
1. Introduction

Polymeric nanocomposites are obtained by dispers-

ing nanoparticles inside a polymeric network matrix.

Then, the properties of nanocomposite materials de-

pend not only on the properties of their individual

components but also on the morphology and inter-

facial characteristics of each of them. Hydrogels are

crosslinked polymers with high capacity to absorb

aqueous solution and are used as polymeric matrix

of nanocomposites. These materials swelling in water

present porosity called ‘molecular porosity’ of size

less than 100 nm [1] or could contain meso-macro-

porosity according to the synthetic method [2].

Therefore, small molecules or solid nanoparticles,

biological or synthetic macromolecules could enter

to matrix depending on pore sizes. On the other hand,

it has been demonstrated that many hydrogels are

biocompatible so they are being used for several bio -

technological and biomedical applications [1, 2, 3].

For this reason, these materials are good candidates

as polymeric matrices of biocompatible nanocom-

posites.
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If the pore size of swollen hydrogel is big enough

for the incorporation of nanoparticles, then the for-

mation of a stable nanocomposite could be possible.

But if the nanoparticle size is bigger than pore size

of matrix the nanocomposite formation would not be

achievable. However, there are several alternatives to

form nanocomposites: i) by interpenetration of lin-

ear polymer inside another network polymer [4],

ii) by absorption of nanoparticles during swelling of

matrix [5] or iii) by incorporation of nanoparticles

during the process of polymerization [6]. In addition,

it has been demonstrated that nanoparticle size

greater than 100 nm can form stable nanocomposites

by absorption during the swelling of a macroporous

matrix of hydrogel [6].

Generally, nanoparticle synthesis in solution in-

volves the presence of a stabilizer which implied an

increase of size and hydrodynamic radio of particles.

But, when the stabilizer is thermosensitive as in the

case of poly-N-isopropylacrylamide (PNIPAM), the

change of NP size by temperature increase has been

clearly demonstrated. When PNIPAM as stabilizer

collapsed, the NP size decreased approximately 100

nm regarding not collapsed PNIPAM [7]. This size

variation could be a disadvantage for nanocomposite

fabrication.

On the other hand, studies about silver nanoparticles

[8] indicate that the properties and applicability of

the Ag-NPs are drastically influenced by their size,

shape, and optical properties. So, it has been demon-

strated that bactericidal properties of Ag-NPs depend

on size [9].

We are interested in building biocompatible and an-

tibacterial nanocomposites avoiding the use of a sta-

bilizer and taking advantage of physicochemical

properties of biocompatible hydrogels [10] to syn-

thesize inside these antibacterial Ag-NPs. Thereby,

these nanocomposite materials could be used as cell

scaffold and bio-protective materials able to main-

tain a pollution free system (cells, foods, etc) for fu-

ture biomedical applications. The fabrication and

study of bactericidal nanomaterials are particularly

opportune since the amount of new resistant strains

to the most potent antibiotics has increased [11].

In order to avoid the use of strong reducing agents

such as citrate or NaBH4 and stabilizers not appro-

priate to biomedical applications, we propose to syn-

thesize Ag-NPs inside hydrogel by photochemical

methods without the using of chemical additives.

Reducing agents and other materials used during

synthesis can leave chemical debris on the materials

while the light is simply turned off at the end of the

synthesis. However, photochemical synthesis shows

little control over size and shape of particle depend-

ing on irradiation time, the use of reducing agents to

form the initial core of Ag-NP and of stabilizing

agents [12].

Our hypothesis suggests the formation of Ag-NPs by

photochemical reaction inside hydrogel matrix which

would be able to act as reductant of Ag+ ions and sta-

bilizer agent of NPs to avoid the presence of toxic

chemical reactive. This paper describes an eco-friend-

ly synthetic method to obtain polymeric nanocom-

posites by in-situ synthesis of Ag-NPs without adding

soluble stabilizer and reducing agent. The formation

of Ag-NPs is observed by UV-Visible spectroscopy.

The physicochemical (swelling and phase transition

temperature) properties of formed nanocomposite

corroborate the existence of interactions between the

matrix and the NPs and ascertain that hydrogel ma-

trix acts as stabilizer of NPs. SEM and TEM spectra

show the agglomeration of Ag-NPs, therefore the ef-

fect of AgNO3 concentration and irradiation time on

NPs formation is analyzed. FTIR spectra show change

in band intensity of some functional groups of matrix

indicating that they are acting as reducing agent

whereas 13C NMR spectra indicate that the main chain

of matrix is not chemically altered during irradiation.

Antibacterial capacity against the pathogen Pseudo-
monas aeruginosa is demonstrated. The Ag-NPs-hy-

drogel composites release Ag+ ions when they are

swollen in aqueous and physiological medium, then

act as antibacterial agent. The release rate of Ag+ ions

and antibacterial capacity of nanocomposite depends

on chemical composition of matrix. The encapsula-

tion of Ag-NPs inside swollen hydrogel in culture

medium avoids the dispersion of Ag-NPs and regu-

lates the antibacterial agent release rate (Ag+ ions).

This behavior would allow applying these systems

as antibacterial cell scaffolds. This synthetic method

avoids the use of non biocompatible stabilizers and/or

reductants making it suitable for application in bio-

medicine.

2. Materials and methods

2.1. Reactive

Hydrogels of N-isopropylacrylamide (NIPAM) (Sci-

entific Polymer Products, Inc., United States) and

copolymers with N-hydroxyethylacrylamide (HEAA)

(Sigma-Aldrich, Argentina), (3-Acrylamidopropyl)
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trimethylammonium chloride (APTMAC) (Sigma-

Aldrich, Argentina) and 2-acrylamido-2-methyl-

propanesulfonic acid (AMPS) (Scientific Polymer

Products, Inc (United States)) were synthesized via
free-radical polymerization. N,N′-methylenebis(acryl -

amide) (BIS) (Sigma-Aldrich, Argentina) was used

as crosslinking agent. Ammonium persulfate (APS)

(Sigma-Aldrich, Argentina) and N,N,N′,N′-tetram-

ethylenediamine (TEMED) (Sigma-Aldrich, Argenti-

na) were used as the initiator and activator of poly-

merization, respectively. Figure 1 represents the chem-

ical structure of the monomers used.

2.2. Polymer and copolymers synthesis

PNIPAM and copolymers were synthesized dissolv-

ing in aqueous solution the monomers of NIPAM

(0.5 M) and the respective co-monomer. Proportion

of monomeric components are described in Table 1.

In all cases, 2% moles of BIS regarding moles of

NIPAM, were used as a cross-linking agent. Next,

polymerization initiator system (APS – 0.001 g/mL

and TEMED – 10 µL/mL) was added to the precur-

sor solution; O2 was removed by bubbling with N2

gas. The polymerization was carried out at room

temperature (22±2 °C) during 3 h within test tubes

of 1 cm diameter in order to obtain pills of hydro-

gels. When the polymerization was completed, the hy-

drogels were immersed in distilled water at room

temperature for 48 h and the water was renewed sev-

eral times in order to remove unreacted chemicals.

2.3. Nanocomposite formation by in-situ
photosynthesis of NPs

Experimental design to nanocomposite formation is

described in Figure 2. Dry hydrogel pills (~0.010 grams

each one) were submerged in 3 mL of AgNO3 solu-

tion at two different concentrations (0.1 and 0.01 M)

during 24 h to ensure that the maximum swelling

was reached. Swollen pills have a size around

1.0±0.1 cm of diameter and 0.20±0.05 cm of thick-

ness. Then UV light was applied to swollen hydro-

gels in solution of AgNO3 during 18, 24, 42 and 48 h

in order to define the time required to obtain higher

concentration of Ag-NPs inside hydrogel. Similar

process was carried on each kind of hydrogel. The

fluorescent UV lamp (E27 black, Alic SA, Argenti-

na) used has the following characteristics: power:

20 W, frequency: 50 Hz.

Amount of Ag-NPs obtained inside hydrogel were

determined as a function of irradiation time by sub-

traction between weight of dry materials with and

without NPs and were expressed as milligrams

Ag-NPs/grams hydrogel.

2.4. Swelling kinetic experience of matrix with

and without NPs

A dry sample of hydrogel (around 0.010 grams), pre-

viously washed and weighed, was placed in 5 mL of

distilled water (pH 6.5) at room temperature (22±2°C).

The sample was removed from solution, at certain

time intervals, and was superficially dried with tis-

sue paper, weighed on analytic balance and placed

back into the bath. The measurements were repeated

until a constant weight was achieved. The swelling
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Figure 1. Chemical structure of the monomers

Table 1. Molar proportion of NIPAM and co-monomers

HYDROGELS
NIPAM

(PM = 113.16 g/mol)

AMPS

(PM =207.25 g/mol)

APTMAC

(PM =206.71 g/mol)

HEAA

(PM =115.13 g/mol)

PNIPAM 0.5 M

PNIPAM-co-2% AMPS 0.5 M 0.01 M

PNIPAM-co-6% APTMAC 0.5 M 0.03 M

PNIPAM-co-8% HEAA 0.5 M 0.04 M

Figure 2. Experimental design of nanocomposite formation

by in-situ photoreduction of Ag+ ions



percentage (%Sw) as a function of time is calculated

by Equation (1):

(1)

where W(t) represents the weight of hydrogel in

swollen state at time t and W(0) is the weight of the

dry hydrogel. Graphics of %Sw vs time were made

to analyze the swelling kinetic. %Sw data obtained

were averaged out at five measurements.

Swelling percentage in equilibrium state (%Sw(eq))

represents the maximum capacity of the hydrogel

and corresponds to plateau of kinetic curve. In addi-

tion, the initial slope in the lineal range (from zero

to 125 minutes approximately) is considered to esti-

mate the initial responsive rate (Ri) of the material.

The aim of this experience is to evaluate how the ki-

netic parameters of hydrogels are affected by chem-

ical composition of nanocomposites.

2.5. Partition coefficient (Pc) determination.

The distribution of solute (AgNO3) between the hy-

drogel and liquid phase in equilibrium state is de-

fined by the partition coefficient (Pc). Equation (2)

represents the grams of Ag+ ions (solute) loaded per

1000 g of hydrogel (molal) rationed to the grams of

Ag+ ions per 1000 g of aqueous solution (molal) after

reaching the equilibrium state:

(2)

Experimentally, a piece of dry hydrogel (around

0.010 grams) of known mass was immersed in 5 mL

of AgNO3 at defined concentration (pH 6.5). After

24 h of immersion the hydrogel was removed and

the concentration of Ag+ ions remaining in the solu-

tion was determined by potentiometric titration with

NaCl solution (0.01 M). Previously, sodium chloride

was dried for 2 h in a drying oven at 120°C and al-

lowed to cool down in a desiccator. Potentiometric

titration was performed employing an ion-selective

electrode Ag/AgCl (Methrom AG, Suiza) and Calomel

electrode as reference.

Knowing the initial (before swelling) and final moles

of Ag+ ions (after swelling) in the external solution,

the concentration of AgNO3 into hydrogel and water

can be calculated and then Pc can be estimated. The

procedure was repeated in triplicate.

2.6. UV-visible spectroscopy

The optical properties of NPs in aqueous dispersion

and inside hydrogels were studied by UV–visible

spectroscopy (Hewlett-Packard- 8453 diode array,

Palo Alto, California, USA). Quartz cells (Hellma

Analytics, Germany) were used to analyze the exter-

nal dispersion. To verify the formation of Ag-NPs

inside hydrogel, nanocomposite was located between

two quartz slides with a separator of 2 mm and was

positioned in the spectrophotometer so that the UV-

visible light source passes through the composite,

and thus to obtain the absorption spectral.

2.7. Fourier transform infrared spectroscopy

(FTIR)

FTIR spectra were measured on a Nicolet Impact

400 spectrometer (Nicolet Instrument Corporation,

Madison, Wis. USA) by transmission. The dry hydro-

gels and nanocomposites were crushed and mixed

with dry KBr salt to form pills under pressure and

vacuum.

2.8. Nuclear magnetic resonance spectroscopy

(NMR)
13C NMR spectra were measured on a Bruker BZH

300/89 spectrometer (Bruker Corporation, Germany).

Spectra of sample in solid state were taken by cross-

polarization with rotation to the magic angle.

2.9. Scanning electron microscopy (SEM)

Nanocomposites were dried under vacuum (30 °C)

to remove water and they were metallized with gold.

Scanning electron micrographs at low vacuum and

low field were taken using a Carl Zeiss EVO MA10

SEM (ZEISS, Germany).

2.10. Transmission electronic microscopy

(TEM)

Transmission electronic micrographs of hydrogels

with and without NPs in wet state were taken using

a Jeol Jem-1220 transmission electron microscope

(Jeol USA).

2.11. Differential scanning calorimetric (DSC)

A Netzsch DSC-204-F1-Phoenix differential scan-

ning calorimeter (NETZSCH-Gerätebau GmbH, Ger-

many) equipped with a cooling device was used to

measure the volume phase transition temperature
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(VPTT) of hydrogels and nanocomposites under high

purity N2 flow. All the samples (around 0.009 grams

each) were previously swollen in distilled water until

swelling equilibrium state was reached. The DSC

curves were obtained by sample cooling (8 °C/min)

from room temperature to –30°C using liquid N2, fol-

lowed by a reheating at a scanning rate of 8 °C/min

until reaching 60°C. The measurement was repeated

five times with the same protocol to check the repro-

ducibility. The experimental error of these measure-

ments was ±1°C.

2.12. Antibacterial activity studies

The antimicrobial activity of Ag-NPs against Pseudo -
monas aeruginosa (ATCC) was tested according to

agar diffusion test. Samples were exposed to bacteria

in solid media (nutrient agar), and the inhibition zone

around each sample was measured and recorded as

the antibacterial effect of nanocomposites. This method

was performed in Luria-Bertani (LB) medium solid

agar Petri dish. Luria-Bertani (LB) medium was used

as a growing medium of Pseudomonas aeruginosa

bacteria in overnight inoculums. After that, 100 µL of

bacterial solution was placed over the agar into ster-

ilized Petri dishes. The PNIPAM hydrogels and copoly-

mers with anionic, cationic and neutral monomers

were used as control groups. Each hydrogel and cor-

responding nanocomposites were placed on Pseudo -
monas aeruginosa cultured agar plate. Agar plate

was incubated for 48 h at 37 °C and the inhibition

zone was monitored. After 48 h incubation the pres-

ence of bacterial growth on agar plates and inhibition

halo around the samples were observed. The inhibi-

tion halo diameters were measured with a digital cal-

iber. The assays were performed in triplicate.

3. Results and discussion

3.1. Swelling capacity of hydrogels matrix

Hydrogels based on PNIPAM and copolymers are

synthesized by free radical polymerization. Dry hy-

drogel pills are placed in aqueous solution and the

water taken capacity (%Swelling) is determined in

function of time (Equation (1)). Figure 3 shows the

swelling kinetic in distilled water for each hydrogel.

Swelling kinetic parameters are analyzed (Table 2)

by determination of swelling initial rate (Ri) and

swelling percentage in equilibrium state (%Sw(eq))

or swelling capacity maximum of hydrogels in order

to compare the behavior of each material.

PNIPAM-co-2% AMPS (anionic) and PNIPAM-co-
6% APTMAC (cationic) hydrogels show higher

swelling capacities. This is due to the ionic moieties

(–SO3
–H+ and –N(CH3)3·

+Cl–) which dissociate and

create an overall charge density along the chains, as

well as a high concentration of mobile ions inside the

hydrogel. When ionic groups are present, two forces

appear increasing the hydrogel swelling: i) the os-

motic pressure resulting from differences in ion con-

centration between the swollen gel and the external

solution; ii) the electrostatic repulsion (i.e. coulom-

bic) between charged chain segments. Noteworthy,

%Sw(eq) and Ri increase with concentration of ionic

moieties present in matrix.

When functional groups are able to interact between

them by hydrogen bonds (–NHR, –OH) a reduction

of the swelling capacity (%Sw(eq)) is observed, as in

the case of PNIPAM and PNIPAM-co-8% HEAA.

Intramolecular interactions contribute to the forma-

tion of more crosslinker points inside matrix, inhibit-

ing the swelling. Therefore, similar tendency is ob-

served for Ri values obtained. This behavior will be

compared afterwards with corresponding nanocom-

posites.
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Figure 3. Swelling behaviors of hydrogels in water at room

temperature (22±2°C) and pH 6.5

Table 2. Kinetic parameters determined from curves of

swelling kinetic in water at room temperature

(22±2°C) and pH 6.5

aR2 = 0.9987, bError = ±50

HYDROGELS
Ri

a

[%Sw/min]
%Sw(eq)

b

PNIPAM 9.17 1799

PNIPAM-co-8% HEAA 6.05 1367

PNIPAM-co-2% AMPS 59.18 8269

PNIPAM-co-6% APTMAC 29.90 9362



3.2. Evidence of nanocomposites obtained by

in-situ photochemical synthesis of Ag-NPs

Hydrogel pills were swelled in a glass capsule con-

taining 0.01 or 0.1 M AgNO3 solutions during 24 h.

Then, UV light was applied at different times of irra-

diation. During irradiation color changes on hydro-

gels were observed while the external solutions al-

ways remained colorless. According to Figure 4, the

formations of Ag-NPs inside hydrogel can be quali-

tatively observed by the color change from yellow-

ish-brown to dark-brown. An effect of irradiation

time is remarkable for PNIPAM swollen at 0.01 M

of AgNO3 (Figure 4a, while PNIPAM-co-8% HEAA

hydrogels are apparently color saturated at same ir-

radiation time (Figure 4b). Swelling at 0.1 M of

AgNO3 solution, all nanocomposites are color satu-

rated at different irradiation time. The other hydro-

gels synthesized are also visually saturated under the

same experimental conditions.

To confirm the formation of Ag-NPs inside hydro-

gel, the UV-visible spectra of hydrogel and external

solutions were determined. Figure 5 shows the spec-

tra of nanocomposites obtained at different times of

irradiation swollen in 0.01 M of AgNO3 solution.

The distortion of bands is due to heterogeneity of

nanocomposites and signal saturation. Two charac-

teristic bands of Ag-NPs surface plasmon resonance

situated at 270 and 410 nm [13] are observed. The

last band begins to shift toward red and widens with

irradiation time, indicating formation of agglomer-

ated NPs. The spectrum of AgNO3 external solution,

inserted in Figure 5a, shows a negligible absorption

band in the 400–550 nm range, what may be due to

small detachment of Ag-NPs from hydrogel surface,

and other intense absorption band with maximum at

300 nm corresponding to AgNO3 solution. This sug-

gests that the photoreduction of Ag+ ions mainly oc-

curs inside the hydrogel.

Hydrogel loaded with 0.01 M AgNO3 solution and

after 18 h of irradiation shows high absorbance val-

ues of Ag-NPs at 410 nm and a shifting to red in

15 nm when the irradiation time increases at 24 h

(Figure 5). The shifting and widening of band demon-

strate clearly an increase in size and agglomeration

of the NPs [13, 14]. Stamplecoskie et al. [14], sug-

gested that the appearance of the broadband in the

range 570–700 nm could be due to the presence of

NPs aggregates. Again with the progress of reaction a

weak band (shoulder) of around 350 nm appears due

to reflection by increasing Ag-NP particle size [15].

A shifting and widening of band is also observed

when hydrogels are loaded in 0.1 M AgNO3 solu-

tion. Similar spectral behaviors are observed in other

synthesized nanocomposites.

Evidently, high concentrations of in-situ formed Ag-

NPs can be obtained by this method of synthesis

achieving high levels of loading. However, the widen-

ing and red-shift are evidence of agglomeration of

NPs and/or NPs polydispersion formation [16]. Sim-

ilar behavior was observed when Ag-NPs were syn-

thesized by reduction of Ag+ ions with NaBH4 [17],

or by reduction with hydrogen [18].

SEM and TEM images of nanocomposites synthe-

sized at different times of irradiation are shown in
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Figure 4. Photography of nanocomposites obtained by in-situ photoreduction of Ag-NPs swollen in 0.1 M (down) and 0.01 M

(up) AgNO3 solutions at different irradiation time: 18, 24, 42 and 48 h. (a) PNIPAM, (b) PNIPAM-co-8% HEAA.



Figure 6. By two spectroscopic techniques, Ag-NPs

agglomerates are observed. SEM image in Figure 6a

of nanocomposite synthesized at 42 h of irradiation

shows adsorbed Ag-NPs on hydrogel edge with big-

ger agglomerates of size c.a. 350–400 nm. In an in-

ternal cut of the hydrogel, Ag-NPs homogeneously

distributed (Figure 6b) can be observed. On the other

hand, TEM images of hydrogel synthesized at 8 h ir-

radiation (Figure 6c, 6d) show Ag-NPs agglomerat-

ed inside PNIPAM-co-6%APTMAC nanocomposite

with varying size without defined form, one of around

100 nm, others of around 50 nm and smaller parti-

cles are almost not detected. A wide distribution of size

is observed. Figure 6e, 6f shows spherical particles,

most of them are smaller particles around 10 nm and

some agglomerates smaller than 50 nm.

Possibility, the wide distribution of size is due to ma-

trix saturation with NPs formed. Evidently, the irra-

diation time determines the size of agglomerates dur-

ing reduction reaction of Ag+ ions inside matrix.

Noteworthy, all the hydrogels matrixes based on

NIPAM are able to photoreduce Ag+ ions and pro-

duce stable silver nanoparticles.

3.3. Partition coefficient of Ag+ ions

It is possible that the concentration of Ag-NPs ob-

tained in nanocomposite depends on initial concen-

tration of Ag+ ions inside hydrogel, as well as the

chemical composition of matrix. For this reason, it is

important to know the partition coefficients of Ag+

ions between hydrogel and water. Partition coeffi-

cients (Pc) of AgNO3 at pH 6.5 were calculated by

potentiometry for each hydrogel synthesized and after

12 h of swelling when swelling capacity maximum

was reached. Values of Pc > 1 indicate that AgNO3

is incorporated mainly into hydrogel. Pc calculated

of hydrogel loaded with 0.01 and 0.1 M of AgNO3

at 20°C, are shown in Table 3.

All hydrogels have capacity to absorb Ag+ ions. Pc
values of metallic ions depend on chemical compo-

sition of matrix as it was also observed for other

cations such as Fe+2 [19]. However, Pc values of hy-

drogels swollen at 0.01 M of AgNO3 are higher than

0.1 M of AgNO3, which may be possible due to ef-

fect of ionic strength that inhibits the swelling of hy-

drogel. Chandrika Pooma et al. [20] demonstrated

how the salt concentration effect and kind of salt affect

the swelling capacity of hydrogels. In addition, the

osmotic pressure resulting from the difference in

mobile ion concentration between the hydrogel ma-

trix and the surrounding aqueous phase decreases, ad-

versely affecting swelling and consequently ions in-

coming.

Possibly, Pc values are defined by interactions of Ag+

ions with matrix where ion-dipole and attraction and

repulsion electrostatics are present. PNIPAM presents

the highest Pc value; hence the ion-dipole interac-

tions between Ag+ ions and amide group electrons,

which predominate into hydrogel, seem to be more

important than coulombic attraction and repulsion.
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Figure 5. UV-visible spectra of nanocomposites with Ag-NPs obtained in-situ photochemically at different irradiation time

by swelling in 0.01 M of AgNO3. a) PNIPAM (insert: UV spectral of extern solution of AgNO3) and b) PNIPAM-
co-2% AMPS.

Table 3. Partition coefficients (Pc) of Ag+ ions determined by potentiometry at 20°C

AgNO3 solution PNIPAM PNIPAM-co-2% AMPS PNIPAM-co-8% HEAA PNIPAM-co-6% APTMAC

0.01 M 59 21 17 35

0.1 M 39 18 5 33



3.4. Load capacity of Ag-NPs and reductant

capacity of matrix.

This analysis is made to determine if the partition

capacity of Ag+ ions defines the amount of Ag-NPs

formed inside hydrogel at same irradiation time. The

milligrams of Ag-NPs per grams of hydrogel were

determined by gravimetry after swelling at 0.01 and

0.1 M of AgNO3 solutions and at different times of
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Figure 6. SEM images of Ag-NPs obtained inside hydrogels after 42 h of irradiation in 0.01 M of AgNO3: a) edge of PNIPAM

pill (scale bar: 3 µm) and b) internal court of PNIPAM pill (scale bar: 2 µm). c, d): TEM images of Ag-NPs obtained

in PNIPAM-co-6%APTMAC after 8 h of irradiation in 0.01 M of AgNO3 solution. e, f) TEM images of Ag-NPs

obtained in PNIPAM-co-2%AMPS after 8 h of irradiation in 0.01 M of AgNO3.



irradiation. Figure 7 shows the kinetic of Ag-NPs

milligrams load per grams of hydrogel.

From Figure 7, it can be seen that hydrogels swollen

at 0.1 M of AgNO3 solution, contain higher amount

of Ag-NPs load at same irradiation time regarding

swelling at 0.01 M of AgNO3 solution. In addition, the

system saturation point is quickly achieved at 12 h

of irradiation approximately for both initial condi-

tions of AgNO3 solution, except for PNIPAM-co-6%

APTMAC.

Noticeably, the milligrams of Ag-NPs formed before

saturation is directly proportional to the partition co-

efficient of Ag+ ions (Table 3). It is likely that the re-

action rate depends directly on the Ag+ initial con-

centration inside hydrogel. In addition, the reducting

role of matrix could be due to interaction among Ag+

ions with nonbonding electrons of carbonyl oxygen

and nitrogen of NIPAM [21, 22]. Thus, PNIPAM

seems to have better photoreducing character.

3.5. Evidence of the reductant role of the

hydrogels

Considering the chemical composition of studied

matrixes, there are reducing groups present in poly-

meric chain such as hydroxyls, amides and amines

which are able to reduce the Ag+ ions upon UV light

irradiation. It was reported in several cases that the

preliminary addition of any metal nanoparticle seeds

is required to form NPs but the direct photoreduction

of silver cations could also occur by the presence of

an excited chromophores or by an intermediate re-

actant which is generated in-situ during excitation

[23]. For example, Malval et al. [24], reported the

photoinduced synthesis of monodisperse ligand-

coated silver nanoparticles, where Ag+ ion was re-

duced by R-aminoalkyl radicals.

In addition, the most commonly used stabilizers are

thiol derivatives [25], ionic or neutral surfactants [26],

alkylamines [27], or carboxylic compounds [17],

therefore the alkyl chains and other functional groups

of hydrogel matrix could be acting as stabilizers of

Ag-NPs.

A rearrangement of electronically excited molecules

could be possible in photochemistry process; in the

sense that they follow reaction pathways that are usu-

ally inaccessible in the ground state (activation bar-

riers in the ground state are very high). Knowing that

the light absorbed by a molecule can produce photo-

chemical modification in the molecule, FTIR and
13C NMR spectra were obtained for hydrogels and

corresponding nanocomposites in order to observe

changes on characteristic bands of hydrogels.

In Figure 8 the characteristic bands for PNIPAM are

showed and indicated with an arrow while the ob-

served band changes regarding nanocomposite are

indicated with squares. The spectra were normalized

at 1657 cm–1 corresponding to band I of amides [28].

After 8 h of irradiation, it is qualitatively notable that

there is a decrease of band intensity in range of

3700–3000 cm–1 [29], corresponding to N–H signal

of secondary amides and amides associated. This

was observed in all cases.

In addition, a decline of intensity at 1160–1130 cm–1

[29] is also remarkable which could correspond to

C–H bending of methyl and methylene groups. How-

ever, this was not notable in all cases.
13C NMR spectra of the hydrogels were taken before

and after in-situ synthesis of the Ag-NPs in order to

verify possible changes in the main and side chains

of the matrix after irradiation (Figure 9). 13C peaks for

the carbons of PNIPAM and corresponding nanocom-

posite are well resolved. The most downfield peak

Monerris et al. – eXPRESS Polymer Letters Vol.11, No.12 (2017) 946–962

954

Figure 7. Kinetic of Ag-NPs photochemical formation inside hydrogel matrices in function of time and initial concentration

of AgNO3 solutions: 0.01 M (a) and 0.1 M (b)



of Figure 9 can be assigned to the carbonyl carbon

(C=O) (175 ppm). The other peaks can be assigned

to the main-chain and side chain methine (CH)

(41.6 ppm), methylene (CH2) (34 ppm) and methyl

(CH3) carbon atoms of isopropyl groups (23 ppm)

[29].

It can be noticed that the typical signals of hydrogels

and corresponding nanocomposite after irradiation

are the same. So the carbon main chain is not chem-

ically affected during the photoreduction process of

Ag+ ions [30, 31].

3.6. Physicochemical characterization of

nanocomposites

3.6.1. Swelling capacity

Swelling capacity of hydrogels and nanocomposites

in water at pH 6.5 are compared. Figure 10 shows

the swelling kinetic of nanocomposites obtained after

42 h of irradiation. Evidently, NPs formation affects

the swelling capacity of each hydrogel and depends

on chemical composition of matrix.

For non-ionic hydrogels (PNIPAM and PNIPAM-co-
8% HEAA), swelling kinetic seems to be lightly af-

fected by Ag-NPs presence. The initial slope of

swelling seems to increase but maximum swelling

capacity is reduced in non-ionic nanocomposites with

regarded to original hydrogel. It seems that Ag-NPs

are acting as crosslinking points or mechanical load.

In ionic matrixes the presence of NPs remarkably af-

fects the %Sw(eq) only in case of cationic nanocom-

posite where %Sw(eq) drastically decreases perhaps

due to high Ag-NPs concentration. Swelling of the

anionic hydrogel is not altered because the Ag-NPs

loading may be lower than in other nanocomposites.

3.6.2. Volume phase transition temperature

(VPTT)

DSC experiences could give even more information

about the new internal interactions formed inside hy-

drogel after Ag+ ions in-situ photoreduction. Nano -

composite samples obtained at 8 h of irradiation in

0.01 M of AgNO3 were analyzed.

The VPTT of each hydrogel and nanocomposites were

calculated as the midpoint of the transition band.

Each sample was run three times to determine the

average values showed in Table 4.

It is demonstrated that the presence of monomers

more hydrophilic than NIPAM increases the VPTT
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Figure 8. FTIR in solid-state of hydrogels and their corresponding nanocomposites obtained at 8 h of UV-irradiation, 

a) PNIPAM, b) PNIPAM-co-2% AMPS, c) PNIPAM-co-8% HEAA, d) PNIPAM-co-6% APTMAC



regarding PNIPAM [32]. In addition, the changes ob-

served in corresponding nanocomposites with regard

to pure matrix could be given by the interactions

present between Ag-NPs and matrix but the change

is not proportional to Ag-NPs grams present in ma-

trix. Possibly, the swelling kinetic and VPTT changes
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Figure 9. 13C NMR spectrums in solid-state of hydrogels and corresponding nanocomposites obtained at 8 h of irradiation,

a) peaks assigned to carbon atoms of PNIPAM structure, b) PNIPAM, c) PNIPAM nanocomposite, d) PNIPAM-

co-8% HEAA, e) PNIPAM-co-8% HEAA nanocomposite, f) PNIPAM-co-2% AMPS, g) PNIPAM-co-2% AMPS

nanocomposite, h) PNIPAM-co-6% APTMAC, i) PNIPAM-co-6% APTMAC nanocomposite

Table 4. Volume phase transition temperature (VPTT), milligrams Ag-NPs per gram of hydrogel, temperature variation

(∆TVPTT) between nanocomposite and respective hydrogel and its ratio to the amount of NPs (∆T/mg Ag-NPs).

Nanocomposites were swollen in 0.01 M of AgNO3 solution with 8 h of irradiation.

*DS: ±0.2.

HYDROGELS
VPTT*

[°C]
mg Ag-NPs/g hydrogel ∆TVPTT ∆T/mg Ag-NPs

PNIPAM

PNIPAM nanocomposite

32.0

36.8
47 4.8 0.102

PNIPAM-co-8% HEAA

PNIPAM-co-8% HEAA nanocomposite

41.7

44.0 
5 2.3 0.460

PNIPAM-co-2% AMPS

PNIPAM-co-2% AMPS nanocomposite

35.8

38.1
14 2.3 0.160

PNIPAM-co-6% APTMAC

PNIPAM-co-6% APTMAC nanocomposite

75.5

75.6
25 0.1 0.004



are mainly related to the superficial area of agglom-

erates.

The coordination between Ag-NPs and nitrogen

atoms of the amides, hydroxyl groups or carbonyl

oxygen in PNIPAM seem to increase VPTT as a con-

sequence of the immobilization of polymer on the

NPs surface or vice versa [23].

Taking into account the change of VPTT (∆T) be-

tween the nanocomposite and the respective hydrogel,

and its ratio to the amount of NPs (∆T/mg Ag-NPs),

it is possible to conclude that the interactions of Ag-

NPs with PNIPAM are strong. While interactions take

place mainly with carbonyl and nitrogen electrons of

PNIPAM, the presence of co-monomers also has an

important role on the interaction and stabilization of

Ag-NPs. The presence of a large dispersion of small

nanoparticles (Figure 6e, 6f) with a big surface area

allows a large interaction with polymer chains.

In case of PNIPAM-co-6%APTMAC matrix, the

value of ∆T indicates that the cationic groups avoid

the interaction between matrix and Ag-NPs. It is pos-

sible that Ag-NPs tend to be agglomerated among

them which coincides with image TEM (Figure 6c,

6d) where bigger agglomerates are observed.

Higher values of ∆T/mg Ag-NPs are observed when

hydroxyl groups of HEAA and sulfonic groups of

AMPS co-monomers are present. This indicates that

the interactions of matrix with Ag-NPs are even more

important. It may be due to Ag-NPs and agglomer-

ates of smaller sizes (Figure 6e, 6f).

3.6.3. Release capacity of NPs

All synthesized hydrogels have the capacity to ab-

sorb Ag+ ions, and nanocomposites with high load

of Ag-NPs can be obtained by UV irradiation. In

order to apply these nanocomposites as antibacterial

systems, the release capacity of Ag in physiologic

solution at pH 7.4 was studied.

Experiments were carried out with nanocomposites

obtained by swelling in AgNO3 0.01 M solution and

8 h of irradiation. These samples were placed on

glass tube with 3 mL of physiological solution 0.85%

p/v NaCl and the release was followed by UV-visible

spectroscopy employing a reduced optical step cell

(0.5 mL). Aliquots were taken every 2 h; analyzed

and then these aliquots were turned back to the vial.

In Figure 11a, UV-visible spectra after each nano -

composite were immersed during 8 h in physiological

Monerris et al. – eXPRESS Polymer Letters Vol.11, No.12 (2017) 946–962

957

Figure 10. Swelling kinetic in water (pH 6.5) of hydrogels and nanocomposites obtained at 42 h of irradiation, a) PNIPAM,

b) PNIPAM-co-2% AMPS, c) PNIPAM-co-8% HEAA, d) PNIPAM-co-6% APTMAC



solution, show intense absorption bands with maxi-

mum at ca. 300 nm and wide bands with intensity al-

most negligible from 400 nm. The last band could

correspond to a few released Ag-NPs while the very

intense bands at 300 nm mainly correspond to

Ag+ ions or small Ag clusters [14]. However, it was

reported that very small Ag-NPs ~5 nm present an

intense sharp peak at 393 nm being the band inten-

sity very low at 270–300 nm [33]. Therefore, the in-

tensity difference between bands in figure 11a indi-

cates that the released species are mainly Ag+ ions.

Figure 11b shows the absorbance at 300 nm of phys-

iological solutions after 8 h of immersion for each

nanocomposite. At the same time, temperature effect

on the release at 22 and 37°C is shown. Release Ag+

ions at 22°C tends to be similar for each composite

while ionic matrixes at 37°C release Ag+ ions faster

than neutral hydrogels. PNIPAM slow down the re-

Monerris et al. – eXPRESS Polymer Letters Vol.11, No.12 (2017) 946–962

958

Figure 11. a) UV-visible spectra of physiological solutions at pH 7.4 after 8 h nanocomposite immersion at room temperature

(22±1°C). b) Absorbance at 300 nm of Ag+ ions released from the nanocomposites after 8 h immersion in phys-

iological solution at 22±1 and 37±1°C.

Figure 12. UV-visible spectra of nanocomposites before (short dash line) and after (solid line) Ag+ ions released after 36 h

at 22±1°C, a) PNIPAM, b) PNIPAM-co-2% AMPS, c) PNIPAM-co-8% HEAA, d) PNIPAM-co-6% APTMAC



lease rate possibly because matrix is collapsed on

this temperature condition.

Evidently, in spite of the fact that ionic matrixes have

Ag-NPs of different sizes and forms, the release ki-

netic of nanocomposites is quite similar. Figure 12

shows the spectra of nanocomposites before and after

36 h immersion in the physiological solution. Al-

though the release of Ag+ ions is observed for all

studied nanocomposites, only in case of PNIPAM-
co-2% AMPS the complete loss of color is notable.

This is also demonstrated by photography of nano -

composite pills insert.

Considering the relation of Ag-NPs maximum ab-

sorbance before and after 36 h immersion in physi-

ological solution, the release rate order (RRO) of

each nanocomposite could be estimated. Thereby,

the release rate follows the order: PNIPAM-co-2%

AMPS (RRO = ∞) > PNIPAM-co-6% APTMAC

(RRO = 4.2) > PNIPAM-co-8% HEAA (RRO = 3.7)

> PNIPAM (RRO = 3.1). Similar tendencies are ob-

served at both reported temperatures (22 and 37°C).

The results could indicate that the release rate of Ag+

ions could be controlled by chemical composition of

hydrogel matrix. It is noteworthy that the hydrogel

matrices are able to synthesize and contain Ag-NPs

(which are not spontaneously released) in solution,

while they release Ag+ ions in physiological medium.

Finally, the retain/release process could be regulated

with the chemical composition of matrix.

3.7. Antibacterial activity of nanocomposites

The in vitro antibacterial screening of hydrogels and

their nanocomposites have been carried out against

Pseudomonas aeruginosa (Gram-negative) growth

in agar culture plates. It can be seen in Figure 13 that

hydrogels without Ag-NPs (control) do not induce

inhibition zone indicating that the bacterial growth

on hydrogels is not inhibited, while hydrogel contain-

ing silver nanoparticles has high antibacterial prop-

erties since inhibition halos around nanocomposites

are observed.

The antibacterial activity shown in Table 5 is a man-

ifestation of the release of Ag+ ions from the different

nanocomposites as it was previously demonstrated.

The inhibition area of different nanocomposites after

42 h of culture follows the order: PNIPAM-co-2%
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Figure 13. Photographs of bacterial grown of Pseudomonas aeruginosa after 48 h culture time on hydrogels (Control) and

Ag-NPs nanocomposites (irradiated at 24 h). (A) Nanocomposite irradiated in 0.01 M AgNO3 solution,

(B) nanocomposite irradiated in 0.1 M AgNO3 solution.



AMPS > PNIPAM-co-6% APTMAC > PNIPAM-co-
8% HEAA > PNIPAM. Noteworthy, the order coin-

cides with release rate of Ag+ ions previously ob-

served.

Despite the fact that after 42 h of irradiation the NPs

are likely to be agglomerated, the nanocomposites

show high antibacterial capacity by releasing of Ag+

ions. In this way, the antibacterial properties of the

nanocomposites synthesized are not size dependent

of nanoparticles and the agglomerations would not

be a problem. Higher effect seems to be observed in

PNIPAM-co-2% AMPS and PNIPAM-co-6% 

APTMAC nanocomposites which release faster Ag+

ions according to Figure 11, even with less loaded NPs

amount (Figure 7). In addition, salt and temperature

effects could induce the phase transition of nano -

composites in culture conditions and the materials

could be collapsed (Figure 13).

It is noteworthy that a high loading of Ag-NPs inside

the matrix does not increase the antibacterial capac-

ity of nanocomposite. It is likely that less agglomer-

ated NPs have larger active areas and release ions

more effectively. However, to confirm this conclu-

sion, a kinetic study of Ag+ ions release versus inhi-

bition halos could be necessary.

4. Conclusions

It was demonstrated that matrixes based on PNIPAM

and co-polymers are able to load Ag+ ions and form

Ag-NPs by photoreduction in the absence of other

additives (reductant or stabilizer agents). Chemical

composition of matrix governs the partition capacity

and reduction of Ag+ ions, as well as the stabilization

of the Ag-NPs synthesized inside the hydrogels.

FTIR and 13C NMR results indicate that the func-

tional groups of the matrixes act as reductants since

an effect of chemical composition of the hydrogel

on the Ag-NPs formation is observed. In addition,

release rate order of Ag+ ions by nanocomposites

could be estimated in function of chemical compo-

sition of matrix, being another indication of matrix

stabilizer character.

The formation of agglomerates can be avoided by

controlling irradiation time and initial concentration

of the precursor ion. However, the Ag-NP agglom-

erations affect neither the release of Ag+ ions or an-

tibacterial capacity of nanocomposite. The Ag-NPs are

encapsulated inside the hydrogel and the hydrogel

avoids their dispersion and controls the antibacterial

agent (Ag+ ions) release rate.

Some systems are built in order to release Ag-NPs

and induce bacterial death by toxicity [10, 34]. How-

ever, these nanocomposites can avoid the cytotoxic

effect of Ag-NPs [35] since only Ag+ ions are re-

leased. The controlled release of Ag+ ions could be

regulated by chemical composition of matrix. There-

fore, and having demonstrated that matrix based on

PNIPAM are biocompatible [11], these controlled re-

lease systems could be applied as antibacterial cell

scaffolds for future biomedical applications or bio-

protective materials able to maintain a pollution free

system (cells, foods, etc).
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