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Abstract 15 

The exponential increase of waste derived from different human activities point out the importance of their reuse in order 16 

to create materials with specific properties, that can be used for different applications. In this work, it was showed how 17 

the typical Mediterranean organic liquid waste, namely Olive Mill Wastewater (OMWW), obtained during olive oil 18 

production, can be turned into an efficient reactive agent for the production of noble metals gold (Au) and silver 19 

nanoparticles (Ag NPs) with very well-defined physico-chemical properties. More than that, it was demonstrated that this 20 

synthetic procedure also lead to a drastic decrease of the organic pollution load of the OMWW, making it safer for 21 

environmental disposal and plants irrigation. Then, using healthy hepatic cell lines mitochondria,  the biological effects 22 

induced by these green metal NPs surrounded by a polyphenols shell, with the same NPs synthetized through a standard 23 

chemical colloidal reduction process were compared, finding out that the green NPs are much safer. 24 

Keywords: green synthesis; physico-chemical properties; mitochondria assessment; GTPase dynamin-related protein 1 25 

expression; antioxidants perturbation; reusability of waste. 26 

1. Introduction 27 

Part of the Mediterranean area economy relays on the production of olive oil. Its extraction generates a solid waste, the 28 

Olive Mill Solid Waste (OMSW), along with a liquid part combined with wash-waters, named OMWW (Souilem et al. 29 

2017). It is estimated that c.a. 30 million tons of OMWW are produced every year during the olive production period 30 

(from November to late February) in this geographical area (Dutournié et al. 2019). OMWW is slightly acid, and 31 

characterized by a high organic pollution loads,  polyphenols and suspended solids (Aggoun et al. 2016; Torrecilla 2010). 32 

The organic pollution loads are mostly represented by chemical oxygen demand (COD), which is a measurement of the 33 

oxygen required to oxidize soluble and particulate organic matter. In OMWW, the COD values ranging between 45 and 34 

170 g/L (Chatzisymeon et al. 2013; Chatzisymeon et al. 2009). These components are extremely toxic to the environment 35 

mailto:*valeria.dematteis@unisalento.it


2 
 

and to the bacteria colonizing it (Chatzisymeon et al. 2009; Chatzisymeon et al. 2013). For instance, despite polyphenols 36 

have beneficial effects to human health due to their strong antioxidant properties, they are rather phytotoxic (Jillian  2017). 37 

It has been established that the impact of OMWW on the environment can reach the same levels as the whole pollution 38 

developed by a population of 22 million people in one year (Isidori 2005). Many chemical and physical methods have 39 

been thus employed to separate the organic phase from the OMWW in order to obtain a product that could be safely 40 

disposed in the environment or reusable for irrigation (Mantzavinos and Kalogerakis 2005; Mert et al. 2010; De Almeida 41 

et al. 2018). For example, the organic solvent-based extraction of polyphenols requires thermal concentration, 42 

ultrafiltration or lyophilisation steps (Torrecilla 2010). Other methods include supercritical fluid extraction (De Leonardis 43 

et al. 2014), evaporation and distillation (Rozzi 1996; Tsagaraki et al. 2007), neutralization/precipitation (Sarika et al. 44 

2005) and electrocoagulation (Adhoum et al. 2004). In addition, also biological methods are used to remove polyphenols, 45 

like the use of bacteria (McNamara et al. 2008; Ramos-Cormenzana et al. 1996) or even nanoscaled materials such as 46 

Fe2O3 NPs (Nassar et al. 2014) and TiO2 NPs (El Hajjouji et al. 2008; Nogueira et al. 2016) that were tested for their 47 

ability to reduce the COD values and the polyphenols from OMWW. Such latter approach, despite having intrinsic 48 

innovative aspects, has the limit to first optimise the chemical or physical synthesis and the characterization of NPs. 49 

However, although many methodologies have been employed to decrease the organic phase-related toxicity of OMWW 50 

(including NPs), further investigations are still needed to find the best approach for mitigating the OMWW environmental 51 

impact and to reduce the time consuming and expensive equipment (Rahmanian at al. 2014). In fact, not all mills can be 52 

equipped with expansive purification system, which are also require large facilities to host them. In a recent study, the 53 

polyphenols extracted from OMWW have been used as reducing agents to obtain magnesium oxide NPs (MgO NPs) 54 

(Hamimed  2020). It is well known that polyphenols (Singh et al. 2018) represent the most suitable reagents for the green 55 

production of NPs due to the high natural availability (especially in plant extracts). Also, they can act both as reducing 56 

and capping agents for the reduction of metal salts to obtain metallic NPs (1-100 nm) (Dauthal and Mukhopadhyay 2016; 57 

De Matteis et al. 2019; Bao et al. 2019). Here, a simple, direct and sustainable approach for the synthesis of metal NPs 58 

(Ag and Au) from an unprocessed/not-purified OMWW collected from a mill located in Southern Italy (Apulia) has been 59 

reported. The same NPs have been proved to significantly reduce, at the same time, the pollution load of OMWW. Highly 60 

stable colloidal Au and Ag NPs, with a size of ca. 20 nm and a surface coating of polyphenol molecules, have been 61 

produced. We demonstrated that the separated synthesis solution supernatant, namely the OMWW residue, shown 62 

significantly lower levels of polyphenols and COD. This confirmed the effectiveness of the synthetic procedure in 63 

sustainability, with the possibility to combine a green synthetic procedure with a reduction of waste toxicity in one shot, 64 

make it also suitable for irrigation. After the NPs green synthesis, the impact of the polyphenol-coated metal NPs on 65 

HL7702 human liver cell lines was assessed. The results were compared with these obtained using NPs, having the same 66 

chemical composition but synthesized through a standard colloidal chemical route, in order to assess any difference. The 67 

effects of the metal NPs on the mitochondrial membrane properties were investigated, in terms of potential, morphology, 68 

phospholipids and fatty acids content difference. The mitochondrial fusion process, that regulate cell growth, was studied 69 

following the expression of the GTPase dynamin-related protein 1 (Drp-1), which is recruited at the mitochondrial level 70 

to regulate fission step (Smirnova 1998). In addition, the levels of Reactive Oxygen Species (ROS) and Malondialdehyde 71 

(MDA) were estimated. Finally the cell cycle progression after exposure to the NPs through cytofluorimetric analyses 72 

were evaluated. The results shown that the Au and Ag NPs synthesized from OMWW had a very low impact on cells. To 73 

the best of our knowledge, it is the first time that OMWW is used to synthesize noble metal NPs, monodispersed in size 74 

and with quasi-regular morphology, without the implementation of time consuming and expensive steps to isolate 75 
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polyphenols from the organic pollution load. This approach opens new insights in the development of safe tools to apply 76 

in nanomedicine. 77 

 78 

2. Materials and Methods 79 

2.1 Reagents 80 

Tetrachloroauric(III) Acid (HAuCl4), Silver Nitrate (AgNO3), Sodium Citrate (Na3C6H5O7), Tannic Acid (C76H52O46), 81 

Folin & Ciocalteu’s phenol reagent, Sodium Bicarbonate (NaHCO₃), Gallic Acid (C7H6O5), Nitric Acid (HNO3), 82 

Hydrochloric acid (HCl), Anhydrous Acetone, DMEM (Dulbecco’s Modified Eagle’s Medium - high glucose), Fetal 83 

Bovine Serum (FBS), Penicillin-Streptomycin, Dimethyl sulfoxide (DMSO), WST-8 ASSAY, Phosphate buffer saline 84 

(PBS), Bovine Serum Albumin (BSA), hexane (CH3(CH2)4CH3), isopropanol (CH3)2CHOH), chloroform (CHCl3), 85 

methanol (CH3OH), Hydrogen Peroxide (H2O2), PhastGel® Homogeneous Pre-cast Gels 12.5 % polyacrylamide, 2′,7′-86 

Dichlorofluorescein diacetate (DCF-DA), 1X Tris-Buffered Saline, 0.1 % Tween® 20 Detergent (TBST) were purchased 87 

from Merck KGaA, Darmstadt, Germany. HL7702 cells were purchased from ATCC (Manassas, VA, USA). Transfer 88 

Buffer was purchased from Biorad. Lipid peroxidation assay kit (MDA) was purchased from ABCAM. MitoTracker™ 89 

Orange CMTMRos, JC1 dye and Mithocondria Isolation Kit were purchased from ThermoFisher Scientific, Waltham, 90 

Massachusetts, USA. HPLC column was purchased from Phenomenex, BD Cycletest™ Plus DNA Kit was purchased 91 

from BD Biosciences USA, primary rabbit antibody, Donkey anti-rabbit HRP 1:10000 and sheep anti-mouse HRP 92 

1:10000 β-Actin were purchased from Novus Biological, Littleton, CO, 300 mesh amorphous carbon-coated Cu grids 93 

were purchased from Ted Pella inc, USA. 94 

2.2 Green synthesis of the Au NPs and Ag NPs from OMWW 95 

The OMWW was collected in November from mill located in the Apulia region (south of Italy), and kept at −15 °C in 96 

polyethylene bottles until use. The waste was kept at 4 °C in a dark sterile bottle to prevent biomolecules degradation. 97 

The raw OMWW was purified by three cycles of centrifugation of 1 h at 6000 rpm to remove the solid part, and it was 98 

filtered using Whatman   filter   paper   n.1   (thickness   180   μm, pore size 11 μm). For the synthesis of the Au NPs, 5 99 

mL of purified OMWW was added in a solution containing HAuCl4 dissolved in MilliQ water (1 mM) in order to have a 100 

1:4 ratio between OMWW and HAuCl4 water solution. The mixture was left to stir (300 rpm) for 1 h at room temperature. 101 

The same procedure was followed for the synthesis of the Ag NPs, in which AgNO3 was used as precursor, after its 102 

dissolving in MilliQ water (1 mM). During the synthesis of the Au NPs, the colour of the reaction solution turned from 103 

light brown to wine red, and to dark brown, for the synthesis of the Ag NPs. After the two synthesis, the reaction solutions 104 

were centrifuged for 1 h at 4000 rpm to separate the OMWW supernatant of the synthesis reaction solution from the pellet 105 

containing the metal NPs. The OMWW supernatant was further analysed to determine COD levels, polyphenol content, 106 

pH and electrical conductivity, whereas the pellet was purified with MilliQ water by three cycles of centrifugation, and 107 

finally concentrated by an Amicon Ultra centrifugal 3k filter supplied by Merk, to assess the effect of the green metal 108 

NPs on mitochondria of HL7002 cell lines.  109 

2.3 Synthesis of citrate-capped Au NPs and Ag NPs by conventional chemical routes 110 

The colloidal syntheses of the Au NPs and Ag NPs were performed according to the procedure described in (Maiorano et 111 

al.  2013) and (De Matteis et al. 2015) which relay on the metal salt reduction in aqueous solution by using Na3C6H5O7. 112 

For the Au NPs synthesis, a reaction flask, filled with 150 mL of 0.25 mM of HAuCl4 aqueous solution, was heated up to 113 
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the boiling point under reflux while stirring, and then, 1.15 mL of 0.1 M Na3C6H5O7 was rapidly injected. The solution in 114 

the flask was kept at the boiling point until the colour solution became red wine. For the synthesis of the Ag NPs, 1.5 mL 115 

of Na3C6H5O7 aqueous solution (1.36 mM) containing 2.9 μM C76H52O46 was heated up to 60 °C. After the addition of 116 

AgNO3 (0.592 mM) the solution was heated up to the boiling point until the colour turned to dark brown. The reaction 117 

solutions were then cooled down to room temperature and stored in the dark at 4 °C. After this step, the achieved NPs 118 

were centrifuged at 7500 rpm  for 45 min and washed three times with MilliQ-water. 119 

2.4 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 120 

The concentrations of the Au NPs and Ag NPs, synthetized through the OMWW and the colloidal routes, were calculated 121 

by elemental analyses using ICP-AES and Varian Vista AX spectrometer (Varian Inc., Palo Alto, CA, USA). 250 µL of 122 

the Ag NPs and Au NPs solutions were digested overnight, by adding 2 mL of HNO3 and 2 mL of aqua regia, respectively, 123 

followed by dilution with MilliQ water (1:5). 124 

2.5 Morphology and spectroscopy investigation of the Au NPs the Ag NPs 125 

TEM analyses were performed by using a Jeol Jem-1011 microscope operating at 100 kV, equipped by a high-contrast 126 

objective lens and with a tungsten filament as electron source with an ultimate point resolution of 0.34 nm. Images were 127 

acquired by a Quemesa Olympus CCD 11 Mp Camera. The samples useful for TEM observations were prepared by 128 

depositing a drop (about 10 ul) of aqueous solution containing the metallic NPs on the carbon-coated grids. Once the 129 

water evaporated, the grids were used for analysis.  Size statistical analysis of the NPs average size and size distribution 130 

was performed by using the fitting analysis available on OriginPro software. The DLS and ζ-potential acquisitions were 131 

recorded by a Zetasizer Nano-ZS having a HeNe laser (4.0 mW) working at 633 nm detector (ZEN3600, Malvern 132 

Instruments Ltd., UK) in aqueous solutions (25 °C,pH 7). NPs size statistical distribution of the NPs was measured on 133 

300 Au NPs and Ag NPs fitted by a normal Gaussian function. UV-Vis-NIR absorption spectra of metal NPs solutions 134 

were performed by Cary 5000 (Varian) UV/Vis/NIR spectrophotometer at room temperature. Varian 670-IR spectrometer 135 

equipped by a DTGS (deuterated tryglycine sulfate) was used to acquire mid-infrared spectra. The spectral resolution of 136 

detector was 4 cm-1. For attenuated total reflection (ATR) measurements, a one-bounce 2 mm diameter diamond micro 137 

prism was used as internal reflection element (IRE). The solutions were deposited directly by casting onto the upper face 138 

of the diamond crystal and analysed after solvent evaporation. 139 

2.6 COD measurement 140 

The COD values of the pristine OMWW, the OMWW diluted in MilliQ water  (1:4) and of the OMWW supernatant of 141 

the Au NPs and Ag NPs synthesis solution, were measured according to the ISO 15705:2002 “Water quality—142 

Determination of the chemical oxygen demand index (ST-COD)” (Technical Committee : ISO/TC 147/SC 2 Physical, 143 

2002) — Small-scale sealed-tube method). Such approach is based on the photometric determination, by the Fluorat-02 144 

analyser, of the residual concentration of Cr(VI) ions after oxidation of the organic matter of the sample with an excess 145 

of potassium dichromate in acid medium and in presence of sulphate silver.  146 

2.7 Total Phenolic Compounds Content estimation 147 

The Folin-Ciocalteu phenol reagent was used to measure the total phenolic content in pristine OMWW, the OMWW 148 

diluted in MilliQ water (1:4) and of OMWW supernatant of the Au NPs and Ag NPs synthesis solution, following the 149 

method previously described by Singleton and Rossi with some modifications. (Singleton and Rossi 1965) Briefly, 1.8 mL 150 
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of the Folin-Ciocalteu reagent and sodium bicarbonate (7.5 %) were successively added by 40 μl of OMWW at room 151 

temperature. The mixture was kept in the dark for 1 h, and then, absorption spectra were recorded at 765 nm by using a 152 

Jasco V-630 spectrophotometer. Gallic acid was used as standard phenolic compound for the calibration curve (r2 = 153 

0.9989). Total phenolic compound content is expressed as residual gallic acid equivalents (GAE) in gram per liter (gGAE 154 

L-1). Data were expressed as mean ± SD. Differences in total phenolic compounds between samples and controls were 155 

considered statistically significant performing a student’s t -test with a p values < 0.05 (<0.05 *, <0.01 **, and <0.005 156 

***). 157 

2.8 Electrical conductivity (µS/cm) and pH 158 

Electrical conductivity (µS/cm) and pH of OMWW, the OMWW diluted in MilliQ water (1:4) and supernatant of the 159 

reaction solution of the green synthesized Au NPs and Ag NPs following the methods described in (CNR-IRSA, 2003). 160 

Data were expressed as mean ± SD.  161 

2.9 Chlorophyll a and Chlorophyll b determination in tomato plants (Lycopersicon esculentum) 162 

The plants growth was made following the procedure described in (Daâssi et al 2016) with some modifications. Briefly, 163 

the tomato seeds were sown on in alveolus plates filled with peat for 3 weeks. The seedlings were successively transferred 164 

into pots (three plants per pot) including 500 g of peat and located to a greenhouse. After 10 days, the plants were first 165 

fertilized and, after 3 days, they were irrigated weekly for three weeks with 10 mL of pristine OMWW, the OMWW 166 

diluted in MilliQ water (1:4)  and the OMWW supernatant derived from Ag NPs and Au NPs synthesis were used. We 167 

used three blocks and three replicates. The treatment with water was the control. In addition, the pH of OMWW was 168 

adjusted to 7.0 in order to eliminate alteration induced by acidity. The MacKinney approach (MacKinney et al 1941) was 169 

used to record the amount of Chlorophyll a (Chl a) and Chlorophyll b (Chl a) in tomato plants. After 3 weeks of irrigation, 170 

starting from the same plants height (c.a. 30 cm), 7 mg of fresh leaves were crushed into small portions and moved in 1.5 171 

mL of anhydrous acetone following two-centrifugation steps of 14.0000 rpm for 15 minutes (4°C). The supernatant 172 

recovered was analysed at 645 and 663 nm (Lichtenthaler et al 2001). Data were expressed as milligrams per gram of 173 

fresh weight of tomato ± SD. Differences between samples and control were evaluated performing a student’s t -test and 174 

were considered statistically significant for p values < 0.05 (<0.05 *, <0.01 **, and <0.005 ***).2.10 Cells culture 175 

HL7702 cells were grown in Dulbecco's modified eagle's medium (DMEM) added by 10 % FBS and 1 % antibiotic-176 

antimycotic solution at 37° C in a humidified incubator with 5 % CO2. In order to evaluate the mitochondria membrane 177 

composition, cells were harvested during the exponential phase of growth at 80 % of confluence, starting from 25 million 178 

cells. 179 

2.11 Cells viability assessment by WST-8 Assay 180 

5 × 103 HL7702 cells/ well were seeded in 96 well microplates.  After 24 h, cells were exposed for 24 h and 48 h to two 181 

concentrations of polyphenol- and citrate-capped Au NPs and Ag NPs stock solutions, namely 10 µg mL-1 (c1) and 25 µg 182 

mL-1 (c2). DMSO was used as positive control (data not shown). At the endpoints, cell viability was investigated by using 183 

a standard WST-8 assay following the procedure previously described (De Matteis et al 2017). Differences in cell viability 184 

between cells treated with NPs and the control were statistically significant performing a student’s t -test with a p values 185 

< 0.05 (<0.05 *). 186 

2.12 Mitochondrial membrane potential analysis by JC1 dye 187 
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HL7702 cells were seeded in dark 96 well microplates and treated for 24 h and 48 h with c1 and c2 polyphenol- and 188 

citrate-capped Au NPs and Ag NPs. Then JC-1, a cationic carbocyanine dye, was used to measure the mitochondrial 189 

membrane potential. . After NPs exposure, the medium was removed and cells, firstly washed with PBS buffer solution, 190 

were incubated with JC-1 (2.5 μg mL-1) for 2 h. Once removed the dye, cells were washed with PBS in order to remove 191 

the excess of dye. Then, the cells fluorescence was detected from each well using Bio-Rad Fluo Star Optima (BMG 192 

LABTECH) microplate spectrophotometer. Results were normalized with respect to negative controls expressed as 100 193 

%. As positive control, cells were incubated with 100 μM valinomycin. Data are reported as mean values ± SD. The 194 

difference between cells treated with NPs and controls was considered statistically significant performing a student’s t -195 

test with a p values < 0.05 (< 0.05 *) 196 

2.13 Mitochondria isolation, proteins and lipids extraction of mitochondrial membranes. 197 

The isolation of mitochondria from HL7702 cells was performed, before and after 24 h and 48 h of treatment with c1 and 198 

c2 polyphenol- and citrate- capped Au NPs and Ag NPs, starting from 1×107 cells following the procedure described in 199 

Mitochondria Isolation Kit. The procedure was based on Dounce homogenization.  The further isolation was carried out 200 

by differential centrifugations to separate the mitochondria. In particular the centrifugation at 3000 × g for 10 min at 4°C 201 

permitted to obtain mitochondria in the pellet that were wash and successively centrifuged at 12000g for 5 min at 4 °C. 202 

The step at 3000 x g allows the collection of highly purified mitochondria. The typical yield relays on ca. 150 µg protein 203 

from 20 million starting cells. Highly purified proteins will be subsequently achieved from mitochondria after applying 204 

lysis buffer containing a protease inhibitor. The protein amount of the mitochondrial fraction was determined by a 205 

Bradford protein assay using BSA protein as standard (Bradford, 1976). Lipids were extracted and purified according to 206 

Bligh and Dyer procedure (Bligh and Dyer 1959).  207 

2.14 Separation of phospholipids by High Performance Liquid Chromatography (HPLC) and quantitative 208 
analysis by phosphorus dosage 209 
 210 
Mitochondrial phospholipids from HL7702 cells were separated by HPLC, before and after 24 h and 48 h of treatment 211 

with c1 and c2 polyphenol- and citrate-capped Au NPs and Ag NPs. 212 

The column, 250 x 4.6 mm in size, with a stationary phase formed of an orthosilicic acid polymer was used. The elution 213 

of the phospholipids was carried out in a gradient by the use of two phases, namely phase A relaying on a 214 

(CH3(CH2)4CH3):(CH3)2CHOH (6:8 % v/v) solution, and phase B relaying on a (CH3(CH2)4CH3):(CH3)2CHOH:water 215 

(6:8:1.4 % v/v) solution. After 15 min the chromatographic peaks of the eluted phospholipids were detected by HPLC 216 

detector absorption spectra, collected by LKB 2238 Uvicord SII uv monitor and equipped with a 206 nm interference 217 

filter. The assignment of the phospholipids was performed by the absorption signal at 206 nm related to the –C=C- bonds 218 

of the fatty acid chains (Holte LL et al. 1990). The phospholipids of the sample were identified by comparing the retention 219 

times with those of the added standards.  220 

The phospholipids quantitative analysis was carried out by the phospholipid phosphorus dosage by using the Nakamura 221 

method (Nakamura 1952) and the Fiske reagent (Fiske 1925). The values of the phospholipidic phosphorus were obtained 222 

spectrophotometrically, extrapolating the absorbance of the sample solutions from the calibration curve, divided by the 223 

atomic weight of the phosphorus, and then multiplied by the average molecular weight of the phospholipids (870 Dalton). 224 

The quantity of the phospholipids was reported as µg of phospholipid phosphorus/mg of mitochondrial proteins. 225 

2.15 Mitochondrial fatty acids composition 226 



7 
 

The fatty acids composition of purified mitochondria from HL7702 cells was determined according to the procedure 227 

described in Ichihara et al. (2010). Lipids were extracted from the mitochondria with chloroform/methanol (2:1 % v/v) 228 

solution and then methylated with 0.5 M HCl in methanol (0.5 M). Fatty acid methyl esters were separated and quantified 229 

by gas chromatography. 230 

2.16 Immunoblot analysis 231 

The mitochondrial fission regulator Drp-1 levels in HL7702 cells were estimated by immunoblotting, before and after 232 

treatment with c2 polyphenols- and citrate-capped Au NPs and Ag NPs for 48 h. The protein lysates were separated by 233 

using 12.5 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE 12.5 %) and soaked in 234 

Transfer/Towbin buffer for 15 min. After the separation, the proteins were transferred onto a nitrocellulose membrane, 235 

blocked with 5 % BSA in a TBS/Tween, and then incubated with primary antibodies at 4 °C overnight. The nylon 236 

membranes were incubated overnight with the primary antibodies. After incubation, the membrane was rinsed three times 237 

with Tris-buffered saline (TBS) and Polysorbate 20 (Tween 20, TBST) and incubated with the appropriate secondary 238 

antibody, namely donkey anti-rabbit HRP 1:10000 (Novus Biological, Littleton, CO) for the DPR-1 protein, and sheep 239 

anti-mouse HRP 1:10000 β-Actin (Novus Biological, Littleton, CO) for β-actin, followed by three additional rinses 240 

performed at intervals of 10 min. Relative band intensities were recorded by densitometry, normalizing the band 241 

intensities of the untreated samples to that of the β-actin signal. 242 

2.17 Determination of ROS production by DCF-DA Assay 243 

HL7702 cells were seeded in 96-well microplates and treated for 24 h and 48 h, by the polyphenol- and citrate-capped Au 244 

NPs and Ag NPs at the c1 and c2 concentrations. After cell–NPs interaction, the DCF-DA assay was performed following 245 

the procedure reported elsewhere (De Matteis et al. 2019). As a positive control, cells were exposed to 500 μM H2O2 that 246 

induced an increase of fluorescence of about 300 % due to the ROS formation. Data are reported as mean values ± SD 247 

estimated from three independent experiments. The difference between cells treated with NPs and controls was considered 248 

statistically significant performing a student’s t -test with a p values < 0.05 (<0.05 *).  249 

2.18 Lipids peroxidation by Malondialdehyde (MDA) quantification 250 

HL7702 cell extracts were prepared according to the procedures described in De Matteis et al (2019). The assay was 251 

performed on microplates by applying the Lipid Peroxidation (MDA) Assay kit, in which the MDA of the sample reacts 252 

with thiobarbituric acid (TBA) to generate the MDA-TBA adduct and the concentration (nmol mg-1 protein) of the MDA-253 

TBA adduct was determined from the absorbance spectra at 532 nm, by using a Bio-Rad microplate spectrophotometer. 254 

Data are reported as mean values ± SD estimated from three independent experiments. The difference between cells 255 

treated with NPs and controls was considered statistically significant performing a student’s t -test with a p values < 0.05 256 

(<0.05 *). 257 

2.19 Mitochondrial morphology investigation by confocal microscopy and ImageJ software analysis  258 

HL7702 cells were exposed for 48 h to c2 polyphenol- and citrate-capped Au NPs and Ag NPs. After incubation, the 259 

medium containing NPs was replaced with PBS. After this step, the cells were washed several and 300 nM mL-1 260 

MitoTracker™ Orange CMTMRos was used to label mitochondria. After an incubation of 20 min in the incubator,  261 

Confocal acquisitions were collected by the Leica TCS SPE-II confocal microscope, using a 100X objective (water 262 

immersion, HCX PL APO, 1.10NA). Mitochondrial average circularity, mitochondria area/perimeter normalized to 263 
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circularity and mitochondria area/perimeter normalized to minor axis were measured on 20 cells by means of the ImageJ 264 

1.47 analysis software. The difference between cells treated with NPs and controls was considered statistically significant 265 

performing a student’s t -test with a p values < 0.05 (< 0.05 * < 0.01 ** and < 0.005 ***). 266 

2.20 Cell cycle analysis 267 

Following trypsinization, HL7702 cells (before and after 48 h of treatment with c2 polyphenols- and citrate-capped Au 268 

NPs and Ag NPs) were adjusted to a concentration of 1×10 cells/mL and treated using Cycle TESTTM PLUS DNA Reagent 269 

Kit according to the manufacturer's instructions. The cell cycle was analysed by flow cytometry using propidium iodide 270 

(PI). FACSCalibur (Becton Dickinson, CA) was used for data acquisition and analysis to determine cells percentages in 271 

the cell cycle phases sub G0/G1, G0/G1, S, and G2/M. 272 

 273 

3. Results and discussion 274 

OMWW is usually produced in tons during the period of olive oil production. The high percentage of polyphenols and 275 

extremely polluting COD values characterizing it, makes the disposal very challenging. Here, we showed the possibility 276 

of using OMWW for the green synthesis of metal NPs, a process that also induced a significant decrease of the pollution 277 

load in the OMWW resulting from the synthesis. Au and Ag NPs were synthetized by adding 1 mM of metal salts (AgNO3 278 

and HAuCl4) aqueous solutions to OMWW. The TEM images shown multifaceted anisotropic nanostructures, some 279 

triangular/hexagonal objects and nearly-spherical NPs (Figure 1 a,b). The ImageJ software was used to record the mean 280 

size distribution on TEM acquisitions, that were 21 ± 7 nm and 19 ± 8 nm for Au and Ag NPs, respectively. The statistical 281 

analysis was performed on 100 of each NPs type, and the red line represented the Gaussian fitting (Figure 1 c,d). The 282 

nano-objects were coated by a low contrast organic shell reasonably ascribed to the polyphenols, involved in the metal 283 

salts reduction in solution (Alegria et al. 2018), and concomitantly acting as coordinating and stabilizing agents of the 284 

forming NPs.  DLS measurements confirmed the TEM data, observing an hydrodynamic radius of 20 ± 8 nm and 20 ± 7 285 

nm for the Au (Figure 1e) and the Ag NPs (Figure 1f), respectively. Similar surface charge of – 48 ± 3 mV (Figure g) 286 

and - 45 ± 4 mV mV (Figure h) were also quantified. Conversely, the DLS measurements of the citrate-capped Au and 287 

Ag NPs, synthetized by the standard chemical route, had a hydrodynamic diameter of 20 ± 6 nm and 21 ± 3 nm, 288 

respectively. In addition, their surface charge was -32 ± 3 mV and -25 ± 5 mV respectively (Table 1).  289 

https://www.mdpi.com/2079-4991/9/11/1544/htm#fig_body_display_nanomaterials-09-01544-f001
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  290 

Figure 1. TEM images and size distribution obtained from ImageJ of polyphenol-coated Au NPs (a,c) and Ag NPs (b,d).  291 
DLS spectra (e-f) and ζ-potential (g-h) of Au NPs (e,g) and Ag NPs respectively (f,h).  292 

 293 

Samples Size (nm) ζ-potential (mV) 

Au NPs 20 ± 6  -32 ± 3  

Ag NPs  21 ± 3  -25 ± 5  

 294 

Table 1. NPs mean sizes recorded by DLS and ζ-potential values of citrate-coated Au NPs and Ag NPs. 295 

 296 

The UV-Vis-NIR absorption spectra of the OMWW-derived Au and Ag NPs showed an intense absorption band in the 297 

UV region (Figure 2a) at ca. 230 nm, accounted for by the π-π* transition of the conjugated carbon bonds of aromatic 298 

phenolic compounds. In addition, a Localized Surface Plasmon Resonance (LSPR) absorption band peak was observed 299 



10 
 

at 431 and 545 nm for Ag and Au NPs, respectively (Figure 2 a). Figure 2b reported the FTIR-ATR spectra of the 300 

OMWW starting solution comparing it with the spectra of polyphenols-capped Au NPs and Ag NPs. The infrared 301 

spectrum of OMWW shown, in the high wavenumber region, a broad band between 3650 and 3000 cm -1 corresponding 302 

to the –OH stretching mode (ν-OH), along with peaks at 2924 cm-1, 2884 cm-1 and 2854 cm-1, accounted for by the -CH2 303 

asymmetric stretching (νas-CH2) and the -CH3 and -CH2 symmetric modes (νs-CH2, νs-CH3) of polyphenolic compounds. 304 

In the low wavenumber region, OMWW shown a broad band at 1708 cm-1, which can be likely accounted for by –C=O 305 

stretching vibration (ν-C=O) of carboxylic acid groups, as well as, a broad band at 1666 cm-1, likely accounted for by –306 

C=C- stretching modes (ν-C=C-) of vinyl ether groups, and a band at 1587 cm-1, reasonably due to –C=C- stretching 307 

vibrations of the aromatic ring of phenols, ethers and benzoic acids. Finally, in the finger print region, the –OH bending 308 

mode (δ-OH) at 1396 cm-1 and the –C-O stretching vibrations (ν-C-O) of carboxylic acid groups at 1260 cm-1 can be 309 

observed, as well as –C-O-C- stretching vibrations of aromatic and vinyl ether moities (ν-C-O-C-) at 1068 cm-1 and –C-310 

O stretching modes of aromatic alcohols (ν-C-O) at 1031 cm-1, can be detected.  The infrared spectrum profile of the Au 311 

NPs and Ag NPs looked very similar and presented, in the high wavenumber region, the same broad bands detected in 312 

the spectrum of OMWW, likely accounted for by the –OH (ν-OH) and alkyl (νs-CH2, νs-CH3) stretching modes of the 313 

polyphenolic compounds extracted from OMWW in the synthesis process. Conversely, in the low wavenumber region, 314 

the metal NPs shown the vibrations at 1742 cm-1 and 1642 cm-1, mainly ascribed to the –C=O stretching vibration (ν-315 

C=O) of ester groups and the –C=C- stretching modes (ν-C=C-) of aliphatic vinyl ethers. In the finger print region, the 316 

bands at 1455 cm-1 and 1417 cm-1, likely ascribed to the –C=C- stretching band (ν-C=C-) of aromatic benzyl alcohol 317 

groups and to the –CH bending (δ-CH) of aliphatic groups, respectively can be observed. Finally, the vibrations at 1233 318 

cm-1, 1209 cm-1, 1163 cm-1, 1108 cm-1, 1038 cm-1 and 850 cm-1, can be likely ascribed to the –C(=O)-O- stretching (ν-319 

C(=O)-O) of ester moieties, the -O-H bending (δ-OH) of benzyl alcohols groups, the -O-C-C- stretching (ν-O-C-C-) of 320 

ester groups, the –C-O-C- asymmetric stretching (νas-C-O-C) of ether groups, the C-O stretching (ν-C-O-) of benzyl 321 

alcohols, and the aromatic ring -C-H bending (δ-CH), respectively. These evidences suggested that the polyphenols 322 

derived from OMWW reasonably involved in the coordination of the metal NPs surface as observed in the TEM images 323 

of Figure 1 a and b, and hence, they were responsible for the long-term colloidal stability of the nano-objects in water. 324 
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 325 

Figure 2. (a) UV-Vis-NIR and (b) FTIR-ATR spectra of OMWW and polyphenol-capped Ag NPs and Au NPs.  326 

 327 

The OMWW chemical composition depends on the variety of olive, stage of maturity, storage time, climate (Niaounakis 328 

et al. 2006); the high levels of COD (up to 170 g/L) and polyphenols (up to 24 g/L) limit the waste disposability. Therefore, 329 

the COD levels and total polyphenol contents of pristine (as collected) OMWW, of OMWW diluted with milliQ water 330 

(1:4) (namely the same dilution used for the green synthesis of the metal NPs), and of the OMWW supernatant of the 331 

polyphenol-coated Ag NPs and Au NPs synthesis reaction, have been measured.  The results showed that the pristine 332 

OMWW presented a high level of COD corresponding to 169 ± 13 gO2 L-1, which decreased down to 42 ± 15 gO2 L-1 333 

after the dilution with milliQ water (ratio 1:4). Remarkably, a significant decrease of the COD content to 3.2 ± 1.5 gO2 334 

L-1 and 3.8 ± 1.3 gO2 L-1 was observed after the green synthesis of the Au and Ag NPs, respectively (Figure 3 a). The 335 

total polyphenols content of pristine OMWW was 25 ± 8 gGAE L-1 and became 13 ± 3 gGAE L-1 after the 1:4 dilution, 336 

significantly decreasing down to 2.0 ± 0.2 gGAE L-1 and 3.1 ± 0.4, after the synthesis of the Au NPs and Ag NPs (Figure 337 

3 b). 338 

 339 

 340 
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 341 

Figure 3. COD (a) and total polyphenols content of OMWW, OMWW: MilliQ water (1:4) and OMWW supernatant 342 
derived from the Ag and Au NPs green synthesis.  343 

 344 

The electrical conductivity and the pH of OMWW were measured as well. For the OMWW sample, an electrical 345 

conductivity of 5980 ± 1200 µS cm-1 and a slightly acid pH of 5.02 were found. The conductivity was reduced down to 346 

1154 ± 510 µS cm-1, while an increase up to 5.23 in pH after the water 1:4 dilution was observed. The conductivity of the 347 

OMWW supernatant derived from green Ag and Au NPs synthesis reduced down to 1004 ± 458 µS cm-1 and to 390 ± 348 

169 µS cm-1 (Table 2), respectively, with a slight change of pH as well to 4.85 and 4.98.  349 

Samples Electrical conductivity  

(µS cm-1) 

pH 

OMWW 5980 ± 1200 5.02 

OMWW: MilliQ water  (1:4) 1154 ± 510 5.23 

OMWW supernatant from Ag NPs synthesis 390 ±169 4.85 

OMWW supernatant from Au NPs synthesis 1004 ± 458 4.98 

 350 

Table 2.  Electrical conductivity and pH values of OMWW, OMWW: MilliQ water (1:4) and OMWW supernatant 351 
derived from the Ag and Au NPs green synthesis. 352 
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The analysis of the OMWW supernatant isolated from the synthesis reaction of the metal NPs showed a significant 353 

reduction of COD and total polyphenols amount. Herein, the synthesis of the noble metal NPs was performed without 354 

any extraction of the polyphenols, as instead already demonstrated elsewhere for MgO NPs (Hamimed et al. 2020). More 355 

importantly, the in situ synthesized metal NPs were able to extract such polluting compounds from OMWW, allowing its 356 

possible safe disposal in the environment, or its use as irrigation source (Enaime et al. 2020). In fact, it has been previously 357 

demonstrated that the purified OMWW increased soil fertility (Flouri et al. 1988) resulting effective as fertilizer for olive 358 

trees, grapes and potatoes (Balis et al. 1995) stimulating plants growth enhancer, as well (Rusan et al. 2016). To assess 359 

the possible use of purified OMWW on plants as irrigation source, we evaluated the leaves pigmentation exerted by 360 

Chlorophyll a (Chl a) and Chlorophyll b (Chl b) on tomato plants (Lycopersicon esculentum) after their irrigation for 361 

three weeks with water. Pristine OMWW, the OMWW diluted in MilliQ water (1:4) and the OMWW supernatant derived 362 

NPs synthesis were tested. The results showed that the total amount of Chl a and Chl b significantly increased upon 363 

treatment with the supernatant OMWW derived from Ag NPs and Au NPs synthesis finding values of 173 ± 7 mg/g and 364 

176 ± 6 mg/g respectively. Conversely, the plants irrigation using pristine OMWW and the relative dilution in water (1:4) 365 

showed very low values (41 ± 4 mg/g and 85 ± 9 mg/g) with respect to the use of water (120 ± 10 mg/g) (Supplementary 366 

Material, Figure 1S). As previously reported (Ouzounidou and Zervakis  2010), the reduction of Chlorophyll content in 367 

tomato leaves irrigated with pristine OMWW could be due to polyphenols interference in the Chlorophyll formation and 368 

its pollutant charge. The supernatant OMWW presented a negligible concentration of polyphenols. These results were in 369 

accordance with other works that reported that purified OMWW enriched poor soils and, at the same time, it increased 370 

the leaves pigmentation. (López-Piñeiro et al. 2007). We then moved on studying the effects of the polyphenol-capped 371 

Au NPs and Ag NPs on the mitochondria of HL7702 liver cells comparing them with the effects caused by the citrate-372 

capped Au and Ag NPs (also having same size), synthesized through a standard reduction chemical route. 373 

Firstly, the cells viability after 24 h and 48 h of exposure to polyphenol-capped Au NPs and Ag NPs at the two 374 

concentrations, c1 and c2 were assessed. Significant differences were observed in the cell viability after treatment with 375 

either the polyphenol- and the citrate-coated NPs. The polyphenol-capped NPs did not reduce the cell viability to values 376 

below 70 % (compared to control untreated cells) even after 48 h of exposure to the highest concentration tested. A value 377 

of 70 ± 12 % was found for highest concentration of Ag NPs after 48 h, whereas the cell viability upon treatment with 378 

Au NPs was  78 % ± 9 (Figure 4A). On the other hand, the citrate-capped Ag NPs showed the highest toxicity after 48 h 379 

of exposure to the c2 concentration, at which only the 43 % of cells remains vital. The citrate-capped Au NPs drastically 380 

reduced cell viability to 52 %. The effect of the polyphenol-coated metal NPs on the HL7702 liver cells was further 381 

studied by investigating mitochondria (i) membrane potential (MMP), (ii) phospholipid/fatty acids content and 382 

morphology (iii). The maintenance of MMP is critical for cell viability, as it is based on the pumping of hydrogen ions 383 

across the inner membrane during electron transport and oxidative phosphorylation, that is the driving force for the 384 

physiological ATP production (Acton et al. 2004). Any modification of the MMP values have been investigated by 385 

monitoring changes of the photoluminescence emission of the molecular label JC-1. This dye reagent crosses the 386 

mitochondrial membrane and possesses a green fluorescence emission peak at ~530 nm. Upon variation in the MMP, the 387 

dye is not able to accumulate in the organelle and it forms J-aggregates that exhibit a broad excitation spectrum and an 388 

emission maximum at ~590 nm. The exposure to citrate-coated Ag NPs (c2) for 48 h reduced the MMP value of 60 %, 389 

whereas the MMP did not undergo significant changes after exposed cells to the polyphenol-capped NPs, demonstrating 390 

high tolerance towards these NPs. In agreement with viability results, these effects were particularly evident after 48 h of 391 

exposure to the c2 citrate-coated Ag NPs (Figure 4b).  392 
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 393 

Figure 4. a. Viability (WST-8) assay of HL7702 cells after 24 h and 48 h of exposure to c1 and c2 polyphenol-capped 394 
and citrate-coated Au NPs and Ag NPs. Viability of NPs-treated cells normalized to non-treated control cells. b. Effect 395 
of 24 h and 48 h exposure to c1 and c2 polyphenol-capped and citrate–coated Au NPs and Ag NPs on MMP in HL7702 396 
cells. Cells were incubated with 2.5 µg mL-1 JC1 and cell fluorescence was collected from each well. The % MMP of 397 
NPs-treated cells is expressed relative to non-treated control cells.  398 

 399 

The alteration of the MMP can be due to integrity loss of the outer and inner side of the mitochondrial membrane. Here 400 

phospholipids like cardiolipin (CL), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS) 401 

and phosphatidylcholine (PC) play a fundamental role in preserving the membrane structure. Among these phospholipids, 402 

PC is the most abundant in the outer membrane layer, whereas CL is the typical phospholipid of the inner mitochondrial 403 

membrane, responsible for the chain function of electron transport. A decrease in  CL content destabilize the complex III 404 

and IV of the respiratory cellular chain, thus triggering the caspases activation and leading to apoptosis (Kagan et al. 405 

2005; Yin et al. 2012). In addition, it has been demonstrated previously, that its alteration is implicated in several human 406 

diseases, such as atherosclerosis (Berliner and Leitinger  2009), cancer (Hammad et al. 2009), Barth syndrome (Barth et 407 
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al. 1983), and neurodegenerative disorders (Montine et al. 2005). Any possible changes in the phospholipids phosphorus 408 

content in mitochondrial membranes of HL7702 cells were then investigated, observing significant effects after 48 h of 409 

exposure to c2 NPs. After cell incubation with polyphenol- and citrate-capped Au NPs and Ag NPs, mitochondria were 410 

isolated by differential centrifugation steps and phospholipids were separated by HPLC. We observed a general trend of 411 

decrease in phospholipids content, as it can see in total chromatograms of mitochondrial phospholipids,  especially after 412 

treatment with citrate-coated Au NPs and Ag NPs, and the highest reduction has been observed for CL, PE and PC (Figure 413 

5a).  CL values changed from 10 ± 1.3 µg mg-1 for the control to 9.1 ± 2.1 µg mg-1 and 8 ± 1.8 µg mg-1 after treatment 414 

with the polyphenol-capped Au NPs and Ag NPs, respectively. These values corroborated the results obtained for the 415 

MMP analyses, confirming that the polyphenol-capped NPs did not significantly affected the CL levels, as well as the 416 

other phospholipids. The PC levels slightly changed after incubation with the polyphenol-capped Ag NPs, passing from 417 

the control value of 59.6 ± 14 µg mg-1 to 54 ± 11 for Au NPs and 44.4 ± 12 µg mg-1 for Ag NPs. Conversely, the exposure 418 

to the citrate-coated NPs was found to trigger a significant alteration of phospholipids content. The CL decreased down 419 

to values of 2 ± 0.3 µg mg-1 after 48 h of exposure to c2 citrate-coated Ag NPs, and to 5.2 ± 2 µg mg-1 after exposure to 420 

Au NPs. Similarly, the levels of PC decreased to 3.5 ± 1.5 µg mg-1 after  cells incubation with citrate-coated Ag NPs 421 

(Figure 5b).  422 
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  423 

Figure 5. a. Total chromatograms of mitochondrial phospholipids separated by HPLC in mitochondrial membranes of 424 

HL7702 cells induced by 48 h of exposure to c2 polyphenol- and citrate-capped Au NPs and Ag NPs and b. the relative 425 

phospholipids quantitative analysis expressed as µg phospholipids phosphorus/mg protein, Results are calculated as mean 426 

of five experiments ± DS and they considered statistically significant performing a student’s t -test with a p values < 0.05 427 

(<0.05 *). 428 
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These data highlighted how the NPs produced by the colloidal route, and the Ag NPs in particular, were responsible for 429 

the most significant modifications. This result can be due to the peroxidation of acyl chains of phospholipids; for this 430 

reason, the amount of these acylic chains was carefully analysed, observing a general decrease in the content of both the 431 

saturated and unsaturated fatty acids, evident when cells were exposed to citrate-coated NPs derived. Conversely, the 432 

polyphenol-capped NPs induced negligible effects on the fatty acid content, probably due to the polyphenolic shell. It is 433 

reasonably that the phytocompounds act as antioxidant in several diseases involving the genes responsible of the fatty 434 

acid chains elongation.  (Sha 2018). Remarkable changes in the levels of saturated (Myristic, Palmitic and Stereatic) and 435 

unsaturated (Palmitoleic, Oleic, Linoleic, Arachidonic, Eicosapentaenoic, Docosapentaenoic and Docosahexaenoic) fatty 436 

acids after 48 h of incubation citrate-capped Ag NPs and Au NPs were observed. The total unsatured fatty acid level 437 

changed from 55.11 ± 1.18 % mol for the control, to 46.47 ± 6.01 % mol after exposure to the citrate-coated Ag NPs, and 438 

to 51.7 ± 6.2 % mol after exposure to the polyphenol-capped Ag NPs. The trend was similar on saturated fatty acids when 439 

cells were exposed to citrate-coated Ag NPs. The levels of the unsaturated fatty acids seemed generally more susceptible 440 

to the NPs activity (Table 3).  441 

Fatty Acids  CTRL  

(% mol) 

Polyphenol-

capped Au 

NPs 

(% mol) 

Polyphenol-

capped Ag NPs 

(% mol) 

Citrate-capped 

Au NPs 

(% mol) 

Citrate-capped 

Ag NPs 

(% mol) 

Myristic C 14:0 0.25 ± 0.1 0.23 ± 0.12 0.24 ± 0.13 0.17 ± 0.59 0.15 ± 0.8 

Palmitic C 16:0 16.5 ± 3.25 16.0 ± 1.25 16.08 ± 2.5 15.89 ± 0.5 15.80 ± 1.5 

Palmitoleic C 16:1  0.59 ± 0.05 0.49 ± 0.02 0.47 ± 0.05 0.38 ± 0.08 0.31± 0.06 

Stearic C 18:0 12.01 ± 3.05 8.88 ± 2.05 8.58 ± 1.01 9.55 ± 1.3 7.53 ± 2.3 

Oleic C 18:1 8.95 ± 2.2 8.5 ± 1.4 8.61 ± 3.2 7.3 ± 1.5 6.85 ± 1.2 

Linoleic C 18:2 20.83 ± 2.4 18.35 ± 3.2 17.9 ± 1.02 18.2 ± 1.6 17.8 ± 3.4 

Arachidonic C 20:4 20.3 ± 3.6 20.01 ± 2 19.75 ± 1.85 18.23 ± 2.3 18.01 ± 1.3 

Eicosapentaenoic C 20:5 1.01 ± 0.025 0.89 ± 0.20 0.81 ± 0.075 0.78 ± 0.083  0.72 ± 0.03 

Docosapentaenoic C 22:5 0.30 ± 0.014 0.28 ± 0.022 0.25 ± 0.024 0.22 ± 0.023 0.18 ± 0.04 

Docosahexaenoic C 22:6 3.12 ± 0.11 3.1 ± 1.012 3.9 ± 0.025 2.8 ± 1.3 2.6 ± 0.3 

∑ saturated  28.76 ± 2.13 25.14 ± 2.05 24.9±2.9 25.61±1.5 23.84 ± 3.1 

∑ insaturated  55.11 ± 1.18 51.62 ± 0.98 51.69± 6.2 47.91 ± 0.86 46.47 ± 6.01 

 442 

Table 3. Fatty acids analysis phospholipids in mitochondrial membranes of HL7702 cells induced by 48 h of exposure to 443 

c2 polyphenol- and citrate-capped Au NPs and Ag NPs. Results are calculated as mean of five experiments ± DS and they 444 

considered statistically significant performing a student’s t -test with a p values < 0.05 (<0.05 *). 445 

 446 

 447 
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The changes in phospholipids and fatty acids chain has been found to modify the lipid-lipid interactions, membrane 448 

permeability, ion gradients and membrane fluidity inducing a decreasing of the membrane thickness (Agmon et al 2018; 449 

Wong-Ekkabut et al. 2007). In addition, changes in the phospholipids content were demonstrated to be involved in the 450 

import and assembly of proteins through membranes. Moreover, they are crucial for tubular mitochondrial morphology 451 

and membrane fusion (Choi et al. 2006; Steenbergen et al. 2005). It has been demonstrated that mitochondrial morphology 452 

depends on a balance between fusion and fission events. The GTPase cytosolic dynamin-related protein-1 (Dpr-1) 453 

regulates the fission phenomena, translocating to the outer mitochondrial membrane and inducing the development of 454 

active fission sites. The speed of fission could derive from overexpression of Dpr-1 that can reduce ATP efficiency. These 455 

dynamics are crucial for regulating cell death or survival, because they are essential for cellular development and 456 

homeostasis, as well as apoptosis (Otera and Ishihara 2013). Previous works analysed the NPs effect on Dpr-1 expression 457 

in tumoral cell lines demonstrated the induction of endothelial injury via Drp-1 (Guo et al. 2018) as well as Au NPs in 458 

lung cancer cells (Ke et al 2017). We then explored here a potential correlation between the presence of phospholipids 459 

with the fission events by studying the regulation of Dpr-1. A higher decrease of phospholipids/fatty acids, together with 460 

a hyperexpression of Dpr-1, has been found after cell exposure to citrate-coated Au NPs and Ag NPs compared to 461 

polyphenol-capped Au NPs. The impressive increase observed in the fission process may impair the physiological 462 

mitochondrial network, remodelling them or even changing their  turnover (Fix et al. 2019; Suárez-Rivero et al. 2017). 463 

Immunoblot analyses of Dpr-1 on liver cells showed that the Drp-1 levels were markedly higher in cells after 48 h of 464 

treatment with c2 citrate-capped Au NPs and Ag NPs (Figure 6a). In particular, the expression increased up to 155 % ± 465 

25 in cells treated with Ag NPs. The polyphenol-capped NPs did not induce several overexpression, suggesting a 466 

negligible effect on the regulation of Dpr-1 (Figure 6b).  467 

 468 

Figure 6. a. Western blot and (b) densitometric analysis of Dpr-1 expression of HL7702, after 48 h of exposure to c2 469 

polyphenol- and citrate—coated Au NPs and Ag NPs. The reported values are estimated as average of five independent 470 
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experiments ± SD and they considered statistically significant performing a student’s t -test with a p values < 0.05 (<0.05 471 

*).    472 

 473 

 474 

It is likely that the alteration of the lipid composition of the mitochondrial membranes, as well as the changes in the fission 475 

process can influence the susceptibility of the membranes to ROS. This can in turn stimulated lipid peroxidation and 476 

result in the formation of MDA after exposure to Au NPs and Ag NPs at the highest concentration. the ROS production 477 

in HL7702 cell after 24 h and 48 h of exposure to c1 and c2 polyphenol-capped and citrate coated Au NPs and Ag NPs 478 

were investigated (Figure 7a). As expected, the levels of ROS were dose and time dependent and were strictly linked to 479 

the synthetic route used. In agreement with the previous data, the incubation with polyphenol-capped Au NPs and Ag 480 

NPs did not induce a strong ROS production. In fact, the maximum percentage was 118 % compared to control in cells 481 

incubated with c2 polyphenol-capped AgNPs after 48 h. Conversely, the NPs obtained by the colloidal chemical route 482 

led to high levels of ROS. In this case, the citrate-coated Au NPs induced an increase of 128 % ± 9 of ROS at the highest 483 

concentration tested after 48 h, whereas the citrate-capped Ag NPs lead to values of 155 ± 12%.  The MDA-based assay 484 

was used to check potential ROS-mediated lipid peroxidation. The cellular levels of MDA grew up after exposure to the 485 

two types of NPs, and this was more remarkable for the citrate-coated metal NPs. High levels of MDA have been produced 486 

by the cell after 48 h of exposure to c2 NPs, corresponding to ca. 7.3 ± 0.2 nmol mg-1 for the citrate-coated Ag NPs and 487 

4.80 ± 1.02 nmol mg-1 for the citrate-coated Au NPs, with respect to the 2.3 ± 0.8 nmol mg-1 of the control (Figure 7b). 488 

The polyphenol-coated NPs did not dramatically affect the MDA levels. The increased MDA levels were proportional to 489 

the concentration and exposure time, in close agreement with the performed assays. The increase of oxidized lipids in 490 

mitochondrial membranes was related to a decrease in membrane fluidity and slower lateral diffusion (Otera and Ishihara 491 

2013). In addition, fission and fusion events have been found to combine with mitochondrial mass control to determine 492 

the mitochondrial morphology (Favaro et al. 2019; Huang and Galloway  2011). Our results suggested a possible damage 493 

of mitochondrial membranes that can be eventually ascribed to the organelles swell and loss of their morphological 494 

characteristics (Kowaltowskia 1999).  495 
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 496 

Figure 7. a. ROS and b MDA levels after 24 h and 48 h HL7702 cells exposure to c1 and c2 polyphenol- and citrate-497 

coated Au NPs and Ag NPs.  498 

 499 

To confirm a possible damage-induced change of mitochondrial morphology HL7702 mitochondria were labelled with 500 

MitoTracker™, before (Figure 8a) and after 48 h of exposure to c2 polyphenol- (Figure 8 b,c) and citrate-coated NPs 501 

(Figure 8 d,e).  502 

 503 
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 504 

Figure 8. Confocal microscope images of HL7702 cells labeled with MitoTracker™ Orange. Control cells (a), cells after 505 

48 h of treatment with c2 polyphenol- (b.c) and citrate– (d,e) capped Au NPs and Ag NPs.  506 

 507 

 508 

The confocal analyses showed organelles that are shorter and more circular than control (untreated) cells, indicating a 509 

loss of structural integrity in response to the NPs exposure. This was again particularly evident for the NPs derived by the 510 

colloidal chemical route, where the strongest change of morphology were observed. The “Mito Morphology” macro text 511 

file plug-in of ImageJ software (Dagda et al 2009) provided an estimation of the circularity (index of elongation) of 512 

untreated HL7702 mitochondria of ca. 0.140 ± 0.003 and the mitochondria displayed also an elongated shape (Figure 9). 513 

Such a value decreased down to 0.180 ± 0.002 and 0.195 ± 0.030 for HL7702 mitochondria treated with the polyphenol-514 

capped Au NPs and Ag NPs, respectively, while the mitochondria tended to a more spherical shape. After cells incubation 515 

with the citrate-coated Au and Ag NPs, the circularity significantly decreased down to 0.250 ± 0.005 and 0.39 ± 0.02, and 516 

mitochondria showed a more evident spherical shape (Figure 9a). The changes of the mitochondria morphology induced 517 

by Au and Ag NPs have been also reported as mitochondrial average area/perimeter ratio, which was normalized to the 518 

circularity and to the minor axis in order to account for swollen mitochondria that attain a large area and may be mixed 519 

with interconnected mitochondria. The average area/perimeter ratio normalized to the minor axis (assuming that 520 

mitochondria are considered as ellipses) accounts for conditions that can induce mitochondrial swelling. Normalizing to 521 

circularity, such value was ca. 7.0 ± 0.2 for the untreated cells and it slightly decreased down to 6.3 ± 0.3 and 6.10 ± 0.08 522 

after exposure to polyphenol-capped Au NPs and Ag NPs and switched  to 4.8 ± 0.5 and 3.000 ± 0.005 after treatment 523 

with the citrate–coated Au NPs and Au NPs, respectively (Figure 9b).  Normalizing to the minor axis, the value recorded 524 
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for the HL7702 negative control resulted 0.140 ± 0.008, and it slightly increased up to 0.17 ± 0.05 and 0.18 ± 0.10, after 525 

exposure with the polyphenol-capped Au NPs and Ag NPs, respectively. Conversely, the citrate-capped Au NPs and Ag 526 

NPs resulted in a higher increase, namely 0.21 ± 0.03 and 0.32 ± 0.05, respectively (Figure 9c). 527 

 528 

Figure 9. Mean values and standard deviations of mitochondrial average circularity (a) mitochondria area/perimeter 529 

normalized to circularity (b) and mitochondria area/perimeter normalized to minor axis (c) of HL7702 untreated and 530 

treated for 48 h with c2 of green polyphenols-capped and colloidal Au NPs and Ag NPs .  531 

 532 

The observed results can be associated to mitochondria fission (Randy et al. 2012) and could cause mitochondrial 533 

swelling, which in turn leads to oxidative stress. On the other hand, NPs achieved from OMWW seemed to induce only 534 

mild changes in mitochondria characteristics, suggesting their low toxicity and tolerance in healthy cells, probably due to 535 

the presence of the polyphenol shell. In light of these results, the analyses of cell cycle have been performed to evaluate 536 

the link between mitochondrial damage, upon exposure to NPs, and the cell cycle progression. During cellular 537 

proliferation, the G1 phase is characterized by the biosynthesis of cellular components, a process supported by  the energy 538 

produced by mitochondria (Antico et al. 2012). After the G1, the S/G2/M phase is characterized by biosynthesis of 539 



23 
 

mitochondria and DNA replication (Martínez-Diez et al. 2006). In order to understand if NPs inducing damage to 540 

mitochondria, can also altered the cell cycle, we performed flow cytometry on HL7702 in order to define the cells 541 

percentages in the cell cycle sub G0/G, G0/G1, S, and G2/M, before (Figure 10 a) and after 48 h of treatment with c2 542 

polyphenol-capped Au NPs and Ag NPs (Figure 10 b, c) and citrate-coated AuNPs and AgNPs (Figure 10 d, e). The 543 

NPs derived from the colloidal chemical route, and the Ag NPs in particular, strongly affected the cell cycle progression. 544 

14 ± 4 % of untreated cells (control) were in the in G2/M phase, while 15 ± 4 % and 18 ± 3 % of cells were in the same 545 

G2/M phase after treatment with polyphenol-capped Au NPs and Ag. We also observed 15 ± 3 % of untreated cells in the 546 

S phase, and this percentage passed to 13 ± 2 % and 10 ± 3 % after treatment with polyphenol-capped Au NPs and Ag 547 

NPs (Figure 10 f). In addition, we found 3 % ± 1 for polyphenol-coated Au NPs and 6 % ± 1 of polyphenol-capped Ag 548 

NPs in G0/G1 transition, and 2.5 ± 0.6 % of untreated cells. On the other hand, the exposure to citrate-coated Au and 549 

citrate-capped Ag NPs induced accumulation of cells in G2/M and sub G0/G1 with respect to S phase (Figure 10 f). In 550 

details, we found 25 ± 5.2 % of cells in G2/M and of 10 ± 4 % in sub G0/G1 phase after citrate-Au NPs incubation, 551 

whereas the values became remarkably higher after citrate-capped Ag NPs treatment. In this case, 38 ± 6 % of cells were 552 

in G2/M phase and 20 % ± 5 in the sub G0/G1 transition. Cells in S phase are 9 % ± 2 and 15 % ± 1 after treatment with 553 

citrate-Au NPs and citrate-Ag NPs, respectively. These results assessed that the citrate-capped NPs induced apoptosis 554 

and inhibited cell grown (Figure 10 f). The overexpression of Drp-1, together with the toxic effects recorded in cells after 555 

NPs exposure (with particular reference to NPs obtained from colloidal chemical route) promoted the cells towards the  556 

G2/M and sub G0/G1 phase of the cell cycle, hypothesizing a G2-M apoptosis in HL77002 cells. These results showed a 557 

relatively higher toxicity of the citrate-coated metal NPs, while the polyphenol-coated metal NPs were more tolerated by 558 

liver cells.  559 
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 560 

Figure 10. a. Flow cytometry cell cycle distribution in HL7702 cells before (a) and after 48 h of treatment with c2 561 

polyphenol- (b,c) and citrate-coated Au NPs and Ag NPs (d,e) and cell cycle distribution (%) in Sub G0/G1, S and G2/M 562 

phases (f).   563 

4. Conclusion 564 

Au and Ag NPs from a widespread waste in the Mediterranean regions were obtained here, that represents a serious 565 

environmental problem due to the high pollutants load. This waste was valorised using it as a source of reducing and 566 

capping agents suitable for the synthesis of plasmonic NPs. This procedure also led to the reduction of polluting 567 

substances and a consequent purification of OMWW, with the possibility to dispose it in the environment and reuse as 568 

source of irrigation. In addition, this green synthesis enable obtaining high stable NPs due to the polyphenol shell. In 569 
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addition, these green NPs did not induced significant perturbations in cells especially at the mitochondrial level in healthy 570 

cells. Conversely, the NPs obtained from conventional colloidal chemical synthesis triggered a strong alteration of the 571 

phospholipids bilayer, in terms of fatty acids mis-regulation and in the process of mitochondrial fission through the hyper 572 

expression of the Drp-1 protein. The next experimental goals will be the use of these green Au NPs and Ag NPs on tumor 573 

cell lines, in order to understand their potential inhibitor effect on cancer progression pathways being confident of their 574 

non-toxicity on healthy cells. Ag NPs can trigger apoptotic response in cancer cells due to Ag ions release whereas Au 575 

NPs can be used for in vivo photothermal therapy in cancer treatment. 576 
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