et al., 2021
S (Husen, 2019) w,ls 285 by ] oS5 5 I ,S sl (S w03l eesd o a5 Wil ssliceas] (XRD) (oS!
3995 53, s Ko ol yos 45 5 iy oS S 0yl b suiadys ZNO &34 o5lasl FE-SEM 5 XRD gl ol
o1 39k e 3w 1 |, Hibiscus sabdariffa J5 o lac cilises slacilale 156 a5 gl asdlae ;5 .59 el F-
oslitul D136 w1 59y Sl e Olsied (59; Sl 0ged (b)) oh Olite (GBS 598 4525 (sl (55,
oads i oole a5 ols yLas XRD jJUT .izd) IS &y sasScanis g oaunls sl fule olsicas ol lame )0 boo,lac .o
O350 ma395 o3lail 5 009y yuriie coalioslainl o lac 4wty Zn0 13450 (65998 ,90 il 2l il 5,6k 5B (sl
05,5 Jos 2LS slaosS lgreas ailys 0 ZnO &l 3456 (Soto-Robles et al., 2019) =i ,5 )13 gl ¥e G A o5l o
5o ablas gl ) failus as ols lias Gaaos ol amls e )8 ol s j0 oals ;S Ojgeds 1) (gdie Slge g
5 lem plail Jsb il iy ool ol 3 Luilices 1) olS wi, g lolis jsboay ZNO-NPs cilise claclalé
5 ohete «8h Gl 5 lee el g Aty SaS 55 S s il esalie g e e S e Ve 2dale o ey
Yo cdile 0 Zn0 o356 5,08 g o5, lasdliae 15 wiad o id 1o o5 e B0 5 Fr claclile (5 a5 SlaLS
5 ZnO-NPs = L5 4y jol ol (Dhoke et al., 2013) o olS Slse (ido g 00g5can ) ili8l cge o 10 6,5 Lo
98 Judg S Jlade caxlllas ol jo (Elsherif ef al., 2023) 598 co 00ls Cans (g9, pais Ciz Sgupy 5 50 diwgy 4 S9i
bl okS » Z00 Sl3gl jlers 500 sl addllas jo il 1) jlade o i vald aiged ;0 JS k39,15 5 b L8 1S
a2 o GhalS 1) (g tmgtd glooSi; Gliee g 00l b A sladidy IS glyime (alS 4 zeie YU lacdile a5 ols L
@ alwly Hobas ZNO-NPs L jles a5 ad jaseine 55,8455 (53, 5,500 Liwgh ,o (Chemingui et al., 2019)
Exdge (nl &5 wad oo a5 1) (syiwgid L5 g ool 2alS ) Jug)lS (i 03,5 o | a8le g a0 odale
o o b3elS olS s sualonl lalllas yo (Wang ef al., 2018) ool Jubo IS 3 b b o glany) ol (ils 51 L5k
Cas g25lamnST o sl g (5enST Jad sladis ags 2ali8l 4 oS ol L8915 5 ey (slyms (halS s ZNO-NPs

>g0 ZNO-NPs clale ol a5 al jaseine puiS (55, (sidoh 4o o yizmen (Hashemi et al., 2019) ol ools
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Liols (Ram ef al., 2007) ui oomlive 2als () 1o o5 oo 00 5 F+) VL clacdale o Lol vl Liglsdl S
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Table 8. Mean comparison of zinc oxide nanoparticles' effects on total soluble protein content and
antioxidant enzyme activities in fenugreek (7rigonella foenum-graecum L.)

HoansTy Ol eSwl o 351 J5oean Olydaili cdilé
APX . Total Protein Nanoparticles Concentration

(nUmg-1 protein) (mg g-1 FW)

1.44 £0.05 be 94.87+0.17 a 0
2.43+0.064 914+16.81a 10
1.10 £ 0.30 ab 154 +£9.88b 20
1.32£0.71 be 89.42+32.86a 30
0.65+0.05a 61.09+593, 40
1.88 £0.08 cd 769+ 18.12a 50

o 50 1yl les o lolins glis coygim 12 (53, Doliie gy ol co SD s lasbi] Bl ol o 1S5 dw uSilos Jols baosls
s e olis (P<0.05) Jlos!
The data represent the mean of three replicates + standard deviation (SD). Different letters above
each column indicate significant differences between treatments at the probability level (P<0.05).
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