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Abstract

Due to widespread use of silver nanoparticles (AgNPs), the assessment of their potential
harm to microalgal photosynthesis is crucial, as microalgae, together with cyanobacteria,
contribute to approximately 50% of global oxygen production. This study investigated pho-
tosynthetic pigments, photosynthetic rate, chlorophyll a fluorescence, and the expression of
photosynthesis-related genes and proteins in green alga Chlorella vulgaris after 72 h exposure
to citrate- and cetyltrimethylammonium bromide (CTAB)-stabilized AgNPs, as well as
silver ions (AgNOs), at concentrations allowing 75% cell survival (ECys). All treatments
impaired photosynthetic performance. The most pronounced decreases in chlorophyll
fluorescence parameters and photosynthetic rate, alongside elevated energy dissipation,
were observed after exposure to AgNP-CTAB and AgNO3;. AgNP-citrate had milder effects
and induced compensatory responses, reflected in an increased performance index and
upregulation of photosynthesis-related proteins. AgNP-CTAB induced the strongest down-
regulation of gene and protein expression, likely due to its higher ECp5 concentration and
cationic surface promoting interaction with photosynthetic structures. Although AgNO3
caused fewer molecular changes, it significantly disrupted photosynthetic function, sug-
gesting a direct effect of Ag* ions on photosynthesis-related proteins. Overall, the results
highlight the role of AgNPs’ surface coatings and dosage in determining their phytotoxicity,
with photosystem disruption and oxidative stress emerging as key mechanisms of action.

Keywords: silver nanoparticle coating; chlorophyll fluorescence; proteomics; 2-D
electrophoresis; mass spectrometry; gene expression; qPCR

1. Introduction

Silver nanoparticles (AgNPs) are one of the most commonly used classes of nanomate-
rials. The global annual production of AgNPs is estimated to be around 500 tons, and the
associated market value is estimated to increase from USD 1 billion in 2022 to USD 3 billion
in 2024 [1]. Their broad-spectrum antimicrobial activity, particularly against antibiotic-
resistant bacterial strains, underpins their wide application in biomedical fields. Moreover,
AgNPs have demonstrated synergistic interactions with certain antibiotics, enhancing
their therapeutic efficacy [2,3]. In addition to antimicrobial applications, AgNPs exhibit
remarkable anticancer and antidiabetic properties and are currently being investigated for
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their potential in targeted drug delivery [4]. Due to their relatively low toxicity compared to
conventional bactericidal agents, AgNPs are also used in a variety of commercial products,
including textiles, disinfectants, and water purification systems [5].

A key property of AgNPs is their high reactivity, which results from their large
surface-to-volume ratio. However, this reactivity also contributes to their physicochemical
instability, which makes them susceptible to agglomeration, shape change, crystalliza-
tion, and a variety of surface chemical reactions [6,7]. To increase the stability of AgNPs
while maintaining their functional properties, surface modifications with steric or elec-
trostatic stabilizers are commonly employed in their synthesis [8]. Steric stabilizers, such
as polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG), adsorb on the surface of
the nanoparticles and form a physical barrier that prevents interactions between particles
and aggregation [9]. In contrast, electrostatic stabilizers, such as citrate, cetyltrimethylam-
monium bromide (CTAB), sodium dodecyl sulphate (SDS), and polyethylenimine (PEI),
impart a surface charge that causes electrostatic repulsion between the particles and thus in-
creases dispersion stability [10,11]. The type of coating determines the surface charge of the
nanoparticles, which can be either negative or positive; for example, citrate-functionalized
AgNPs exhibit a negative surface charge, while CTAB-coated AgNPs acquire a positive
charge. These surface charges not only prevent agglomeration but also modulate the inter-
actions of AgNPs with biological systems and environmental matrices, which ultimately
affects their bioavailability, reactivity, and potential toxicological effects [12].

The increasing use of AgNPs has led to their extensive release into various ecosys-
tems [2,13], especially aquatic environments, where algae are often among the first organ-
isms exposed to these nanomaterials [14,15]. Since algae, together with cyanobacteria, play
a crucial role in global oxygen production through photosynthesis, their susceptibility to
AgNP-induced toxicity poses a significant ecological problem [16,17]. The extent of AgNP
toxicity to algal species is influenced by several physicochemical factors, including particle
size, surface properties, type of surface coating, and the degree of Ag* ion release due to
nanoparticle dissolution [15]. Importantly, the mechanisms by which AgNPs and Ag* ions
exert toxic effects on algal cells differ significantly, and a comparative approach is essential
to distinguish between nanoparticle-specific and ion-mediated responses. Ag* ions are
highly soluble, readily bioavailable, and capable of crossing cell membranes, where they
disrupt enzymatic activity, impair membrane integrity, and interfere with electron trans-
port and other essential cellular functions [11,18]. In contrast, AgNPs may exert toxicity
through direct physical interactions with the cell wall or membrane, generation of reactive
oxygen species (ROS) at the particle surface, or a gradual release of Ag* ions after cellular
uptake [8,12]. The rate and extent of Ag* release from AgNPs are strongly influenced
by surface coatings, with citrate-coated AgNPs typically showing higher dissolution and
greater similarity to Ag* behavior, while CTAB-coated AgNPs remain more stable and
induce milder oxidative stress [8,11,13]. A recent study using Chlorella vulgaris has shown
that AgNOj (as a source of Ag™ ions) caused more acute oxidative damage than AgNPs,
and that the toxicity of AgNPs was highly dependent on the surface stabilizer used, likely
due to differences in their solubility and ion release [11,12]. Exposure to either AgNPs or
Ag+ ions can induce the formation of ROS, which in turn damage important biomolecules
such as lipids, proteins, and nucleic acids [19,20]. However, only Ag™ is readily taken up
and accumulated intracellularly in green algae, where it can impair essential metabolic
pathways and photosystem functions [11,12,18]. This includes disruption of thylakoid
membranes and electron flow in photosystem II (PSII), resulting in diminished photo-
synthetic efficiency [21,22]. Indeed, studies have shown that exposure of C. vulgaris to
uncoated AgNPs [23,24] and Scenedesmus to polyvinyl alcohol (PVA)-coated AgNPs [25]
results in decreased chlorophyll content and structural disruption of PSII. Similarly, treat-
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ment of Raphidocelis subcapitata with PVP-coated AgNPs results in decreased photosynthetic
performance [26].

Given the potential negative effects of AgNPs on algal photosynthesis, the present
study investigated the impact of AgNPs stabilized with two different coatings, citrate
(AgNP-citrate) and CTAB (AgNP-CTAB), on the photosynthetic performance of the green
microalga C. vulgaris. The inclusion of AgNOj3 treatments as a source of Ag™ ions was
crucial to discriminating between ionic and nanoparticle-specific mechanisms of toxicity,
as supported by previous green algal studies [8,11]. The use of AgNPs with different
surface stabilizers allowed for the evaluation of whether nanoparticle surface chemistry
differentially modulates photosynthetic responses in algal cells. Since AgNPs can interfere
with pigment biosynthesis, photosynthetic efficiency, and related molecular pathways, and
considering that surface coatings critically influence nanoparticle stability, surface charge,
and reactivity, it is plausible that differently stabilized AgNPs elicit distinct physiological
and molecular effects on algal photosynthesis. To assess these effects, we measured key
photosynthetic parameters, including photosynthetic rate, chlorophyll and accessory pig-
ment concentrations, and non-photochemical quenching (NPQ) capacity. Furthermore, to
elucidate the underlying molecular mechanisms of algal responses, we conducted transcrip-
tomic and proteomic analyses targeting genes and proteins associated with photosynthetic
function. This integrative approach enabled a comprehensive assessment of both the
physiological and molecular alterations induced by AgNP exposure.

2. Materials and Methods
2.1. Preparation and Physicochemical Characterization of AGQNPs

Analytical-grade chemicals were used throughout the study and were purchased
from Sigma-Aldrich (St. Louis, MO, USA), unless specified otherwise. For the synthesis
of AgNPs, high-purity deionized water (Milli-Q system, 18.2 MQcm ™1, Merck Millipore,
Billerica, MA, USA) was used.

The synthesis and physicochemical characterization of AgNP-citrate and AgNP-CTAB
have already been described in detail in our earlier study [11]. Briefly, for the synthesis of
AgNP-citrate, 120 mL of 0.017% (w/v) AgNOs solution was prepared and heated to boiling.
Then, 5 mL of 1% (w/v) sodium citrate solution was added with constant stirring. The
reaction was monitored by the color change of the solution from transparent to pale yellow,
after which the system was cooled to room temperature (RT) with a stream of cold water.
AgNP-CTAB was prepared by mixing 60 mL of a cold 0.0167% (w/v) ascorbic acid solution
with 65 mL of a cold aqueous solution containing 0.02 g AgNO3 and 0.0043 g CTAB. The
addition was carried out slowly and in a controlled manner using a burette with constant
stirring. The appearance of a light orange color indicated the formation of AgNDPs.

A UV-vis spectrophotometer (Unicam, Cheshire, UK) was used to confirm the for-
mation of AgNPs by detecting the characteristic surface plasmon resonance (SPR) peak.
The hydrodynamic diameter (dy) and surface charge (¢ potential) of the nanoparticles
were determined by dynamic light scattering (DLS) and electrophoretic light scattering
(ELS), respectively, using a NanoBrook 90Plus (Brookhaven Instruments, Holtsville, NY,
USA) equipped with a red laser light source (660 nm). Measurements were performed at
RT, with light scattering detection for particle size performed at an angle of 180°, while
an angle of 15° was used for ( potential. The data obtained were analyzed using Zeta
Plus software, version 5.71. The particle size results are presented as the average value of
10 consecutive measurements (mean =+ standard error, n = 10), expressed as a volume dis-
tribution. The ( potentials, on the other hand, represent the average of five measurements
(n =5), and the values were calculated on the basis of electrophoretic mobility using the
Smoluchowski expression.
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The amount of free Ag* ions in both AgNP suspensions was determined using centrifu-
gal ultrafiltration (Amicon Ultra-4 3K, Merck Millipore) through a membrane permeable
to molecules smaller than 3 kDa, while the total silver concentration in the suspensions
and filtrates was measured using inductively coupled plasma mass spectrometry (ICP-MS;
ELAN DRC-e, Perkin Elmer, Waltham, MA, USA) after acidification with 10% nitric acid
(HNO3). Quantification was based on a standard curve generated from known silver con-
centrations, while the limits of detection (LOD) and quantification (LOQ) were 0.2 mg kg !
and 1 mg kg !, respectively.

Visualization of AgNP-citrate and AgNP-CTAB suspensions was performed using
transmission electron microscopy (TEM) using a TF20 instrument (FEI Tecnai G2, Hillsboro,
OR, USA) equipped with an EDX detector for compositional analysis, as described in our
previous study [11].

2.2. Culture Conditions

The culture of the alga C. vulgaris strain SAG/211-11b (Experimentelle Phykologie und
Sammlung von Algenkulturen (EPSAG), Georg-August-Universitit, Gottingen, Germany)
was grown in 200 mL of liquid BBM medium [27] at a temperature of 24 °C under long-day
conditions (16 h light, 8 h dark) with a light intensity of 80 pmol m~2s!and constantly
stirred with an orbital shaker during cultivation.

2.3. Determination of Cell Viability and ECy5 Values

Since different surface coatings can have different phytotoxic effects, we used con-
centrations that allowed 75% cell survival (ECy5) to enable a comparable assessment of
their potential differential impact on photosynthesis. The analysis of cell survival of C. vul-
garis after exposure to AgNPs and AgNO3 and the determination of ECy5 concentrations
were described in our previous study [11]. In brief, the algae were inoculated in BBM
medium at an initial concentration of 1 x 10° cells mL~! and grown in a plant growth
chamber for 4 days, followed by a 72 h treatment with different concentrations of AgNP-
citrate, AgNP-CTAB, and AgNOj3 according to OECD guidelines [28]. Cell viability was
assessed using flow cytometry in combination with propidium iodide fluorescence staining,
and ECys5 values were determined using a four-parameter logistic regression model [29].
The ECys concentrations obtained were 0.188 mg L~! for AgNPcitrate, 0.895 mg L~ for
AgNP-CTAB, and 0.130 mg L~! for AgNO:s.

2.4. Assessment of AGNP Stability

The stability of AgNP-citrate, AgNP-CTAB, and AgNOj3 in liquid BBM medium at
concentrations corresponding to ECy5 values has already been analyzed and described in
detail in our previous work [11] using UV-vis spectroscopy and the DLS method, including
( potential measurements. Briefly, changes in the position and intensity of the SPR peak, dyy,
and surface charge of the particles were monitored under the same conditions and at the
same time points as the algal exposure experiment (1-72 h). Measurements were performed
using a NanoBrook 90Plus particle size analyzer, and all samples were incubated under
algal culture conditions. In short, the results showed that AgNP-citrate and AgNP-CTAB
underwent initial agglomeration but exhibited relatively stable and predictable behavior
over time, in contrast to AgNO3, which led to the in situ formation of AgNPs and showed
greater variability in size and charge.

2.5. Silver Accumulation in Algal Cells

Determination of internalized silver in treated algal cells was previously reported
in detail in our earlier study [11]. Briefly, the algal cells were centrifuged at 3500x g for
3 min at RT, and the resulting pellet was resuspended in 10 mL of buffer (2 mmol L™!
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Na,HPO, x 12H,0, 4 mmol L~! NaH,PO4 x H,O, 9 mmol L~! NaCl, 1 mmol L~ KCl,
pH 7.0). To remove silver from the cell surface, the suspension was incubated with 5 g of
Amberlite HPR1100 ion-exchange resin (20-50 mesh, Sigma-Aldrich) and stirred at 4 °C
for 2 h, followed by centrifugation at 4500x g for 30 min. The pellet was then washed
with 1x PBS buffer (10 mmol L~ Na,HPOy, 1.7 mmol L~ KH,POy, 2.7 mmol L~ KCI,
130 mmol L~! NaCl), centrifuged, and finally freeze-dried for 24 h. Subsequently, the
cells were subjected to microwave digestion (ETHOS SEL Milestone, Shelton, CT, USA)
according to a modified EPA 3051a method. In brief, the cells were first treated with 10 mL
of concentrated HNOj3 at 130 °C for 10 min, followed by 15 min at 180 °C. In the second
digestion phase, the samples were treated with 1 mL of hydrogen peroxide at 85 °C for
5min and at 130 °C for an additional 4 min. After cooling, the samples were diluted with 1%
(v/v) HNOj3 to a final volume of 50 mL. The silver content in the solutions was determined
using an ELAN DRC-e ICP-MS instrument, calibrated using standard silver solutions
of known concentrations. The limits of detection and quantification were 0.05 mg kg~!
and 0.1 mg kg~!, respectively, and the spike recovery test showed a recovery of 95.6%.
In short, the results confirmed silver internalization in C. vulgaris cells for all treatments.
The highest silver content was observed after AgNP-CTAB exposure (26.81 pg 107° cells),
followed by AgNP-citrate (15.62 pg 10~ cells), while the lowest accumulation occurred
after AgNOj treatment (9.96 ug 10~° cells). Silver uptake correlated with the ECy5 values
of each treatment.

2.6. Quantification of Photosynthetic Pigment Concentrations

To determine the concentration of the photosynthetic pigments chlorophyll a (chl a),
chlorophyll b (chl b), and carotenoids, the cell concentration in the suspensions was first
measured. Based on these data, a volume of the cell suspension containing 7.5 x 10° cells
was aliquoted into tubes, whereupon the pigments were isolated according to a modified
protocol described in [30]. The samples were centrifuged at 3500 x g for 5 min at RT, and the
supernatant was discarded. The pellet was then washed three times with ultrapure water,
and centrifugation was repeated after each wash under identical conditions. The resulting
pellet was then resuspended in cold 90% acetone and homogenized by adding silica beads
(425-600 pm) at a frequency of 30 Hz for 4 min. After homogenization, the samples were
centrifuged at 3500 g for 5 min and 4 °C, and the supernatant was collected in a dark
tube and stored at 4 °C. The resuspension, homogenization, and centrifugation procedure
were repeated two more times with 500 uL acetone each time, and all supernatants were
combined and brought to a final volume of 2 mL with cold 90% acetone. The absorbance
was measured spectrophotometrically at wavelengths of 470, 647, and 664 nm, and concen-
trations of chl g, chl b, and carotenoids were calculated according to the formulas of [31,32].
The results are expressed as pug chla or b (10 cells)~! or ug carotenoids (106 cells)~! and
represent the mean of 12 replicates & standard error from two independent experiments.

2.7. Quantification of Photosynthetic Rate

The method of measuring oxygen release using the Chlorolab 2 device (Hansatech
Instruments, King’s Lynn, UK) was applied to determine the rate of photosynthesis. To
ensure consistency between treatments and controls, the cell concentration in the suspen-
sions was first determined using an automatic cell counter (LUNA II, Logos Biosystems,
Anyang, Republic of Korea). For the analysis, 1.5 mL of suspension with an equal number
of algae cells was placed in the reaction chamber of the device. Measurements of oxygen
release were conducted at a temperature of 30 °C with constant stirring at 30 rpm. The
algal suspensions were sequentially illuminated with three different light intensities, 40, 80,
—2 -1

and 120 pmol photons m , each applied for 20 min. After each illumination period,
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the suspensions were incubated in the dark for 20 min to determine the rate of cellular
respiration. The values obtained are expressed as nmol of oxygen per hour per 10° cells
(nmol O h=! (10° cells) ') and are presented as the mean of three replicates + standard
error based on three independent experiments.

2.8. Evaluation of Chlorophyll a Fluorescence Parameters

In vivo chlorophyll fluorescence parameters were analyzed using portable fluorom-
eter AquaPen-C AP 110-C (Photon Systems Instruments, Drésov, Czech Republic), us-
ing the saturating pulse method. Prior to measurement, the algal samples were dark-
adapted for 30 min. OJIP transients were recorded by applying a strong measuring pulse
(~1590 umol m~2 s~1, 455 nm), which induced a rapid fluorescence increase. Based on the
recorded OJIP curves, selected parameters reflecting the efficiency of photosystem II were
calculated: maximum quantum yield of PSII (F,/Fy,), performance index (Pl,,), as well as
absorption (ABS/RC), trapping (T'Ro/RC), electron transport (ETy/RC), and dissipation
(DIy/RC) flux per reaction center (RC). All presented parameters are expressed as relative
units (r.u.).

Additionally, non-photochemical quenching (NPQ) analysis was performed to esti-
mate the capacity to dissipate excess absorbed energy via non-photochemical processes.
After dark adaptation, the samples were exposed to continuous actinic light for 200 s with
ten saturating pulses applied every 20 s, followed by a 390 s dark recovery phase, during
which seven saturating pulses were applied every 60 s. From the data, the following param-
eters were calculated: effective quantum yield of photosystem II (QY), non-photochemical
quenching (NPQ), and photochemical quenching (Qp). All presented parameters are ex-
pressed as relative units (r.u.).

2.9. Extraction of Total Soluble Proteins

For the analysis of differential protein expression, total soluble proteins were isolated
using a modified phenol extraction method according to [33,34]. A cell suspension (400 mL
in total) was first centrifuged at 3500 x g for 5 min at RT. The cell pellet was then resus-
pended in 1.3 mL of extraction buffer consisting of 500 mmol L~ Tris, 50 mmol L~ EDTA,
700 mmol L~! sucrose, 100 mmol L~ KCl, 1 mmol L! phenylmethylsulfonyl fluoride
(PMSF), and 2% (v/v) 3-mercaptoethanol. The samples were homogenized using silica
beads (425-600 um) three times for 4 min at 30 Hz, with cooling between cycles using
a Retsch homogenizer (MM200, Retsch, Haan, Germany). The homogenates were then
incubated on ice in a shaker for 10 min. Each sample was then mixed with 2 mL phenol
and incubated for 10 min at RT on a shaker. After incubation, the samples were centrifuged
at 4500 x g for 20 min at 4 °C, and the supernatants were mixed with 2 mL extraction buffer
and incubated for 3 min at RT in a shaker. The samples were then centrifuged again at
4500x g for 20 min at 4 °C, and the supernatants were mixed with four volumes of cold
precipitation solution (0.1 mol L~! ammonium acetate in methanol). The prepared samples
were incubated overnight at —20 °C. The resulting pellet was washed three times with
precipitation solution and once with cold acetone. After each wash, the samples were
centrifuged again under the same conditions for 10 min and dried in a desiccator. The
dry pellet was resuspended in 400 uL isoelectric focusing (IEF) buffer [9 mol L~! urea, 4%
(w/v) CHAPS, 2 mg mL~! DTT, 5.2 uL. mL~! ampholytes] and centrifuged at 20,000 g for
5 min at 4 °C. The concentration of protein was determined using a bovine serum albumin
standard curve and a modified Bradford assay [33].

2.10. Two-Dimensional Electrophoresis

Prior to two-dimensional electrophoresis (2-DE), the protein extracts were diluted
in IEF buffer to a final volume of 400 uL with 300 ug of protein per sample. To each
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sample, 5 uL of Coomassie Brilliant Blue (CBB) G-250 dye was added, and the samples
were vortexed and centrifuged at 20,000x g for 5 min at RT. The supernatants were then
added to the rehydration wells of IPG strips (Immobiline DryStrip, 13 cm, pH 3-10 NL,
GE Healthcare, Chicago, IL, USA). Immobilines were covered with 900 uL of cover fluid
(Immobiline DryStrip Cover Fluid, GE Healthcare) and rehydrated for 12-16 h at RT. After
rehydration, the IPG strips were transferred to the Ettan IPGphor 3 system (GE Healthcare)
for the initial phase of protein separation using the following IEF protocol: 500 V for 1 h
(stepwise increase and hold), 1000 V for 1 h (gradient), 8000 V for 3 h (gradient), and
8000 V for 4 h (stepwise increase and hold), until a total of 30 kVh was reached. After
electrophoresis, the IPG strips were stored at —80 °C.

After the first step of protein separation, the immobilized strips were incubated in
equilibration buffer (0.05 mol L~! Tris-HCI, 6 mol L~ urea, 2% (w/v) SDS, pH 8.8) with
130 mmol L~! DTT (reduction step) for 15 min and then in the same buffer with 135 mmol
L~ ! iodoacetamide (alkylation step) for 15 min. After rinsing in electrode buffer, the strips
were placed on 12% SDS-polyacrylamide gels, while Whatman paper soaked with 5 uL.
of molecular weight markers was placed on the opposite side of the gel. SDS-PAGE was
performed in a PROTEAN II xi Cell system (BioRad, Hercules, CA, USA) at 100 V for the
first 30 min and then at 220 V until completion, with the temperature kept constant by
water cooling.

2.11. Gel Imaging and Data Processing

To analyze the effect of AgNPs or AgNO; on differential protein expression, the entire
experiment was repeated three times. After 2-DE, the gels were stained with CBB R-250
(0.1% (w/v) CBB R-250, 45% (v/v) ethanol, 10% (v/v) glacial acetic acid) for 60 min at
RT and then destained with a solution of 10% acetic acid and 20% (v/v) methanol for
60 min at RT and overnight at 4 °C. The gels were scanned using an Epson Perfection V700
scanner (Epson, Nagano, Japan), and the protein spots were analyzed using ImageMaster
2D Platinum 7.0 (GE HealthCare, Chicago, IL, USA). Spots with expression changes of at
least 1.5-fold compared to the control were selected for further analysis.

2.12. In-Gel Digestion and Peptide Purification

Selected protein spots were excised from the 2-D gels with a cut pipette tip and
incubated in 10% (v/v) acetic acid and 40% (v/v) methanol at RT with shaking at 550 rpm
until completely destained. The gel pieces were then washed three times for 30 min
in 5 mmol L~! ammonium bicarbonate (ABC) and 50% (v/v) acetonitrile (ACN) at RT
with shaking at 900 rpm, dehydrated in 100% ACN (20 min), and reduced for 45 min in
10 mmol L~ DTT prepared in 20 mmol L~! ABC at 56 °C and 900 rpm. Alkylation was
performed by incubation in the dark in 55 mmol L~! iodoacetamide in 20 mmol L~! ABC
for 30 min, followed by two 20 min washes in 5 mmol L~1 ABC and 50% (v/v) ACN and re-
dehydration in 100% ACN. The gels were dried in a vacuum centrifuge (Concentrator plus,
Eppendorf, Thermo Scientific, Waltham, MA, USA) at 30 °C and then incubated overnight
in 50 pL 20 pg mL~! trypsin prepared in 20 mmol L~! ABC at 37 °C and 600 rpm. After
digestion, the supernatants were transferred to clean tubes, and the gels were incubated
twice for 30 min in 50 puL of 50% (v/v) ACN and 1% (v/v) trifluoroacetic acid (TFA),
then for an additional 30 min in 80% (v/v) ACN and 1% (v/v) TFA at RT and 900 rpm.
All supernatants were pooled and dried in a vacuum centrifuge at 30 °C to a volume of
approximately 50 pL.

The resulting peptides were purified by reverse-phase solid-phase microextraction
(SPME) using a C18 stationary phase (Agilent, Santa Clara, CA, USA) and an AssayMap
automated liquid handling platform (Agilent, Santa Clara, CA, USA). The stationary phase
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was activated with 100 pL methanol and equilibrated with 100 uL 2% (v/v) ACN and
1% (v/v) formic acid (FA). Subsequently, 40 uL of peptide solution was loaded onto the
stationary phase at a flow rate of 10 uL. min~! and washed with 100 uL of 0.1% (v/v) FA.
The peptides were eluted in 25 uL 80% (v/v) ACN and 0.1% (v/v) FA, dried in a vacuum
centrifuge, and stored at —80 °C.

2.13. Qualitative Proteomics Analysis

Qualitative protein analysis was performed using liquid chromatography coupled
with quadrupole time-of-flight mass spectrometry (LC-QTOF-MS). The peptides obtained
were dissolved in 10 uL of 0.1% (v/v) FA and transferred to a glass vial. Eight microliters
were injected per analysis, and data acquisition was performed in Auto MS/MS mode with
positive ESI ionization, using an Agilent 6545 Q-TOF mass spectrometer (Agilent, Santa
Clara, CA, USA) coupled to an Agilent 1290 Infinity Il UHPLC system. MassHunter 10.0
software (Agilent, Santa Clara, CA, USA) was used for instrument control, data acquisition,
and spectral evaluation. Peptides were separated on an AdvanceBio Peptide Map analytical
column (1.0 x 150 mm, 2.7 pm, Agilent), and the analysis was conducted under defined
UHPLC (Table S1) and MS (Table S2) conditions. Data were processed using ProteinPilot
4.5 software (AB Sciex, Darmstadt, Germany). The false discovery rate (FDR) was set at < 1.
The identified proteins were characterized by searching the UniProt database Taxon ID
3077 C. vulgaris and using the ProtParam tool (Expasy, Swiss Institute of Bioinformatics,
Geneva, Switzerland).

2.14. Quantification of Chloroplast-Encoded Genes by qPCR

Total RNA was extracted from C. vulgaris cells by centrifugation of 200 mL of cell sus-
pension at 3500 x ¢ for 5 min at RT. After centrifugation, the pellet was washed three times
with ultrapure water, with centrifugation under the same conditions after each wash. After
the last wash, the pellet was resuspended in lysis buffer from the Quick-RNA™ Miniprep
Plus Kit (Zymo Research, Irvine, CA, USA), and silica beads were added. Cell disruption
was performed using a Retsch MM200 homogenizer (Retsch, Germany) at a frequency
of 30 Hz for 12 min. Subsequent RNA isolation steps were performed according to the
manufacturer’s instructions.

RNA concentration and purity were determined using a NanoDrop™ 1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). For cDNA synthesis, 1 pg of total
RNA was used in a 20 pL reaction containing 10 uL of 2x ZymoScript™ RT PreMix (Zymo-
Script™ RT PreMix Kit, Zymo Research), the appropriate volume of RNA, and nuclease-free
water. Reverse transcription was performed under the following thermal conditions: 25 °C
for 2 min, 55 °C for 10 min, 42 °C for 30 min, and 95 °C for 1 min. The obtained cDNA
was diluted with nuclease-free water to achieve a final concentration of 10 ng uL~! for
downstream applications.

Quantitative PCR (qPCR) was performed in a total volume of 15 pL, containing
2 uL of diluted cDNA, 1x GoTag® qPCR Master Mix (Promega, Madison, WI, USA),
and 200 nmol L~! of each gene-specific primer (Table 1). Reactions were performed on
a Magnetic Induction Cycler (Mic qPCR, Bio Molecular Systems, Queensland, Australia)
using the following thermal cycling program: 95 °C for 5 min, followed by 40 cycles of
95 °C for 5 s and 60 °C for 30 s. The CYP gene (Table 1) was used as an internal reference
for normalization [35]. Relative gene expression levels were calculated using the AAC;
method [36,37] and normalized to the expression levels observed in the control culture.



Toxics 2025, 13, 627

9 of 26

Table 1. Primer sequences and amplification efficiencies for target genes analyzed using quantitative
PCR. Efficiencies were calculated using Mic gPCR Analysis Software 2.12.7 Bio Molecular Systems,
Upper Coomera QLD, Australia).

Gene Locus Tag 5" — 3’ Sequence (Forward/Reverse) Primer Efficiency
atpE ChvulCp147 ACCGCCCATAAGTGCTACAG/TCCCACTAATACGGGTCAAATGG 0.94

atpF ChvulCp022 GTTGCCCGTTGATCTGCTTC/AGCCGTGGTATTGGCTATCG 0.97

petD  ChvulCp077  CACCAATTGCTGCTGGGTCT/TTATGGTGAACCAGCGTGGC 0.72

psaA  ChvulCp091 GGGAACAGTAAGTGCAAACGG/ACTTGTGAGGATTGTGCCCAT 0.95

psaB ChvulCp093 AAGGTGCTCTTGACGCTCG/TCACATGTACCGCCACGAC 0.95

psbA  ChvulCp007 CAGCTGGAGCTTCAACAACC/GGCTGACATTATCAACCGTGC 0.98

psbB ChvulCp090 GGAACATCCGCACGAACAAC/AGTTGGCTGGTTAGGTCACG 0.97

CYp / CTTCCGCGCTCTGTGCACTG/GCCGTAGATGGACTTGCCGCC 0.97

Gene description: atpE—ATP synthase CF1 epsilon subunit; atpF—ATP synthase CFO B chain; petD—cytochrome
b6f complex subunit IV; psaA—photosystem I P700 chlorophyll 2 apoprotein Al; psaB—photosystem I P700 chloro-
phyll a apoprotein A2; psbA—photosystem II protein D1; psbB—photosystem II 47 kDa protein; CYP—cyclophilin.

2.15. Statistical Analysis

Before the statistical analysis, outliers were identified using Tukey’s fence method
(k = 1.5). Normality and homogeneity of variances were tested using the Shapiro-Wilk
and Levene’s tests, respectively. As assumptions were met (p > 0.05), parametric tests
were applied. Differences in pigment content, photosynthetic rate, and chl a fluorescence
parameters were analyzed using one-way ANOVA followed by the Newman-Keuls post
hoc test. Gene expression data were analyzed using one-way ANOVA followed by Tukey’s
HSD post hoc test. Statistical significance was set at p < 0.05, and all analyses were
performed using STATISTICA 14.0.0.15 (TIBCO Software Inc., Palo Alto, CA, USA).

3. Results
3.1. Physicochemical Characterization of ANPs

Stock suspensions of synthesized AgNP-citrate and AgNP-CTAB were characterized
using a combination of UV-Vis spectroscopy, TEM, DLS, and ELS. The UV-Vis spectra
revealed SPR peaks at 420 nm for AgNP-citrate and at 455 nm for AgNP-CTAB, confirming
successful synthesis (Figure S1A,E). DLS analysis indicated average dy; of 43.1 &£ 0.8 nm for
AgNP-citrate and 62.2 & 1.5 nm for AgNP-CTAB (Table S3). TEM imaging showed that
most particles were spherical, with a small proportion exhibiting a rod-like morphology
(Figure S1B,F). The particle diameters observed in TEM ranged between 40 and 60 nm
for AgNP-citrate and 50-70 nm for AgNP-CTAB. Elemental mapping and EDX analysis
verified the presence of silver in the nanoparticles (Figure S1C,D,G,H). The measured (
potentials was —45.62 & 2.68 mV for AgNP-citrate and 39.89 & 1.79 mV for AgNP-CTAB.
Total silver concentrations, as well as the proportion of dissolved ionic silver (Ag*), were
determined by ICP-MS and are presented in Table S3.

3.2. Quantity of Photosynthetic Pigments

Only exposure to AgNOj resulted in a significant increase in chl a content (Figure 1A),
while all treatments significantly elevated chl b content, with a similar increase compared
to the control (Figure 1B). Interestingly, treatments with both types of AgNPs significantly
and equally decreased the carotenoid content compared to the control, while treatment
with AgNOj had no effect (Figure 1C).
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Figure 1. Content of chlorophyll a (A), chlorophyll b (B), and carotenoids (C) in C. vulgaris control
cells and cells exposed to AgNP-citrate (0.188 mg L=1), AgNP-CTAB (0.895 mg L.™!), and AgNO;
(0.130 mg L1 for 72 h. Values represent mean =+ standard error from two independent experiments,
each with 6 replicates (n = 12). Treatments that differ significantly at p < 0.05 (one-way ANOVA
followed by Newman-Keuls post hoc test) are labeled with different letters.

3.3. Rate of Photosynthesis

None of the treatments resulted in a significant change in the amount of oxygen
produced under dark conditions (0 mol photons m~2 s~1) or under illumination at an
intensity of 40 umol photons m~2 s~1, although a slight decrease in the measured oxygen
levels was observed for in treatments compared to the control. At light intensities of 80 and
120 umol photons m~2 s~1, a significantly reduced photosynthetic rate with a similar value
was recorded after exposure to all treatments compared to the control (Figure 2).

50
b

40 +
— a
30 a
| HI

0 40 80 120
Light intensity (umol m2s1)

[
=

—
]

>

Photosynthesis rate
mmol O, h1(106 cells)!
s

2
=3

@
>
r

OControl OAgNP-citrate BAgNP-CTAB 0OAgNO3

Figure 2. Photosynthetic rate in C. vulgaris control cells and cells exposed to AgNP-citrate
(0.188 mg LD, AgNP-CTAB (0.895 mg L), and AgNOs (0.130 mg L1 for 72 h at increasing
light intensities (0, 40, 80, and 120 pmol photons m~2s71). Values represent mean =+ standard error
from three replicates. Treatments that differ significantly at p < 0.05 (one-way ANOVA followed by
Newman-Keuls post hoc test) are labeled with different letters.

3.4. Chlorophyll a Fluorescence

All treatments significantly reduced the maximum quantum yield of PSII (F,/F,)
compared to the control, with the strongest effect observed after treatment with AgNP-
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CTAB and AgNOj; (Figure 3A). On the other hand, the Pl value (performance index)
significantly decreased after treatment with AgNQO3, while it increased following treatment
with both types of AgNPs compared to the control (Figure 3B).
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Figure 3. Maximum quantum yield of PSII (F,/Fy) (A) and performance index (Pl,,;) (B) in C.
vulgaris control cells and cells exposed to AgNP-citrate (0.188 mg LD, AgNP-CTAB (0.895 mg LD,
and AgNO; (0.130 mg L~) for 72 h. Values represent mean + standard error from two independent
experiments, with 6 replicates each (n = 12). Treatments that differ significantly at p < 0.05 (one-way
ANOVA followed by Newman—Keuls post hoc test) are labeled with different letters.

None of the treatments caused a significant change in the absorption flux per RC
(ABS/RC) compared to the control (Figure 4A), although exposure to AgNP-CTAB re-
sulted in a slight decrease. The trapping flux per RC (TRy/RC) remained unchanged after
treatment with AgNP-citrate, while AgNP-CTAB and AgNOj3 treatments significantly and
similarly reduced this value compared to both the control and AgNP-citrate treatment
(Figure 4B). The amount of electron transport flux per RC (ET(/RC) increased slightly
after exposure to AgNP-citrate and AgNP-CTAB compared to the control, although this in-
crease was not statistically significant. In contrast, AgNOj treatment significantly reduced
ET(/RC compared to the control and the other treatments (Figure 4C). The dissipation flux
per RC (DIy/RC) increased slightly after treatment with both types of AgNPs, although this
increase was not statistically significant, while exposure to AgNOs resulted in a significant
increase in DIy/RC value compared to the control (Figure 4D).
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Figure 4. Absorption flux per reaction center (ABS/RC) (A), trapping flux per reaction center
(TRy/RC) (B), electron transport flux per reaction center (ETy/RC) (C), and dissipation flux per reac-
tion center (DIy/RC) (D) in C. vulgaris control cells and cells exposed to AgNP-citrate (0.188 mg LY,
AgNP-CTAB (0.895 mg L), and AgNO; (0.130 mg L1 for 72 h. Values represent mean = standard
error from two independent experiments, with 6 replicates each (n = 12). Treatments that differ
significantly at p < 0.05 (one-way ANOVA followed by Newman-Keuls post hoc test) are labeled
with different letters.
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All treatments had distinct effects on the non-photochemical quenching (NPQ) param-
eters of chl a in C. vulgaris (Figure 5). The effective quantum yield of PSII (QY) remained
unchanged following all treatments, with no statistically significant differences observed
when compared to the control (Figure 5A). Furthermore, the NPQ value slightly increased
after exposure to AgNP-citrate, although this increase was not statistically significant.
A significant increase in NPQ compared to the control was observed only after treatment
with AgNP-CTAB and AgNOj3 (Figure 5B). A similar pattern was observed for the photo-
chemical quenching coefficient (Qp), which increased following all treatments. Treatments
with AgNP-citrate and AgNOj3 caused a similar increase in Qp relative to the control, while
the most pronounced increase was recorded after exposure to AgNP-CTAB (Figure 5C).
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Figure 5. Effective quantum yield of PSII (QY) (A), non-photochemical quenching (NPQ) (B), and
photochemical quenching coefficient (Qp) (C) in C. vulgaris control cells and cells exposed to AgNP-
citrate (0.188 mg L), AgNP-CTAB (0.895 mg L), and AgNOj3 (0.130 mg L) for 72 h. Values
represent mean + standard error from 6 replicates. Treatments that differ significantly at p < 0.05
(one-way ANOVA followed by Newman-Keuls post hoc test) are labeled with different letters.

3.5. Protein Expression Profiling in C. vulgaris Using 2-DE

For each treatment, three 2-D gels were prepared from three independent experiments,
and representative gels of the control and treated cells (AgNP-citrate, AgNP-CTAB, and
AgNO3) are shown in Figure 6. Protein spots exhibiting a change in abundance of at least
1.5-fold relative to the control were selected for identification using mass spectrometry.

After treatment with both types of AgNPs and AgNQOg, a total of 37 protein spots
with different expressions compared to the control were detected in C. vulgaris cells and
identified by mass spectrometry (Figure 6). The lowest number of proteins (20) with altered
expression was detected after AgNOjz treatment, of which 14 proteins were upregulated and
five proteins were downregulated (Figure 6D). Exposure to AgNP-citrate led to the identifi-
cation of 21 differentially expressed proteins, of which 15 showed increased expression and
6 showed decreased expression (Figure 6B). The highest number of differentially expressed
proteins (27) was found after exposure to AgNP-CTAB, with 24 proteins upregulated and
only three proteins downregulated (Figure 6C).

All 37 differentially expressed proteins were identified by a database search (Table 2),
of which five proteins showed expression changes after all treatments. Eight proteins were
differentially expressed only after treatment with AgNPs, with AgNP-citrate stimulating
their expression, while AgNP-CTAB mostly resulted in decreased expression. Six proteins
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were differentially expressed after exposure to AgNP-citrate and AgNOj3, with the majority
showing downregulation after both treatments. Similarly, six proteins showed altered,
mostly decreased, expression after treatment with AgNP-CTAB and AgNOj3. Furthermore,
two proteins were upregulated only after treatment with AgNP-citrate or AgNOs, while
eight proteins showed decreased expression only after treatment with AgNP-CTAB.
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Figure 6. Total soluble proteins in C. vulgaris control cells (A) and cells exposed to AgNP-citrate
(0.188 mg L) (B), AgNP-CTAB (0.895 mg L~!) (C), and AgNO3 (0.130 mg L) (D) for 72 h,
separated by 2-DE. M—molecular weight marker (kDa), IEF 3-10—relative protein position in the
gel according to their isoelectric point, SDS-PAGE—relative protein position in the gel according
to their molecular weight. Proteins with expression levels significantly different from the control
(p < 0.05) are labeled with the numbers 1-37. Proteins with increased expression compared to the
control are marked with filled circles (O), while those with decreased expression are marked with
dashed circles (<3).

Using the UniProt database and the ProtParam tool, data on the molecular weight,
isoelectric point, cellular localization, molecular function, and biological processes of
the identified proteins were obtained and used for their categorization. These data are
presented in Table S4.
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Table 2. Differentially expressed proteins in C. vulgaris cells exposed to AgNP-citrate (0.188 mg L),
AgNP-CTAB (0.895 mg L~!), and AgNOj3 (0.130 mg L~') for 72 h. Upward arrow (1) indicates
increased, downward arrow ({) decreased, and equal sign (=) unchanged expression compared to the
control. pI—isoelectric point, M—molecular mass.

Spot Label Protein Name pI M (kDa) Differential Expression
Chate  Chap  AeNO:
Photosynthesis
1 Beta carbon anhydrase 5.74 51.9 1 1 =
3 Protein PsbP 9.22 26.4 T = =
5 Ribulose-1,5-bisphosphate carboxylase, large subunit 5.99 52.5 = 1 =
;é Ribulose-1,5-bisphosphate carboxylase, small subunit gzi 58(1)1 i _ 1
12 Reaction center protein, subunit 2 9.71 20.72 T = =
15 6.77 31.36 = 1 {
25 4.85 26.85 1 1 =
34 Chlorophyll a-b binding protein 6.19 30.70 = 3 1
6 5.93 22.94 T 1 =
26 5.93 2294 T N =
27 Protein PsbO2 5.16 30.72 T J =
29 Photosystem I reaction center protein, subunit 4 9.98 10.89 1 = =
Electron Transport and Energy Production
10 ATP synthase gamma chain 8.95 39.38 = 1 =
22 ATP synthase, beta subunit 493 51.64 4 T T
Carbohydrate Metabolism
8 Fructose bisphosphate aldolase 6.49 40.95 = 1 =
}2 Glyceraldehyde-3-phosphate dehydrogenase ggi gzég = i *
19 Malate dehydrogenase 5.74 34.77 1 T
20 Phosphoglycerate kinase 6.93 48.48 T N T
36 NADP- dependent oxidoreductase 7.57 33.31 = T
Defense and Stress Response
21 Heat shock protein 70B 5.15 72.08 = J =
31 Antifreeze 9.68 27.43 1 T 1
32 Superoxide dismutase 8.63 26.06 = = T
35 Lactate dehydrogenase 4.98 24.34 T = T
Signal Transduction
4 8.78 40.69 1 1 =
197 Calcium-dependent protein kinase and calmodulin ;;} ggig i i i
18 7.71 38.49 = 1 =
23 Rhodanase 4.63 39.45 + = T
30 Voltage-dependent ion channel 8.51 28.73 T 1 =
Transcription and Translation Processes
7 Translational GTPase 8.73 50.82 = J 1
327 Elongation factor Tu g;g ﬁg = i =
33 RRM domain-containing protein 5.07 25.57 T = T
Storage protein
14 Cupin type 1 9.26 21.9 T = T
Mechanical Support of the Cell
24 Actin 5.3 41.77 = T T
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3.6. Functional Categorization and Expression Patterns in C. vulgaris

Differentially expressed proteins were classified into eight categories based on their
general functions: Photosynthesis, Electron Transport and Energy Production, Carbohy-
drate Metabolism, Defense and Stress Response, Signal Transduction, Transcription and
Translation Processes, Storage Proteins, and Mechanical Support of the Cell (Figure 7).

A AgNP-citrate B AgNP-CTAB C AgNO,

B Photosynthesis H Electron Transport and Energy Production
Carbohydrate Metabolism Defense and Stress Response

B Signal Transduction B Transcription and Translation Processes

B Storage protein B Mechanical Support of the Cell
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Figure 7. Distribution of functional categories of differentially expressed proteins in C. vulgaris
cells exposed to AgNP-citrate (0.188 mg L1 (A), AgNP-CTAB (0.895 mg L~1) (B), and AgNO;
(0.130 mg L) (C) for 72 h, and the number of proteins within each functional category showing
increased (positive y-axis) or decreased (negative y-axis) expression (D) compared to the control.

After treatment of C. vulgaris with AgNP-citrate, AgNP-CTAB, and AgNOj3, the ma-
jority of differentially expressed proteins were associated with the Photosynthesis and
Carbohydrate Metabolism categories, while other categories were represented to a lesser
extent (Figure 7A-C).

Proteins associated with the Photosynthesis category were most abundant after treat-
ment with both AgNP types (43% and 33% of all differentially expressed proteins for
AgNP-citrate and AgNP-CTAB, respectively), and proteins of this category were also sig-
nificantly represented after treatment with AgNO; (21% of all differentially expressed
proteins). Among these proteins, those related to PSI and PSII and the RuBisCo subunits
were most frequently differentially expressed. After treatment with AgNP-citrate, most
proteins related to photosynthesis showed decreased expression, with exceptions such
as increased expression of the RuBisCo small subunit and proteins associated with PSI
(e.g., PSI subunit PsaD) and PSII (e.g., D1 protein) (Figure 7D). After exposure to AgNP-
CTAB, all photosynthesis-related proteins were downregulated, including the large subunit
of RuBisCo and beta carbonic anhydrase. After AgNOj5 treatment, decreased expression of
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the chlorophyll-binding proteins of PSI and PSII was observed, while the RuBisCo small
subunit was upregulated.

Proteins associated with the Carbohydrate Metabolism category were equally rep-
resented after treatments with AgNOj; (five proteins; 26% of all differentially expressed
proteins) and AgNP-CTAB (five proteins; 19% of all differentially expressed proteins), while
exposure to AgNP-citrate resulted in increased expression of three proteins (14% of all dif-
ferentially expressed proteins). Proteins involved in glycolysis, the citric acid cycle, and the
degradation of small molecules were predominantly upregulated after exposure to AgNO;
and AgNP-citrate, while treatment with AgNP-CTAB generally led to their downregulation.

The Defense and Stress Response category was represented by four proteins, three of
which showed increased expression after treatment with AgNOj3, while treatments with Ag-
NPs led to changes in the expression of two proteins. The protein Hsp70B was differentially
expressed and downregulated only after exposure to AgNP-CTAB, while the antifreeze
protein exhibited increased expression in all treatments.

Proteins belonging to the categories of Signal Transduction and Transcription and
Translation Processes were detected in all treatments. However, the highest number
in both categories was recorded after exposure to AgNP-CTAB, and their expression
decreased. While some protein kinases and rhodanese were downregulated after AgNP-
citrate treatment, AgNOj treatment resulted in increased expression of proteins involved
in sulphur transport and RNA recognition motif-containing proteins.

The Electron Transport and Energy Production category was represented by only
two proteins, of which the ATP synthase gamma chain was only detected with reduced
expression upon AgNP-CTAB treatment. In contrast, the beta subunit of ATP synthase
was detected in all treatments, but its expression varied depending on the treatment,
being downregulated after exposure to AgNP-citrate and upregulated after exposure to
AgNP-CTAB and AgNO:s.

The categories of the Storage Proteins and the Mechanical Support of the Cell were
each represented by only one protein and thus accounted for the smallest proportion of
differentially expressed proteins. Both proteins were upregulated, although not by the
same treatments; the storage protein Cupin type 1 showed increased expression after
exposure to AgNP-citrate and AgNOj3, while cytoskeletal protein actin was upregulated
with AgNP-CTAB and AgNOs.

3.7. Effect of Silver Nanoparticles and Ions on Chloroplast-Encoded Genes

To evaluate the effects of AgNPs and Ag* ions on the expression of photosynthesis-
related genes in C. vulgaris, we measured the transcript levels of seven chloroplast-encoded
genes (atpE, atpF, petD, psaA, psaB, psbA, and psbB) in control cells and those exposed to ECy5
concentrations of AgNP-citrate, AgNP-CTAB, or AgNOs. These genes were selected be-
cause they encode key subunits of photosynthetic protein complexes such as ATP synthase
(atpE, atpF), cytochrome b6f complex (petD), Photosystem I (psaA, psaB), and Photosystem
II (psbA, psbB), which were found to be differentially expressed at the protein level in our
proteomic analysis. Gene expression analysis revealed significant variations between the
different treatments (Figure 8). The expression of atpE was significantly reduced in all
treatments compared to the control (Figure 8A), with the lowest expression observed upon
exposure to AgNP-CTAB, followed by AgNO3 and AgNP-citrate. A similar pattern was
observed for psaA (Figure 8D) and psbB (Figure 8G), although significantly reduced values
were only recorded upon exposure to AgNP-CTAB compared to the control. Expression
of psbA was significantly downregulated in all treatments compared to the control, with
no significant differences between them (Figure 8F). The transcript levels of petD and
psaB significantly decreased in cells after treatment with AgNP-CTAB than in cells after
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treatment with AgNP-citrate (Figure 8C,E), while control and AgNOj3 treatment resulted in
mean expression levels that were not significantly different from those of AgNP treatments.
Interestingly, the expression of atpF remained stable in all treatments, with no significant
differences compared to the control, indicating that this gene was stably expressed under
the tested conditions (Figure 8B).
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Figure 8. Relative gene expression (AACy) of (A) atpE, (B) atpF, (C) petD, (D) psaA, (E) psaB, (F) psbA,
and (G) psbB in C. vulgaris control cells and cells exposed to AgNP-citrate (0.188 mg L~'), AgNP-
CTAB (0.895 mg L1, and AgNO;3 (0.130 mg L) for 72 h. Values represent relative mean =+ standard
error from three replicates normalized to control (set as 1). Treatments that differ significantly at
p < 0.05 (one-way ANOVA followed by Tukey’s HSD post hoc test) are labeled with different letters.
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4. Discussion

Through photosynthesis, cyanobacteria and algae produce half of all atmospheric
oxygen [16,38], and the process itself depends on the light energy absorbed by pigments,
of which chl a and b and carotenoids are the most important [39]. Therefore, the com-
position and concentration of photosynthetic pigments have a significant impact on the
amount of light absorbed and, consequently, on the overall efficiency of photosynthesis
in algae [40]. It is known from the literature that algae can increase the content of photo-
synthetic pigments, especially chl a and b, under stress conditions such as temperature
changes and elevated salinity, as well as after exposure to metals and metal nanoparticles,
to increase photosynthetic activity and energy production [41,42]. In this study, the effect
of the investigated treatments on the content of the analyzed photosynthetic pigments
was quite different: the content of chl a increased only by exposure to AgNOj3, while the
content of chl b was affected by both AgNO3 and AgNPs. On the contrary, treatments with
both types of AgNPs decreased carotenoid production, while it remained unaffected when
exposed to AgNOs3. These results may reflect differences in the fundamental biosynthetic
pathways and regulation of these pigments. While chl 2 and chl b share several common
steps, the final conversion to chl b depends on chlorophyll a oxygenase (CAO), whose
activity can be differentially regulated under stress conditions to improve light harvesting.
Carotenoids, on the other hand, are synthesized via a separate mevalonate pathway and
are highly sensitive to oxidative stress [43]. Moreover, these differences in algal response
to photosynthetic pigment production between AgNPs and AgNOj3 treatments may be
attributed to the differential effect of the nanoparticulate form of silver compared to Ag*
ions from AgNOj treatment. The increase in chlorophylls observed after AgNO3; exposure
may represent an early adaptive response aimed at compensating for Ag*-induced inhibi-
tion of photosynthetic electron transport downstream of PSII (ETy/RC). Previous studies
have shown that AgNO; disrupts the H* pump thereby reducing energy production in
algae [44]. This adaptive increase in chlorophyll content may be maintained because, in
our previous study [11], AgNOj strongly induced antioxidant enzymes, which likely miti-
gated oxidative damage and prevented extensive chlorophyll degradation. On the other
hand, since carotenoids participate in energy dissipation in PSII, the significant decrease
in their content only after the AgNP treatments suggests that nanoparticles reduce the
ability of PSII to protect against photooxidation, which aligns with previous studies on
the effect of AgNPs on duckweed Spirodela polyrhiza [45]. In addition, we have already
shown that AgNP treatments cause a significant increase in ROS production [11], which
may contribute to the degradation of carotenoids. Interestingly, AgNO3 exposure did not
reduce carotenoid content, which could be related to the strongest activation of antioxidant
enzymes observed with this treatment, leading to lower ROS accumulation. Alternatively,
this could also suggest that the toxicity mechanism of AgNPs is more closely related to
their surface reactivity and ROS generation, whereas the toxicity of AgNO3; may stem from
the direct interactions of Ag* ions with biomolecules.

Despite the different effects of AgNPs and AgNO3 on chl a and b content, all treatments
caused a significant decrease in the photosynthetic rate, as well as in the maximum quantum
yield of PSII (F,/Fy;), which is consistent with the decreased F,/F;; values obtained when
the alga Poterioochromonas malhamensis was exposed to AgNP-citrate and AgNOs [46].
Although F, /F,; was reduced, the Pl,,;, involving multiple levels of the photosynthetic
process, showed a different response between treatments; namely, while AgNOj3 treatment
significantly decreased Pl,,;, exposure to AgNPs resulted in a moderate (AgNP-citrate)
and significant (AgNP-CTAB) increase, which may indicate the activation of compensatory
mechanisms and a more efficient reorganization of the photosynthetic apparatus [47,48].
Nevertheless, the observed decrease in photosynthetic rate shows that all silver treatments
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had a significant negative effect on the photosynthetic apparatus of C. vulgaris, while
the decrease in F,/F;, indicates photoinhibition, i.e., inhibition of electron transfer in
photochemical reactions and damage to PSII reaction centers [49-51]. Under conditions of
severe oxidative stress, degradation of PSII reaction centers and reduced electron transfer
to plastoquinone may occur [52], which is consistent with the findings that treatments with
AgNPs and AgNOj induce strong oxidative stress in C. vulgaris [11]. Analysis of the energy
flux through PSII showed that treatment with AgNO3 had a much stronger effect on these
parameters than exposure to AgNPs. Although the absorption energy flux per reaction
center was not significantly altered in any of the treatments, indicating a preserved ability
of the antennae to absorb light, the trapping of excited energy in PSII was significantly
decreased after exposure to AgNP-CTAB and AgNOs. In addition, AgNO; treatment
decreased ET/RC, i.e., electron transport downstream of PSII), indicating inhibition of
photochemical electron transfer and damage to the redox components of the photosystem.
These findings are consistent with the results of other studies showing that Ag* ions
impair electron transport in thylakoid membranes [53,54]. On the other hand, the amount
of energy dissipated as heat and fluorescence increased after all treatments, albeit only
significantly when exposed to AgNO3, suggesting that Ag™ ions, which can also be released
from AgNPs, stimulate the cells” attempt to protect the photosynthetic apparatus from
excess unused light energy through passive dissipation mechanisms [55-57]. These results
are also confirmed by the NPQ values, which increased significantly after treatment with
AgNP-CTAB and AgNOj3. NPQ reflects the activation of photoprotective mechanisms,
primarily the xanthophyll cycle and the ApH mechanism, which enable the dissipation
of excess excitation energy and the prevention of photooxidative damage [55,57]. The
significantly higher NPQ observed after AgNP-CTAB treatment can be attributed to the
substantially greater nanoparticle dose required to reach ECys. Specifically, AgNP-CTAB
was applied at a concentration of 0.895 mg L~!, which is nearly five times higher than
that of AgNP-citrate (0.188 mg LD, resulting in increased nanoparticle uptake [11]. This
enhanced uptake is further promoted by the positive surface charge provided by the CTAB
coating, which facilitates a stronger interaction with the negatively charged algal cell
membranes. Consequently, more nanoparticles interact with photosynthetic complexes
and intensify photo stress, thereby triggering a stronger NPQ response compared to citrate-
coated AgNPs [11,58]. Additionally, all treatments led to an increase in the photochemical
coefficient Qp, which indicates the proportion of open PSII centers. The largest increase was
observed in the AgNP-CTAB treatment, while the AgNP-citrate and AgNOj3 treatments
caused an equal but less pronounced increase. The maintenance of open PSII centers despite
reduced F,/F;, values can be explained by a blockage of electron transfer downstream of
PSII, resulting in unutilized excitation energy, which the cells compensate for by opening
additional centers and increasing dissipation [59]. These results are consistent with other
studies showing that the QY parameter can remain relatively stable during the early
stages of stress, while parameters such as NPQ and Qp are more sensitive to changes
in photosynthetic dynamics [48,60]. Overall, the chl a fluorescence results indicate the
occurrence of photoinhibition and electron transport disturbances, especially after exposure
to AgNOj3 but also very clearly to AgNP-CTAB, accompanied by concomitant activation
of protective mechanisms such as NPQ. These changes are most likely a consequence
of the pronounced oxidative stress induced by Ag* ions, which are either added in the
form of AgNOj salt or dissociated from AgNPs. Released Ag* ions can replace copper
in plastocyanin, bind to sulthydryl groups, and disrupt the structure and function of
thylakoid proteins [61], and consequently lead to damage of PSII reaction centers, impaired
chlorophyll synthesis, and reduced electron transport efficiency, resulting in an overall
significant decrease in photosynthetic activity and increased oxidative burden.



Toxics 2025, 13, 627

20 of 26

To better understand the molecular basis of the observed physiological effects, we
complemented the analysis of photosynthetic parameters with the profiling of the differen-
tial expression of photosynthesis-related genes and proteins. This integrative approach,
applied to AgNPs with different surface coatings as well as to AgNO3 at comparable
phytotoxic concentrations (ECys), provides a more comprehensive insight into how Ag-
NPs’ surface chemistry modulates molecular responses in C. vulgaris. Such combined
molecular and physiological analyses are still relatively rare and thus provide a better
understanding of AgNP-induced phytotoxicity mechanisms. AgNPs can have a significant
impact on protein abundance and enzyme activity through direct interaction or indirectly
through induction of ROS production, which can oxidize proteins and damage DNA
molecules, thereby reducing transcription [8]. In our study, exposure to AgNP-citrate
and AgNO;j resulted in a similar number of proteins with altered expression (21 and 20,
respectively), most of which showed increased expression, while treatment with AgNP-
CTAB induced changes in the expression of 27 proteins, which were mainly downregulated.
These differences in the regulation of protein expression can be directly linked to the ef-
fects of the different AgNPs coatings. Indeed, the results of the study conducted on C.
vulgaris [22] indicate that negatively charged AgNPs (such as AgNP-citrate) primarily
affect mitochondrial proteins, thereby destabilizing important metabolic pathways such as
oxidative phosphorylation. Cells could compensate for this by increasing the synthesis of
photosynthesis-related proteins to enhance energy production, as confirmed in our study.
In contrast, positively charged AgNPs, such as AgNP-CTAB, have been shown to primarily
target ribosome-related proteins and can interfere with protein synthesis and transcription
pathways [22], with a direct consequence in the form of significant downregulation of
proteins, which we found.

Exposure to both types of AgNPs resulted in a majority of differentially expressed
proteins related to photosynthesis, albeit with opposite effects; namely, AgNP-citrate
induced the expression of the majority of proteins, while AgNP-CTAB decreased the
expression of all proteins. This can be correlated with the results of the maximum quantum
yield of PSII, which was significantly higher with AgNP-citrate compared to AgNP-CTAB.
Moreover, a decrease in the expression of the large subunit of RuBisCo was observed only
after treatment with AgNP-CTAB, while AgNP-citrate upregulated the expression of the
small subunit, which, together with the results of photosynthetic parameters, indicates
more severe damage to the photosynthetic apparatus after treatment with AgNP-CTAB
compared to AgNP-citrate. In addition, AgNP-citrate increased the expression of proteins
involved in reactions in PSI and PSII, such as the binding of chl a and b (chlorophyll a-b
binding protein), oxygen evolution or water photolysis (PsbO2 protein), and the formation
of complexes with ferredoxin and ferredoxin oxidoreductase in the electron transport chain,
which increases NADPH production for further carbon fixation (PSI reaction center subunit
4 protein), contributing to the maintenance of functional photosynthesis. Similar results
were reported when the alga C. reinhardtii was exposed to PEG-coated AgNPs, where
most of the upregulated proteins were involved in photosynthesis and the Calvin-Benson
cycle [62]. On the other hand, all the above proteins were downregulated after treatment
with AgNP-CTAB, indicating inhibition of water photolysis and consequently oxygen
release and ferredoxin activity. The observed differences in protein expression profiles
between AgNP-CTAB and AgNP-citrate treatments may be attributed to the higher dose,
as well as the enhanced cellular uptake facilitated by the positive surface charge of CTAB-
coated AgNPs, which likely intensified interactions with photosynthetic structures and
contributed to the observed inhibitory effects. Furthermore, although AgNOj3 resulted in
the smallest number of differentially expressed proteins within the Photosynthesis group,
among which only two chlorophyll a-b binding proteins showed decreased expression, it
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caused the most pronounced reduction in photosynthetic parameters, including F;/F,,
Pl,ps and electron transport efficiency. This discrepancy likely stems from the direct effects
of Ag" ions on PSII functionality, which can occur rapidly through interaction with key
components of the thylakoid membrane, such as the plastocyanin and sulfhydryl groups of
PSII proteins, impairing photosynthetic performance without significant changes in protein
abundance [53].

Disruption of photosynthesis consequently impairs cellular energy production [45].
To compensate for lowered energy levels induced by disrupted photosynthesis after AgNP-
citrate treatment, the algal cells increased the expression of proteins from the Carbohydrate
Metabolism group, such as malate dehydrogenase, phosphoglycerate kinase, and NADP-
dependent oxidoreductase. Malate dehydrogenase, an enzyme involved in the citric acid
cycle [63], plays an important role under stress conditions, including oxidative stress, when
algal cells increase lipid synthesis for the storage of energy [64], which could be used to
activate antioxidant defenses [65]. The increased expression of phosphoglycerate kinase,
which is involved in glycolysis, and NADP-dependent oxidoreductases also suggests an
increased breakdown of molecules to increase energy production, likely as a compen-
satory response to reduced energy production by photosynthesis. The same proteins
were upregulated upon exposure to AgNOj3. On the other hand, AgNP-CTAB treatment
resulted in downregulation of proteins involved in glycolysis (fructose-bisphosphate al-
dolase, glyceraldehyde-3-phosphate dehydrogenase, and phosphoglycerate kinase) and
the citric acid cycle (malate dehydrogenase), suggesting that the algae slowed down their
metabolism as a survival strategy under stress conditions [66]. Indeed, proteomic analysis
of the alga Pyropia haitanensis under elevated salinity conditions showed a significant re-
duction in the expression of many proteins related to glycolysis and the pentose phosphate
pathway compared to the controls [67]. Furthermore, a study on the alga Microcystis aerugi-
nosa also demonstrated that exposure to AgNPs leads to reduced expression of proteins
related to carbohydrate metabolism [68].

In addition to proteins directly related to photosynthesis, differentially expressed
proteins involved in defense and stress response, signal transduction, transcription, and
translation, as well as cellular structure, were also identified. Their altered expression
indicates a systemic cellular response to stress, which is consistent with our previous
research demonstrating the occurrence of oxidative stress in C. vulgaris after exposure to
silver nanoparticles and ions [11].

Analysis of the expression of key chloroplast genes associated with photosynthesis
revealed that treatment with AgNP-CTAB caused a slightly stronger downregulation of
atpE, psbA, psaA, psbB, petD, and psaB compared to AgNP-citrate. This difference could
be related to the slightly greater DNA damage observed after AgNP-CTAB exposure in
our previous study [11], but could also result from its higher ECp5 concentration and
the consequently greater number of nanoparticles interacting with the photosynthetic
machinery. Moreover, this expression pattern correlates with the results of differential
protein expression, in which proteins related to photosynthesis (e.g., ATP synthase and
photosystem complex proteins) decreased significantly and most strongly after treatment
with AgNP-CTAB. The effects of AgNOj3; on gene expression were intermediate when
compared to both types of AgNPs, which suggests that Ag* ions significantly contribute to
DNA damage and photosynthetic disruption. Furthermore, all treatments led to decreased
expression of the psbA and atpE genes, both of which play essential roles in photosynthetic
performance. The psbA gene and its protein product, the D1 protein, are well-known
sensitive indicators of oxidative damage to PSII [69], and its decreased expression can
lead to impaired photochemical activity and degradation of the photosynthetic apparatus.
Similarly, decreased expression of the atpE gene, which encodes the Fy component of ATP
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synthase, could lead to reduced energy availability for photochemical processes, possibly
explaining the observed reduction in photosynthetic efficiency parameters such as F; /F,.
On the other hand, the stable expression of the atpF gene across all treatments suggests
that some ATP synthase subunits are less sensitive, which may be due to the adaptive or
compensatory mechanisms of algae under stress conditions [70].

These findings are consistent with previous reports showing that AgNPs induce
oxidative stress and damage photosynthetic complexes in algae and plants [12,71]. In the
case of AgNP-CTAB, such effects may be further enhanced by the cationic nature of the
CTAB coating, which facilitates interactions with chloroplast membranes, as well as the
larger number of nanoparticles required to achieve ECys, further increasing their harmful
potential [72].

5. Conclusions

This study shows that AgNPs exert coating-dependent effects on photosynthesis in C.
vulgaris that are distinctly different from the effects of ionic silver. Both AgNP types altered
pigment composition by increasing chl b content and reducing carotenoids, whereas AgNOs
increased both chlorophylls without affecting carotenoids. All treatments led to reduced
photosynthetic efficiency, with AgNP-CTAB and AgNOj3 exhibiting the most pronounced
inhibition of PSII activity and electron transport. Proteome and transcriptome analyses
showed that AgNP-CTAB triggered stronger downregulation of photosynthesis-related
genes and proteins, while AgNP-citrate elicited comparatively milder molecular responses.
These results emphasize the crucial role of surface chemistry, as the cationic CTAB coating
enhances cellular uptake and increases toxicity. Overall, both nanoparticulate and ionic
forms of silver interfere with algal photosynthesis primarily through oxidative stress and
PSII inhibition, with coating-dependent variations in nanoparticle stability, internalization,
and bioavailability determining the severity of their effects. However, the magnitude
and nature of these effects are strongly influenced by nanoparticle surface properties,
highlighting the necessity of considering surface functionalization when assessing the
ecological risks of engineered nanomaterials in aquatic environments.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/toxics13080627 /s1: Figure S1: UV /vis absorption spectra show
absorbance peaks marked by arrows (A and E), while AgNP-citrate (B-D) and AgNP-CTAB (F-H)
particles are visualized using transmission electron microscopy (TEM). Panels B and F display par-
ticles in bright field, C and G present silver element distribution maps, and D and H show EDX
spectra, with arrows indicating the characteristic X-ray peaks of silver. Four independent replicates
were analyzed for each stock suspension (n = 4). Scale bar represents 500 nm; Table S1: Parameters of
peptide analysis using Agilent 1290 Infinity II ultra-high-performance liquid chromatography (UH-
PLC).; Table S2: Parameters of peptide analysis using Agilent 6545 Q-TOF mass spectrometer (MS).;
Table S3: The physicochemical properties of AgNP-citrate and AgNP-CTAB in their stock suspensions
include the hydrodynamic diameter (dgy) derived from volume-based size distribution, ¢ potential,
total silver concentration, and the percentage of silver present as ions (Ag*).; Table S4: Differentially
expressed proteins, their cellular localization and biological and molecular function in C. vulgaris cells
exposed to AgNP-citrate (0.188 mg L 1), AgNP-CTAB (0.895 mg L), and AgNO; (0.130 mg L)
for 72 h. Upward arrow (1) indicates increased, downward arrow (]) decreased, and equal sign (=)
unchanged expression compared to the control. pl—isoelectric point, M—molecular mass.
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