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ABSTRACT  
 

An in-situ simple method is used to prepare polyacrylic acid (PAA) silver nanocomposite. A mixture of 
sodium borohydride (NaBH4) and ascorbic acid (AA) were utilized to reduce silver nitrate producing Ag-NPs in 
the PAA matrix while sodium tri-citrate is employed to stabilize the prepared colloid. Furthermore, electrospray 
deposition technique (ESD) was used to deposit a thin film of PAA embedded with Ag nanoparticles. The 
obtained colloid and film were characterized by using UV-visible, FT-IR, TEM, and AFM. UV-vis spectroscopy 
showed an absorption peak at 425 nm which is attributed to the well-known surface plasmon resonance of the 
Ag-NPs. The interaction between Ag+ and PAA carboxylic groups was investigated by FT-IR. TEM images 
showed the well dispersion of Ag-NPs in the PAA matrix with average particle size of ~ 7 nm. Finally, the 
inhibiting activity of PAA/silver nanocomposites against E. coli, S.aureus, B.subtilis and C. albicans, micro-
organisms was confirmed for the obtained material, suggesting it’s suitable uses as effective growth inhibitor of 
micro-organisms and making it appropriate for diverse antimicrobial control systems. 
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Introduction 
 

Polymer nanocomposites have attracted more and more attention to the scientific sphere and stimulated a 
spirit of research those offer a novel technologies and business opportunities for a wide category of 
applications.(Camargo, 2009) The unique size-dependent properties of nano-scale materials have significantly 
impacted all spheres of human life making nanotechnology, a promising field for wide range of applications. 
To transfer macromolecules into the gas phase at atmospheric pressure without fragmentation, electrospray 
deposition (ESD) method is used. (Fenn, 2003) Injection of a polymeric solution in a high electrical field leads 
to an aerosol of charged species.  

In the literatures, ESD are often denoted with short distances (0–200mm), (Borra et al, 2012, Kim, 
2010 and Altmann et al.,2014) although the residue amount of solvent on the substrate is a key parameter for 
film morphology. Several experimentation were made to apply the ESD process to fuel spraying, surface 
coating, treatments of agricultural tools, micro-encapsulation for medical applications, colloid micro-thrusters 
etc. (Chen et al.,2010) and carbon textile modification and membrane. (Benitez et al, 2005) Electrospray was 
also used for the coating of nanofibres  (Mao et al, 2008) and microfibers. ( Jaworek et al, 2008) 

Formation of polymer composite by combine an inorganic metal with polymer matrix is a promising 
way to improve the performance of the already existing polymer materials. It leads to a new properties and wide 
range of applications in different fields such as medical applications, electrical devices, optics, photoconductors, 
and so on. (Alexandre and Dubois; 2000) It is well known that, polymer material with a certain property such as 
elasticity, transparency, specific absorption of light, dielectric properties should be selected, and the advantages 
of metal nanoparticles, particularly, the high specific surface is the ability to reach less accessible sites which 
depends mainly on the size and shape of the particle. (Friedrich et al, 2008 and Fenn, 2003) 

Inorganic metals such as silver, copper and zinc are proved to have effective antibacterial effects. 

(Matsumura et al, 2003) It is well known that silver and its compounds have very strong antimicrobial activities 
for bacteria, fungi, and virus compared with other metals. (Li et al, 2010) and (Kim and  Kuk, 2007) There are 
various methods to prepare silver nanoparticles: photochemical, γ-radiation, laser ablation, chemical, 
electrochemical, etc. the most popular one is the chemical reduction of silver salts by using a reducing agent 
such as sodium citrate or sodium borohydride. (Sileikaite et al, 2006) Additionally, many publications have 
been focused on metal nanoparticles due to their unique electronic, optical, mechanical, magnetic and chemical 
properties which are significantly different from those of bulk materials. (Guzman et al, 2009) and (Pillai  and  
Kamat, 2004) Therefore, ESD is a promise method to deposit an inorganic thin film deposition, (Rietveld et al, 
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2006) for a wide range of possible applications in research and industry such as biotechnology (Thian et al, 
2011)and encapsulation. (Bock et al, 2012) 

ESD has a great advantage in comparison to other methods. (Friedrich et al, 2008) This method is 
cheap and flexible due to low material consumption and use of atmospheric pressure conditions. A broad 
variety of ionic and polar polymers can be sprayed. The technical equipment required is simple. (Altmann et 
al.,2014) The deposition of antibacterial coating over surfaces such as medical devices can obviously reduce 
the growth of microorganisms and subsequently reduces the infection. Organic polymers are used to produce 
that coating film and the antimicrobial activity could be generated by the releasing of metal nanoparticles into 
the infected media. (Butt et al, 2003) 

This work focused on the preparation and deposition of nonocomposite films for biological 
applications. A novel synthetic rout to prepare PAA/Ag thin film using ESD technique was performed. Poly 
(acrylic acid)was chosen for this study because it is known that this polymer can form adhesion-promoting 
interlayer for instance in fiber/epoxy composites. Additionally it can also serve as a biocompatible interface. 
(Kettle et al, 1997 and Oehr et al, 1999), (Sciarratta et al, 2003 and Detomaso et al, 2005) The Ag nanoparticles 
were firstly reduced within PAA solution with the aid of NaBH4 and ascorbic acid (AA) in presence of sodium 
tri-citrate as a surfactant. This synthetic pathway was achieved through simple steps using inexpensive 
precursors yielding Ag nanoparticles with narrow particle distribution. The properties of the obtained materials 
were investigated by a combination of surface and volume sensitive techniques to investigate the relationship 
between size, stability and color of metal colloids as well as in thin solid films prepared by ESD. 

Experimental Part  

Materials  
Polyacrylic acid (Sigma-Aldrich, USA, M.wt. 1800) is used as the polymer. Silver Nitrate AR 

(Cambrian Chemicals, assay 99%) is used as the source of Ag particles. Tri-sodium Citrate dihydrate 
(Na3C6H5O7.2H2O ADWIC, min. assay 99.5%) is used as stabilizing agent. Methyl Alcohol (Carlo Erba 
reagents, HPLC grade) was used as solvent. Ascorbic acid (Aldrich, USA, 99%) and Sodium borohydride 
(Merck, Germany 99%) were dissolved in distilled deionized water (DDW).  

 
Preparation of PAA/Ag Nanocomposites 

PAA/Ag nanocomposites were prepared by chemical reduction of silver nitrate using sodium 
borohydride as a strong reducing agent, and ascorbic acid as mild reducing agent. Moreover, sodium citrate was 
used as stabilizing agent and polyacrylic acid as a matrix. 
The preparation procedures starts by adding 0.5 ml of 0.1 wt% AgNO3 in MeOH to 10 ml of 0.1 wt% of PAA in 
MeOH, then adding the stabilizing agent (1 ml of 0.3% sodium citrate in DDW). Finally, the reducing mixture 
(10µl of 1.3% ascorbic acid in DDW and 10µl of 0.03% sodium borohydride in ice cold DDW) was added.  
 
Electrospraying  

Low concentrated solutions of the polymer nonocomposite were sprayed through a positively charged 
metal capillary in a strong electric high-voltage field between the capillary electrode and the grounded electrode. 
The electric field distorts the drop on the tip of the capillary into a Taylor cone (formation of a single jet). The 
small liquid jet breaks down into numerous small charged primary droplets, drifting along field lines. (Altmann 
et al.,2014) Electrospray (home made) apparatus: syringe bump (Kd Scientific) was used to maintain the flow 
rate at 1 mL/h and power supply 8 kv to generate the electric field, 7 cm was set as the distance between the 
nozzle and the collector. The working time was 5 min for each sample. 

 
Characterization Methods 

The polymer nanocomposite films were analyzed with a Fourier transform infrared (FTIR) 
spectrophotometer Bruker Vertex 70 FT-IR in the ATR mode. Aluminum foil was used as a substrate for FTIR 
analysis. The FTIR spectra were recorded from 4000 to 400cm-1 with a resolution of 4cm-1 and an average of 16 
scans. The UV–visible absorption spectra were measured using Jasco 570 UV–VIS-NIR spectrophotometer in 
the range of 1000–200 nm. Thin film morphology and surface roughness were measured using AFM-Thermo 
microscopes model (Autoprobe CP-research head). The shape and particle size distribution of the nanoparticles 
were determined by transmission electron microscope of the type JEOL – JEM-1011, Japan.  

The antimicrobial activities of PAA/Ag composite were performed using well diameter  diffusion agar 
technique against two types of a Gram-negative bacteria Escherichia coli (E. coli) and Pseudomonas aeruginosa 
(P. aeruginosa), also two types of a Gram-positive bacteria Staphylococcus aureus (S. aureus ) and Bacillis 
subtilis (B. subtilis). Finally the antimicrobial test was performed against two types of Fungi Aspergillus 
famigatus (A. famigatus) and Candida albicans (C. albicans). The blank of the prepared mixture (without silver 
nitrate) was tested under the same condition.  After incubation at 37 0C for 24 h for bacteria and 280C for 48-72 
h for fungi, the inhibition zones were recorded by measuring the diameters of the clear zones. 
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Results and Discussion 

UV-vis Spectroscopy of the Nanoparticles 

Reduction of Ag+ into Ag-NPs was usually monitored by visual inspection and UV-vis spectroscopy. 
Initially, the synthesis of silver nanoparticles was confirmed by observing the color change of the reaction 
mixture. The appearance of a color varied from yellow to brown, suggested the formation of Ag-NPs. The 
intensity of the color varies depending on the shape, size and concentration of the reduced nanoparticles. ( Song  
and Kim, 2009) 

In the first step, the reaction medium contains PAA, AgNO3 and NaBH4 as a strong reducing agent. 
After several hours no remarkable color change was observed i.e. no Ag-NPs were formed. This observation 
was further confirmed by recording the UV-vis absorption spectra as shown in Figure 1 a. The absorption 
spectrum did not show any absorption feature in the visible region. It was assumed that the PAA molecules 
reacted with silver salt solution forming a complex which is more stable so that the reduction was rendered 
and/or inhibited. 
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Fig. 1: UV-vis absorption spectra of PAA/Ag nanocomposites as-prepared: (a) reduction with NaBH4 (b) 

reduction with AA+ NaBH4 and (c) reduction with Na (tri-citrate) + AA+NaBH4 
 

In the second step, ascorbic acid (AA) as mild reducing agent was added to the mixture of PAA and 
AgNO3. Thereafter, NaBH4 was injected at once to the above mixture. A rapid change of the solution color from 
colorless to brown color was observed indicating an immediate reduction of the Ag+ ions to Ag-NPs. The UV-
vis spectrum of this sample (Figure 1b) showed an absorption peak at 425 nm which is attributed to the well-
known surface plasmon resonance of the Ag-NPs. (Zayed  et al, 2012) It is likely that the role of AA is to 
catalyze the reduction reaction of Ag+ ions from the solution to form nucleated particles. However, the addition 
of AA increases reducing power of the reaction medium which in turn accelerates the rate of spontaneous 
nucleation. The more nucleating particles in the solution will give rise to narrow particle size distribution which 
shows itself through the narrow surface plasmon peak. On the other hand, the out looking of the prepared 
sample showed that the Ag-NPs were precipitated within 2 h. This was attributed to the continuous growth of 
the Ag-NPs by aggregation and/or agglomeration.  

  In the final step of this synthetic pathway, the sodium tri-citrate was added to the mixture of PAA and 
AgNO3 before the addition of AA and NaBH4. The change in color of the solution was observed after 30 min 
i.e. the addition of sodium tri-citrate preventing immediate reduction of Ag+ ions. Figure 1 c shows a stronger 
surface plasmon peak without spectral shift as compared with that appeared in absence of sodium tri-citrate. 
Therefore, the role of sodium tri-citrate is to cape the complex (PAA-Ag) and it can protect Ag+ from being 
instantly reduced.The stability of the Ag colloid was followed by detecting the alterations occurred on the 
surface plasmon peak of the Ag-NPs after aging for more than 6 months. It was found that there are a significant 
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increase occurred in the intensity of the absorption plasmon peak Figure 2 indicating the stability of prepared 
colloidal with a limit of aggregation process.   
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Fig. 2: UV-Vis spectrum of prepared Ag-NPs: as prepared (a) after 24 h (b) after 6 months (c)  

  

FTIR Characterization of the Modified Nanocomposites 

An example of infrared spectrum obtained from PAA casting and electrospraing films embedded with 
Ag NPs (after complete reduction) in the range of 400–4000cm-1 is shown in Figure 3 and compared to the 
conventional PAA as blank.  
One can see the typical characteristics of poly(acrylic acid), (Carton et al, 2012 and Fahmy et al, 2011)  i.e. an 
intense peak around 1700 cm-1 due to C=O stretching, a broad band  at (2500–3700 cm-1) corresponding to the 
OH groups overlapping the CHx band at (2800–3000 cm-1). An intense peak around 1200 cm-1 corresponding to 
the C-O stretching and CH bending (1450 cm-1) were observed. First of all the difference of the intensity of 
samples was related to the variation of thicknesses. Blank sample was analysed as powder (~mm diameter), 
casting one as film with thickness ~0.5 µm and the electrosprayed as thin films (~10 nm). 

It is worth note that, the important band for the following discussion is the C=O stretching vibration 
which is described by three components (Gaussians) located at ~ 1733, 1712 and 1650 cm-1. As example for that 
analysis see Figure 4a for PAA blank sample. There are three components with a maximum at 1749, 1715 and 
1680 cm-1 observed for PAA were discussed by Wang et al. (Wang et al, 1990) However, for PAA casting 
sample the band observed at 1640 cm-1 is assigned to the C=O stretching of dimers as well as intermolecular 
hydrogen bonding or C=C double bonds. (Kennedy et al, 2009) The main component at 1712 cm-1 is attributed 
to stretching vibration (C=O) of carboxylic groups. To describe the contribution of ester  (Akiyama  et al, 2008) 
formed by COOR groups a third Gaussian is located at 1749 cm-1. The ester groups probably were formed by 
self-condensation of CH2=CH-COOH  CH2-CH2-CO-O (see Figure 4a). (Fahmy et al, 2013). 

Figure 4b and c give the FTIR spectra of the C=O stretching vibration for PAA casting and 
electrospraying films embedded with Ag-NPs. Compared to PAA the peak corresponding to the intermolecular 
hydrogen bonding is moved from 1640 to 1585 cm-1 and the area ratio is increased ~ two times. Also the main 
peak of the C=O stretch is shifted from 1712 cm-1 to ~1693 cm-1 and reduced strongly ~53 %. While the peak 
located at 1749 was also shifting to 1733 cm-1 which describes the contribution of ester (COO-) units and in 
opposite direction for the main peak, it was increased ~ two times too like that observed for the intermolecular 
hydrogen bond. 
First, the film formation by ESD with the same chemical composition for commercial one was obtained. It 
indicates that the structure of polymers embedded with Ag-NPs consists of free –COOH groups which produced 
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due to the reduction process of –COO-Ag+. However, the ratio of −COO- groups was enlarged. This means that, 
the reducing agent didn’t cover all material and therefore, some of –COO-Ag+ groups were remain as it is or the 
product consists of some complexes form confirming that data were obtained by UV-vis spectroscopy. 
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Fig. 3: FTIR spectra of PAA on casting and electrosprayed film embedded with Ag-NPs in comparison to 
conventional PAA as blank 
 

Transmission of Electron Microscopy (TEM) 

In order to determine the shape and size of the as-prepared Ag-NPs, The TEM micrographs were 
studied accordingly. Figure 5a and b showed that the Ag-NPs prepared without addition of sodium tri-citrate.  
The image showed that the Ag-NPs were formed in spherical shaped structures with average size equal to 8.5 
nm. However, the as-prepared nanoparticles suffered from aggregation and/or wide size distribution. This was 
attributed to the absence of the appropriate surfactant on the reaction medium.  

Figure 5c and d displayed the role of sodium tri-citrate on the preparation of Ag-NPs. A number of 
mono-dispersed spherical Ag-NPs were homogeneously distributed throughout the whole image field. The 
average size of the Ag-NPs was determined from the peak position of the Gaussian fitting and equal to 6.5 nm 
(Figure 5d). The formation of uniform and well-shaped nanoparticles may be accounted as a result of using 
sodium tri-citrate as a surfactant. The role of sodium tri-citrate is to bind the surface of silver particles 
preventing the aggregation and stabilizing the nanoparticles in the solution. 

Morphological Characterization of Films by AFM      

Figure 6a presents the AFM images of the Si wafer. The Si wafer had a average roughness of 0.3 nm 
while for PAA deposited on Si wafer samples have of 5.4 nm (Figure 6b). This means a homogenous and 
smooth surface with PAA deposited thin films by ESD method was obtained. However, the substrate was not 
completely covered with PAA film.  

In the AFM image of PAA with AgNO3 without reduction shows that the roughness increased to 11.1 
nm. The reason, probably some nanoparticles were formed due to self-reduction of polyacrylic acid or sunlight 
exposure for few minutes during the measurements (Figure 6c). Moreover, Si-wafer were coated with PAA/Ag 
after reduction process with NBH4 in presence of AA and sodium tri-citrate, the significant changes in the image 
of this sample can be seen (Figure 6d). There are still holes in the layer; so that there is no 100% coverage of the 
substrate has taken place with roughness 43.6 nm. In this case the polymer film embedded with metal 
nanoparticles. These nanoparticles play an important role to change the feature of films from smooth to rough 
one.  
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Figure 4. Stretching vibration of carbonyl groups (C=O) deconvoluted into three components for: (a) 

commercial PAA as blank, (b) PAA casting film embedded with Ag0 nanoparticles and (c) PAA 
electro-sprayed film embedded with Ag0 nanoparticles . The solid line is the sample where the 
dashed lines are the individual contributions 
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Fig. 5: TEM micrographs of the as-prepared Ag NPs (a) without sodium tri-citrate, (b) with sodium tri-citrate, 

(c) and (d) their corresponding histograms with Gaussian fitting 
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Fig. 6. AFM-micrographs from Si-wafer blank (a) PAA coated Si-wafer (b), PAA+AgNO3 dispersed on Si (c) 
and PAA/Ag after reduction spread on Si (d) by means of ESD 
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Antimicrobial Activities 
The activity of silver nanoparticles embedded in polymeric matrix has a great effect for the prevention 

of growth and adherence of bacteria over the surface of some materials. (Tran et al, 2010) Recent studies 
indicated that the activity of silver nanoparticles against bacterial mainly depends on the particle size. (Chalal et 
al, 2012) Here, the antimicrobial effects of PAA/Ag nanocomposites against Gram-negative, Gram-positive 
bacteria and fungi were investigated. The prepared mixture without Ag-NPs was also tested as a blank for 
comparison. 100 µl of the samples were evaluated against pathogenic microorganisms and visualized after 
incubation at 37 0C for 24 h for bacteria and 280C for 48-72 h for fungi (Figure 7 as example). 

 

 
 

Fig. 7: PAA/Ag nanocomposite inhibition zones against (a) Candida albicans fungus   (b) E. coli  
  

 
The antimicrobial activity was negative for blank sample. On the other hand, a significant antibacterial 

property for PAA/Ag nanocomposites was observed due to the presence of Ag-NPs. Ag-NPs binds to the cell 
wall of the bacterial leading to bacteria death or cell distortion of the bacteria. (Castellano et al, 2007) 

Table1 listed the diameter measurements of inhibition zones which proved the ability of synthesized 
composite to inhibit the growth of the selected bacteria and fungi. Furthermore, the activity of prepared 
composite against microorganisms mainly depends on the rate of silver release and the concentration of silver in 
the matrix. So, under the preparation condition the results show that the synthesized nanocomposite has no 
activity against filamentous fungus A. famigatus. According to the test results, the clear zone diameter for S. 
aureus and Candida albicans is 19.2 and 18.2 mm respectively, which showed an important inhibition effect 
against Gram positive bacteria and fungi. The results show that the efficacy was increased in the inhibition zone 
for Gram-positive bacteria compared to Gram-negative one and this may be attributed to the differences 
between cellular wall content of Gram-positive and Gram-negative bacteria. (Celebioglua et al, 2014) Finally, 
according to the previous data it could be established that Ag-NPs were acquired from the PAA/Ag 
nanocomposites as colloidal or even as thin films is responsible for the antimicrobial effect.  

 
Table 1: Antimicrobial activity by diffusion agar technique, well diameter: 6.0 mm of tested materials, inhibition zones measured in mm,  
Tested microorganisms PAA/Ag inhibition zones [mm] p.control 
1. Gram-positive bacteria 
S. aureus  19.2 ± 0.63 NA 
B. subtilis  20.5 ± 0.58 NA 
2. Gram-negative bacteria 
E. coli  17.2 ± 0.25 NA 
P. aeruginosa  NA NA 
3. Fungi 
A. famigatus  NA NA 
C. albicans  18.2 ± 0.58 NA 
NA: No activity 

Conclusion  

 

PAA/Ag nanocomposite thin film was successfully prepared by using electrospray deposition 
technique with highly dispersed Ag-NPs by an in-situ and simple preparation method.  NaBH4 and AA were 
used as a strong reducing mixture to release Ag-NPs in the polymer matrix. Sodium tri-citrate played an 
important role in the stabilization of the system. It prevents the continuous growth of the Ag-NPs resulting in 
agglomeration of synthized particles which was confirmed by UV-vis results. TEM images showed the well 
distributions for Ag-NPs in the polymeric matrix with an average particle size of around 7 nm. The formation of 
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uniform and well-shaped nanoparticles may be accounted as a result of using sodium tri-citrate as a surfactant. 
The antibacterial activity towards different kinds of bacteria and Fungi was investigated.  Results indicated that 
PAA/Ag is selective in its antibacterial action. It displays more effective antibacterial activity to Gram-positive 
bacteria compared to Gram-negative one.  
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