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Abstract
The aim of this work was to evaluate the potential of cellulose nanofibrils (CNFs) films treated with commercial solution 
of Ag nanoparticles stabilized with natural tannin and silane groups in the bacteria growth inhibition. The films were 
produced with commercial pulps of pine and eucalyptus treated with sodium hydroxide (5% w/v) and calcium hydroxide 
(10% w/v), respectively. The bacteria selected for the inhibition test were the gram-positive Listeria monocytogenes and 
gram-negative Salmonella enteriditis. The films performance was investigated by the antimicrobial activity using disc 
diffusion. In addition, the pulps were evaluated by their chemical composition, water retention index (WRI) and X-ray 
diffraction (XRD). The content of hemicelluloses in the treated pine pulp (11.32%) was lower in comparison to the found 
in the treated eucalyptus pulp (14.46%). The XRD diffractogram presented higher crystallinity index for the treated 
eucalyptus pulp (70%) with a characteristic peak of calcium carbonate. The treated eucalyptus pulp showed higher WRI 
and viscosity values in relation to the treated pine pulp. Growth inhibitory halos were more expressive when the treat-
ment with both antimicrobial solutions were proceeded in the films produced with pine CNFs with addition of the citric 
acid. The effect of the nanoparticles stabilized with tannin must be highlighted, mainly on the bacterium S. enteriditis.
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1  Introduction

The safety against pathogenic microorganisms provided 
by packaging has been a subject of great concern to the 
manufacturers, especially when it comes to food products. In 
the attempt to provide the consumer a product free of con-
tamination by pathogenic microorganisms, researches have 
been done in the development of films for packaging which 
could have an antimicrobial potential. Among the different 
types of material used for films production, the literature 
reports the following as the most common: cassava starch 
[1], fish gelatin [2], whey protein isolate [3] and the cellulose 

nanofibrils (CNFs) [4–6]. Currently, there is a great interest in 
materials obtained directly from natural resources, as cel-
lulose derivatives, due to its biodegradable characteristics 
[7]. With higher surface area and better mechanical proper-
ties in relation to non-fibrillated cellulose, films from CNFs 
have a promising potential. Also, certain nanocomposites 
have expanded the application of nanostructured films in 
various industrial applications due to their antimicrobial 
functions. Several antimicrobial agents have been used in 
association with polymer matrices for production of films for 
inhibition of bacterial growth, such as: citric acid [3], ascorbic 
acid [8], sorbic acid [7], sodium benzoate [9], chitosan [10], 
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sulfur nanoparticles [11] and silver nanoparticles [12]. The 
noble metals as silver nanoparticles have been widely used 
in terms of safety against many pathogenic microorganisms. 
The usage of synthetic molecules to stabilize the nanopar-
ticles often creates health and environmental issues. These 
nanoparticles can be used in association with other com-
pounds in order to increase their effectiveness as an antimi-
crobial. Encapsulation with silane groups, for example, can 
functionalize the nanoparticle as an anchor for other chemi-
cal groups. On the other hand, the encapsulation with tan-
nins allows antimicrobial synergy with silver. In both cases, 
the molecules also function as stabilizers of nanoparticles, 
and are used for their versatility to resist the conditions of 
the synthesis during the industrial process. In particular, 
dispersions of alkaline nanoparticles, mainly calcium and 
magnesium hydroxide in nonaqueous solvents, have been 
proposed as efficient deacidifying treatments for cellulose-
based works of art, such as paper [13], manuscripts [14] and 
archeological wood [15]. These nanoparticles, due to their 
high reactivity, provide a stable neutral environment by 
rapidly turning into mild alkaline species (carbonates). Citric 
acid has been reported to crosslink polysaccharides [16, 17]. 
The crosslinking mechanism of citric acid is ascribed to cova-
lent di-ester linkages between hydroxyl groups of two differ-
ent polysaccharide chains and two carboxyl groups of citric 
acid [17, 18]. The advantage that any unreacted citric acid 
may also act as a plasticizer [19, 20]. The use of antimicrobial 
particles in conjunction with stabilizers and other compo-
nents can be effective against bacteria such as the genera 
Salmonella and Listeria. Salmonella enteriditis is a patho-
genic gram-negative bacterium causing diarrhea, fever and 
abdominal spasm. Its external (lipopolysaccharide) fraction 
determines its toxigenicity and antigenicity. Salmonella can 
also intervene into the blood stream, bones, brain and nerv-
ous system and can occasionally result in lethal infections 
[21]. The cell wall in gram negative bacteria is chemically 
more complex, having a greater amount of aminoacids and 
lipids. Listeria monocytogenes has a strong adaptability to the 
external environment and can survive at refrigerated tem-
peratures and high salt concentrations [22]. The aim of this 
work was to evaluate the potential of CNFs films treated with 
tannin-stabilized silver nanoparticles commercial solution 
and citric acid, in the inhibition of the Listeria monocytogenes 
and Salmonella enteriditis growth.

2 � Materials and methods

2.1 � Pulp treatments

The pine and eucalyptus sheets were provided by Klabin 
(Itajaí—Santa Catarina, SC, Brazil). The sheets were manu-
ally torn and passed by a hydration process during 24 h. 

The eucalyptus pulp was treated with calcium hydroxide 
10% (w/v) (Ca(OH)2) aqueous solution in proportion 1:40 
(w/v). The procedure consists of the initial reaction of the 
pulp with Ca(OH)2, with exposure to a source of carbon 
dioxide (CO2) which in presence of moisture will promote 
the calcium carbonate formation (CaCO3) within the fibers. 
The Ca(OH)2 is a compound which shows a high dissolu-
bility degree, reacting quickly with CO2 for CaCO3 forma-
tion. During the carbonation reaction, CO2 is widespread 
through the fibers unsaturated pores. The CO2 diffuses in 
the aqueous phase present of the pores transforming into 
carbonic acid (H2CO3), dissociating into ions HCO3

− and 
CO3

−, with the dissolution of Ca(OH)2 which releases ions 
Ca2+ and OH−, and precipitate forming the CaCO3 (Eq. 1):

The pulp (60 g dried) was treated with aqueous solution 
of Ca(OH)2 in water bath at 60 °C under constant stirring 
at 700 rpm for 3 h. The pine pulp was treated with sodium 
hydroxide (NaOH) (w/v) 5% aqueous solution in a water 
bath at 80 °C under constant stirring at 1000 rpm for 2 h. In 
the end of the reaction, the both pulps were washed with 
distilled water until the neutral pH.

2.2 � Antimicrobial solutions

The antimicrobial products were obtained from TNS Nano-
tecnologia LTDA (Florianópolis—Santa Catarina, SC, Bra-
zil) Ag based antimicrobial additive in aqueous solution. 
Applied in textiles, paints, varnishes and others. The Ag 
concentration in the solutions was close to 0.1–2.0%. Two 
different types of antimicrobial solutions were used. The 
first type was an antimicrobial product composed by Ag 
nanoparticles encapsulated with biocompatible natural 
tannin molecules (NpAg_TAN). The second type was an 
antimicrobial product composed by Ag nanoparticles 
functionalized with silane groups (NpAg_925). In both 
solutions, the nanoparticles were in range from 5 to 20 nm.

2.3 � Preparation of CNF films

The nanofibrils were obtained by nanofibrillation 
through a SuperMasscolloider grinder (Masuko Sangyo 
MKCA6-3) using opening between disks of 0.01 mm and 
grindstone rotation of 1600 rpm. Two types of nanofi-
brillated pulps were used for production of the films: 
(1) commercial pine pulp treated with NaOH (5% w/v); 
(2) commercial eucalyptus pulp treated with Ca(OH)2 
(10% w/v) (Fig. 1). The films were produced from the 
suspension obtained after 40 cycles of defibrillation. 
The micro/nanostructure of the CNFs was investigated 
by transmission scanning microscopy (TEM) using a 
Tecnai G2-12 (FEI Company, United States) instrument 

(1)Ca(OH)2 + CO2 → CaCO3 + H2O
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with an accelerated voltage of 80 kV. Sample prepara-
tion and TEM configurations followed recommendations 
described elsewhere [23]. The CNF films were prepared 
by casting, using 40 mL suspensions (1% w/v) in acrylic 
petri dishes with 15 cm diameter.

Four films of each CNF condition were produced and 
dried at room temperature. Anhydrous citric acid (99.5%, 
ACS grade), purchased from Labsynth® (Diadema, SP, 
Brazil), was added to the suspension of nanofibrils at a 
10 g/100 g (based on dried mass of the nanofibrils). The 
film samples were obtained with a diameter of 6 mm. 
The samples were separated into two groups, one group 
being treated with NpAg_Tan and the other group with 
the NpAg_925. One drop of each type of antimicrobial 
compound was dripped over each sample (Fig. 2). In total, 
eight treatments were evaluated (Table 1).

A sample of antibiotic film (Chloramphenicol 30), 
obtained from Bioanalyse® (Ankara, Turkey) was added in 
each petri dish as “control treatment”.

Fig. 1   a Commercial pine pulp 
treated with NaOH; b commer-
cial eucalyptus pulp treated 
with Ca(OH)2

Fig. 2   Treatment of samples 
(diameter: 6 mm) with the anti-
microbial solutions NpAg_Tan 
and NpAg_925 

Table 1   Experimental design

Raw material Antimicrobial 
nanoparticle

Identification Microorganism

Pine treated nanofibrils
 Citric acid 5% NpAg_925 Pac925 Salmonella 

enteriditisNpAg_TAN PacTAN
 – NpAg_925 P925 Listeria monocy-

togenesNpAg_TAN PTAN
Eucalyptus treated nanofibrils (Ca(OH)2)
 Citric acid 5% NpAg_925 Eac925 Salmonella 

enteriditisNpAg_TAN EacTAN
 – NpAg_925 E925 Listeria monocy-

togenesNpAg_TAN ETAN
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2.4 � Microorganisms and inocula standardization

The bacteria Salmonella enteritidis S64 and Listeria mono-
cytogenes ATCC 19117 were used in the evaluation. The 
strains were obtained from the Reference Bacteria Col-
lection in Surveillance Sanitary, National Institute of 
Health Quality Control (INCQS), Oswaldo Cruz Foundation 
(FIOCRUZ, Rio de Janeiro, RJ, Brazil) and in the Tropical Cul-
ture collection, André Tosello Foundation (Campinas, São 
Paulo, Brazil). The reactivation of the culture was done in 
Brain Heart Infusion broth (BHI) in 37 °C of temperature 
during 24 h. The cell suspensions were standardized in 
about 108 UFC/mL, using 0.5 as turbidity standard of the 
MacFarland scale.

2.5 � Evaluation of antimicrobial activity

The disc diffusion techniques described in CLSI [24] were 
used for the evaluation of antimicrobial activity. Stand-
ardized suspensions aliquots of 100 µL of each bacterial 
culture were inoculated on agar BHI (Brain Heart Infusion). 
After the scattering, the plates were divided into 4 quad-
rants and the 6 mm diameter film discs were disposed 
equidistantly in each quadrant. Three films were depos-
ited in each quadrant, for each bacteria. The plates were 
incubated at 37 °C for 24 h and the inhibition halos were 
measured with a digital caliper.

2.6 � Chemical composition of the pulps

The quantification of acid insoluble lignin and acid soluble 
lignin for treated pine and eucalyptus pulps followed the 
described in Gomide and Demuner [25] and Goldschimid 
[26], respectively. The analysis of polysaccharides glucose, 
xylose, arabinose and mannose were done through the 
described in Wallis et al. [27]. In eucalyptus pulp, the cel-
lulose content is equal to the glucose content, while the 
hemicelluloses correspond to the xylose content. For pine 
pulp, every three units of mannose are linked to one unit 
of glucose, being hemicelluloses content the sum of man-
nose, respective glucose ratio, arabinose and xylose. For 
the cellulose content of pine pulp, the glucose content was 
subtracted from the fraction related to mannose.

2.7 � Viscosity of the pulps

The viscosity of the treated pine and eucalyptus pulps was 
determined by capillary viscosimetry using the capillary 
viscometer Cannon-Fensk. The samples of the pulps were 
dissolved in cupric ethylenediamine and the time required 
for the solution go through the distance between the vis-
cometer marks was recorded according to the TAPPI 230 
[28]. Two measurements were carried out from which a 

mean time of flowing was obtained to determine the vis-
cosity according to the Eq. 2.

where η is the solution viscosity at 25 °C (cP); K is the vis-
cometer constant (determined from a known viscosity 
substance); d is the density of the cupric solution of the 
pulp (1.052 g/cm3); t is flow time (s).

2.8 � Water retention index

Water retention index (WRI) of the pulps were determined 
dispersing them in water at a fiber content of 0.5% (w/t) 
after boiling it in water for 5 min. Water suspension was fil-
tered by a centrifugal force of 3000 G for 15 min for dewa-
tering, and the wet filtered pulps were weighed. After they 
oven-drying at 110 °C for 5 h, the weight was measured 
again. The WRI was determined according to Eq. 3:

where W0 and W1 are the mass of the wet and oven-dried 
pulps, respectively.

2.9 � X‑ray diffraction (XRD)

Crystalline structures of the fibers and CNFs were analyzed 
by a XRD 600 (Rigaku®) difractometer with CuKα radiation 
(λ = 1.540 Å) at 30 kV and 30 mA over the angular range 
2θ = 5°–37.5° at a rate of 2θ/min. The fibers were com-
pressed in an aluminum sample holder furrows. The crys-
tallinity index (CI) was calculated from the ratio between 
the area below all the crystalline peaks and the total area 
below the whole curve, determined after deconvolution 
(including the non-crystalline fraction) following the 
Eq. (4).

3 � Results and discussion

The mean halos of bacterial grown inhibition were 
higher in diameter for the films produced with pine CNFs 
(Table 2). The lowest growth inhibition halo observed for 
eucalyptus films (compared to the other) may be due to 
the non-migrant and stable characteristic of the nanopar-
ticles in the fiber structure. The treatment of the commer-
cial eucalyptus pulp with Ca(OH)2 left residues of CaCO3 
(see Fig. 1) in the CNFs produced, generated by the reac-
tion of the Ca(OH)2 with CO2, which may have resulted 
in entrapment of silver nanoparticles. This fact may have 
reduced the effect of nanoparticles as antimicrobial agents 

(2)� = K ⋅ d ⋅ t

(3)WRI (g/g) =
W0 −W1

W1

(4)

CI (%) =
ΣAcrystalline peaks

ΣAcrystalline peaks + ΣAamorphous halo
× 100
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and prevented the formation of an extended halo for euca-
lyptus CNFs films. In addition, it can be seen that both anti-
microbial solutions were more efficient at inhibiting the 
bacterial growth of Salmonella enteriditis.

The bacterial cell wall is constituted of a mucocomplex 
which includes, among others, peptidoglycan, murein, 
mucopeptide or glycopeptide. The bacterium Salmonella 
enteriditis is known to be gram negative. In gram negative 
bacteria this complex represents a smaller fraction of the 
total cell wall in relation to the gram positive. The thinner 
cell wall favored the access of the silver nanoparticles to 
the interior of the bacterial cell, which resulted in higher 
efficiency of the antimicrobial solutions against Salmo-
nella bacteria. Bacteria such as Listeria monocytogenes 
is known to be classified as gram positive. In some bac-
teria with structurally gram positive walls the lipids are 
in greater quantity and strongly connected, composing 

about 60% of the dry weight of the wall [29]. The thicker 
lipid layer acts as a barrier to the passage of the nano-
particles resulting in a smaller amount of nanoparticles 
reaching the center of the cell.

Concerning the bacteria Salmonella, the larger diam-
eter inhibition halos were observed for the films PacTAN, in 
which the silver nanoparticles were stabilized with tannins, 
and Pac925 stabilized with silane grups (Fig. 3). Tannins 
are able to stabilize nanoparticle though their phenolic 
hydroxyls and quinones formed from the oxidation of 
phenolic hydroxyls [30]. Since tannins are natural com-
pounds extracted from various parts of the plants such 
as leaves and bark, the stabilization of nanoparticles with 
these compounds could be a positive point considering 
sustainability factors. On the other hand, the silane groups 
can increase the anchorage of the nanoparticles with the 
nanofibrils. Considerable literature has demonstrated that 
a silane coupling based agent can act as an adhesion pro-
moter by being capable of reacting with a metal adherent 
[31, 32] and a polymer [33].

In the case of the two commercial solutions, it can be 
said that their antimicrobial effects were potentiated in 
the treatments which there was also the addition of citric 
acid in the CNFs. The literature reports the increased effi-
ciency of other agents with antimicrobial potential when 
used with citric acid. The combination of acetic and citric 
acids showed higher antimicrobial activity than when ace-
tic acid was used individually against Escherichia coli [34].

As previously discussed, the halos observed for Lis-
teria monocytogenes were less expressive. The presence 
of small halos does not indicate nullity of antimicrobial 
agents. Even if the inhibition halo is not very expres-
sive, it is enough to attest to the antimicrobial activity 
(Figs. 4, 5). The non-migration characteristic is linked to 

Table 2   Medium inhibition halos for Salmonella enteriditis and Lis-
teria monocytogenes 

Treatment Medium inhibition halo
Salmonella enteriditis

Medium inhibition 
halo
Listeria monocy-
togenes

mm Antibiotic mm Antibiotic

PacTAN 11.6 30.3 8.8 33.5
PTAN 7.6 6.9
Pac925 10.5 8.6
P925 9.7 7.1
EacTAN 6 28.5 7.5 37.0
ETAN 8.4 6.8
Eac925 9.2 7.8
E925 8.3 7.5

Fig. 3   Growth inhibition halos 
of Salmonella enteriditis for the 
treatment PacTAN 
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the entrapment and anchoring of the nanoparticles in the 
fiber matrix, and contributes to the non-dilution of the 
active substance along the inhibition halo (as can happen 
with migrant antibiotics). This characteristic of migrant 
dilution compounds may contribute to the formation of 
resistant bacteria due to the antibiotic dose reduces along 
the radius of the halo. This halo is responsible for the for-
mation of resistant bacteria, since the bacteria that are in 
the halo extremity receive low concentrations of antibac-
terial assets and that end up not being eliminated, gener-
ating a resistant lineage. In this way, it can be said that the 
commercial solutions evaluated in this study have antimi-
crobial characteristics.

Pre-treatments performed on pulps before the defibril-
lation may influence the characteristics of CNFs as regards 
the potential for receiving treatments with antimicrobial 
solutions. It can be seen that the treated eucalyptus pulp 
presented higher WRI and viscosity compared to the 
treated pine pulp (Fig. 6). The treatment of the eucalyp-
tus commercial pulp with Ca(OH)2, which is an extremely 
hydrophilic base, caused a higher bonding with the 
hydroxyl groups present in the water. The bonds between 
the treatment agent and the CNFs may have impaired a 
more effective anchoring of the nanoparticles present in 
the antimicrobial solution with the CNFs. In addition, the 
treatment of the eucalpytus pulps generated carbonate 
residues in the CNFs, contributing to increase the viscosity.

The treatment of the commercial pinus pulp with NaOH 
resulted in nanofibrils with lower viscosity and WRI. The 

chemical analysis of the treated commercial pulps showed 
higher levels of hemicellulose in the eucalyptus pulp 
(Table 3). Hemicelluloses are known to have greater affinity 
for water in comparison to cellulose [35]. Generally these 

Fig. 4   Growth inhibition halos 
of Listeria monocytogenes for 
the treatments PacTAN and 
Pac925 

Fig. 5   Growth inhibition halos of the films produced with eucalyp-
tus CNFs for Listeria monocytogenes 
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wood components can be removed in presence of strong 
alkali chemical compounds as NaOH or KOH. Scatolino 
et al. [6] performing the alkaline treatment on natural fib-
ers of the Amazonian paricá, verified a reduction of 50% in 
the extractives content of the material and a great removal 
of hemicelluloses. Another point to be observed is the low 
content of xylose in the pine pulp. Xyloses are compounds 
generated from the hydrolysis of xylans. The xylans are 
hemicelluloses easily removable in the presence of alkali. 
This facility is attributed to its amorphous structure, as 
it contains a large number of acid groups that favor the 
reactions of these hemicelluloses with sodium hydroxide 
during the kraft process [36].

The amount of cellulose in the pine pulps was higher 
in relation to the eucalyptus pulps. Regarding the addi-
tion of antimicrobial solutions to the films, the amount 
of cellulose present in the pulp is an important factor 
for the anchoring of silver nanoparticles. The satisfac-
tory amount of cellulose can facilitate the stabilization 
of the nanoparticles with silane groups, tannins and 

also with citric acid. The tannins act in a way that the 
silver nanoparticles are stabilized by unreacted phenolic 
hydroxyls as well as quinones through electron dona-
tion/acception interactions [37]. On the other hand, the 
silane groups act by functionalizing the nanofibrils and 
allowing the anchoring of new chemical groups. These 
considerations, added to the fact that pine pulp have a 
higher content of cellulose, may have resulted in grater 
inhibition halos for films of pine nanofibrils.

The chemical composition and treatments of the 
pulps also exert a high influence when evaluating the 
crystallinity of the CNFs. It is noted that the crystallinity 
index of the eucalyptus pulp treated with Ca(OH)2 was 
higher in comparison with the pine pulp treated with 
NaOH (Fig. 7).

The pattern of the treated eucalyptus pulp showed an 
evident crystalline peak (2θ close to 30°) in comparison 
to the treated pine pulp. This fact may have occurred 
due to the treatment of the eucalyptus pulp with cal-
cium hydroxide. The same evident peak was observed by 
Mohamadzadeh-Saghavaz et al. [38] when analyzing pat-
terns of composites produced with cellulose and CaCO3. 
The peak is typical when evaluating materials that have 
calcite in their composition. As previously seen, the 
eucalyptus nanofibrils showed carbonate crystals in the 
nets, which may have trapped the silver nanoparticles. 
Despite the higher content of celluloses in the treated 
pine pulps and the higher hemicelluloses content in 
the treated eucalyptus pulp, the crystallinity of the pine 
CNFs was lower.

Fig. 6   WRI and viscosity of the treated pine pulp and the eucalyp-
tus pulp

Table 3   Chemical composition of treated pine and eucalyptus 
pulps

a Non detected

Component Pine pulp (%) Eucalyp-
tus pulp 
(%)

Insoluble lignin NDa ND
Soluble lignin 0.16 0.14
Cellulose 84.56 75.76
Hemicelluloses 11.32 14.46
Glucose 85.90 75.76
Arabinose 0.21 ND
Mannose 5.35 ND
Xylose 4.42 14.46

Fig. 7   Typical X-ray diffraction (XRD) pattern of the treated euca-
lyptus pulp and the treated pine pulp
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4 � Conclusion

In this study, CNFs films treated with commercial solu-
tion of Ag nanoparticles stabilized with natural tannin 
and silane groups were evaluated as inhibitor of Lis-
teria monocytogenes and Salmonella enteriditis growth. 
Growth inhibitory halos were more expressive when the 
treatment with both antimicrobial solutions were done 
in the films produced with pine CNFs with addition of 
the citric acid, also highlighting its effect on the bacte-
rium Salmonella enteriditis. The chemical analysis showed 
a higher content of cellulose in pine nanofibrils. The con-
tent of hemicelluloses in the treated pine pulp (11.32%) 
was lower in comparison to the found in the treated 
eucalyptus pulp (14.46%). The treated eucalyptus pulp 
showed higher WRI and viscosity values in relation to 
the treated pine pulp. The XRD diffractogram presented 
higher crystallinity index for the treated eucalyptus pulp 
(70%) with a characteristic peak of calcium carbonate. 
All treated films showed antimicrobial potential. Further 
studies should be performed in order to evaluate the 
inhibition of other types of bacteria.
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