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[bookmark: _GoBack]The significant growth of new technologies for the production of various man-made materials has led to the emergence of a large number of new xenobiotics, which exhibit considerable toxicity to different organisms in ecosystems. Among the most toxic are heavy metals (particularly copper and silver) when they enter ecosystems, either in ionic form or as nanoparticles. These toxicants pose a particular threat when they enter aquatic ecosystems. Conventional monitoring methods for assessing pollution risks often detect toxic effects only at later stages of exposure, when they manifest as a significant decline in population numbers or substantial morphological changes in organisms.  
To identify the toxic effects of various xenobiotics at the early stages of their impact on ecosystem components, biophysical methods, particularly spectral methods, are among the most promising approaches. Additionally, detecting such early effects is best achieved using organisms that are highly sensitive to such influences—so-called marker organisms. Photosynthetic membranes of aquatic photosynthetic microorganisms exhibit significant sensitivity to various pollutants, particularly heavy metals. One such marker organism is the freshwater microalga Scenedesmus quadricauda.  
The aim of this study was to investigate the effects of Cu²⁺, Ag⁺ ions, and silver nanoparticles on the primary processes of photosynthesis and the electron transport chain in the freshwater microalga Scenedesmus quadricauda using spectral methods.  
The study employed several methods, including absorption spectroscopy, chlorophyll a fluorescence analysis, Raman spectroscopy, and scanning electron microscopy (SEM).  
The results of the study demonstrated a dose-dependent reduction in the content of pigments such as chlorophyll a and carotenoids in the photosynthetic membranes of Scenedesmus quadricauda cells exposed to copper ions, silver ions, and silver nanoparticles. Analysis of rapid fluorescence kinetics (OJIP curves) of microalgal cell suspensions also revealed a dose-dependent decrease in fluorescence parameters at key points of the measured curves. Raman spectroscopy of individual cells indicated a reduction in carotenoid content under the influence of these toxicants.  
Scanning electron microscopy revealed damage to the microalgal cell wall upon exposure to silver, both in nanoparticle and ionic forms. We believe that these morphological changes are associated with the generation of reactive oxygen species (ROS) by these toxicants. In contrast, copper ions did not cause visible morphological alterations in the cells.  
Analysis of the obtained data indicates the toxic effects of the studied xenobiotics on various segments of the electron transport chain (ETC) within the photosynthetic membranes of Scenedesmus quadricauda cells. The findings also suggest differences in the mechanisms of copper and silver toxicity in algal cells.
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