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Abstract

In the present study, the biochemical responses and antioxidant enzyme activities of the
unicellular green alga Dunaliella salina were investigated following exposure to
phytosynthesized silver nanoparticles synthesized using aqueous extracts of German chamomile
(Matricaria chamomilla) leaves and flowers. Algal cultures grown in 1.5 M NaCl and harvested
during the exponential growth phase were exposed to 0, 5, 15, and 25 picomolar (pM)
concentrations of silver nanoparticles. Cell number, reducing sugars, non-reducing sugars, and
starch content either increased or remained unchanged following exposure to 5 pM silver
nanoparticles. However, at higher nanoparticle concentrations, cell number and soluble sugar
contents decreased markedly. In addition, the contents of chlorophyll, B-carotene, starch, proteins,
and amino acids, as well as the activities of catalase and ascorbate peroxidase, declined
significantly at all nanoparticle concentrations, whereas cell fresh weight increased. These results
indicate that silver nanoparticle-induced stress in algal cells is tolerated through changes in carbon
partitioning rather than through enhanced antioxidant enzyme activity or [-carotene
accumulation. Therefore, tolerance of D. salina to silver nanoparticles appears to be associated
with physiological and metabolic reprogramming, particularly through the redistribution of
carbon toward alternative metabolic pathways, such as glycerol and lipid accumulation, which
may contribute to nanoparticle tolerance.
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Introduction

Silver nanoparticles (AgNPs) are among the most extensively utilized engineered nanomaterials because of
their unique physicochemical properties and broad applications in medicine, agriculture, environmental
remediation, and industrial processes. The increasing release of these nanoparticles into aquatic environments
has raised concerns regarding their potential impacts on aquatic organisms, particularly primary producers
such as microalgae. Microalgae constitute the foundation of aquatic food webs and play a vital role in global
carbon cycling. Therefore, understanding their physiological and biochemical responses to nanoparticle
exposure is essential for evaluating the ecological consequences of nanomaterial contamination.

Dunaliella salina is a unicellular halotolerant green microalga widely recognized as a model organism for
investigating stress physiology, carotenoid biosynthesis, and metabolic adaptation. The remarkable ability of
this microalga to survive under extreme environmental conditions makes it a valuable system for studying
cellular responses to abiotic stress factors. In recent years, increasing attention has been directed toward
understanding how nanoparticles influence the metabolism and stress-response mechanisms of D. salina. The
present study aimed to investigate the metabolic and biochemical responses of D. salina exposed to
phytosynthesized silver nanoparticles produced using aqueous extracts of German chamomile (Matricaria
chamomilla).

Materials and methods

Silver nanoparticles were synthesized biologically and characterized using UV—Visible spectroscopy and
transmission electron microscopy. The synthesized nanoparticles exhibited a characteristic surface plasmon
resonance peak at approximately 410 nm and were predominantly spherical with an average particle size of
approximately 13 nm. Exponentially growing cultures of D. salina were exposed to different concentrations
of silver nanoparticles (0, 5, 15, and 25 pM). After 48 h of treatment, various physiological and biochemical
parameters were evaluated, including cell number, fresh biomass, photosynthetic pigments, soluble sugars,
starch, proteins, free amino acids, and antioxidant enzyme activities.

Results and discussion

The results revealed that exposure to silver nanoparticles significantly influenced algal growth and metabolism.
Cell number decreased progressively with increasing nanoparticle concentration, particularly at 15 and 25 pM.
This reduction suggests that silver nanoparticles negatively affect cell division and cellular proliferation. In
contrast, fresh biomass increased significantly under nanoparticle treatments, indicating that nanoparticle
exposure induced substantial physiological and metabolic modifications. The observed inverse relationship
between cell number and fresh biomass suggests that factors other than cell proliferation contribute to biomass
accumulation under nanoparticle stress. Photosynthetic pigments were highly sensitive to nanoparticle
treatment. Chlorophyll a, chlorophyll b, total chlorophyll, and B-carotene contents decreased significantly at
higher nanoparticle concentrations. The reduction in chlorophyll content indicates impairment of the
photosynthetic apparatus and decreased photosynthetic efficiency. Moreover, the decline in B-carotene
accumulation suggests a reduction in photoprotective capacity because [-carotene functions as a major
antioxidant pigment in Dunaliella species. The decrease in the B-carotene-to-total chlorophyll ratio further
confirms the greater sensitivity of carotenoid metabolism to nanoparticle-induced stress.

Silver nanoparticles also altered carbon metabolism. Low nanoparticle concentration (5 pM) stimulated the
accumulation of soluble sugars, whereas higher concentrations significantly reduced reducing sugars, non-
reducing sugars, total soluble sugars, and starch content. These findings indicate that silver nanoparticles affect
carbon allocation and storage metabolism. The observed decline in carbohydrate reserves at elevated
nanoparticle concentrations suggests that carbon resources may be redirected toward alternative metabolic
pathways involved in stress adaptation and cellular protection. Protein metabolism was similarly affected. Both
total protein and soluble protein contents decreased substantially in nanoparticle-treated cells. Total free amino
acids exhibited relatively minor changes, suggesting alterations in protein turnover and amino acid
homeostasis. The reduction in protein content may result from enhanced proteolytic activity, decreased protein
synthesis, or both. These responses indicate extensive metabolic reorganization under nanoparticle stress
conditions.

Antioxidant enzyme activities also declined significantly following silver nanoparticle treatment. Catalase and
ascorbate peroxidase activities were markedly reduced, especially at higher nanoparticle concentrations. These
observations suggest that tolerance to silver nanoparticles is not associated with enhanced antioxidant enzyme
activity. Instead, nanoparticle exposure appears to impair antioxidant defense systems, thereby increasing
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susceptibility to oxidative damage. Collectively, the results demonstrate that silver nanoparticles induce
extensive metabolic disturbances in D. salina. The simultaneous reduction of photosynthetic pigments,
carbohydrates, proteins, amino acids, and antioxidant enzyme activities indicates that nanoparticle exposure
imposes substantial physiological stress. Nevertheless, the increase in fresh biomass suggests the activation of
alternative adaptive mechanisms. The findings support the hypothesis that tolerance to silver nanoparticles is
achieved primarily through changes in carbon partitioning and metabolic reprogramming rather than through
increased antioxidant enzyme activity or carotenoid accumulation.

Conclusion

In conclusion, phytosynthesized silver nanoparticles significantly affect the physiological and metabolic
characteristics of Dunaliella salina. The observed responses emphasize the importance of nanoparticle
properties in determining biological outcomes and highlight the complexity of nanoparticle—microalga
interactions. These findings contribute to a better understanding of the ecological implications of silver
nanoparticle contamination and provide valuable insights into stress-adaptation mechanisms in microalgae.
Future studies should focus on identifying the specific metabolic pathways involved in carbon reallocation and
evaluating long-term responses to nanoparticle exposure under environmentally relevant conditions.
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Figure 1- Color change (A), Absorption spectrum (B), Transmission electron microscope image (C) and particle size distribution (D)
of synthesized AgNPs by combining 1 mM silver nitrate (AgNO3) solution and the aqueous extract of leaves and flowers of German
chamomile (Matricaria comomilla) at a ratio of 1: 2 (v/v) at room temperature.
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Figure 2- Changes in number (A) and fresh weight (B) of
Dunaliella salina cells treated with different concentrations of
phytosynthesized AgNPs are shown after 48 h. Columns are
mean + SD of three separate measurements. Statistically
significant changes between different treatments at P < 0.05
were determined using Duncan’s test and indicated by
different letters.
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Figure 3- Changes in the content of Chl a (A), Chl b (B), total Chl (C), Chl a/b (D), B-carotene (E), and the ratio of B-carotene to total
Chl (F) in Dunaliella salina cells treated with different concentrations of AgNPs after 48 h. Results are the mean + SD of three separate
experiments. Different letters show significant changes between different treatments at P < 0.05 based on Duncan’s test.
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Figure 4- Changes in the levels of soluble protein (A), total
protein (B) and total free amino acids (C) of Dunaliella salina
cells treated with different concentrations of AgNPs after 48
h. Data were expressed as the mean + SD of three independent
measurements. Different letters indicate significant changes

between different treatments at P < 0.05 based on Duncan’s
test.
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Figure 5- Changes in reducing sugars, RS (A), non-reducing sugars, NRS (B), total soluble sugars, TSS (C), RS/NRS ratio (D), and
starch (E) contents of Dunaliella salina cells treated with different concentrations of AgNPs after 48 h. Values are the mean = SD of
three independent experiments. Different letters indicate statistically significant changes at P < 0.05 with Duncan’s test.



\F 0 LM}M&HEJM‘ﬁNJuL@fﬁJC}b

ool 0530 ST ez 4 ST b ST
o ob T 5l Jla! oyl dal o2 (Hiner et al., 2000)
LS O3 g6 b Dunaliella s\ad g o oS 5 42
CBE L i Dk weSTy SRR e
OIS BT (Sl 5T s b Sl ol ok )3 50
S0 5b4 el 3Lne Wl SISy by ST 5 VB
oA b 5T ol e (D350 ke L S
ol rores (Bamary et al, 2025) ool asl
o 1 S Gl 4 SL3gL ol
S 3T 5 Cailas ol 5 (ST ST slac Il
ool 93 Kl 58 Dy eb il slae s OIS ST

.(Agathokleous et al., 2019) Wib s>

A
400 - a
300 T
- T
Z b
fl b
53200 1 b
2% T T
g
3= 100 T L T
£
£
0
5 15 25
B
25 - _l_
b
~20
2 l b
2 I
;—é Eﬂ 15 1 T T
g c 1
XE 10 4
<3 -
0
0 5 15 25

AgNPs concentration (pM)

SIS b,y ST 5 (A) VB Gl 5T b )3 Sl ks -# S
Slyd et Calizes glabale b ol jlo Dunaliella salina s sl (B)
Sl Ol il S0l oy g s Lnosls sl FA 1 o 0,5
I3 ime Sl ois edins OLES o gline Lo g o s Oly e (5,5 0310
OS5 0 g05T ol 2P < 0.05 (6l snn o 53 ki (slaslad

[EVLIY

Figure 6- Changes in catalase, CAT (A) and ascorbate peroxidase,
APX (B) activities of Dunaliella salina cells treated with different
concentrations of AgNPs after 48 h. Values are the mean = SD of three
independent experiments. Different letters indicate statistically
significant changes at P < 0.05 with Duncan’s test.
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Table 1- Comparison of biochemical and metabolic responses of Dunaliella salina algae cells to silver nanoparticles synthesized with
two plants, bitter melon, Momordica charantia (Bahador et al., 2019) and German chamomile, Matricaria comomilla (present study).
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