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Abstract 16 

Silver nanoparticles (AgNPs) have been intensively investigated in virtue of their optical 17 

and antimicrobial properties, although their applications have been limited due to inherent 18 

toxicity and to the need of employing harsh chemical reagents for the synthesis. In this work, 19 

ulvan, a sulfated polysaccharide extracted from green algae belonging to Ulva armoricana 20 

sp., was for the first time investigated and identified as reducing and stabilizing agent for 21 

AgNPs synthesis by using milder conditions than those conventionally adopted by chemical 22 

methods. The synthesized AgNPs were thoroughly characterized to highlight the structure 23 

and the role exerted by ulvan in their synthesis and stabilization. The formation of AgNPs 24 

stabilized by a thick ulvan shell was assessed by UV-vis, XRD, TEM, DLS and zeta potential 25 

analyses. The developed Ulvan based AgNps showed an IC50 in the range of 10 g/ml in 26 

Balb/3T3 mouse embryo fibroblasts and antimicrobial activity toward both Gram+ and 27 

Gram – bacteria. 28 
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1. Introduction 30 

Nanotechnology is a promising interdisciplinary field of research, which has been applied 31 

so far in a wide array of applications including medicine, food conservation, electronics, 32 

chemical sensors etc. A large variety of organic, inorganic and particularly hybrid 33 

nanostructures have been to date investigated thanks to their tremendous activity provided 34 

by the large surface area exposed at the interfaces. Metal nanoparticles have fascinated 35 

scientists for over a century resulting broadly investigated in many diverse applications 36 

(Qazi & Javaid, 2016), (Franci et al., 2015). Among noble metals, silver received a noticeable 37 

interest in virtue of its intrinsic antimicrobial activity (Kim et al., 2007). Silver nanoparticles 38 

(AgNPs) have been intensively investigated in a wide range of industrial applications 39 

spanning from food packaging (Carbone, Tommasa, & Sabbatella, 2016), textile 40 

preservations (Zhang, Wu, Chen, & Lin, 2009), medicine (Ge et al., 2014), cosmetic products 41 

preservation and pharmacy (Gajbhiye & Sakharwade, 2016). The mechanism of action of 42 

AgNPs against pathogenic bacteria has not been yet well elucidated since it is a process 43 

which occur by means of several complex pathways (Prabhu & Poulose, 2012). Indeed 44 

AgNPs are thought to penetrate the bacterial cell wall thus provoking structural changes of 45 

the cell membrane which leads to cell death by means of impaired cell permeability (Dakal, 46 

Kumar, Majumdar, & Yadav, 2016). However, the most accepted theory relevant to the 47 

AgNPs antimicrobial activity relies on the controlled release of silver ions by the metal 48 

nanoparticles whose efficacy was found to be size and concentration dependent (Dakal et 49 

al., 2016). Accordingly Ag ions were hypothesized to display their activity  by two different 50 

processes: a) as catalyst for the production of oxygen radicals that oxidize molecular 51 

structures of bacteria, b) by means of electrostatic interactions with the negative charges of 52 

the bacterial cell membrane (Wang, Hu, & Shao, 2017). The procedure followed for AgNPs 53 

fabrication strongly affects the properties of the synthesized nanoparticles and ultimately 54 

their fields of applications (Raveendran et. al, 2003), (Bregoli et al., 2013). Strong reducing 55 

agents of synthetic origins, such as sodium borohydride (NaBH4) have been commonly used 56 

to achieve the complete reduction of the Ag salt (Ag+) to AgNPs form (Ag0) ( Song, Lee, 57 

Park, & Lee, 2009). Furthermore, chemical compounds, referred to as capping agents, are 58 

commonly employed to stabilize the developed nanostructures against aggregation 59 
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phenomena (de Oliveira & Cardoso, 2014), (Raveendran et al., 2003). However the use of 60 

synthetic reducing agent and stabilizing agents is increasingly hampered by costs and 61 

secondary toxicity (Abou El-Nour, Eftaiha, Al-Warthan, & Ammar, 2010) resulting 62 

unsuitable for being safely applied in biomedical applications (Rajan et. al, 2015). In recent 63 

years, the use of biological methods for the synthesis of metallic nanoparticles has received 64 

major attention, since they are usually inexpensive and based on eco–friendly processes 65 

(Srikar et. al, 2016), (Mohanpuria, Rana, & Yadav, 2008), (Yong, Beom & Kim, 2009). Modern 66 

synthetic methods are based on the exploitation of natural resources such as whole plants, 67 

microorganisms (bacteria and fungi) (Srivastava, Bragança, Ramanan, & Kowshik, 2013), 68 

(Das et al., 2014), plant tissues (Ahmed, Ahmad, & Swami, 2015), fruits (Gnanajobitha et al., 69 

2013), (Prathna, Chandrasekaran, Raichur, & Mukherjee, 2011), plant extracts (Chung, Park, 70 

Seung-hyun, Thiruvengadam, & Rajakumar, 2016) and marine algae (Kumar, Senthamil 71 

Selvi, & Govindaraju, 2012), (Sangeetha & Saravanan, 2014) which stand out for their 72 

inherent biocompatibility and abundant availability (Remya, Rajasree, Aranganathan, & 73 

Suman, 2015), (Prathna et al., 2011), (Umashankari, Inbakandan, Ajithkumar, & 74 

Balasubramanian, 2012), (Antony et al., 2013). Seaweeds represent a promising resource of 75 

bioactive molecules, comprising fatty acids, carotenoids, polysaccharides, sterols and 76 

oligopeptides which display a wide range of biological activities (Holdt & Kraan, 2011). 77 

Among them sulfated polysaccharides of algal origins have been gaining attention as 78 

matrices for biomedical applications thanks to their ascertained bioactivity and chemical 79 

versatility. Recently polysaccharides-based extracts obtained from several seaweed species 80 

belonging to red, brown and green algae such as Ulva fasciata, Gracilaria birdiae, Turbinaria 81 

conoides, Chaetomorpha linum, Laurencia aldingensis, Sargassum siliquosum have been 82 

successfully used for the preparation of silver-based nanostructures (El-Rafie, El-Rafie, & 83 

Zahran, 2013), (Rajeshkumar, Kannan, & Annadurai, 2013), (Kannan et. al, 2013), (Vieira et. 84 

al, 2016), (Vasquez et al., 2016). Nevertheless, to the best of our knowledge ulvan, a sulfated 85 

polysaccharide extracted from green algae belonging to Ulva sp. (also known as sea lettuce) 86 

has never been identified as the active agent in the stabilization and fabrication of AgNPs, 87 

being mainly investigated as seaweed extracts in combination with other polysaccharides 88 

(Abd, Fatah, El-mongy, & Eid, 2018), (Sangeetha & Saravanan, 2014), (Zohreh, Morteza, 89 

Ahmad, & Akbarzadeh, 2014). In the present study we first explored the activity of ulvan in 90 

the reduction process of silver ions and the role of the polysaccharide in the stabilization of 91 
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the obtained AgNPs. Among sulphated polysaccharides of algal origins, ulvan displays 92 

unique properties such as unmatched availability and biological activity and specific 93 

physicochemical behavior which makes it the most promising candidate for many diverse 94 

application (Morelli & Chiellini, 2010). In particular ulvan availability could be supported 95 

through the development of sustainable processes being the relevant resource considered 96 

as the most abundant algal biomass worldwide involved in harmful processes for the 97 

environment (D’Ayala, Malinconico, & Laurienzo, 2008). The exploitation of Ulva sp. aimed 98 

at obtaining fine chemicals could represent a valuable approach to convert an abundant and 99 

cheap biomass, which is commonly referred to as a waste material, into high-value added 100 

devices. The chemical composition of ulvan is largely variable and is usually dependent on 101 

different factors such as the harvesting season, growth conditions, taxonomic origins and 102 

the post-collection treatment of the algal sources (Salima et. al, 2013). However, sulfate 103 

groups and distinctive sugar monomers such as rhamnose, xylose, glucuronic, and iduronic 104 

acid have been identied as the main constituents of ulvan (Robic, Lerat, & Lahaye, 2009). 105 

The strong antioxidant activity of ulvan, correlated with the distribution and degree of 106 

substitution of sulfate groups along the polymeric backbone was found to be responsible of 107 

most of the bioactivities displayed by the polysaccharide. Moreover ulvan displays unique 108 

chemical versatility due to the simultaneous presence of hydrophilic and hydrophobic 109 

moieties that allow for its use in a wide range of applications. 110 

 In the present study ulvan was investigated as active agent in the preparation and 111 

stabilization of AgNPs by using simple and eco-friendly methods such as sunlight exposure 112 

or heating process. The determination of the stabilizing activity of ulvan toward AgNPs 113 

aggregation was investigated by using NaBH4 as reducing agent in the presence of the 114 

polysaccharide. The reducing activity of ulvan was especially explored by using the heating 115 

method in absence of chemical additives and physical reducing stimuli, such as sunlight 116 

exposure. UV-Vis, XRD and TEM analysis were used to evaluate the dimension and size 117 

distribution of the inorganic core of the obtained AgNPs while DLS analysis was applied to 118 

detect the mean size and size distribution of the colloidal system as a whole, providing 119 

additional results about the interaction between ulvan and the inorganic nanoparticles. 120 

Optimization of the synthetic experimental parameters was pursued to obtain AgNPs 121 



 5

without the addition of synthetic reducing and/or capping agents as occurs in the 122 

conventional methods 123 

The most promising developed formulation in terms of stability and size distribution was 124 

tested against pathogenic bacteria to evaluate its antimicrobial activity compared to 125 

conventional AgNPs obtained by using sodium citrate as reducing and stabilizing agent as 126 

reference. 127 

  128 
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2. Materials and methods 129 

 130 

2.1 Materials: 131 

Ulvan polysaccharide powder extracted from Ulva armoricana was kindly provided by 132 

CEVA (Centre d'Etudes et de Valorisation des Algues, Pleubian, France) with an average 133 

molecular weight (Mn) 60 kDa (Morelli et al., 2016). Silver nitrate (AgNO3) (purity 99,0%), 134 

sodium borohydride (NaBH4) (98,5% purity) and sodium citrate dihydrate (purity 99,9%) 135 

were purchased from Sigma-Aldrich and used as received. Phosphate Buffer Saline (PBS 136 

10x, 0.1 M) was prepared by dissolving 2.0 g of KCl, 80 g of NaCl, 2.0 g of KH2PO4•H2O 137 

and 15.6 g of Na2HPO4•12H2O in 1 L of deionized water. The pH of the obtained solution 138 

was adjusted to 7.4 with 10 N NaOH. 139 

2.2 Synthesis of silver nanoparticles (AgNPs) 140 

2.2.1 Synthesis of AgNPs in presence of ulvan by using sodium borohydride (NaBH4) as reducing 141 

agent (UNaB-AgNPs) 142 

In a 250 mL round bottomed flask equipped with magnetic stirring, a selected amount of 143 

ulvan powder (Table 1) was added to a solution of AgNO3 (0.008 g corresponding to 0.005 144 

g of Ag) in 100 mL of distilled water. After complete dissolution 5 mL of an aqueous solution 145 

of NaBH4 (1 mg/mL) was added to the obtained mixture. The solution turned from 146 

transparent to light orange after the addition of the reducing agent as a consequence of silver 147 

salt reduction to AgNPs. The reaction mixture was kept stirring at room temperature until 148 

the end of AgNPs formation was detected by UV analysis by monitoring the intensity of the 149 

surface plasmon resonance (SPR) bands of silver nanoparticles at regular time intervals. The 150 

effect of ulvan concentration was studied by adjusting the ulvan/silver (wt/wt) ratio 151 

according to the values reported in Table 1. At the end of the reaction the obtained 152 

dispersions were lyophilized (−50 °C, 0.07 mbar) for 24 h in order to obtain the dried 153 

products for physicochemical characterization. 154 

2.2.2 Synthesis of AgNPs in presence of ulvan under natural sunlight (USL-AgNPs) or artificial 155 

sunlight (UAL-AgNPs) irradiation  156 

In a 250 mL round bottomed flask equipped with magnetic stirring ulvan powder (0.125 g) 157 

was added to a solution of AgNO3 salt (0.002 g corresponding to 0.001 g of Ag) in 125 mL 158 
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of distilled water. After complete dissolution the obtained mixture was kept under natural 159 

sunlight irradiation either at 20°C or 4°C in order to detect the effect of temperature on the 160 

reduction process. The reaction mixture was kept under magnetic stirring until the end of 161 

AgNPs formation was detected by UV analysis by monitoring the intensity of the surface 162 

plasmon resonance (SPR) bands of silver nanoparticles at regular time intervals. A blank 163 

experiment was carried out at 20°C in completely dark condition. The same procedure was 164 

repeated either in basic conditions (pH 11) by adjusting the initial pH of ulvan solution (5,5) 165 

through the addition of NaOH 1 M or by using an artificial sunlight lamp as source of 166 

irradiation (TRUE-LIGHT, 230V/50-60 HZ/960 LM/20W) in order to evaluate respectively 167 

the effect of pH and light origin on the properties of the synthesized AgNPs . 168 

2.2.3 Synthesis of AgNPs in presence of ulvan by heating method (UHeat-AgNPs) 169 

In a 250 mL round bottomed flask equipped with magnetic stirring ulvan powder (0.062 g) 170 

was added to a solution of AgNO3 salt (0.002 g corresponding to 0.001 g of Ag) in 125 mL 171 

of distilled water. The effect of ulvan concentration was evaluated by adjusting the 172 

ulvan/silver (wt/wt) to 100. The apparatus was covered with aluminum paper to avoid 173 

light exposure. The obtained mixtures were kept immersed in an oil bath at 90°C under 174 

magnetic stirring.  175 

The kinetics of the reactions was assessed by UV-Vis spectroscopy by monitoring the 176 

intensity of the surface plasmon resonance (SPR) bands of silver nanoparticles at regular 177 

time intervals. The final solutions were exposed to an excess of NaBH4 and further analyzed 178 

by UV-Vis spectroscopy in order to confirm the complete reduction of silver ions occurred 179 

by heating. The effect of pH was investigated by adjusting the initial pH of the reaction 180 

mixtures (pH = 5,5) to 3.0 and 11.0 by using a solution of HCl (1M) and NaOH (1M) 181 

respectively. 182 

All the samples were lyophilized (-50 °C, 0.07 mbar) for 24 h in order to obtain the dried 183 

products for physicochemical characterization. 184 

2.2.4 Synthesis AgNPs in presence of citrate by heating method (CitrateHeat-AgNPs). 185 

In a 250 mL round bottomed flask equipped with magnetic stirring sodium citrate (0.500 g) 186 

was added to a solution of AgNO3 salt (0.002 g corresponding to 0.001 g of Ag) in 125 mL 187 

of distilled water. The apparatus was covered with aluminum paper to avoid light exposure. 188 
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The obtained mixture was kept immersed in an oil bath at 90°C under magnetic stirring. 189 

The kinetics of the reaction was assessed by UV-Vis spectroscopy by monitoring the 190 

intensity of the surface plasmon resonance (SPR) bands of silver nanoparticles at regular 191 

time intervals. 192 

2.3 AgNPs Stability  193 

Stability of UHeat-AgNPs and CitrateHeat-AgNPs were investigated by UV-Vis analysis of 194 

the relevant dispersions (0.001 mg/mL) in PBS 1X (pH = 7.4) obtained by dilution of 0,9 mL 195 

of the synthesized AgNPs water dispersions (0.01 mg/mL) with 0,1 mL of PBS 10X (pH = 196 

7.4). Nanoparticle stability was monitored over time by recording the intensity of the surface 197 

plasmon resonance (SPR) bands of silver nanoparticles at regular time intervals. 198 

Nanoparticle resistance to oxidation was measured by UV-Vis analysis before and after the 199 

addition of 0.100 mL of 30% H2O2 to 2,5 mL silver nanoparticle dispersions obtained at the 200 

end of the synthetic processes (0.01 mg/mL). 201 

2.4 Instrumental Methods 202 

UV-Vis spectra were recorded at room temperature in the wavelength region 200–800 nm, 203 

by using a Jasco V530 UV-visible spectrophotometer. 204 

Dynamic light scattering (DLS) measurements were carried out by using a Delsa Nano C 205 

from Beckman Coulter, Inc. (Fullerton, CA) equipped with a laser diode operating at 658 206 

nm. Sample dispersions were analyzed in deionized water (0.5 mL, 1 mg/mL) by using a 207 

glass cell (0.9 mL capacity). Scattered light was detected at 165° angle and analyzed by using 208 

a log correlator over 50 accumulations. The photomultiplier aperture and the attenuator 209 

were automatically adjusted to obtain a photon counting rate of ca. 10 kcps.  210 

The calculation of the particle size distribution and distribution average were performed by 211 

using CONTIN particle size distribution analysis routines using Delsa Nano 3.73 software. 212 

The peak average of histograms from intensity, volume and number distributions out of 50 213 

accumulations were reported as the average diameter of the particles.  214 

Zeta potential analyses were carried out by using a Delsa Nano C from Beckman Coulter, 215 

Inc. (Fullerton, CA), all samples were analyzed in triplicate at 25 °C, using 3 mM NaCl pH 216 

7.4 water solutions as dispersant. 217 
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Fourier Transform Infrared Spectroscopy (FTIR) FT-IR spectra were recorded as KBr pellets 218 

(1/100 mg) in the range 4000 – 400 cm-1 by using a Jasco FT-IR 410 spectrophotometer with 219 

a resolution of 4 cm-1. Each spectrum was recorded after 16 scans.  220 

X-ray diffraction patterns (XRD) were collected using a Rigaku D III-MAX horizontal-scan 221 

powder with a graphite monochromator, operating at 40 kV and 45 mA, and employing 222 

nickel-filtered Cu Kα radiation (λ=0,1542 nm).  223 

Morphological analysis was carried out on a Philips CM12 transmission electron microscope 224 

(TEM) with acceleration voltage of 80 and 100 kV; sample was prepared by depositing a 225 

drop of the AgNPs water suspension on a carbon coated TEM grid and allowing solvent 226 

evaporation. 227 

2.5 Bactericidal activity of UHeat-AgNPs  228 

The bactericidal activity of UHeat-AgNPs was evaluated against both Gram- (Escherichia coli 229 

ATCC 25922 and Pseudomonas aeruginosa ATCC 27853) and Gram+ (Staphylococcus aureus 230 

ATCC 33591 and Staphylococcus epidermidis ATCC 35984) bacterial species. Bacteria were 231 

grown in Tryptone Soya Broth (TSB) (Oxoid, Basingstoke, UK) until exponential phase and 232 

diluted to a final density of 2×106 CFU/mL in PBS supplemented with 2% TSB (v/v) 233 

(PBS/TSB). A volume of 50 μL of the bacterial suspensions was added to 50 μLof UHeat-234 

AgNPs at different concentrations (from 0.31 to 5 µg/mL) and to 50 μL of deionized water 235 

(viability control). Samples were incubated at 37°C with shaking for 24 h, serially diluted 236 

and plated on Tryptone Soya Agar (TSA) to determine the number of Colony-Forming Units 237 

(CFU). 238 

 239 

2.6 Killing kinetics of UHeat-AgNPs  and CitrateHeat-AgNPs 240 

Killing kinetics against E. coli, P. aeruginosa, S. aureus and S. epidermidis were determined 241 

using UHeat-AgNPs at their eradicating concentrations. The bactericidal activity of UHeat-242 

AgNPs was compared to that exerted by corresponding concentrations of CitrateHeat-243 

AgNPs and free ulvan. Ulvan concentrations were established based on the Ulvan/Ag 244 

(wt/wt) ratio used for the synthesis of UHeat-AgNPs (Ulvan/Ag = 100). Briefly, 245 

exponential-phase cultures were diluted in PBS/TSB to a final density of 2×106 CFU/mL. A 246 

volume of 50 μL of the bacterial suspensions was added to 50 μL of UHeat-AgNPs, 247 

CitrateHeat-AgNPs, ULV or deionized water (viability control). Following different 248 
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incubation times (1.5, 6 and 24 h), samples were serially diluted and plated on TSA for CFU 249 

counting.  250 
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3. Results and Discussion.  251 

 252 

3.1 Synthesis of ulvan-stabilized silver nanoparticles by chemical method (UNaB-AgNPs )  253 

AgNPs are conventionally synthesized by chemical reduction of silver ions with NaBH4 in 254 

presence of synthetic stabilizers, through a straightforward and rapid method whose 255 

application in biomedical areas has been hampered by toxicity issues. For this reason, green 256 

synthesis of metal nanoparticles has been proposed as new eco-friendly alternative to 257 

chemical methods in order to reduce the effective process cost and product cytotoxicity. To 258 

best of our knowledge ulvan extracted from waste algal biomass belonging to the Ulva sp. 259 

has never been employed for the synthesis of AgNPs. In the present work, ulvan was thus 260 

investigated for its capability of acting as reducing agent for silver salt to give AgNPs as 261 

well as stabilizer of the so formed nanosilver. 262 

At first our attention was focused on assessing Ulvan efficiency as stabilizing agent of 263 

AgNPs prepared by using NaBH4 as reducing agent.  264 

The formation of AgNPs in solution was assessed by means of UV-Vis absorption 265 

spectroscopy through detection of the surface plasmon resonance band (SPR) of AgNPs, 266 

which represents a common and easy method to individuate the presence of AgNPs in 267 

solution. 268 

SPR analysis represents a valid tool to assess both stability and size of metal nanoparticles 269 

since the SPR λmax is commonly affected by metal nanoparticles shape and surface 270 

dimension (Noguez, 2007). The SPR bands in the UV–Vis spectra of UNaB-AgNPs 271 

synthetized by using different amount of ulvan are reported in the Figure 1 a and the 272 

relevant λmax are listed in Table 1. The presence of a sharp peak in the recorded spectra 273 

evidenced the formation of AgNPs with narrow size distribution, highlighting the influence 274 

of ulvan in stabilizing the developed colloidal systems. 275 

 276 
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Figure 1. a) UV-Vis spectra of AgNPs dispersions obtained by NaBH4 mediated reduction 277 

of silver ions in presence of different ulvan/silver weight ratios. b) UV-Vis spectra of the 278 

sample UNaB-AgNPs (ulvan/silver (wt/wt) = 100) at time zero and after 5 months from its 279 

preparation. 280 

Table 1. Peak maxima recorded in the UV spectra of UNaB-AgNPs samples synthesized by 281 

using different ulvan/silver (wt/wt) ratios. Mean values out of three replicates are reported. 282 

 283 

 284 

 285 

 286 

 287 

 288 

When preparing AgNPs with NaBH4 in absence of ulvan, the obtained nanoparticles were 289 

found to aggregate and precipitate from solution. 290 

A red shift of the SPR λmax was found to occur according to the amount of ulvan used in the 291 

formulations (Table 1). This result suggested a possible contribution of the polysaccharide 292 

macromolecules not only as stabilizing agent of the formed nanoparticles, but also to the 293 

reduction process of silver ions by NaBH4, since higher λmax values are usually related to 294 

larger AgNPs dimensions (Berciaud, Cognet, Tamarat, & Lounis, 2005.), (Abdallah et. al, 295 

2008). The redshift in the SPR λmax increased as the ratio ulvan/Ag (wt/wt) reached a value 296 

Weight ratio 
(ulvan/silver) 

SPR λmax (nm) 

0,5 397±1,52 
1 397±1,52 
2 402±1,00 
5 405±1,15 
10 408±1,54 
20 413±2,64 
50 416±1,00 

100 416±0,57 
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of 50, above which it was not more depending on the amount of polysaccharide used thus 297 

indicating a saturation limit for ulvan around the AgNPs core (Table 1). 298 

The stability of the synthetized UNaB-AgNPs was confirmed by UV-Vis analysis of the 299 

samples stored at room temperature. The intensity and shape of the plasmonic band 300 

remained unaffected during storage up to 5 five months (Figure 1 b).  301 

X-ray diffraction analysis (XRD) was carried out to gain deeper information regarding the 302 

dimensions of the developed AgNPs. The XRD pattern of UNaB-AgNPs s (ulvan /silver 303 

(wt/wt)= 100), which represented the nanoparticle system completely saturated by an ulvan 304 

outer shell, clearly showed a strong peak at 38.19° corresponding to the crystal plane of 305 

silver nanospheres (111) (Anandalakshmi, Venugobal, & Ramasamy, 2016). The average 306 

crystalline size of the UNaB-AgNPs (ulvan/Ag: 100 (wt/wt) was estimated by using the 307 

Debye–Scherrer’s equation (Equation 1) (Hall, Zanchet, & Ugarte, 2000):  308 

D = (kλ)/βcosθ                (Equation 1) 309 

where D is the average crystalline size of the NP, k is geometric spherical factor (0.9), λ is 310 

the wavelength of X-ray radiation source and β is the angular FWHM (full-width at half 311 

maximum) of the XRD peak at the diffraction angle θ. By determining the FMWH of the 312 

plan (111) Bragg’s reection, the estimated average size of the crystalline nanoparticles 313 

(inorganic core) was found to be 33 nm. 314 

The sample UNaB-AgNPs (ulvan /silver (wt/wt) = 100) was characterized by DLS analysis 315 

in order to evaluate the contribution of the polysaccharide to the dimensions of the colloidal 316 

dispersion. Analysis of UNaB-AgNPs (ulvan /silver (wt/wt) = 100) revealed the presence 317 

of a single population of particles with a mean diameter of 139 nm (PI = 0,224) thus 318 

confirming the presence of the polysaccharide coating around the silver nanoparticle core 319 

(Figure 2 a).  320 
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Figure 2: a) DLS size distribution (Intensity) of UNaB-AgNPs (ulvan /silver (wt/wt) = 100). 321 

b) DLS size distribution of USL-AgNPs (pH=11, Ulvan/Ag (wt/wt) = 100) in water by 322 

intensity. 323 

Zeta potential analysis confirmed the synthesized UNaB-AgNPs as highly stable colloidal 324 

systems as evidenced by the recorded large negative values (-41,84 mV) provided by the 325 

presence of a polyanionic-based shell around the inorganic core. 326 

The current method has evidenced the stabilizing activity and the contribution of ulvan in 327 

the formation of AgNPs which could be interpreted by taking into account the abundant 328 

presence of hydroxyl, carboxyl and sulphate groups.   329 

3.2 Synthesis of ulvan-stabilized silver nanoparticles by irradiation method (USL-AgNPs) 330 

The current method was tested by adopting three different conditions in order to investigate 331 

the role of ulvan in AgNPs synthesis and stabilization. The weight ratio of ulvan/Ag used 332 

in the experiments was selected as 100 since it was found as the optimal value to create a 333 

saturated shell of the polysaccharide around the silver nanoparticle core. In the first 334 

experiment (a) the solution containing the silver salt and the polysaccharide was kept under 335 

natural sunlight exposure at room temperature at two different pH of 5,5 and 11 in order to 336 

evaluate the effect of the pH on nanoparticle synthesis; in the second experiment (b) the 337 

solution was exposed under natural sunlight irradiation by maintaining it at 4°C through 338 

immersion in an ice bath in order to evaluate the effect of temperature on nanoparticle 339 

synthesis; in the last condition (c) the solution was exposed to artificial sunlight at room 340 
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temperature in order to evaluate the feasibility of carrying out nanoparticle synthesis with 341 

in-house laboratory facilities.   342 

The SPR bands recorded in the UV–Vis spectra of USL-AgNPs in the mentioned conditions, 343 

confirmed the active role of ulvan as reducing/stabilizing agent in the synthesis of the 344 

nanoparticles (Figure 3).  345 

Figure 3: UV-Vis spectra of USL-AgNPs synthetized in different conditions: a) under natural 346 

sunlight at room temperature at pH 5.5; b) under artificial sunlight at room temperature at 347 
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pH 5.5; c) under natural sunlight at room temperature in basic conditions (pH 11); d) under 348 

natural sunlight at 4°C at pH 5.5; e) in dark conditions. 349 

The adopted experimental conditions led to the formation of colloidal systems characterized 350 

by multimodal distribution of dimensions and shapes as evidenced by the broad and 351 

complex SPR bands recorded by UV-Vis analysis (Qazi & Javaid, 2016) (Figure 3). The blank 352 

experiments carried out by keeping the solutions in dark conditions did not lead to the 353 

formation of AgNPs as evidenced by the lack of discoloration of the analyzed solutions and 354 

absence of SPR band in the UV-Vis spectra (Figure 3 e). 355 

Natural sunlight exposure carried out in basic conditions led rapidly (5 min) to the 356 

formation of a single SPR band indicating the complete reduction of silver salts to AgNPs 357 

(Figure 3 c). The exposure of the solutions to natural sunlight in mild acidic conditions 358 

(Figure 3 a) resulted in the formation of heterogeneous AgNPs with SPR bands that were 359 

superimposable to those obtained with samples exposed to artificial sunlight irradiation at 360 

the same pH (Figure 3 b). However the kinetic of formation of the colloidal systems 361 

observed in the two adopted conditions differed significantly, resulting faster in the case of 362 

natural sunlight mediated reduction process (Figure 3 a and b). The effect of temperature 363 

on AgNPs synthesis under natural sunlight irradiation evidenced the formation of 364 

multimodal AgNPs population whose SPR bands were more dispersed at 4°C than at room 365 

temperature (Figure 3 d). However the kinetic of the reduction process seemed not to be 366 

affected by temperature (Figure 3 a). The synthesized USL-AgNPs dispersions proved to be 367 

stable toward aggregation up to 5 months from their preparation notwithstanding the 368 

experimental conditions adopted thus indicating the active role of ulvan as stabilizing agent 369 

of the developed nanosized colloidal systems.  370 

DLS size analysis revealed the presence of a particle population with a mean size 371 

distribution of 215,5 nm (PI 0,312) (Figure 2 b). 372 

The strongly negative Zeta potential value (-39,7 mV) measured for the synthesized USL-373 

AgNPs confirmed their high colloidal stability.  374 

Sunlight mediated AgNPs synthesis represents the easiest and most eco-friendly method 375 

among those investigated in the present work since it uniquely relies on natural resources 376 

of energy for the fabrication of silver nanoparticles. However, it requires a fine optimization 377 
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of the adopted experimental conditions in order to obtain monodispersed nanostructures 378 

with reproducible shape and size. 379 

3.3 Synthesis of ulvan-stabilized silver nanoparticles by heating method (UHeat-AgNPs) 380 

A further investigated strategy was based on the use of heating to favor the process of 381 

reduction of silver ions to AgNPs possibly promoted by ulvan (Hernández-Pinero et al., 382 

2016), (T.C. Prathna, 2013). Solutions of different ulvan/silver (wt/wt) ratios selected over 383 

the saturation limit were heated at 90°C in dark conditions and analyzed at regular time 384 

intervals by UV-Vis spectroscopy in order to detect the formation of AgNPs. The effect of 385 

the pH of the solution was evaluated to optimize the kinetic of the reduction process and 386 

obtain deeper knowledge on the mechanism of reduction of silver ions by ulvan 387 

macromolecules. All the adopted experimental conditions led to the formation of 388 

monodisperse AgNPs as evidenced by the sharp surface plasmon resonance peaks recorded 389 

by UV-vis spectroscopy (Figure 4).  390 

 391 

Figure 4: UV-Vis spectra of UHeat-AgNPs synthesized in different condition: a) 392 

ulvan/silver (wt/wt) ratio of 50 (pH = 3.0); b)  ulvan/silver (wt/wt) ratio of 50 (pH = 5.5); 393 

 

 

 

 



 18

c) ulvan/silver (wt/wt) ratio of 50 (pH = 11.0); d) ulvan/silver (wt/wt) ratio of 100 (pH = 394 

11.0).  395 

The kinetic of the reduction process was found to be dramatically affected by the pH of the 396 

medium, resulting especially accelerated in basic conditions (Figure 4 c and d). At basic pHs 397 

the SPR bands resulted sharp and strong indicating the formation of monomodal AgNPs 398 

with high yields of reduction of silver ions (Figure 4 c and d). At pH 3, the reduction process 399 

proved to be less effective as evidenced by the presence of SPR bands at lower intensity than 400 

those recorded at other pH values (Figure 4 a). Moreover ulvan concentration was found to 401 

strongly affect the kinetic of AgNPs synthesis as emerged from the experiment carried out 402 

in basic conditions by using a double amount of polysaccharide thus confirming the active 403 

role of ulvan in the reduction process (Figure 4 d). 404 

The UV-vis analysis of the solution exposed to the most promising conditions (pH=11, 405 

ulvan/Ag (wt/wt) = 100) was repeated after addition of a large excess of a strong reductant 406 

(NaBH4) in order to assess the complete reduction of silver ions by ulvan. The intensity and 407 

shape of the SPR band of the synthesized AgNPs were not affected by the addition of NaBH4 408 

indicating that all silver ions were reduced into AgNPs by exposure to ulvan only. 409 

The dimension of the inorganic core estimated by XRD and TEM analysis indicated an 410 

average size of the crystalline nanoparticles of 13,3 nm and 12,5 nm respectively (Figure 5 a 411 

and b).  412 

 413 

Figure 5: a) XRD pattern of UHeat-AgNPs(pH=11, Ulvan/Ag (wt/wt) = 100). b) TEM image 414 

of UHeat-AgNPs (pH=11, Ulvan/Ag (wt/wt) = 100). 415 
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 416 

TEM image confirmed the size range as estimated by XRD and evidenced the morphological 417 

properties of the synthesized UHeat-AgNPs (pH=11, Ulvan/Ag (wt/wt) = 100), which were 418 

found to adopt a spherical shape (Figure 5 b).  419 

DLS size analysis of UHeat-AgNPs prepared adopting the most promising conditions (pH= 420 

11, Ulvan/Ag (wt/wt) = 100) revealed the presence of a particle population with 421 

monomodal size distribution (mean diameter value 339 nm; PI 0,174) (Figure 6 a) provided 422 

by the presence of an ulvan-based outer shell which acted both as reductant and stabilizing 423 

agent. Zeta potential analysis confirmed the synthesized UHeat-AgNPs as highly stable 424 

colloidal systems as evidenced by the recorded large negative values (-43,49 mV).  425 

Figure 6: a) DLS size distribution of UHeat-AgNPs (pH=11, Ulvan/Ag (wt/wt) = 100) by 426 

intensity. b) FT-IR spectra of UHeat-AgNPs (pH = 11, Ulvan/Ag (wt/wt) = 100) and pristine 427 

ulvan exposed to the same experimental conditions used as a blank. 428 

The successful preparation of UHeat-AgNPs carried out in absence of chemical agents and 429 

physical stimuli supports the role of ulvan as reductant during the process. Indeed the 430 

presence of sulphate groups and reducing end of the polysaccharide chains could be 431 

involved in the reduction process of silver ion to AgNPs. To this aim FTIR analysis was used 432 

to gain deeper insight onto the activity of the functional groups of ulvan in AgNPs 433 

preparation. The comparison among the FTIR spectra of dried UHeat-AgNPs sample and 434 

pristine ulvan exposed to the same conditions revealed the presence of a peak at 1380 cm-1 435 

not detected in the spectrum of the native polysaccharide, which was attributed to the shift 436 
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of the peak corresponding to the bending vibration of the carboxyl group of ulvan involved 437 

in the stabilization of AgNPs (Figure 6 b). A new peak recorded at 830 cm-1 emerged from 438 

the spectrum of UHeat-AgNPs, which was not detected in the spectrum of the native 439 

polysaccharide whose attribution is still uncertain but could be ascribed to the reductant 440 

activity of ulvan promoted by sulphate groups (Figure 6 b). The reductant activity of the 441 

polysaccharide was not detected by FT-IR analysis of the AgNPs synthesized by using 442 

sodium borohydride and light exposure due to the occurred competition with more active 443 

reductant processes (Figure 1, Supplementary data). However, the presence of peaks at 1305 444 

cm-1 and 1380 cm-1 not detected in the spectrum of native ulvan confirmed the active role of 445 

the carboxyl groups of the polysaccharide in the stabilization of the synthesized AgNPs 446 

(Figure 1, Supplementary data). 447 

The current method was selected as model strategy for the synthesis of AgNPs thanks to the 448 

absence of chemical additives and high productivity of monomodal silver nanoparticles. 449 

3.4 Synthesis of citrate-stabilized silver nanoparticles by heating method (CitrateHeat-AgNPs) 450 

Conventional AgNPs obtained by using sodium citrate as reductant and stabilizing agent 451 

were prepared by heating method and used as reference for antimicrobial activity 452 

investigations. The SPR band in the UV–Vis spectra was almost superimposable to that 453 

recorded for UHeat-AgNPs indicating that the same shape and dimension of the inorganic 454 

core. The DLS size analysis distribution of CitrateHeat-AgNPs revealed the presence of a 455 

multimodal size distribution (Mean diameter 36 nm, PI= 0,372). The recorded mean 456 

hydrodynamic value of UHeat-AgNPs was significantly higher than that of CitrateHeat-457 

AgNPs thus supporting the hypothesized presence of a large coating layer of ulvan 458 

stabilizing the silver nanoparticles core. Zeta potential analysis of CitrateHeat-AgNPs 459 

evidenced the colloidal stability of the synthesized nanoparticles as confirmed by the large 460 

negative values recorded (-37,58 mV). 461 

3.5 AgNPs resistance to oxidation and aggregation 462 

High stability in biological conditions represents a fundamental requirement that metal 463 

nanoparticles formulated for biomedical applications must meet. Indeed metal 464 

nanoparticles are prone to aggregation in aqueous environment due to their high surface 465 

energy, which cause the complete loss of their physicochemical properties. The presence of 466 

a stabilizing agent that surrounds the nanostructure can avoid these processes both by 467 
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electrostatic and steric mechanisms. The most promising sample UHeat-AgNPs (pH = 11, 468 

Ulvan/Ag (wt/wt) = 100) was investigated for its resistance to oxidation and aggregation 469 

under simulated physiological conditions by using PBS as investigating medium (pH 7,4 470 

;0,01 M). UV-Vis analysis evidenced that UHeat-AgNPs was remarkably more stable than 471 

CitrateHeat-AgNPs in simulated physiological conditions (Figure 7). CitrateHeat-AgNPs 472 

experienced a modification and a significant reduction of absorbance of the UV-Vis 473 

spectrum with time due to nanoparticle aggregation and dramatic rearrangement of the 474 

colloidal system in presence of salts. AgNPs precipitation occurred as evidenced by 475 

discoloration of the suspension and concomitant formation of blackish aggregates. The 476 

shape of the UV-Vis spectrum of UHeat-AgNPs was not affected by incubation of the 477 

nanoparticles in PBS indicating their stability in the simulated physiological conditions. 478 

Indeed UHeat-AgNPs suspension maintained its original colour upon addition of PBS. The 479 

decrease of absorbance recorded for UHeat-AgNPs with time was due to silver 480 

nanoparticles precipitation which could be easily reversed by straightforward re-dispersion 481 

of precipitate (Figure 7 c). The same operation was not effective in re-dispersion of 482 

precipitated CitrateHeat-AgNPs in which irreversible aggregate under simulated 483 

physiological conditions were formed (Figure 7 d). The higher stability shown by UHeat-484 

AgNPs than CitrateHeat-AgNPs under simulated physiological conditions can be 485 

attributed to the presence of a thick coating formed by ulvan around the nanostructured 486 

inorganic core, which sterically prevent nanoparticle aggregation. Accordingly ulvan could 487 

represent a promising alternative to citric acid as natural stabilizer of AgNPs conventionally 488 

used in commercially available formulations, being the algal polysaccharide found actively 489 

involved in maintaining the functional nanoparticles in their active form for longer time 490 

periods than citric acid.  AgNPs resistance to oxidation was studied by adding H2O2 at the 491 

AgNPs suspension in order to predict possible NPs behavior in presence of large amount of 492 

reactive oxygen species (ROS).   493 

Figure 7 e and f confirmed the high stability of both the developed AgNPs during oxidation 494 

stress experiment. In this case the presence of steric hindrance seemed not to play a key role 495 

for AgNPs resistance towards H2O2 and ROS species.  496 
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 497 

Figure 7: a,b) UV-Vis spectra reported in time after the addition of PBS 10X (10% volume). 498 

c,d) UV-Vis spectra of resuspension of AgNPs after the addition of PBS 10X (10% volume). 499 

e,f) UV-Vis spectra of AgNPs after the addition of H2O2. 500 

501 
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3.6 Antibacterial activity of UHeat-AgNPs  502 

The antibacterial activity of UHeat-AgNPs was evaluated against S. aureus and S. epidermidis 503 

as models of Gram+ bacteria and against E. coli and P. aeruginosa as models of Gram- 504 

bacteria.  505 

As shown in Figure 8, UHeat-AgNPs exerted a marked bactericidal activity against both 506 

Gram+ and Gram- bacteria resulting in the complete eradication of the initial bacterial 507 

inoculum within 24 h of incubation. A dose-dependent reduction in the number of viable 508 

bacteria was observed for Gram+ bacteria, whereas the eradicating effect occurred at a 509 

threshold dose of UHeat-AgNPs in Gram- bacteria. 510 

Figure 8: Antibacterial activity of UHeat-AgNPs against E. coli ATCC 25922, P. aeruginosa 511 

ATCC 27853, S. aureus ATCC 33591 and S. epidermidis ATCC 35984 after 24 h of incubation 512 

in PBS supplemented with 1% TSB. A number of 10 CFU/mL was taken as detection limit. 513 

Data are reported as mean ± standard deviation of at least three independent experiments. 514 

0: untreated control.  515 

 516 

For each tested bacterial species, time-kill studies were carried out using eradicating 517 

concentrations of UHeat-AgNPs. As shown in Figure 9, UHeat-AgNPs displayed a more 518 

rapid bactericidal effect against Gram- bacteria than against Gram+ bacteria. Indeed, in the 519 

case of both E. coli and P. aeruginosa (Fig. 9 a and b), UHeat-AgNPs determined a reduction 520 

of the initial bacterial inoculum to the limit of detection (10 CFU/mL) within 6 h of 521 

incubation. Conversely, UHeat-AgNPs exhibited a bactericidal activity against S. aureus and 522 

S. epidermidis (Figure 9 c and d) after 24 h of incubation. Moreover, UHeat-AgNPs resulted 523 
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in a stronger antibacterial performance towards all tested bacterial species compared to free 524 

ulvan and to CitrateHeat-AgNPs, used as reference system of AgNPs (Figure 9). Indeed, 525 

when tested at equal concentrations, CitrateHeat-AgNPs did not exert any antibacterial 526 

effect against Gram-negative bacteria (Figure 9 a and b) and caused only a slight decrease 527 

in the initial inoculum in the case of Gram-positive bacteria (1 Log reduction after 24 h) 528 

(Figure 9 c and d). 529 

 530 

Figure 9: Killing kinetics of UHeat-AgNPs, CitrateHeat-AgNPs and free ulvan (ULV) 531 

against E. coli ATCC 25922 (a), P. aeruginosa ATCC 27853 (b), S. aureus ATCC 33591 (c) and 532 

S. epidermidis ATCC 35984 (d) in PBS supplemented with 1% TSB. A number of 10 CFU/mL 533 

was taken as detection limit. Data are reported as mean ± standard deviation of at least three 534 

independent experiments. CTRL: untreated control. 535 
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The higher stability of UHeat-AgNPs than CitrateHeat-AgNPs in simulated body fluid 536 

condition affected the larger bactericidal activity displayed by the silver nanoparticles 537 

stabilized by ulvan, being the polysaccharide more active in extending nanoparticles shelf-538 

life by preventing premature aggregation.   539 

  540 
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4. Conclusions 541 

In the present manuscript ulvan, a sulphated polysaccharide extracted from green algae 542 

belonging to Ulva sp., was unprecedently identified as active compound in the fabrication 543 

and stabilization of silver nanoparticles by means of eco-friendly processes. The stability 544 

provided by ulvan to the synthesized AgNPs in simulated body fluid conditions was 545 

significantly higher than that brought by traditional stabilizers used in commercially 546 

available formulations, such as citric acid, due to the formation of a thick polysaccharide 547 

shell around the inorganic nanoparticle-based core. The stronger and faster antibacterial 548 

activity of ulvan stabilized AgNPs against clinically relevant bacterial species of Gram+ and 549 

Gram- bacteria respect to that displayed by citrate stabilized AgNPs suggest the use of the 550 

algal polysaccharide as an efficient and advanced strategy in the field of preparation of 551 

antimicrobial compounds for cosmetic and biomedical applications. Collectively an 552 

innovative synthetic process to obtain highly stable AgNPs was developed, by exclusively 553 

using ulvan as a biocompatible stabilizer and reducing agent with unique biological and 554 

physicochemical properties which can be easily obtained from abundant waste biomass 555 

through sustainable processes. 556 
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