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Abstract Simple one-step procedure for in situ
preparation of silver nanoparticles (AgNPs) in the
polymer thin films is described. Nanoparticles (NPs)
were prepared by reaction of N-methyl pyrrolidone
with silver salt in semi-dry polymer film and charac-
terized by transmission electron microscopy, XPS, and
UV-Vis spectroscopy techniques. Direct synthesis of
NPs in polymer has several advantages; even though it
avoids time-consuming NPs mixing with polymer
matrix, uniform silver distribution in polymethyl-
methacrylate (PMMA) films is achieved without
necessity of additional stabilization. The influence of
the silver concentration, reaction temperature and time
on reaction conversion rate, and the size and size-
distribution of the AgNPs was investigated. Polymer
films doped with AgNPs were tested for their
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antibacterial activity on Gram-negative bacteria. An-
timicrobial properties of AgNPs/PMMA films were
found to be depended on NPs concentration, their size
and distribution. Proposed one-step synthesis of
functional polymer containing AgNPs is environmen-
tally friendly, experimentally simple and extremely
quick. It opens up new possibilities in development of
antimicrobial coatings with medical and sanitation
applications.
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Introduction

Silver is well-known antimicrobial agent. Its activity
against bacteria is especially pronounced in the
nanoparticle form silver nanoparticles (AgNPs; Rai
et al. 2009; Kumar and Miinstedt 2005). Materials
doped with AgNPs may preserve their bactericidal
activity over a long-time period (Melaiye 2005).
Combination of polymer with AgNPs provides excel-
lent material for perfect antimicrobial coatings (Jain
and Pradeep 2005; Lyutakov 2014). The general
method of polymer/nanoparticles (NPs) nanocompos-
ite preparation consists in the dispersion of formerly
prepared colloidal nanoparticles (AgNPs) in the
polymer solution (Lim and Ast 2000). Preparation of
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NPs also includes careful choice of solvent medium,
reducing agent, and materials for the stabilization of
the AgNPs (Raveendran et al. 2003; Fanta et al. 2013;
Shameli 2012). Application of the same compound
serving as a silver reducing agent as well as dispersing
and stabilizing agent of the resulting AgNPs can
simplify NPs preparation (Fei et al. 2013; Chudasama
et al. 2010). The most common synthesis of AgNPs is
the chemical reduction of a silver salt solution by a
reducing agent (Sioss and Keating 2005). In this case,
the size, distribution of AgNPs, and their antimicrobial
activity are a function of reductant—strong reductant
leads to creation of small monodispersed AgNPs,
while weaker reductant to a slower reduction rate
resulting in broader size distribution (Marambio-Jones
and Hoek 2010). However, reducing agents may very
often be associated with environmental toxicity or
biological hazards, preventing application of AgNPs
in medicine. Moreover, AgNPs synthesized by those
methods easily aggregate, which worsens process-
ability, deteriorates useful AgNPs properties, and
decreases their antibacterial properties. Alternative
method of AgNPs preparation based on so-called
green chemistry was proposed too (Sharma et al.
2009). Some of the most promising ways of green
AgNPs synthesis utilizes N-methyl pyrrolidone
(NMP) or polyvinylpyrrolidon (PVP). Because of
their low toxicity and acceptable biocompatibility,
NMP and PVP are considered as suitable candidates
for medical application. NMP-based synthesis of
AgNPs allows their precise shape and size control.
AgNPs between 50 and 350 nm in size were synthe-
sized by heating of aqueous solution of AgNO; and
PVP Washio (2006). NMP-based synthesis of trian-
gular AgNPs with controllable size was reported in
Jeon et al. (2009). Additionally, poly(vinyl pyrroli-
done) can be used as both a steric stabilizer and a
reducing agent for controllable growth of silver
triangular nanoplates (Washio et al. 2006).

During the process of mixing with polymer, AgNPs
tend to aggregate and lose their antimicrobial proper-
ties (Qu 2014). This phenomenon becomes more
pronounced due to high viscosity of molten polymers
or polymers solution. Additionally, the presence of
stabilizers can reduce antimicrobial activity compared
to pure silver NPs (Phu 2014; Burkowska-But et al.
2014). To overcome this problem, two approaches
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have been introduced over the past few years:
polymerization of monomer in the presence of AgNPs
and preparation of NPs directly in polymer matrix or in
polymer solution (Vukoje 2014; Yoksan and
Chirachanchai 2009). Application of in situ synthesis
of NPs in polymer matrix can produce uniform
distribution and allows precise control of NPs mor-
phology too. Simple organic polymers and more
sophisticated systems, including biological macro-
molecules, block co-polymers, dendrimers, and gels
can provide well-defined distribution and morpholo-
gies of NPs (Behrens et al. 2006; Naik 2004; Jewrajka
and Chatterjee 2006; Grubbs 2005; Sun 2003; Mohan
2006; Jin and Yuan 2005).

In this paper, we propose novel experimentally
simple preparation technique of polymer—AgNPs
composite which effectively prevents AgNPs aggre-
gation. AgNPs were synthesized in the polymer matrix
by reduction of silver nitrate with NMP in one-step
procedure after polymer deposition.

Experimental
Materials

Anhydrous N-methyl-2-pyrrolidone (NMP, purity
99.5 %, supplied by Sigma Aldrich), and silver nitrate
(AgNO3, purity 99.9999 %, supplied by Sigma
Aldrich), were used as received. (PMMA, M, =
1,459,000) of optical purity was supplied from Good-
fellow. Mueller—Hinton broth (MHB; Oxoid,
CMO0405) and Mueller-Hinton agar (Oxoid,
CMO0337) were prepared as described by producer
and sterilized in autoclave.

Nanoparticles preparation

Different amounts of AgNO;3; were dissolved in N-
methyl pyrrolidone and mixed with 7 % solution of
PMMA in chloroform. Weighed portion of silver
nitrate was chosen to obtain 1, 3, 5, 7, and 10 % silver
concentration in the dried PMMA. Then, thin films
were rapidly deposited by spin-coating (1000 rpm,
30 s) onto hot plate (at 50, 75, 100, 150, 200 and
250 °C) and further heated until appearance of
uniform yellow coloration.
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Characterization

The size and distribution of AgNPs in PMMA films
were determined by transmission electron microscopy
(TEM) on JEOL JEM-1010 instrument operated at
80 kV. Polymer films were separated from glass
substrate and for TEM measurements, cca 100-nm-
thick plates were cut by ultra-cutter. Additionally,
UV-Vis absorption spectroscopy was used to estimate
size distribution of NPs using Mie theory (Mie 1908;
Manikandan et al. 2003). Refraction index of PMMA
necessary for the calculation was taken from our
previous work (Lyutakov 2008; Svorcik et al. 2008).
Conversion rate of Ag" into AgNPs was determined
by XPS spectroscopy on Omicron Nanotechnology
ESCAProbeP spectrometer. The analyzed area had
dimensions of 2 x 3 mm?”. Optical spectroscopy was
used to indicate AgNPs creation and releasing during
film soaking. UV-Vis absorption spectra were mea-
sured using Spectrometer Lambda 25 (Perkin-Elmer).
AFM technique in tapping mode with Digital Instru-
ments CP II set-up was used for characterization of the
surface morphology.

Antimicrobial effect

Antimicrobial tests were performed by sample soaking
and measurement of antimicrobial properties of the
extracts. Plate with film (1 cm?) was incubated in a
dH,0 (3 ml) in a 12-well plate (Corning) for 1, 3, 6,
and 12 h in orbital shaker (100 rpm) Unimax 1000
(Heidolph) at RT within 1, 3, 6, and 12 h. Pristine
PMMA films prepared from mixed chloroform/NMP
solution without AgNPs were used as control samples.
Fresh samples and samples previously soaked in dH,O
(50 ml) were used to evaluate antimicrobial activity.

The antimicrobial effect of AgNPs was carried out
using a gram-negative Escherichia coli. One colony
was inoculated with 50 ml of MHB medium and
incubated in orbital shaker Unimax 1000 (Heidolph) at
37 °C, 200 rpm to ODg 0.3. Extracts (50 pl), MHB
(220 ul) and cultivated cells (30 pl) were added to
each well of 96-well microplate (Corning), 50 pl
dH,O instead extracts was added as control. The cells
growth was monitored by changing of the transmitted
light absorption at 600 nm on microplate spectropho-
tometer SPECTROstar Omega (BMG Labtech, mea-
surement of ODggo every 30 min at 37 °C, before each

measurement the double orbital shaking was applied at
200 rpm for 20 s).

Result and discussion
AgNPs synthesis

Scheme of preparation of AgNPs/PMMA composite is
shown in the Fig. 1. The spin-coated films containing
PMMA and AgNO; were hold for a time ensuring full
chloroform evaporation (Fig. 1b). Then semi-dry
films were rapidly placed at hot plate, where reduction
of silver occurred in several sec (Fig. 1c). Residual
amount of NMP and byproducts (BP) were simulta-
neously evaporated. According to (Marambio-Jones
and Hoek 2010), main BP are 5-hydroxy-N-methyl
pyrrolidone, N-methyl succinimide, and nitrate
derivatives. During preparation procedure, yellowing
of the samples was observed (see Fig. 5). Uniform
yellow coloring indicates UV—Vis absorption band
near 450 nm which is typical for plasmon resonance in
AgNPs. In proposed reaction scheme (Marambio-
Jones and Hoek 2010), NMP is oxidized in the
presence of oxygen and at elevated temperature forms
peroxide species transforming NMP to 5-hydroxy-N-
methyl-2-pyrrolidone which acts as a reducing agent.
As a result, N-methyl succinimide and AgNPs are
produced. Additionally, it should be noted that in the
case of our NMP plays a dual role: (i) acts as a
diffusion promoter and (ii) as a reducing agent. NMP
exhibits high penetrability and diffusion coefficient in
amorphous polymer (Zellers and Sulewski 1993; Jou
et al. 1992) and thus it can enhance silver diffusion
into polymer matrix (Akhter and Barry 1985). NMP is
also known to stabilize NPs and prevent their aggre-
gation (Giordani et al. 2006; Frolov et al. 2012).
Attempts to repeat the sample preparation using THF,
DMSO, or DMFA as solvent for AgNO; led to
significantly lower intensity of staining or to samples
degradation (blackening) depending on the applied
temperature.

Figure 2 shows AgNPs distribution in PMMA films
measured by TEM. Corner inset in Fig. 2 illustrates
the shape of individual AgNPs. AgNPs shape is rather
different from spherical one. NPs are in the form of
irregular polygons, with sharp edges. Similar shape
was observed for AgNPs synthesized by Ag™ reaction
with PVP or NMP (Marambio-Jones and Hoek 2010;
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«Fig. 1 Schematic of AgNPs/PMMA film preparation. (a) Mix-
ing of PMMA solution in chloroform and silver nitrate in N-
methyl pyrrolidone, (b) deposition of polymer film and
chloroform evaporation, (c¢) rapid annealing of semi-dried film
and silver reduction and (d) resulted polymer film doped with
AgNPs created in polymer matrix. BPI 5-hydroxy-N-methyl
pyrrolidone, BP2 N-methyl succinimide, BP3 NOs;-derivatives
[according to (Jeon et al. 2009)]

Washio et al. 2006; Jeon et al. 2009). It should be
noted that NPs with sharp edges are more biologically
active than spherical ones. So that the irregular form of
prepared NPs can contribute to AgNPs/PMMA films
antimicrobial properties. It is well known that silver
segregation in polymer matrix can lead to significant
loss of advantageous nanocomposite optical or an-
timicrobial properties Cheviron et al. (2014). By
proper choice of polymer and preparation condition,
silver aggregation can be prevented (Damm and
Munstedt 2008). Recent research efforts have been
directed toward exploiting the in situ synthesis of
metal NPs inside of polymeric materials (Aymonier
et al. 2002; Ho et al. 2004). In situ formation of AgNPs
with good uniformity and distribution was reported,
for example, in photo-crosslinking methacrylate poly-
mers (Cheng et al. 2011) and co-polymers (Mohan
2006). In the last case, uniformity of NPs dispersion
was significantly affected by co-polymer composition
(Mohan 2006). Another approach consists in immo-
bilization of silver ions followed by their reduction.
This process requires the presence of charged group on
polymer surface or in bulk (Son et al. 2006; Kong and
Jang 2008; Dallas et al. 2011). In usual case,
uniformity of NPs distribution is enhanced through
silver restriction by chemical or physical interaction or
by polymer matrix freezing. From comparison of the
present TEM images with those available from
literature, it can be concluded that the AgNPs distri-
bution is more or less acceptable (Mohan 2006;
Cheviron et al 2014; Damm and Munstedt 2008;
Aymonier et al. 2002; Ho et al. 2004; Cheng et al.
2011; Son et al. 2006; Kong and Jang 2008; Dallas
et al. 2011). Individual AgNPs aggregates are visible,
but mostly well-separated NPs are seen. So, it may be
concluded that an appropriate quality of AgNPs
distribution was achieved mainly thanks to two stages
of solvent evaporation (see Fig. 2). First, dichlor-
oethane was evaporated during spin-coating proce-
dure. Formation of AgNPs was performed in semi-
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Fig. 2 TEM image of AgNPs distribution in PMMA films; 20 x 20 pm corner insets show the shape of individual particles

dried polymer films, containing only NMP. At these
conditions, diffusion of Ag ions occurs, but NPs are
entrapped. As a result, aggregation of AgNPs does not
occur.

For the determination of the conversion rate of Ag™
into AgNPs, XPS technique was applied. Result of

typical XPS measurement is presented in Fig. 3. In
usual case, it is difficult to separate Ag" and Ag® peaks
because they are close to each other. Therefore
“reference” sample in which the reduction of silver
was not carried out was also measured (Fig. 3a).
Reference sample was prepared through substitution
of NMP by THF and centrifugation for 30 min without
sample heating. Conservation of Ag" state was

A B controlled by film transparency and absence of yellow
19071 Ag* 2201 coloring. XPS spectrum from sample with AgNPs is
1804 210+ shown in Fig. 3b. XPS spectra were evaluated by
200 fitting in Gaussian approximation and the resulting

1701 peaks parameters are given in the Table 1. The
1601 1901 spectrum from Agt/PMMA film can be fitted with
g 150 180 1 one peak but the spectrum from AgNPs/PMMA film is
170 a superposition of two peaks, attributed to reduced and

1401 unreacted silver. Peak maximum of Ag" is lying at
130 1601 368.44 eV in the case of Ag'/PMMA film. For
1504 AgNPs/PMMA films, the same maximum is shifted

1207 o to 368.2. The shift can be attributed to different film
364 366 368 370 372 364 366 368 370 chargings. Peak corresponding to Ag” was found only

Binding Energy (eV) Binding Energy (eV)
Fig. 3 XPS spectra from reference sample polymer films doped
with Ag™ (a) and from AgNPs (b). Gaussian approximation was
used for fitting of Ag" and Ag0 peaks. Peak parameters are
presented in the Table 1

in the case of AgNPs/PMMA film and its maximum is
at 367 eV. In both cases peaks, width (FWHM) is
below 2 eV, which value is typical for element in the
same valence state. Since the area of evaluated peaks
is proportional to concentration, we were able to
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Table 1 Data from evaluation of XPS spectra (from Fig. 3) for Ag"/PMMA and AgNPs/PMMA samples

Sample Ag Peak area Peak position (eV) Peak FWHM (eV)
Ag*/PMMA Ag* 135+ 3 368.4 & 0.1 1.7 £ 0.1
AgNPs/PMMA Ag° 148 + 9 367.1 £ 0.1 1.8 £ 0.1

Agt 37+ 8 368.2 + 0.1 1.4 +£0.1

estimate the conversion rate of reduced silver at
different experimental conditions. Table 2 gives the
reaction time and conversion rate of silver. Reaction
time was estimated from absorption measurements as
the time after which the film ceased to change color.
Reaction time was found to be affected only by applied
temperature and to be independent on silver concen-
tration. The reaction proceeds for several hours at low
temperatures and for few seconds at high tem-
peratures. Conversion rate of silver, however, was
found to be influenced by both temperature and silver
concentration. Depending on these parameters, silver
ions conversion can be varied from 20 to 95 %. For
low silver concentrations, the reactivity is higher at
low temperatures but for high concentrations the
reactivity is higher at higher temperatures. In the case
of medium concentration, some temperature optimum
can be found.

Figure 4 shows the average size and distribution of
AgNPs as a function of both silver concentration and
applied temperature. The data were obtained from the
fit of the measured data by Gaussian curve. As can be
seen from Fig. 4a, the AgNPs size depends on the
silver concentration and applied temperature. Since
the temperature determines reaction time (see
Table 2) it can be concluded that both parameters
influence the size of AgNPs. As a function of the
applied temperature, the AgNPs radius varies in

Table 2 The reaction time (min) and silver conversion rate
(%) in dependence on applied temperature (°C)

Applied temperature (°C)

Ag' concentration 50 75 100 150 200 250
(%) Reaction time (min)

720 300 120 30 3 0.15

1 75 61 48 36 31 36
3 36 42 80 94 68 60
5 18 31 72 74 60 54
7 15 46 50 58 58 63
10 18 67 70 74 78 82
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several nanometers range, but all curves exhibit
distinctive maximum. With increasing silver concen-
tration, position of maximum is shifted to lower
temperature. Figure 4b shows the width of the NPs
distribution calculated from FWHM of the Gaussian
approximation of AgNPs (upper x-axis shows the
logarithm of the reaction time). Like in the previous
case, silver concentration, reaction time (or tem-
perature) influence the NPs distribution. For lower
silver concentrations, wider distributions were ob-
tained at a lower temperature. Difference becomes less
pronounced with increasing Ag concentration. For
10 % Ag concentration, the narrowest distribution was
obtained at the 50 °C temperature.

In works on silver reduction by NMP, the
attention has mainly been focused on applications
for surface Raman enhancement (Kim 2013) but
here we shall address another important silver
property—its antimicrobial properties (Kong and
Jang 2008). First, release of silver from AgNPs/
PMMA films was determined by measurements of
UV-Vis absorption spectra (see Fig. 5). Samples
were soaked in dH,O and changes in their UV-Vis
absorption spectra were followed. Surface plasmon
absorption peak at 350-550 nm wavelengths range
indicates the presence of AgNPs. Decrease of the
absorption peak intensity (Fig. 5) indicates gradual
elution of AgNPs during films soaking. The elution
takes place only during first 24 h of soaking. Further
films soaking do not affect AgNPs content in the
film. It appears that only a part of AgNPs can be
released and another part is firmly incorporated in
polymer matrix. Surface morphologies of polymer
films before and after film soaking are shown in
Fig. 6. Apparent deviation from a flat surface can be
attributed to the presence of AgNPs. After film
soaking, surface morphology is dramatically chan-
ged, namely instead of AgNPs holes appear. It can
therefore be concluded that AgNPs are released
mostly from near surface region of polymer.

For antimicrobial tests, E. coli able to create
biofilms was chosen as typical model for pathogen
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bacteria. AgNPs/PMMA films were soaked in distilled
water and extracted solution was mixed with nutrient
solution and bacteria cells were added. Figure 7
represents the antimicrobial activity of prepared films.
Figure 7a shows evolution of optical density (OD) of
bacteria suspension (different concentrations of silver,
constant temperature of 100 °C). The OD is dimen-
sionless unit representing the absorbance of material
measured at 630 nm wavelength and is proportional to
the number of bacteria cells. Bacteria growth leads to
an increase of the OD and a decrease of the OD
indicate silver inhibition effect. In the case of 10 % Ag
concentration antimicrobial activity is apparent and
undeniable. The quite different situation is observed in
the case of lower Ag concentrations. There are no
significant differences between control samples and
samples containing 7 % or less of silver. In these cases
bacteria, growth starts as in control sample and after a
certain time the growth curves exhibit only slight
deviation from the control curve. So, it can be
concluded that only weak antimicrobial activity
appears if the samples contain “low” silver concen-
tration. This phenomenon is typical for the microbi-
ology, where the value of minimum inhibitory
concentration (MIC) that inhibits the visible growth

A

1,6
121
>
‘@ —o— Control
S o84 —0—1%Ag’
8 3% Ag"
s —v—5% Ag:

7% Ag
—<1—10% Ag”

of a microorganism after overnight incubation is often
used. In our case, the value of MIC lies around 10 % of
AgNPs in the PMMA matrix.

Half-inhibition time, which is the time required by
bacteria to double their numbers when compared with
the start inhibition, was introduced for data presenta-
tion. Half-inhibition time of fresh samples and those
previously soaked for one week are given in Fig. 7b,c
respectively. The inhibition time of the control
samples (without silver) is also presented. It is evident
that sample preparation procedure does not affect
bacterial growth, in the case of silver absence. From
Fig. 7b, it is evident that antimicrobial activity of
AgNPs/PMMA coating increases with increasing of
silver concentration. Differences are more pronounced
in the case of AgNPs synthesized at lower tem-
perature. Significantly greater antimicrobial activity
show films with 10 % silver concentration and
prepared at 75 and 100 °C. On the other hand, samples
containing 1 % AgNPs have almost no effect on the
growth of bacteria, regardless on the preparation
temperature. Similar situation was observed in the
case of soaked films. Despite of the some loss of
antimicrobial properties, which can be attributed to
leaching of unreacted silver ions and AgNPs situated
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Fig. 7 Dependence of optical density (OD) on the time of bacteria growth in pristine nutrient solution and in nutrient solution with
silver extracts added, (a) inhibition time of silver extract taken from pristine (b) and soaked samples (c)
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close to sample surface, the samples still exhibit
antimicrobial properties. In the case of samples
containing 1 % AgNPs, slight increase of antimicro-
bial activity after soaking was observed. This phe-
nomenon can probably be attributed to the changes of
film structure during soaking, which promote more
effective release of silver (Lyutakov 2015). Like in the
previous case AgNPs/PMMA films prepared under 75
and 100 °C are most active. Rapid increase of
antimicrobial activity after achieving of some critical
concentration is not surprising. Antimicrobial activity
of silver-containing antimicrobial films strongly de-
pends on silver concentration and usually rapidly
increases in some concentration range but remains
constant outside (Sanchez-Valdes 2014). However, it
is still a question, why only films prepared under 75
and 100 °C are so antimocrobial effective. It is evident
that conversion rate cannot explain this phe-
nomenon—there are no significant differences be-
tween sample prepared at a temperature of 75 °C or
higher. On the other hand, AgNPs/PMMA films
prepared at mean conditions have average NPs size
between 6 and 6.5 nm and narrower size distribution
in comparison with 10 % Ag films prepared at higher
temperature. It can, therefore, be concluded that
highest antimicrobial activity exhibit films with nar-
row NPs size distribution around the 6 nm.

Conclusion

New, one-step technique for direct doping of PMMA
films with AgNPs was suggested and experimentally
verified. Proposed method is environmentally friend-
ly, extremely simple, and fast. The properties of
AgNPs/PMMA composite films were examined by
different methods and the kinetics of the AgNPs
release was studied. Conversion rate of Ag™ was found
to be influenced by both applied temperature and
initial Ag ion concentration. NPs shape and distribu-
tion depend on the reaction time, applied temperature,
and initial silver concentration. Bactericidal properties
of AgNPs/PMMA films against Gram-negative bac-
teria were successfully demonstrated. It was found that
antimicrobial activity of prepared films depends on the
NPs average size and uniformity. Samples containing
10 % of AgNPs and prepared at 75 and 100 °C showed
significantly greater antimicrobial activity comparing
to the other samples.
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