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Abstract  15 

In the present paper, we report how cellulose nanocrystals (CNC) from microcrystalline cellulose 16 

have the capacity to assist in the synthesis of metallic nanoparticle chains. A cationic surfactant, 17 

cetyltrimethylammonium bromide (CTAB), was used as modifier for CNC surface. Silver 18 

nanoparticles were synthesized on CNC, and the nanoparticle density and size were optimized by 19 

varying the concentration of the nitrate and reducing agent, and the reduction time. The 20 

experimental conditions were optimized for the synthesis and the resulting Ag grafted CNC (Ag-g-21 

CNC) were characterized by means of TGA, SEM and SAXS, and then introduced in PLA matrix. 22 

PLA nanocomposite containing silver grafted cellulose nanocrystals (PLA/0.5Ag-g-1CNC) was 23 

characterized by optical and thermal analyses and the obtained data were compared with results 24 

from PLA nanocomposites containing 1% wt of CNC (PLA/1CNC), 0.5% wt of silver nanoparticles 25 

(PLA/0.5Ag) and hybrid system containing CNC and silver in the same amount 26 

(PLA/1CNC/0.5Ag). The results demonstrated that grafting of silver nanoparticles on CNC 27 

positively affected the thermal degradation process and cold crystallization processes of PLA 28 

matrix. Finally, the antibacterial activity of the different systems was studied at various incubation 29 

times and temperatures, showing the best performance for PLA/1CNC/0.5Ag based nanocomposite. 30 
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 38 

1. Introduction  39 

In the last decades, there has been great progress in the colloidal synthesis of inorganic 40 

nanoparticles that have received great attention, due to their unique optical, electronic, magnetic, 41 

antimicrobial properties. Their small size, large specific surface area and tuneable physical-42 

chemical properties that differ significantly from the bulk analogues led to intense research on their 43 

use in composite materials (Thomas et al., 2008). A key aspect to consider, when combining metal 44 

nanoparticles with cellulose fibres, is the methodology to be employed, namely by taking in 45 

consideration the envisaged applications. A number of approaches have been developed to attach 46 

metal nanoparticles onto cellulose fibres: the preparation of cellulose/metal nanocomposites by the 47 

in-situ reduction of metal salts in cellulose aqueous suspensions has been extensively investigated 48 

for the production of silver (Pinto et al., 2009; Yang et al., 2012). Another commonly used in-situ 49 

approach to prepare metal dispersion in cellulose matrices involves the entrapment of metal cations 50 

in the fibres followed by their reduction with an external reducing agent (such as sodium 51 

borohydride). Some reports have described the loading of silver nanoparticles into grafted filter 52 

paper (Tankhiwale & Bajpai, 2009) and bacterial cellulose (Marques et al., 2008). In addition, 53 

natural biopolymers in the form of cellulose nanocrystals (CNC), due to their unique and well-54 

defined physical-chemical properties, are shown to have the required characteristics to serve as 55 

chemically reactive biotemplates for metallic and semiconductor nanomaterial synthesis. Silver 56 

nanoparticle chains may be synthesized on CNC by exposing metallic precursor salts to a cationic 57 

surfactant, cetyltrimethylammonium bromide (CTAB), and a reducing agent. The nanoparticle 58 
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density and particle size may be controlled by varying the concentration of CTAB, pH of the salt 59 

solution, as well as the reduction time or reaction time between the reducing agent and the metal 60 

precursor (Cai et al., 20009;  J; Shin et al., 2008;  Liu et al., 2011; Padalkar et al., 2010; Drogat et 61 

al., 2011). The proposed mechanism for the synthesis of Ag nanoparticles on the CNC surfaces 62 

considers that Ag nanoparticles are formed via the conventional reduction of AgNO3, CTAB 63 

(cetyltrimethylammonium bromide) acting as a nanoparticle stabilizer. The cationic has been 64 

utilized not only as a stabilizer of metallic nanoparticles but also as a vehicle for the positioning of 65 

these particles on the CNC surface (Padalkar et al., 2010). The results shed light on the methods to 66 

stabilize metal nanoparticles, control their nucleation, and highlight the potential of CNC in metal 67 

nanoparticle synthesis (Zhou et al.,2013; Lokanathan et al.,2014). Considering the functional 68 

properties of CNC and metallic nanoparticles, their incorporation as bifunctional fillers in PLA is 69 

expected to improve mechanical and antimicrobial properties of the matrix. It is finally clear that an 70 

extensive and copious literature exists on the use of cellulose nanoreinforcements and metal 71 

nanoparticles as hybrid systems in PLA matrix (Fortunati et  al., 2013a; Fortunati et al., 2014; 72 

Cacciotti et al., 2014) and PLA film containing silver impregnated cellulose (Vivekanandhan e t al., 73 

2012) while, at the best of our knowledge, there are no examples in the literature of the use of silver 74 

grafted cellulose nanocrystals in solvent casted PLA films.  75 

In the present work, the synthesis of silver nanoparticles on CNC extracted from microcrystalline 76 

cellulose (MCC) mediated by CTAB was studied and optimized, and the resulting Ag grafted CNC 77 

(Ag-g-CNC) were characterized by means of TGA, SEM and SAXS. The produced Ag-g-CNC 78 

were then introduced in PLA thermoplastic matrix, with the aim of comparing the main properties 79 

of the film containing nanosized ungrafted reinforcements in the same amount. In details, PLA 80 

nanocomposite containing silver grafted cellulose nanocrystals (PLA/0.5Ag-g-1CNC) was 81 

characterized by using UV-Vis, DSC, TGA analysis and the obtained results were compared with 82 

PLA nanocomposites containing 1%wt of pristine CNC (PLA/1CNC), 0.5% wt of silver 83 
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nanoparticles (PLA/0.5Ag) and hybrid system containing CNC and silver in the same amount 84 

(PLA/1CNC/0.5Ag). The antibacterial activity of the different systems was also studied. 85 

 86 

2. Experimental part 87 

Microcrystalline cellulose (MCC, dimensions of 10–15 µm), silver nitrate (AgNO3), 88 

cetyltrimethylammonium bromide (CTAB) and sodium borohydride (NaBH4) were supplied by 89 

Sigma–Aldrich® and used as received. All chemicals used in the experiment were analytic reagent. 90 

Silver nanoparticles were prepared by reducing the silver nitrate in CTAB aqueous solution, and 91 

NaBH4 was used as a reducing agent. Poly (lactic acid) (PLA 3251D - specific gravity of 1.24 92 

g/cm3 and melt flow index of 6 g/10 min (210 °C, 2.16 kg)) was supplied by NatureWorks LLC, 93 

USA. 94 

 95 

2.1 Preparation of CTAB mediated synthesis of Ag nanoparticles on cellulose nanocrystals 96 

Cellulose nanocrystal (CNC) suspension was prepared from microcrystalline cellulose (MCC) by 97 

sulphuric acid hydrolysis (Fortunati et al., 2012a). 98 

A multistep process was instead used to synthesize metallic nanoparticles: the Ag nanoparticles 99 

were synthesized via the conventional reduction of AgNO3, CTAB acting as a nanoparticle 100 

stabilizer. Firstly, 0.3 mL of CTAB (0.5 mM) were added to the tube and stirred for 5 min, then 0.3 101 

mL of AgNO3 solution (100 mM) (pH 4.5-8.5) was added and allowed to react for 5 min; after that, 102 

0.3 mL of the reducing agent sodium borohydride (NaBH4) (0.03 wt %) was added to the 103 

suspension and held for 5 min, the solution was then washed with distilled water and dried in oven 104 

at room temperature. The Ag NPs on CNC templates by CTAB intermediate (Ag NPs-grafted-105 

CNC) were then synthetized by following the paper of Padalkar et al. (Padalkar et al., 2010) 106 

(Figure 1a): CTAB was added to the CNC suspension (ca. 2 wt. % in DI water at pH~2) and 107 

allowed to react, then the metallic precursor solution (100 mM AgNO3 (pH 4.5-8.5)) was added to 108 

http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Borohydride
http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Borohydride
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the CNC suspension; after that, (NaBH4) (0.03 wt. %) was added to the suspension and held for 5 109 

min, the solution was then washed with distilled water and freeze dried. The change in colour from 110 

white into yellowish brown of pristine cellulose nanocrystal and Ag grafted cellulose nanocrystal 111 

water solutions indicates that the grafting of AgNPs on CNC structure upon reduction was effective. 112 

 113 

2.2 Preparation of PLA based nanocomposite films  114 

PLA nanobiocomposite films were prepared by solvent casting method. PLA (2 g) was dissolved in 115 

20 mL of chloroform (CHCl3) with vigorous stirring at room temperature. For the preparation of the 116 

PLA/1CNC nanobiocomposite films, a predetermined amount of CNC suspension in chloroform 117 

was mixed with the previously prepared PLA solution. In the case of PLA/1CNC/0.5Ag, a 118 

predetermined amount of AgNPs dispersion in CHCl3 was added to a solution prepared as described 119 

above for PLA/1CNC, after that this solution was stirred for another 2 h before they were cast onto 120 

the glass Petri dish. They were saved in dark medium. For the preparation of the PLA/0.5Ag-g-121 

1CNC nanobiocomposite films, a predetermined amount of freeze dried silver grafted CNC was 122 

mixed with PLA solution. They were cast onto the glass Petri dish in dark medium (Figure 1b). 123 

 124 

Figure 1: (a) Scheme of different preparation steps for CTAB mediated synthesis of Ag nanoparticles on 125 

cellulose nanocrystals (images of CTAB modified CNC and Ag-g-CNC water based solutions inserted) and 126 

(b) PLA nanocomposite films containing Ag-g-CNC. 127 

 128 
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2.3 Characterization of CTAB mediated synthesis of Ag nanoparticles on CNC 129 

Characterizations of the CNC and Ag grafted CNC were achieved by different techniques. X-ray 130 

diffraction (XRD) data were taken with a Philips Analytical X'Pert X-diffractometer (Philips Co., 131 

Netherlands), with Cu-Kα radiation (λ = 1.54056 A°). The data were collected from 2θ = 10–70° 132 

with a step interval of 1°. The microstructure of neat Ag NPs and Ag grafted CNC samples was 133 

investigated by using a scanning electron microscope, FESEM, Supra 25- Zeiss, Germany. The 134 

electrokinetic properties of neat CNC and Ag grafted CNC samples were determined by measuring 135 

the zeta-potential of particles with a Zeta-Meter 3.0+ (with a Zeiss DR microscope, GT-2 type 136 

quartz cell, molybdenum-cylinder anode, and platinum-rod cathode electrode).  The samples were 137 

stirred overnight in the deionized water to obtain well dispersed particles. The zeta potential of the 138 

dispersions was estimated from the measured electrophoretic mobilities by employing the 139 

Smoluchowski equation (Saka & Guler, 2006). In electrophoresis, the particles are moved by 140 

applying an electric field across the system. The electrophoretic mobility of neat CNC and Ag 141 

grafted CNC were analyzed for both directions of the applied electric field. The value of the zeta 142 

potential assigned to the dispersions was the average of the data obtained from at least 10 143 

experiments. The applied voltage during the measurements was varied in the range 30–40 mV. The 144 

electrokinetic charge densities were also calculated according to equations in our previous study 145 

(Yalcinkaya & Guler, 2010).   146 

 147 

2.4 Characterization of PLA based nanocomposite films  148 

DSC (TA Instrument, Q200) measurements were performed in the temperature range from -25 to 149 

210 °C at 10 °C/min under nitrogen flow; PLA and PLA nanocomposite samples (6–7 mg) were 150 

heated from -25 to 210 °C at a rate of 10°C/min and held at 210 ◦C for 2 min to erase the thermal 151 

history (1st scan), then they were cooled to -25 at 10 ◦C/min and reheated under the same conditions 152 
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(2ndscan). Glass transition, cold crystallization and melting temperatures (Tg, Tcc and Tm) were 153 

determined from the first and second heating scans.  154 

TGA was carried out by using a thermogravimetric analyzer (TGA, Seiko Exstar 6300). The 155 

samples, approximately 8 mg, were heated from 30 to 900 ◦C at a heating rate of 10 ◦C/min under 156 

nitrogen atmosphere. The weight-loss rate was obtained from derivative thermogravimetric (DTG) 157 

data.  158 

The microstructure of PLA nanocomposite films was investigated by scanning electron microscope, 159 

FESEM, Supra 25-Zeiss. For fracture analysis, brittleness was enhanced using liquid nitrogen, then 160 

the fracture sections of the nanocomposites were analyzed following gold sputtering of the samples. 161 

In order to investigate the optical properties of the produced nanocomposites, spectroscopic analysis 162 

for neat PLA and PLA nanocomposites was performed by means of a UV–Vis instrument (Perkin 163 

Elmer Instruments (Lambda 35)), working in the wavelength between 250 and 900 nm.  164 

 165 

2.5 Antibacterial assays 166 

2.5.1 Bacterial strain culture conditions and viability assays. 167 

Escherichia coli RB (E. coli RB) and Staphylococcus aureus 8325-4 (S. aureus 8325-4) were used 168 

in this study as main representatives of Gram negative and Gram positive bacteria, respectively. E. 169 

coli RB was kindly provided by the “Istituto Zooprofilattico di Pavia”, Italy whereas S. aureus 170 

8325-4 was generously supplied by Timothy J. Foster (Department of Microbiology, Dublin, 171 

Ireland). E. coli RB was routinely grown in Luria Bertani Broth (LB) (Difco, Detroit, MI, USA) and 172 

S. aureus 8325-4 in Brian Heart Infusion (BHI) (Difco) overnight under aerobic conditions at 37◦C, 173 

250 rpm (Certomat® BS-T, B.Braun Biotech International). To evaluate the antimicrobial activity of 174 

PLA and PLA nanocomposite films enriched with different Ag preparations, the overnight cultures 175 

were diluted in fresh appropriate medium and 200µl of diluted bacterial suspension were deposited 176 

on sterilized PLA nanocomposites film discs placed at the bottom of a 96-well flat-bottom 177 
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polystyrene tissue culture plates (TCPs) well. 5 x 104, 5 x 103 and 5 x 102 cells/ml suspensions, 178 

obtained by comparing the OD600 of the overnight culture with a standard curve correlating OD600 to 179 

cell number, were used to test the antibacterical activity at 3, 6 and 24 hours of incubations, 180 

respectively. The TCP was then incubated at either 37°C or +4°C for 3, 6 or 24 hours in static 181 

conditions. Furthermore, three wells of TCP, used as controls, were inoculated at the same 182 

temperatures, times and with the same amount of diluted bacterial suspension. These temperatures 183 

were chosen to evaluate their influence on the antibacterial activity exerted by PLA and PLA nano-184 

biocomposite films as food packaging systems. Some food is kept refrigerated at +4°C but it may be 185 

possible that under transportation food could be kept at higher storage temperatures (up to 37°C). 186 

At the end of the culturing period, the bacterial viability was assayed through the quantitative 3-187 

[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazoliumbromide (MTT) (Sigma Aldrich, StLouis, MO, 188 

USA) test (Cochis et al., 2016). This colorimetric assay measures dehydrogenase activity, as an 189 

indicator of the metabolic state of the cells. After the indicated culturing times, bacterial 190 

suspensions were transferred to a new plate and viability assessed. 5 mg/mL of MTT solution, 191 

dissolved in PBS (0.134 M NaCl, 20mM Na2HPO4, 20 mM NaH2PO4), was used as stock solution 192 

and the working concentration was 0.5mg/mL. Bacteria were incubated in the presence of MTT 193 

solution at 37°C for 3 hours. Upon presence of viable cells, reduction of MTT salt results in purple 194 

insoluble formazan granules. These precipitates are dissolved through acidified 2-propanol (0,04 N 195 

HCl). The result was recorded through an iMark® Microplate Absorbance Reader (Bio-Rad) at 196 

562nm with the reference wavelength set at 655nm. Cell survival was expressed as percentage of 197 

the number of bacteria survived on PLA nano-biocomposite Ag-enriched films to number of 198 

bacteria grown on PLA neat films. Experiments were conducted in duplicate. 199 

 200 
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2.5.2 Inductively coupled plasma mass spectrometry (ICP-MS). To determine the release of Ag+, 201 

PLA nanocomposite films of the area 1 cm2 were incubated in bi-distilled sterile water either at 202 

37°C or +4°C for 2 different incubation times (3 and 24 hours). The realeas of Ag cation was 203 

assessed with a Perkin-Elmer series ICP-MS, analysing those solutions obtained after the incubation 204 

times as indicated above. Sample solutions were regularly analyzed by ICP-MS to determine the 205 

concentration of Ag+, once the instrument was calibrated with a standard solution. 206 

 207 

2.5.3 Agar disc diffusion tests. To qualitatively assess the antimicrobial efficacy of the generated 208 

Ag-enriched PLA nanobiocomposites, agar disc diffusion tests were performed as previously 209 

described (Zare et al., 2014). Briefly, bacteria were cultured over night as described in Experimental 210 

part Section 2.5.1 and reduced to final density of 108 cfu mL−1 prior to inoculation of plates. 211 

Muller–Hinton agar (Difco) plates were prepared and inoculated from the standardized cultures 212 

uniformly spreading bacteria throughout the entire plate. In order to verify effects both in direct and 213 

indirect conditions, either sterilized PLA nanocomposites or sterile paper discs (6 mm diameter, 214 

Oxoid) soaked with 25 μL of the sterile water incubated 24 hours at 37°C in contanct with Ag-215 

enriched PLA films were respectively used to determine inhibition growth. Disks were layed on the 216 

upper part of the seeded agar plate and incubated at 37°C for 24 hours. The antibacterial activities 217 

of the compounds were compared with 30% H2O2 (25 μL/disk) as positive control. Antibacterial 218 

activity was evaluated by measuring the diameter of inhibition zone (mm) on the surface of plates 219 

and the results were reported as Mean ± SD after three repeats. 220 

 221 

2.5.4 Scanning electron microscopy (SEM). Images of E. coli RB and S. aureus 8325-4 grown on 222 

PLA films were prepared essentially as already reported (Fortunati et al., 2013b). Briefly, both 223 

strains used in this study were incubated on previously sterilized PLA film discs for 24 hours at 224 
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37°C. Following incubation, samples were washed carefully with sterile water and fixed with 2.5% 225 

(v/v) glutaraldehyde in 0.1 M Na-cacodylate buffer, pH 7.2, for 1 h at +4 °C. After additional 226 

washing with cacodylate buffer to remove the excess of glutaraldehyde, the samples were 227 

dehydrated using increasing concentrations of ethanol (25, 50, 75%) for 5 min and final two washes 228 

of 10 minutes in 96% ethanol. The samples were then lyophilized for 3 hours using an Emitech K-229 

850 apparatus and placed on a mounting base. Finally, PLA discs were sputter coated with gold 230 

(300 nm) and investigated using a Zeiss EVO-MA10 scanning electron microscope (Carl Zeiss, 231 

Oberkochen, Germany). 232 

 233 

2.6  Statistics 234 

Each experiment reported in the results section was done in triplicates and at least in 2/3 separated 235 

experiments. Results are expressed as the mean ± standard deviation. In order to compare the results 236 

with the PLA reference, a two-way ANOVA with Bonferroni post-test was applied, with a 237 

significance level of 0.05. 238 

 239 

 240 

3. Results and Discussion  241 

3.1. Characterization of synthesized silver and cellulosic based nanoparticles 242 

Figure 2a shows a FESEM image of cellulose nanocrystals, isolated from microcrystalline 243 

cellulose by acid hydrolysis, after CTAB modification, while in the inset the typical morphology of 244 

pristine CNC is reported. The unmodified nanocrystals presents the typical acicular structure with 245 

dimensions ranging from 100 to 200 nm in length and 5–10 nm in width (Fortunati et al., 2012b). 246 

After modification with CTAB, CNC maintain their shape and dimensions although appeared more 247 

individualized.  248 
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 249 

Figure 2. FESEM images of CTAB modified CNC (CNC in the inset) (a), neat AgNP samples obtained by 250 
using different AgNO3 salt solution concentrations: (b) 0.03 mmol AgNO3 and (c) 0.06 mmol AgNO3. EDX 251 
spectrum of Ag (e) and Ag-g-CNC nanoparticles (f). 252 

 253 

Parallely, neat Ag nanoparticles were synthesized via the conventional reduction of AgNO3, by 254 

using CTAB as nanoparticle stabilizer, and changing the amount of NaBH4 reducing agent. As 255 

reported in the literature, surfactants have been used by chemists and materials scientists as 256 

template systems for the stabilization of various types of nanocrystals and nanostructures. CTAB is 257 

a cationic surfactant that assembles into micelles in aqueous solution, previously successfully used 258 

to stabilize inorganic nanoparticles (Cai et al., 2009; Sun et al., 2002). The stabilized nanoparticles, 259 

which are covered in polar cationic quaternary ammonium groups, can then no covalently interact 260 

with other polar surfaces (as in the case of  CNC nanocrystals, which are rich in free hydroxyl 261 

groups). In the synthesis of CTAB stabilized Ag nanoparticles, we observed that less 262 
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agglomeration and reduced dimensions for nanoparticles were obtained when lower amount 263 

of silver nitrate (Ag_0303) is considered in the reaction, in comparison with Ag_0603 sample, 264 

with double amount of salt (Table 1). FESEM images of neat Ag NP samples synthesized with 265 

these two different AgNO3 salt solution concentrations (0.03 mmol AgNO3 and 0.06 mmol of 266 

AgNO3) are reported in Figure 2b and 2c, respectively. According to the literature, high pH 267 

values also resulted in a large amount of unspecific silver deposition on the substrate (Sun et al., 268 

2008), while it has been reported that, in basic conditions, aggregation of Ag nanoparticles obtained 269 

by surfactant stabilization and NaBH4 reduction occurs. This effect can be attributed to hydrophobic 270 

interactions between uncharged CTAB molecules at slightly basic pH, rendering them insoluble 271 

(i.e., unable to stabilize and prevent Ag nanoparticle aggregation). In our case, the pH of AgNO3 272 

solution was kept constant at 6.5. 273 

Experimental conditions for synthesis of Ag and Ag-g-CNC nanoparticles were also set up 274 

considering different parameters, such as salt and reducing agent amounts, reaction time at a fixed 275 

content of CNC (2% wt.). Figure 2d reports the obtained morphology of Ag-g-CNC nanoparticles 276 

resulting from conditions considered in Table 1 for sample G (Ag-g-CNC_06_1.0_120). In order to 277 

validate that AgNPs correctly formed on CNC, SEM-EDX analysis was performed and their 278 

approximate bulk atomic composition was investigated. SEM-EDX spectra of Ag and Ag-g-CNC 279 

are shown in Figure 2e and Figure 2f, respectively. The obtained EDX spectrum for Ag-g-CNC 280 

confirmed the existence of silver onto CNC. This observation indicates that Ag ions quantitatively 281 

deposited on CNC surface (hydroxyl groups) followed by reduction with NaBH4.  282 

 283 

Table 1: Experimental conditions for synthesis of Ag and Ag-g-CNC nanoparticles 284 

Sample  AgNO3 

(100mM) 

(mL) 

NaBH4     

(0.03% wt)  

(mL) 

CTAB                 

(0.5mM)                   

(mL) 

CNC 

(2%wt) 

(mL) 

time                

 

(min) 

Ag_0303 0.3 0.3 0.3  30 

Ag_0603 0.6 0.3 0.3  30 
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A   (Ag-g-CNC_03_03_30) 0.3 0.3 0.3 1 30 

B   (Ag-g-CNC_06_03_30) 0.6 0.3 0.3 1 30 

C   (Ag-g-CNC_06_03_60) 0.6 0.3 0.3 1 60 

D   (Ag-g-CNC_06_06_60) 0.6 0.6 0.3 1 60 

E   (Ag-g-CNC_06_06_120) 0.6 0.6 0.3 1 120 

F   (Ag-g-CNC_06_1.0_60) 0.6 1 0.3 1 60 

G   (Ag-g-CNC_06_1.0_120) 0.6 1 0.3 1 120 

(Ag-g-CNC_x_y_z), where x and y represent AgNO3 and NaBH4 amounts, respectively, while z is 285 
the reaction time 286 
 287 
 288 

This morphology observed in Figure 2d was the result of an optimized procedure, in which the 289 

influence of NaBH4 amount and reducing time was monitored. In order to determine the optimum 290 

amount of NaBH4, Ag+ ions, and CNC (if needed), the “one factor at a time” method was 291 

employed. This experiment design implied that one experimental factor was varied at a time, 292 

keeping the other factors constant.  A comparison of previous experimental results obtained from 293 

the synthesis of AgNPs with these data let us to deduce that, as expected, the silver salt content was 294 

the crucial factor for the production of these nanoparticles. We observed that the reaction did not 295 

occur completely for the lower selected content of AgNO3, (sample A in Table 1, Ag-g-296 

CNC_03_03_30) (Figure 3a, Panel A), while with increasing amount (sample B, Ag-g-297 

CNC_06_03_30) AgNPs were synthesized on CNC surface (Figure 3b, Panel A).  298 
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 299 

Figure 3: (Panel A, from a to f): FESEM images of Ag-g-CNC powders with varying concentration of 300 
NaBH4 and varying reaction times 120 min; (Panel B) particle size distribution for neat Ag and Ag-g-CNC 301 
nanoparticles (a) and XRD patterns of the neat CNC and Ag-g-CNC  nanoparticles (b).  302 
 303 

Once fixed the silver salt concentration, we varied both the reaction time at 60 min (sample C, Ag-g-304 

CNC_06_03_60, Figure 3c, Panel A) and the reducing agent concentration (sample D, Ag-g-305 

CNC_06_06_60, Figure 3d, Panel A). Also in this case we observed that grafting was more effective 306 

when higher amount of reducing agent were considered, so we decided tyo study the process by 307 

taking fixed the amount of silver salt and reducing agent at 0.6. After that, a different reaction time 308 

was considered (120 min) and we observed that, with prolonged reaction time, the average Ag 309 

particle size increased from ~17 nm in the case of 60 min (measurements taken from FESEM 310 

images (sample D, Ag-g-CNC_06_06_60) up to ~36 nm in the case of 120 min (sample E, Ag-g-311 

CNC_06_06_120, Figure 3e, Panel A). Approaching the process varying again the reducing agent 312 



15 

 

content at this optimized conditions and reaction time, sample F (Ag-g-CNC_06_1.0_60, Figure 3f, 313 

Panel A) and sample G (Ag-g-CNC_06_01_120, Figure 2d) morphologies were obtained. These 314 

obtained results confirmed us that mean diameters of the AgNPs gradually increases with increased 315 

value of reaction time at a constant temperature and the best compromise in terms of reaction 316 

efficiency for Ag synthesys on CNC surfaces and particles dimensions can be obtained with high 317 

reducing agent content (1mL) and lower reaction time (60 min) (sample F, Figure 3f).  318 

Power X-ray diffraction patterns of pristine CNC and Ag-g-CNC were also presented in Figure 3a, 319 

Panel B. The diffraction pattern for neat CNC showed intense peak at 15°, 16°, 22°, 29°, and 34°, 320 

that are the characteristic peaks of CNC (Drogat et al.,  2011): these peaks represented the typical 321 

cellulose-I structure, with cellulose crystals exhibiting characteristic assignments of 110, 200, and 322 

004 planes, respectively (Wada, Heux & Sugiyama, 2004; Park et al., 2010). XRD pattern for Ag-g-323 

CNC showed additional peaks at 32°, 46°, 54°, 57° and 67° which are assigned to (111), (200), 324 

(220), and (311) crystallographic planes of cubic silver (Das et al., 2009). Crystallite size of the 325 

silver nanoparticles was calculated by using full width at half maximum (FWHM) of the 100% peak 326 

of silver and the Scherrer’s formula (Eq. 1): 327 

d = Kλ/(β·cosθ)    (1) 328 

where d is the average particle size, λ is X-ray wavelength, β is FWHM of the diffraction line, θ the 329 

diffraction angle, and K constant, generally assumed as 0.9. The calculated average particle size of 330 

neat AgNPs is about 30 nm (Figure 3b, Panel B), nevertheless the average particle size of Ag-g-331 

CNC was about 50 nm. This indicates that the grafted Ag-g-CNC tend to form large clusters which 332 

it is consistent with the inherent aggregation characteristics of AgNPs (Sharma et al., 2014). 333 

The zeta potential result is an indicator of the surface charge properties of a colloid or a particle in 334 

solution and varies depending on the surface potential and the thickness of the electric double layer. 335 

It is usually characterized by the measurement of the electrophoretic mobility of the colloidal 336 
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particles in dispersion which is a key technique for the determination of the stability of the particles 337 

(Yalcinkaya & Guler, 2010). The zeta potential is also an important parameter for a number of 338 

applications including characterization of biomedical polymers, electrokinetic transport of particles 339 

or blood cells, sensors and biosensors, membrane efficiency and microfluidics (Bauman et al., 340 

2013). In this study, the pristine CNC had a strongly negative charge in water as evidenced by a 341 

zeta potential measured value of approximately -45 ±1.24 mV. After grafting of the Ag 342 

nanoparticles, the zeta potential was measured as -27.5±0.73 mV. After each grafting step, the zeta 343 

potentials shifted to less negative values as a result of adsorption of positively charged silver 344 

particles at the surface of CNC. This result was supported by electrokinetic charge densities, that 345 

were calculated as -29x10-3 and -19.2 x10-3 Cm-2 for CNC and Ag-g-CNC, respectively. 346 

 347 

3.2. Characterization of PLA based nanocomposite films 348 

The adopted Ag grafting procedure suggested us to incorporate these modified nanoparticles in 349 

polymeric films, in order to test how the main thermal, morphological and antibacterial properties 350 

of the produced materials could be affected by the presence of Ag-g-CNC with respect of neat Ag 351 

nanoparticles synthesized by using CTAB intermediate. The absorption and transmission of light by 352 

polymer films is an important property in many industrial applications, as in the food packaging 353 

industry, where the packaged goods are light sensitive (Turhan & Sahbaz, 2001).. In the fresh food 354 

packaging, an important issue is the effect of irradiation in the package, since ultraviolet light 355 

irradiation is a common method used for lowering microbial population in foods. The spectrum and 356 

the intensity of the light source, the conditions of light exposure, and the degree of light 357 

transmittance of the packaging material are factors that can dramatically affect the food quality. The 358 

results from the UV–Vis characterization for films produced by incorporating pristine CNC and/or 359 

Ag nanoparticles and Ag-g-CNC in PLA matrix by means of a solvent casting approach, are shown 360 

in Figure 4a. The nanocomposite formulations showed optical properties similar to the neat PLA 361 
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film, without a significant reduction in the amount of reflected light in a wide range of Vis region 362 

(region above 500 nm), documenting the good transparency of the produced nanocomposite films. 363 

 364 

Figure 4: UV-Vis spectra (a), images of transparent films based on PLA and different reinforcements (b), 365 
DTG curves (c) and DSC (d) thermograms (first heating scan) of neat PLA and different PLA 366 
nanocomposite films containing CNC and AgNPs. 367 
 368 

However, some yellowing was observed in the case of formulations containing silver nanoparticles. 369 

In particular, in the 800-500 nm range and below 250 nm all the films showed similar spectra, 370 

overlapping, within the experimental error, with the spectrum of neat PLA. Lower light reflection 371 

intensities were detected for all the nanocomposite samples containing ungrafted AgNPs, and this 372 
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behaviour is likely due to the light extinction due to the presence of silver nanoparticles (Baia et al., 373 

2007). As expected, a reduction in the amount of transmitted light was observed for PLA/0.5Ag and 374 

PLA/1CNC/0.5Ag systems containing unmodified silver nanoparticles, in comparison with neat 375 

PLA and PLA/1CNC (for which the introduction of 1% wt. of CNC did not affect the property). At 376 

500 nm, a light transmission value of 95% was measured for neat PLA, while in the case of 377 

PLA/0.5Ag and PLA/1CNC/0.5Ag films, values of 85% and 80% were detected, respectively. 378 

Unexpectedly, the PLA/Ag-g-CNC film has similar light transmission of neat PLA system. Images 379 

from Figure 4b confirmed the transparency of PLA/Ag-g-CNC film. 380 

Thermal behaviour of pristine PLA and different PLA nanocomposite films was investigated and 381 

the results from TGA analysis are reported in Figure 4c (DTG curves). A complete weight loss in a 382 

single step with a maximum at 358 oC was detected for neat PLA. A similar behaviour was found 383 

for PLA/0.5Ag and PLA/0.5Ag/1CNC; a single degradation step between 300 and 400 oC, with a 384 

maximum at about 358 oC is occurred, corresponding to the thermal decomposition process of the 385 

polymer. This result indicated that the introduction of 0.5%wt of unmodified silver nanoparticles or 386 

1%wt of CNC did not influence the matrix thermal degradation. However, in the PLA/1CNC 387 

nanocomposite, a shift to higher temperatures of about 10oC in Tmax value was observed, while a 388 

further increase of about 30 oC was detected for the PLA/Ag-g-CNC nanocomposite, indicating that 389 

grafting of silver nanoparticles on cellulose nanocrystals positively affected the thermal stability of 390 

the final nanocomposite formulations. DSC analysis was also performed to investigate the glass 391 

transition, crystallization and melting phenomena of PLA and its nanocomposite films in relation to 392 

the composition. The glass transition temperatures and melting phenomena of the nanocomposites 393 

did not change significantly respect to the PLA polymer matrix during the first heating scan (Figure 394 

4d). The cold crystallization temperature showed a shift to lower temperature of about 7°C when 395 

CNC and AgNPs were introduced separately (PLA/0.5Ag and PLA/1CNC binary systems): this 396 

result suggests a good dispersion in the case of CNC and AgNPs, since well dispersed nanofillers 397 
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are able to promote the cold crystallization at lower temperatures (Fortunati et al., 2012a). A more 398 

intense Tcc peak was detected in the case of PLA/0.5Ag-g-1CNC nanocomposite, that has shown the 399 

same crystallization behaviour, in terms of temperatures, respect to the neat system, suggesting that 400 

the fillers were able to promote PLA nucleation.  401 

The antibacterial effect of PLA neat film and the generated PLA nanocomposites enriched with 402 

silver nanoparticles was investigated by using two different bacterial strains: Escherichia coli RB 403 

and Staphylococcus aureus 8325-4, representative of Gram-negative and Gram-positive classes, 404 

respectively. We investigated bacterial survival over a range of incubation times (3, 6 and 24 hours) 405 

at two temperatures (+4°C and 37°C) for both the selected strains (Figure 5). 406 

 407 

Figure 5. Cell viability of E. coli strain RB (A and C) and S. aureus strain 8325-4 (B and D) on different 408 
PLA nanocomposites at two temperatures (+4°C and 37°C) and three different incubation times (3, 6 and 24 409 
h). Data are presented as viability percentage to PLA set equal to 100%. Two-way ANOVA with Bonferroni 410 
post-test was performed to evaluate statistical significance. All data were compared with PLA reference 411 
(**=p<0.01***=p<0.001, ns= p>0.05) 412 
 413 
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Bacterial viability was also tested on TCPs and compared to PLA neat film: the results showed to 414 

be similar with no significant differences (p > 0.05) (data not shown). Data are presented using PLA 415 

plain film as a reference set at 100% of bacterial viability. Commonly, the effect of Ag on bacterial 416 

viability was more evident at 37°C rather than at +4°C. Furthermore, as expected, E.coli 417 

survivability was more affected by the presence of silver in the nanomaterials if compared to S. 418 

aureus. The structural differences of the cell wall among Gram-positive and Gram-negative bacteria 419 

mainly account for the different efficacy of Ag (Feng et al., 2000). Gram-positive bacteria are 420 

characterized by a thick layer of murein that hampers the access of Ag+ ions to the bacterial cell. On 421 

the contrary, an outer membrane and a less thick layer of peptidoglycan surround Gram-negative 422 

bacteria. The outer membrane of these bacteria is characterized by the presence of General Bacteria 423 

Porins (GBP), that are β-barrel proteins that are thought to mediate an energy-indipendent acces of 424 

metal ions to Gram-negative cell membrane (Lemire et al., 2013). Thanks to the permeability of 425 

these channels, metal ions have much easier access to plasma membrane and to the cell. In fact, the 426 

mechanistic base of Ag damage is then similar between the two bacterial classes, once the contact is 427 

made with plasma membrane. Ag+ ions mediate ruffling of the membrane and immediately interact 428 

with thiol groups and Fe-S clusters of exposed proteins. Among these proteins are respiratory chain 429 

components that become easily inactivated and start to de-energize the bacterial cell, leading to the 430 

death of the bacterium. Once Ag has disrupted plasma membrane, it gains access to cytoplasmatic 431 

proteins and bacterial DNA. The former are again affected at thiol groups, instead genomic DNA 432 

turns to a condensed form that is no more able to undergo proper replication and transcription 433 

(Mijnendonckx et al., 2013). Therefore, the antibacterial effect of silver ions is dependent on the 434 

accessibility of bacterial plasma membrane. Our results indicated that E.coli growth is inhibited to 435 

an undetectable level when cultured at 37°C for 3 and 6 hours for all nanocomposites films, except 436 

for PLA/0.5Ag-g-1CNC at 3 hours whose growth was still significantly reduced (p < 0.001) but 437 

detectable (Figure 5C). By contrast, S. aureus (Figure 5D) did show a significantly reduced 438 
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viability (p < 0.001) when incubated for 3 and 6 hours at 37°C in contact with all Ag-enriched 439 

films, but the growth was still detectable. Interestingly, all bio-nanocomposites displayed a 440 

bacteriostatic effect at longer incubation times (24 hours) for both strains at 37°C. However, the 441 

growth of E.coli on PLA/1CNC/0.5Ag showed a slight inhibition of growth (p < 0.01). On all the 442 

other samples, the bacterial viability was comparable to PLA. The cell viability of both strains at 443 

+4°C was also assessed (Figure 5A and Figure 5B). 444 

Mostly, the growth rates were lower due to the low temperature. Again, as expected, E. coli showed 445 

to be more susceptible to the presence of Ag than S. aureus. As already reported at 37°C, at longer 446 

incubation times (24 hours), all PLA nanocomposites proved to be bacteriostatics rather than 447 

bactericidal against both strains. At shorter incubation times, bactericidal effects were less evident 448 

when compared to the corresponding conditions at 37°C. However, a significant reduction of E. coli 449 

growth was detected on PLA/1CNC/0.5Ag at both 3 and 6 hours (p < 0.01 and p < 0.001, 450 

respectively). PLA/0.5Ag exhibited a significant reduction of growth at 6 hours (p < 0.01), but not 451 

at 3 hours (p > 0.05). At these two time intervals, PLA/0.5Ag-g-1CNC was not able to significantly 452 

reduce the growth of E. coli (p > 0.05). S. aureus instead was not affected by Ag presence at all 453 

incubation times on all PLA Ag-enriched films (p > 0.05), except at 6 hours. At this time interval, 454 

PLA/0.5Ag and PLA/1CNC/0.5Ag could inhibit staphylococcal growth to significantly lower 455 

extent (p < 0.001).  456 

The general lower efficacy of PLA nanocomposites at low temperatures can be explained to the less 457 

efficient release of Ag+. In fact, to correlate the antibacterial activity of the generated bio-458 

nanocomposites, we analyzed the Ag+ release through ICP-MS analysis under the same 459 

experimental conditions of the viability assays (Table 2). The release of Ag+ ions at +4°C was one 460 

order of magnitude lower if compared at 37°C (ng/L vs µg/L).  461 

 462 

 463 
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Table 2: ICP measurement of Ag+ release by different PLA based formulations following 464 

incubation in bidistilled water at two different times (3 and 24 hrs) and temperatures (+4°C and 465 

37°C), respectively. 466 
 467 

 4°C (ng/l) 37°C (µg/l) 

 3 hours 24 hours 3 hours 24 hours 

PLA 0.01 3,00 0,01 0,01 

PLA/0.5Ag 23,00 58,00 80,00 128,00 

PLA/1CNC/0.5Ag 57,00 103,00 115,00 223,00 

PLA/0.5Ag-g-1CNC 14,00 19,00 38,00 74,00 

  468 

These data also allowed us to understand that the broad less efficient antibacterial effect displayed 469 

by PLA/0.5Ag-g-1CNC nanocomposite is essentially due to the lower Ag release, both at +4°C and 470 

37°C. This can be due to the grafting procedure used to produce PLA/0.5Ag-g-1CNC. However, at 471 

37°C, the Ag+ release was more plentiful from PLA/0.5Ag and PLA/1CNC/0.5Ag at short 472 

incubation time, explaining the antibacterial efficiency on cell viability up to 6 hours for both 473 

strains; this antibacterial activity is reduced at 24 h as well as the amount of released Ag+ except for 474 

the PLA/1CNC/0.5Ag samples that seems to show the best performance. 475 

A similar trend, even if at a lower extent due to a reduced Ag+ release, can explain the bacterial 476 

viability data obtained at +4°C at both short and long incubation times. 477 

To visualize antimicrobial effects of the generated Ag-enriched PLA nanocomposites, SEM 478 

observations of E. coli and S.aureus grown for 24 h at 37°C on PLA and PLA nanocomposites were 479 

also performed. Agar disc diffusion tests were attempted but no positive results were recorded (data 480 

not shown) owing, we believe, to the extreme paucity of Ag released by the nanomaterials, as 481 

determined thanks to ICP-MS analysis. Thus, SEM investigation was exploited both to evaluate 482 

either the bacterial adherence to the tested materials and the effect exerted by the release of Ag+ on 483 

the cell morphology of both strains (Figure 6). 484 
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The reason why we performed the SEM observations at higher temperature is due to the fact the 485 

Ag+ release is too low at +4°C to justify this experimental set-up. In general, E. coli RB showed a 486 

reduced adherence to all films in comparison to S. aureus 8325-4. However, the gross morphology 487 

of both bacterial cells was normal and quite similar on all nanocomposites films. Taking into 488 

account antibacterial test and Ag-release analysis, we hypothesize that the vehicle of antimicrobial 489 

effect of the generated Ag-enriched PLA films is the direct contact of bacteria with the 490 

nanomaterial. The grafting procedure adopted to generate PLA/0.5Ag-g-1CNC might result in a 491 

surface where Ag is less available and more entrapped, thus resulting in a less efficient 492 

antimicrobial activity. Conversely, PLA/0.5Ag and PLA/1CNC/0.5Ag, where Ag nanoparticles did 493 

not undergo the grafting procedure, exerted better antibacterial properties owing to their more 494 

available Ag. 495 

 496 

 497 
Figure 6: SEM rapresentative images of E. coli strain RB (panels A, B, C and D)  and S. aureus  strain 498 
8325-4 (panels E, F, G and H) seeded on the different PLA materials and incubated for 24 hrs at 37°C. 499 
 500 

The use of metallic ions as antimicrobial agents in different formulations has been extensively 501 

applied. For instance, the use and antibacterial effects of Ag, Ni, Zn, Cu are well known and mostly 502 

characterized, also at molecular level (Lemire et al., 2013). Recently also Fe has been employed in 503 

the generation of magnetic antibacterial nanoparticles either coupled to Ag or Au to target bacterial 504 

biofilms thanks to a external magnetic field (Mahmoudi & Serpooshan, 2012) or in combination 505 
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with other chemicals to form multilayered nanoparticles (Zare et al., 2015; Hasantabar et al., 2015). 506 

The use of metals as antimicrobials has great potential due to the tremendous increase in antibiotic 507 

resistence phenomena. Nevertheless, public issues owing to possible side effects upon 508 

environmental or direct exposure (e.g. upon incorporation in medical devices or for food packaging 509 

purposes) to these metals may represent a limit in their use (Lemire et al., 2013). Since our 510 

generated materials are intended for a food packaging approach, the fact that they both display good 511 

antibacterial properties and release small amount of Ag renders them suitable for their end use. 512 

Summarizing, the PLA nanocomposite films produced in this study displayed a good antibacterial 513 

activity at short incubation intervals, especially at 37°C. At longer incubation times, they showed a 514 

bacteriostatic behavior at both the tested temperatures. Furthermore, PLA/0.5Ag and 515 

PLA/1CNC/0.5Ag proved to be more efficient than PLA/0.5Ag-g-1CNC in affecting bacterial 516 

growth, due to higher Ag+ release at 37°C if compared to +4°C. In general, the antibacterial efficacy 517 

of all films was more evident on E. coli rather than on S. aureus strain.  518 

 519 

4. Conclusions 520 

Cetyltrimethylammonium bromide (CTAB) was used as stabilizer for silver nanoparticle synthesis 521 

on CNC surface via the conventional reduction of AgNO3: less agglomeration and reduced 522 

dimensions for nanoparticles were obtained when lower amount of silver nitrate was considered in 523 

the reaction. Mean diameters of the AgNPs (30 nm) gradually increases with increased value of 524 

reaction time at a constant temperature even in the case of Ag-g-CNC (calculated as about 50 nm). 525 

Zeta potential measurements confirmed the shift to less negative values for Ag-g-CNC, as a result 526 

of adsorption of positively charged silver particles at the surface of CNC. PLA films containing Ag-527 

g-CNC showed similar light transmission of neat PLA film, while a reduction in the amount of 528 

transmitted light was observed for PLA/0.5Ag and PLA/1CNC/0.5Ag systems containing pristine 529 
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silver nanoparticles. It was also demonstrated that grafting of silver nanoparticles on cellulose 530 

nanocrystals positively affected the thermal degradation process and cold crystallizization 531 

processes. Results of antibacterial tests showed that PLA nanocomposite films displayed a good 532 

antibacterial activity, more evident on E. coli rather than on S. aureus strain, at short incubation 533 

intervals, especially at 37°C, where PLA/0.5Ag and PLA/1CNC/0.5Ag proved to be more efficient 534 

than PLA/0.5Ag-g-1CNC in affecting bacterial growth, due to higher Ag+ release.  535 

 536 
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