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Abstract

Centella asiatica L. is a valuable medicinal plant species whose growth and physiological
responses are highly influenced by nutritional and environmental factors. This study aimed to
investigate the effects of foliar-applied zinc oxide nanoparticles (ZnO-NPs) and compare them
with those of zinc sulfate (ZnSQO4) on the growth, physiological, and biochemical traits of C.
asiatica. Treatments were applied as foliar sprays at concentrations of 250, 500, and 1000 mg L-
1 every three days for two weeks. The results indicated that both zinc sources at 250 and 500 mg
L significantly enhanced plant growth (runner length and leaf area), increased photosynthetic
pigments, and improved relative water content. The highest accumulation of phenolic
compounds, flavonoids, anthocyanins, and the greatest antioxidant enzyme activities (catalase
and peroxidase) were observed in plants treated with 1000 mg L ZnO-NPs, suggesting a
defensive response to nanoparticle-induced stress. Overall, ZnO-NP treatments demonstrated
superior performance compared to ZnSQO, in many parameters. These findings indicated that
foliar application of ZnO-NPs at optimal concentrations could be an effective strategy to
enhance the production of bioactive compounds in medicinal plants such as C. asiatica.
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Introduction

Centella asiatica (L.) is a medicinal herb producing valuable secondary metabolites, particularly
triterpenoids such as asiaticoside and madecassoside, which exhibit antioxidant, anti-inflammatory, and
antitumor properties (Gray et al., 2018; Roy & Awasthi, 2017). Enhancing the yield and biochemical quality
of this species through sustainable agronomic strategies has become a research priority (Harakotr et al.,
2024). Zinc plays a central role in chlorophyll biosynthesis, cellular metabolism, and enzyme activation
(Faizan et al., 2021). Still, conventional zinc fertilizers often show limited efficiency due to low leaf
penetration and restricted bioavailability. Zinc oxide nanoparticles (ZnO-NPs) have gained attention for their
higher surface area, controlled ion release, and greater elicitation potential compared with traditional zinc
salts (Davarpanah et al., 2016). These characteristics may enhance plant growth and induce bioactive
compound accumulation by promoting moderate ROS production and activating defence pathways (Hatami
et al., 2019). Despite numerous studies on the effects of ZnO-NPs on various crops, their influence on C.
asiatica remains poorly understood, and direct comparisons with zinc sulfate (ZnSQO,) are lacking. This study
aimed to evaluate and compare the effects of foliar-applied ZnO-NPs and ZnSO4 on key morphological,
physiological, and biochemical traits of C. asiatica.

Materials and Methods

Uniform seedlings of C. asiatica were obtained from the Cell Fanavar Daru Company and cultivated under
controlled conditions (18-26 °C, natural daylight) in one-kilogram pots filled with a mixture of peat moss,
cocopeat, and perlite. The plants were maintained in a greenhouse at Bu-Ali Sina University. Plants were
irrigated daily to maintain optimal substrate moisture. Foliar treatments were initiated ten days after
transplantation. Zinc oxide nanoparticles (10-30 nm, 99% purity) and zinc sulphate (ZnSO4- 7H20) were
applied at 250, 500, and 1000 mg L™, based on previous studies (Zafar et al., 2016; Strekalovskaya et al.,
2024). Solutions were homogenized ultrasonically before application. Plants received 10 mL of each
treatment solution per pot every three days for two weeks, with distilled water as the control. Three fully
expanded leaves were collected per treatment (three replicates) three days post-treatment.

Morphological traits (leaf area, runner length), relative water content (RWC) (Arndt et al., 2015), and
electrolyte leakage (Shiferaw & Baker, 1996) were measured. Photosynthetic pigments were extracted and
guantified spectrophotometrically (Lichtenthaler, 1987). Total phenolics (Plessi et al., 2007), flavonoids
(Chang et al., 2002), and anthocyanins (\Wagner, 1979) were measured colorimetrically. Catalase (Beers &
Sizer, 1952) and peroxidase (Herzog & Fahimi, 1976) activities were measured in enzyme extracts. Total
protein was determined using the Bradford method (Bradford, 1976). Data were analyzed using factorial
CRD with Duncan's test at p < 0.05.

Results and Discussion

Foliar zinc application significantly influenced all measured traits in C. asiatica, with responses dependent
on concentration and zinc source. Both ZnO-NPs and ZnSO, at 250 and 500 mg L™ enhanced leaf area and
runner length, indicating improved cellular expansion and nutrient assimilation (Ahmed et al., 2023). Growth
improvement coincided with increased RWC and reduced electrolyte leakage, particularly under ZnO-NP
treatments, suggesting enhanced membrane stability and water retention (Al-Selwey et al., 2023). At 1000
mg L, growth declined, and electrolyte leakage increased, reflecting stress from excessive Zn exposure
(Ahmed et al., 2023).

Photosynthetic pigments peaked at 500 mg L'* ZnO-NPs, highlighting superior nanoparticle efficiency in
promoting chlorophyll biosynthesis (Rossi et al., 2019). Zinc affects carbonic anhydrase activity, facilitating
the diffusion of CO, to carboxylation sites (Pullagurala et al., 2018). A concentration of 1000 mg L from
both sources led to pigment degradation, likely due to increased H»O. production, enhanced lipid
peroxidation, and reduced pigment biosynthesis (Ruiz-Torres et al., 2021; Garcia et al., 2017).

Secondary metabolites (phenolics, flavonoids, anthocyanins) increased markedly at high ZnO-NP
concentrations (1000 mg L), confirming the nanoparticles' role as elicitors of secondary metabolism. ZnO-
NPs induce controlled ROS levels, activating defence pathways that lead to metabolite accumulation.
Nanoparticles show higher transport potential and bioavailability, enabling interactions with intracellular
structures that stimulate ROS formation (Mahendra et al., 2008).
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Antioxidant enzymes (CAT, POD) increased sharply at 1000 mg L™ ZnO-NPs, supporting stress-induced
ROS-scavenging activation (Tirani et al., 2019). Since catalase and peroxidase activities are induced by H20>
(Gechev et al., 2002), nanoparticle treatments were perceived as stress inducers, increasing enzyme activity
to protect against ROS. High ZnSO, concentrations were associated with lower enzymatic activity, possibly
due to cellular damage or regulatory disruption. Protein content decreased under ZnSQO, treatment, whereas
no such reduction was observed with ZnO-NPs.

Conclusion

This study demonstrates that foliar application of ZnO-NP at optimal concentrations (250-500 mg L™)
significantly enhances growth, water status, membrane stability, pigment accumulation, and secondary
metabolite production in C. asiatica. A high concentration (1000 mg L™?) induced oxidative stress, as
evidenced by reduced pigment levels and elevated antioxidant enzyme activity, underscoring the importance
of dose management. Compared with ZnSO4, ZnO-NPs showed superior performance, confirming their
potential as efficient and sustainable tools for improving the physiological and medicinal quality of C.
asiatica. These findings support the use of nano-enabled micronutrient delivery systems in medicinal plant
cultivation.
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Figure 1- Characterization of ZnO nanoparticles using different techniques. A: Transmission electron microscopy (TEM) image of
ZnO nanoparticles showing spherical morphology with an average size of approximately 10-30 nm. B: Scanning electron
microscopy (SEM) image of ZnO nanoparticles illustrating surface morphology and particle shape. C: X-ray diffraction (XRD)

pattern of ZnO nanoparticles.

29 ds St dald Olge 4 ZNSOs I elin Chls
Sl Sles Jslos 5 2l o Vo Olse ol 2 (55,
5 eslizal (535 655 a3l e dald e 53 S
A2 (6 el QLS (555 e OT Jgloes g5
350t g e Sl S G L5 AL s
S S e sl s el mia g3 Sde 4 LS
sl Jlesl 51 i 0T Il 5 ZNnO-NPs o
S5l e Ml 5 gl gl 63 oS L n gl
&Sy aw OIS a5l o AT 5 ey S d i
sl Jdoui 5 425 lp LS 4w 53 JL Ol
Slio ol L) byled SE n e Al
E e 5 Gaile) Sl dsb dile lbcs,
S o Sl a6, 051 (0 20 5L)
FW) 5 05 14z JRWC (%)] &5 53 T (oo (5 550

ol o8 5 SlS 5 Gl Sb ey e

3 gmer sadlg «(Centella asiatica L.) olasoT
33 BAE ol e Ad g by als Jshe oS8
S e sl 5 p S S S S b L ol
2 s sl Sy s S Sl oyl S
WP gl s Lw Jo gy oKils s, <SS
ST hds S b o5 ens 5 315 Sl
Sl Sy e3 Sl day gl plail il gy O pe 4 Lol
e 4 QLS ls iy BS54 adlg S
(B Sla sy el s el (5 (B sl
N s p Sl A 93 08 a0 0 5 YO Glac il
A3 e S ke Ve chile 5 ZNO-NP oiS'eS o
Zafar et ) s Ol Jlat i Ol ST gLl sl
oeexen .(al., 2016; Strekalovskaya et al., 2024



VEF coler 5 Coat ol Byl oatis b S s psle

\a4

208 e el s e 35S 3 Ikl gt baw

.(Chang et al., 2002) .2 Ol & ya5 5 039 (’Jf

55 e K ol (wef ) il T e (gl
Job 53 b g Oodor Ol ks (6,10 361 sles
AN joghs Sl Ly gasl 00 e
IS el T Hlaze 5 (Wagner, 1979)

A alome 3 055 0,8 55 J g ke

by &8 3L 51 5N 5T 2l sl S
JL T [ W ORI E I Y ;J.wo)ua);@u 059y
4 g 0953l dsed 4 (PHEY OV +/0) e Sl
03 B33 ¢ s E 055 pen G (G5 4R53 V0 Dol
4 oaads 53 9> \Worr e b pladledy s Sl
SN Slp s e s s sk Sle a5 Y S
p eslial 35 s n Slgmee 5 b T Sl
s g

Beers & s, 5l VG ﬁ;T GO | PRSP Sl
@ gad g b Ol s S g b oslanal Sizer (1952)
G Al ja) diSs Y Sde 4 e sl YF Cydﬂéﬁ
4525 ol SVBIS 0 5T b s plonil (0l
e Sk 2 Gl 4 aids 53 Hz Oz Jses Soo )
b S 3l s

33 3 IS 5T I e g s
oda (e A sl Herzog & Fahimi (1976)
Yooa)aids ¥ Sl 4 e gl PV C}ﬁd}bjbd}lm
dly 6w (o, S el (DUl L oK At
Al 4 JIE s anST Bl b Jsbee jlanST
Slme Gromir Sl i) oD 2y 5550 0 8 e
e i oslewal Bradford, 1976 54, 51 ST g
03 oAb ekl e gl 080 = ge Jsb s badised e
oo Sl pote b g JST 8 Sl Il
2 eSS bl s ale (BSA) (558 e sdT

A IS 5O (vf

bl & Sode ) 4505 2 e 5 (5,5 03101 Lo ga
AT S GBI slos 3 5 Jsame 55 53 shie OT
a based TW) bl s 055 (bl 5l e s
b bages (DW) st 055 cpn slp el S
5 S 58 sl ar s #0 gles 53 Cola VY S
Arndt et ) s acwlws RWC (%) «Culg s .50s 0
.al., 2015
Vx1) S sleeSas clie ol o ol
o3l 13 o5y OT 55 Cele YF Sl 4 (2o Sl
i 6, S 05Iul e EC Law g adyl olloy uw Aidd
a3 VWY Gl 5o bdses 055 M1 51 e
5 oalnl olg obley @ids Yo Se 4 3l § sl
Shiferaw & Baker, ) wé awloes &5 S i oy
5 B Gl i Cer pmes (1996
05 .4& eslawul Lichtenthaler (1987) iy, 51 us 45,8
Segb BV 5 8FF SHY Jb s s ol Sulg
Perkin  Ju. UV-Visible e s :SKonl o&ins Law g
05 2 oS ke o LOT Chile 5 ol Elmer

S ) gl Al s LS 05l 2l 51 p 8 o
Jgle pdden 88 5 6SHu IS el 2 e V)
dlﬁﬁng\fJﬁab-o)Laﬁ)‘)MulﬁwT(Ua)b-
s oslimal LS s sl 5T 5 A5 5926 S J
Gy SN JS E SLS 5 Ol S el
Cdem Ol e Culg 5o 5 Ad eslazul Plessi et al. (2007)
oBaws Loy sl VIO zye Jsb 3 ad gl
S LS5 S e 5 48 (5 eIl e g5 Sl
5 demnlons SIE sl 3,18l e elal
s SF wes F 05508 A sl ap S e
b eSSy iy S oS WS e S,
53 LOT Ol (ol 53 5 b eslizal (a}::.:UST L8

JS s Hlie il odkil e 5l FAD £ se b



YA OLan 5 coslzn St 4T /o olasdgn 5 K550 8 ety Slio Ly gy O gw 5 63, 1S 550 5T

Ao e Sk Ve 500 4 B (I oy
o 5 byl e S 4 e
32ZNS0O4 Calizes b Lle J1 s (655 gae O l&
05 ke 0+ [l Ll s salin i1, Jsb » ZNO-NP
Iy Ly o b e Sle YV 5 Kle L ZNO-NP 2J s
Chle 3 gy ol bl Ol bl ple 4 S

VYY) s Jsb s e 5 BB el 8 e Ve
s adalie (e Sla

cle gl Ko s, sl Ol mls
Ly Rl 5 olS (sl 5L 35 gm die 1 ge (g 5LaslT
Ahmed et al. (2023) .(Khanm, 2018) .il 3
o5 5 &, che 5 Sy Pl S LS 31
Hidsb 6 Co s BB sk 4 (S pe S
ol opomes A S 15 ZNO-NP 5 Zn slas,S
Aals b anglie s puE gLyl rll 4 mte S350
.(Munir et al., 2018) .

B s foysSB alesT e O 4 b il 3T
Lo mls Ll el SISSY s slas ulS r
b Sils aglin 5 (/F ) SAS (LT LIl 5
o Jleal a5 oSl glamls ki 4037 Law g
M(bu\ Loy

:&-7:35@[:3

SELOT ols™ (Sl g6 i gl
«slize glacbale ;5ZnS0s 5 ZNO-NP 5 5,8
oS s gﬁ@éﬂﬁf‘)d}bf.ﬁf JE 2t
Glsles o 5 (0 Jads) syls SinoT sl
r At ZNS0s 2 53 08 o Y04 s cotidles!
ol W) Sl asls &8y o 5 15 e 30
ol sl b sola gme sl 5leT i 51 a7 (o
sl ZnSOs CLke il b gy cpl bosls Ol
g 3 b edalie Chile 4 s sbe 5 plan
YO+ Hls s 3 Shes o 2 calin Oy s 4 ZNO-NP

2l b e o Sle VO) A odalie 2 55 p 5 e

Table 1- Comparison of the mean effects of different concentrations of zinc sulfate and zinc oxide nanoparticles on leaf area and
runner length in Centella asiatica.

Runner lengthcm) Leaf Area cm?) Treatment
ZNnSo,
27.50% 121.3° 250 mg/L
32.332 98.7° 500 mg/L
29.66° 59.7f 1000 mg/L
Control
30.66° 88.0° ZnO-NP
30.66° 75.0¢ 250 mg/L
37.00% 58.29 500 mg/L
23.33° 63.2° 1000 mg/L
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Means within each treatment group followed by at least one common letter are not significantly different at the 5% probability level

according to Duncan’s multiple range test.
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Table 2— Comparison of the mean effects of different concentrations of zinc sulfate and zinc oxide nanoparticles on relative water
content and electrolyte leakage in Centella asiatica.

Relative Water

Electrolyte Leakage (%0) Treatment
Content (%)
ZnSo,
11.96% 71.58% 250 mg/L
10.84¢ 55.97% 500 mg/L
17.772 63.56% 1000 mg/L
Control
10.80¢ 67.29% ZnO-NP
13.45 45.11° 250 mg/L
14.52° 66.49% 500 mg/L
13.26" 71722 1000 mg/L
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Means within each treatment group followed by at least one common letter are not significantly different at the 5% probability level

according to Duncan’s multiple range test.
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Table 3— Comparison of the mean effects of different concentrations of zinc sulfate and zinc oxide nanoparticles on photosynthetic
pigments of Centella asiatica.

Total

Carotenoids mg.g*)Chlorophyll b Chlorophyll a
mg.g FW) Chlorophyll W ma.g FW Treatment
' mg.g™ FW) ¢ '

ZNnSo,4
3.95° 0.78¢ 0.43° 0.34¢ 250 mg/L
4.09° 1.05° 0.61° 0.43° 500 mg/L
3.40° 0.51° 0.16¢ 0.34°¢ 1000 mg/L

Control
4.06° 0.54 0.17¢ 0.37° S ONP
4.10° 0.89°¢ 0.47°¢ 0.42° 250 mg/L
4.86° 1.18% 0.68° 0.50? 500 mg/L
2.68¢ 0.40f 0.100¢ 0.30¢ 1000 mg/L
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Means within each treatment group followed by at least one common letter are not significantly different at the 5% probability level
according to Duncan’s multiple range test.
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Table 4 —Comparison of the mean effects of different concentrations of zinc sulfate and zinc oxide nanoparticles on phenolic,
flavonoid, and anthocyanin content of Centella asiatica.

Anthocyanin Flavonoid Phenol
(mg.gLFW) Mg.gtFW) mg.gtFW) Treatment
ZNnS0,4
7.27° 50.90° 36.7% 250 mg/L
7.23° 80.29 33.0° 500 mg/L
3.744 80.58° 29.1° 1000 mg/L
Control
4.26¢ 48.42° 25.0° ZnO-NP
5.76° 60.50° 32.5° 250 mg/L
7.85b 75.90 423 500 mg/L
9.16% 81.02 50.5a 1000 mg/L
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Means within each treatment group followed by at least one common letter are not significantly different at the 5% probability level

according to Duncan’s multiple range test.
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Table 5— Comparison of the mean effects of different concentrations of zinc sulfate and zinc oxide nanoparticles on antioxidant
enzyme activity and total protein content in Centella asiatica.

Total Protein Peroxidase

Catalase

umol. g FW) (U/mg* protein) U/ mg* protein) Treatment
ZnSo,
0.043° 0.03° 38.5% 250 mg/L
0.040° 0.28% 31.1° 500 mg/L
0.056%® 0.01¢ 19.6°¢ 1000 mg/L
Control
0.0GSa O.l4bc 2075
ZnO-NP
0.048%® 0.24° 27.4° 250 mg/L
0.057%® 0.26° 37.8° 500 mg/L
0.043° 0.33% 44,22 1000 mg/L
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Means within each treatment group followed by at least one common letter are not significantly different at the 5% probability level

according to Duncan’s multiple range test.
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