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Abstract In situ nanoparticle formation embedded into
hydrogel matrix, acting as container and stabilizer for
nanoparticle reaction was the focus in this research; this
method was realized using AgNO; (0.75 and 1.0 M) as
silver source for nanoparticle formation; also, monomers
(HEMA), cross-linker agents (DEGDMA) and a photoini-
tiator (Irgacure 651) were used for the hydrogel synthesis.
For the reduction of Ag™ — Ag’, the reaction mixture was
irradiated with an UV lamp at 365 nm for 30 min; parallel
to this process, the hydrogel photopolymerization occurs.
All these systems were studied by Infrared and Raman
Spectroscopy, optical studies: UV/Vis absorption, thermal
studies: differential scanning calorimetry and thermo-
gravimetric analysis, X-ray diffraction, fluorescence X-ray
spectroscopy and transmission electronic microscopy.
Characterization techniques are capable to detect the pre-
sence of non-agglomerated silver nanoparticles homoge-
neously distributed in all the systems. X-Ray
photoemission spectroscopy establishes the presence of
Ag’ and Ag' as mixture in the synthesized composite.
Quantitative assays show that the sample Ag_Hg3-89.5 %
(1.0 M) presents an important biocide property, by
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reducing 99.9 % of bacterium Escherichia coli ATCC
25922 as compared with the alone hydrogel used as
control.
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Introduction

In the last 15 years, the research related to structured and
intelligent materials with specified nanoproperties has had
an incredible and remarkable increase. This is related to the
wide range of applications that offer these kinds of mate-
rials. In this context, intelligent hydrogels have attracted
the attention of several researchers due to their hydrophilic
character and their potential biocompatibilism [1-4].
Since the first reported research on crosslinked
2-hydroxyethyl methacrylate (HEMA)-based hydrogels by
Wichterle et al. [5], these types of polymers have become
quite interesting due to their characteristics and the mul-
tiple kinds of applications. These applications have been
increasing from those days to date [6-13]. Hydrogel
crosslinking networks are capable to absorb from 10 to
20 % to thousands times their dry weight in water main-
taining their three-dimensional network structure; they are
chemically stable in some conditions and also could be
degraded and eventually dissolved in other ones. Another
important fact is that the swelling process is reversible.
Hydrogels based on both natural and synthetic polymers
still are of interest for cell encapsulation applications [14—
17]. Recently, such hydrogels have become especially
attractive for the field of tissue engineering as matrices for
repairing and regenerating a wide variety of tissues and
organs [18-21]; also these materials are actually used for
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Fig. 1 HEMA and DEGDMA
structures

the fabrication of drug delivery systems, separation oper-
ations in biotechnology, processing of agricultural pro-
ducts, conductive and superabsorbent composites, sensors
and actuators [22-24]. These materials exhibit a swelling
response to environmental changes such as temperature,
pH, electric fields, UV or visible light radiation, among
others.

Hydrogels may be synthesized via several different
ways such as thermal- [25], redox- [26], RAFT- [27, 28]
and photopolymerization [29]. This last method that cor-
responds to a photoinitiated radical polymerization of
multifunctional monomers that produce highly crosslinked
polymers, has several advantages over conventional ones
like spatial and temporal control, fast curing and reaction
rates at room temperature, solvent-free formulation, among
others. The photopolymerization process has a unique
reaction behavior that includes unequal functional group
reactivity, self-acceleration and self-deceleration induced
by diffusion-controlled propagation and termination,
among others [30, 31]. Resulting hydrogels in which
HEMA was used as monomer precursor show a high sur-
face porosity and swelling degree compared to other ones,
being a good candidate for drug delivery and others
applications [32-34].

Many comonomers are added to adjust the crosslinking
density, swelling and mechanical properties of the hydro-
gels. For instance, diethylene glycol dimethacylate (DE-
GDMA) is usually mixed with HEMA for preparing
poly(HEMA) hydrogels to enhance the reaction kinetics
and physical hydrogel properties [35]. In Fig. 1, two- and
three-dimensional chemical structures of HEMA and DE-
GDMA are shown, respectively.

Nanosized inorganic particles display unique physical
and chemical properties and represent an increasingly
important field in the development of nanodevices . These
last ones could be used in numerous biomedical, catalyt-
ical, optical, electronic and quantum-size domain applica-
tions [36-39]. In particular, silver nanoparticles have
recently been used as antimicrobial agent for some Gram-
negative bacteria [40—44]. The focus of this work is to take
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advantage of this latter feature and to combine some
hydrogel applications, such as drug delivery, with the
antimicrobial effect; for these reasons, it has developed a
novel method for synthesizing silver nanoparticles while
hydrogel is forming and stabilize them through free radical
reaction with the mixture during the hydrogel
photopolymerization.

Silver nanoparticles had demonstrated antimicrobial
activity at the level of DNA damage, cytoplasmic mem-
brane, etc. These behaviors were studied by Kim et al.,
showing that Ag—NPs have a powerful antibacterial activ-
ity against S. aureus cells and E. coli; increases in cell
membrane permeability can be evidence for the formation
of Ag-NPs “pits” on the cell walls. Likewise, reduced
lactate dehydrogenase (LDH) activity also can be conse-
quence of reactive oxygen species (ROS) formed by Ag—
NPs [45].

Several studies have shown that the ROS could cause
damage to the plasma membrane, structure of proteins,
DNA and bacterial respiratory chain. The thick peptido-
glycan layer of Gram-positive bacteria may be better pro-
tection against pits or ROS formed by Ag—NPs than thin
peptidoglycan layer of Gram-negative bacteria as E. coli.
Similar data using silver nanoparticles in hydrogels have
shown good biocide activity against E. coli. Varsha et al.
[46] showed a 78.45 % reduction percentage of E. coli
bacterial while were treated with nanosilver-loaded chito-
san attached for 24 h. Moreover, the antibacterial action of
hydrogels is a determining factor for applications in water
disinfection devices. Agnihotri et al. [47] tested nano Ag—
Ag-loaded hydrogels against E. coli MTCC443 strain; they
showed a reduction of 83.5 % in E. coli growth after 12 h.

A complete system characterization was realized by
spectroscopic methods such as Infrared Spectroscopy (FT-
IR), Raman Spectroscopy and UV/Vis spectroscopy. The
first two techniques corroborate the chemical structure via
the identification of some polymer characteristic groups,
and the last one was performed to verify the presence of
silver nanoparticles into the system. Also, differential
scanning calorimetry (DSC) and thermogravimetric
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analysis (TGA) were carried out with the finality to learn
more about their thermal behavior. X-ray diffraction was
realized to find some type of crystalline ordering due to the
presence of silver nanoparticles into the system. Fluores-
cence X-ray Spectroscopy (EDX-XRF) was used to mea-
sure the quantity of silver nanoparticles embedded into the
hydrogel matrix. Together with these studies, X-ray pho-
toemission spectroscopy (XPS) technique was used to
determine the silver oxidation state into the hydrogel.
Moreover, micrographs with transmission electronic
microscopy (TEM) were taken to characterize the structure,
size and spatial dispersion of the silver nanoparticles.
Finally, antimicrobial behavior against E. coli of these
hydrogels, with and without silver nanoparticles, was
tested.

Experimental
Materials

HEMA (2-hydroxyethyl methacrylate, 97 %), containing
<250 ppm monomethyl ether hydroquinone as inhibitor
and DEGDMA (Di (ethylene glycol) dimethacrylate,
95 %), was used as crosslinking agent; Irgacure 651 (2,2-
Dimethoxy-2-phenylacetophenone) was used as photoini-
tiator. All the reactants were purchased from Sigma
Aldrich (St. Louis, MO, USA). Ultrapure water for chro-
matography LiChrosolv (Merck KGaA, Darmstadt, Ger-
many) was used as dissolvent during the
photopolymerization. In addition, hydrogel polymeriza-
tions were realized through sample radiation exposure
using a UV lamp with the emission peak centered at
365 nm (VILBER LOURMAT 230 V 50/60 Hz, 365 nm,
9 W). Then, to eliminate all the water molecules occluded,
the samples were subjected to a freeze-dried lyophilization
process (Labconco FreeZone 6, 12 Lt., console freeze dry
system with purge valve and mini chamber).

Equipments and measurements

FT-IR spectra (KBr pellet) were obtained on a Bruker
TENSOR 27 (Bruker Optics Inc., Ettlingen, Germany)
equipped with a KBr beamsplitter, RockSolid™ interfer-
ometer, DigiTect™ detector system and a 1.2-mW, 632.8
He—-Ne laser. The structural and vibrational properties of
the hydrogels and their composites (hydrogel-silver
nanoparticles) were characterized by Raman spectroscopy
with a LabRam 010 instrument from ISA equipped with a
5.5-mW, 632.8 nm He—Ne laser without filter. The Raman
microscope uses a back-scattering geometry, where the

incident beam is linearly polarized at 500:1 ratio. The
microscope objective used to realize the Raman analysis
was an Olympus Mplan 50x.

Absorption spectra of the hydrogels pure and their
composites were measured in solid state using barium
sulfate as standard. These results were recorded at 25 °C
between 200 and 800 nm in a UV-Vis spectrophotometer
Perkin-Elmer Lambda 35.

DSC traces were recorded on a Mettler Toledo, DSC
822e Differential Scanning Calorimetric from the second
heating run. The thermal degradation studies were devel-
oped in a TGA/DSC 1 Star e System Mettler Toledo
thermobalance. Both analyses were recorded with a heating
rate of 20 °C min~" under nitrogen atmosphere.

X-ray diffraction analysis were developed at room
temperature with a Bruker D-8 Advanced Diffractometer,
using a long, fine-focus ceramic X-ray tube with copper
anode (M(CuKo) = 1.54 A) working at 2.2 kW. The
diffraction patterns were obtained in the usual Bragg—
Brentano (0 — 260) geometry via powder samples in a
rotating holder. The X-ray tube was operated at 40 kV
and 40 mA. The goniometer was swept between 5° and
140° with 0.02° steps in the whole interval. The dif-
fracted X-rays were detected with a Nal dynamic scin-
tillation detector.

Fluorescence X-ray Spectroscopy (EDX-XRF) was
realized with a Shimadzu EDX-720 in vacuum through
powder sample. The energy dispersion of the X-ray fluo-
rescence was detected with a Si detector with liquid
nitrogen for cooling. The X-ray was generated with an Rh
anode with voltages between 5-50 kV and a current of
1-1,000 pA.

Chemical characterization was performed by XPS with a
STAIB RQ300 X-ray source using Mg K-alpha x-radiation
and a STAIB DESA100 electron spectrometer, which was
operated in a constant pass energy mode at 225 W. The
working pressure in the analysis chamber was typically
5 x 107 torr. The binding energy scale was calibrated by
measuring the C 1 s peak at 285.0 eV. The composition
and chemical state were investigated based on the areas and
binding energies of O 1 s, C 1 s and Ag 3d photoelectron
peaks. Data analysis was performed by a fitting program
using properly mixed Lorentzian—Gaussian functions after
background subtraction according to the Shirley method.
Surface atomic compositions were determined using stan-
dard XPS cross sections.

The size and morphology of the nanoparticles were
studied by TEM, model Philips Tecnai 12 BioTWIN
operated at 120 kV with different magnifications. The grids
were brought from Ted Pella, Inc.; 300 mesh copper
specimen grids with Formvar/Carbon support films.
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Quantitative assay of biocide properties

The antimicrobial effect of the hydrogel/silver nanoparticle
compounds was determined using a plate count method.
E. coli ATCC 25922 was used for analysis.

Quantitative assays were realized by bacterial killing
determination using viable bacteria count through pour
plate culture method. Both, hydrogel/silver nanoparticle
and hydrogel alone (control samples) with 314 mm? sur-
face area, were suspended in 20 mL trypticase soy broth
flask inoculated with an Escherichia coli ATCC 25922
culture with density of ~ 105 colony-forming units (CFU)
mL ™!, measured by Densimat bioMérieuxTM and incu-
bated at 37 °C during 18 h at atmospheric ambient.

Trypticase soy aliquots of 500 pL from hydrogel/silver
nanoparticle and hydrogel alone flasks were removed and
serially diluted (1/10, 1/100, 1/1,000, 1/10,000 and
1/100,000); 0.2 mL of each dilution was plated in duplicate
on trypticase soy agar plates and incubated at 37 °C for 24 h.
After incubation, the number of colonies on the Petri dishes
was counted, and the microorganism inhibition percentage in
each sample was determined according to their respective
control. Total bacterial CFU mL ™" (log 10 CFU mL™") was
determined after 24-h. incubation. The measures were real-
ized using triplicate samples to obtain a dependable result.

The microorganism reduction percentage of each sample
was determined according to its respective control using
the following equation:

CEU Sample — CFU/mlControl)

R = G 100.
% (CFU/ml Sample) 8

Results and discussion

Preparation of the hydrogels with the silver
nanoparticles

The polymerization was carried out in transparent flasks:
2 g of HEMA (15.368 mmol), a variable amount of DE-
GDMA (for example, 416 mg over 1.717 mmol for Ag
Hg3-89.5 % sample) and 22.00 mg of Irgacure 651
(0.0858 mmol) were added and dissolved in 1 mL of
chromatography water. The reaction mixture was contin-
uously purged with nitrogen gas to displace the air of the
system avoiding the oxidation. Moreover, AgNOj; is
poured (0.75 M and 1 M) into the mixture, keeping the
oxygen-free environment, and then the solution was stirred
for 30 min (in dark) to reach a complete homogenization.
Afterwards, the flask was irradiated at 365 nm with a UV
lamp for 30 min; the solution changes its color from
transparent to light brown during the photopolymerization.
The compounds were designated as: Ag Hg3-89.5; Ag
Hg3-94.5; Ag Hg3-97.0; Ag Hg3-98.0 and Ag Hg3-
98.5 %, these numbers are related to the following molar
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ratio between HEMA/DEGDMA: 15.368/1.717; 15.368/
0.813; 15.368/0.396;  15.368/0.235;  15.368/0.1559,
respectively. Once the hydrogels with silver nanoparticles
were obtained, the samples were washed with distillated
water to eliminate the precursors. Finally, the compounds
were lyophilized for 48 h and then pulverized in an agatha
mortar for finally obtain a powder sample that makes more
suitable the characterization.

An aqueous solution of AgNO; salt was used as source
of Ag" ions, due to its UV photosensitivity. AgNOj is able
to produce stable silver nanoparticles (Ag®); this process is
accompanied with a color change (colorless — light
brown) indicating formation of AgNPs, which is associated
with a surface plasmon vibration of metal nanoparticles.
These properties had been studied with UV-Vis spectros-
copy, and the results that are discussed in optical charac-
terization section. In addition, the formation of stable silver
nanoparticle requires free radicals provided by the photo-
initiator breaking (Irgacure 651) started with UV irradia-
tion; this process competes directly against the
polymerization because it requires those free radicals too.

FT-IR and Raman spectra analysis

Spectroscopies studies were realized to corroborate the
chemical structure of the hydrogels and their composites
via the identification of some characteristic groups. A
summary of these studies is presented in next paragraph.

Hydrogel pure, Hg3-89.5 %

FT-IR, KBr, cm™!: 3,446 (stretching, O-H (free) very
broad); 2,998-2,876 (stretching, CHz;, CH,, CH three
bands; OH (H-bonded) and possibly C—H of the aromatic
group, m); 1,725 (stretching, C=0 ester, m); 1,651-1,619
(stretching C=C ring, three possible bands, m); 1,460
(bending, CH, and CHj3 deformation, w); 1,387 (bending,
C-0O-H and CHj; deformation, w); 1,163 (stretching, C-O—
OR ester, m); 1,069 (stretching C-OH, m); 845 (CH
bending and ring puckering, w); 748 (bending CH, rocking
and OH bend (out-of-plane), w). Raman, cm™ ' 3,470
(stretching, Hydrogen bonded OH intermolecular poly-
meric, s); 3,001-2,886 (stretching, CH; (antisym.) and CH,
(sym.) vibration and C-H of the substituted benzenes, vs);
1,724 (stretching, unconjugated C=0, m); 1,596 (stretching
C=C ring bands, vw); 1,455 (Bending, CHj vibration, an-
tisym., and CH, scissoring, s); 1,389 (bending, involving —
C-OH, w); 1,276-1,206, 1,121-1,087 (stretching, C—C
skelt., s—=m); 1,022 (stretching, out-of-phase C—~C—OH, m);
967 (stretching C—O-R and bending, in-phase C-H for
mono-substituted benzenes, m); 895-829 (stretching, C—C
skelt. and in-phase C—C—OH, s-m) and 600 (bending, O—
C=0 in-plane deformation and in-plane C—H of ring, m).
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Composite, Ag_Hg3-89.5 % (0.75 M)

FT-IR, KBr, cm ™ 3,440 (stretching, O-H (free) very
broad); 2,948-2,872 (stretching, CH;, CH,, CH three
bands; OH (H-bonded) and possibly C-H of the aromatic
group, m); 1,716 (stretching, C=0 ester, s); 1,655-1,629
(stretching C=C ring, three possible bands, m); 1,461
(bending, CH, and CHj3 deformation, m); 1,385 (bending,
C-0O-H and CHj; deformation, m); 1,171 (stretching, C-O—
O ester, m); 1,078 (stretching C—OH, m); 847 (CH bending
and ring puckering, w); 745 (bending CH, rocking and OH
bend (out-of-plane), w). Raman, cm™ ' 3,479 (stretching,
Hydrogen bonded OH intermolecular polymeric, S);
3,001-2,886 (stretching, CH; (antisym.) and CH, (sym.)
vibration and C-H of the substituted benzenes, vs); 1,717
(stretching, unconjugated C=0, m); 1,598 (stretching C=C
ring bands, vw); 1,452 (Bending, CH3 vibration, antisym.,
and CHj; scissoring, s); 1,391 (bending, involving —-C-OH,
w); 1,275-1,201, 1,122-1,081 (stretching, C-C skelt., s—
m); 1,026 (stretching, out-of-phase C—C—OH, m); 967
(stretching C—O-R and bending, in-phase C—H for mono-
substituted benzenes, m); 895-826 (stretching, C—C skelt.
and in-phase C—C-OH, s—m) and 605 (bending, O—C=0 in-
plane deformation and in-plane C-H of ring, m).

According to the results obtained from FT-IR, the three
bands shown in Fig. 2a, b could be related to the formation
of the methyl benzoate produced by the fragmentation of
the Irgacure 651, which is used as photoinitiator [48].
These bands correspond to stretching of the C—H and C=C
aromatic group, bending CH and ring puckering. These
results are based on the fact that the methyl benzoate is
insoluble in water, assuming that the hydrogel cleaning do
not affect the reactive elimination. This bands C=C and C—
H also were corroborated by Raman spectroscopy.

On the other hand, the medium-strong band related to
the stretching vinyl group near 1,650-1,638 cm™' is not
observed by Raman [49]. FT-IR at 1,900-2,000 cem ! s
not observed; the C=C asymmetric stretches with strong
intensity that was typical for the alkene group. These
results provide polymerization evidence due to the disap-
pearance of double bonds corresponding to monomers and
crosslinking agent.

Optical properties

The optical behavior of the hydrogel and its composite was
studied by diffuse reflectance (Fig. 3). All these com-
pounds were placed over barium sulfate used as support,
due to its low solubility. Figure 3a shows two absorption
peaks (blue shift) located approximately at 312-315 and
398-402 nm, respectively, which are attributed to the n—m*
and n—n* transitions, corresponding to C=0 of the HEMA
and DEGDMA. These transitions are also observed in
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Fig. 2 FT-IR/Raman spectrum of: a hydrogel pure, Hg3-89.5 % and
b Composite Ag_Hg3-89.5 % (0.75 M)

Fig. 3b, ¢); in these cases, m—n* transition is located with a
certain displacement to shorter wavelengths, associated
with the presence of silver nanoparticles embedded into
hydrogel polymeric matrix [50].

Also, the presence of silver nanoparticles was con-
firmed via the identification of the typical surface
plasmon vibration at a wavelength around 450 nm [51].
The maximum absorption of this band presents a red-
shift when the AgNO; concentration was increased
from 0.75 to 1 M. The silver nanoparticle surface
plasmon changes this position from 425-460 to
445-460 nm, respectively, meaning that the size of
nanoparticles increases with the AgNOj; concentration
in the solution. This phenomenon could be attributed to
the high rate nuclei and therefore with the formation of
more silver nanocrystals [52].
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Fig. 3 UV/Vis diffuse reflectance spectra for a hydrogel pure;
b composite 0.75 M of AgNO; and ¢ composite 1.0 M of AgNO;

Thermal behavior
Differential scanning calorimetry

Thermal analysis shows crystallinity changes in the sam-
ples when the silver nanoparticles are added to the solution;
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also it shows that these are stabilized and embedded into
the polymer matrix.

The pure hydrogel with different concentrations of
HEMA/DEGDMA has similar glass transition temperature
between 110 and 127 °C, values that are concordant with
those shown by p-(HEMA) [53]. Thus, when the DE-
GDMA amount increases (10 %), also does it the Tg to
127 °C, due to physical properties of the crosslinking agent
used in the synthesis [54]. This phenomenon is attributed to
the crosslinking density imparted by the short-dysfunc-
tional DEGDMA molecules, thus the Tg increase is related
principally to the local restriction of coordinated confor-
mational motions at network points. As network density
point’s increases, the effective volume of material restric-
ted from coordinated conformational motion also increases,
therefore, the material gradually losses the ability to create
an appreciable free volume according to temperature
changes. This last process produces a glass transition dis-
appearance [55]. In Fig. 4b, composites formed with
0.75 M of AgNOs;, show a decrease in the glass transition
temperature when HEMA concentration increases and
crosslinking agent and DEGDMA concentration decrease.
Thus, samples Ag_Hg3-89.5 % until Ag_Hg3-98.5 %
present a Tg change from 114 to 103 °C, respectively. This
same tendency is exhibited in the Fig. 4c, leaving in evi-
dence that the concentration of silver nitrate does not affect
the crystallinity degree of the composites, neither, in con-
siderable way, the glass transition temperature values.
These patterns only can be modified by changing the
amount of monomer and crosslinking agent in the solution.

Thermogravimetric analysis

The hydrogel thermal behavior is considerably affected
with the insertion of nanoparticles into the polymer matrix
(Fig. 5). The initial decomposition temperature at 5 and
10 % weight losses (Ts ¢, and Ty ¢,) and the charge yields
at 500 °C by the alone hydrogel and its composites are
summarized in Table 1.

Figure 5a shows the thermal degradation of the hydrogel
alone. These curves show one weight reduction starting at
~250 °C resulting from the degradation of HEMA and
eventually the crosslinking agent, DEGDMA. In addition,
when the amount of HEMA used by the polymer in their
formation increases also does it its thermal stability and
residual percentage. This effect is clearly attributed to the
generation of free volume into the system. Thus, when a
major disorder is produced into the network, caused by a
crosslinking agent increase, the compound loses thermal
stability. Generally, the increase in thermal stability is
related to an increase in the crosslinking agent amount;
Farhat et al. demonstrate that with a P(INVP-co-nBMA)
compound crosslinked with DEGDMA and TMPTMA,
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Fig. 5 Thermal analysis of a hydrogel pure, b Composite 0.75 M of
AgNO; and ¢ Composite 1.0 M of AgNO;
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Table 1 Thermal behavior of the hydrogel alone and its composites
(0.75 and 1.0 M)

Hydrogel/0.75 M/ Thermal analysis

1.0M - o
Ts 4 (°C)* Typ ¢ (°C) Charge
yield®

Hg3-89.5 % 256.5/194.9/ 280.5/239.0/ 0.4/4.3/8.8
223.0 239.9

Hg3-94.5 % 277.6/204.8/ 307.8/244.4/ 1.0/4.5/12.8
209.6 228.7

Hg3-97.0 % 292.2/170.5/ 326.9/230.3/ 1.0/4.8/11.6
205.8 225.5

Hg3-98.0 % 304.5/181.8/ 333.4/230.0/ 0.6/5.1/5.2
171.6 223.1

Hg3-98.5 % 296.9/149.7/ 340.3/235.4/ 0.8/4.6/6.4
189.5 224.8

P Temperatures at which 5 and 10 % weight loss was recorded by
TGA at a heating rate 10 °C/min., in N,, respectively

¢ Percentage weight at 500 °C

respectively [56]. However, Goiti et al. [57] study the
magnetic hydrogel formation based on PVA and PHEMA
with magnetite (F30,4), reaching to the conclusion that
thermal properties are poorer as the content of crosslinking
agent increases. This behavior is similar to the obtained in
our samples.

The composites thermal stability (hydrogel-silver
nanoparticles) is diminished in comparison to the hydrogel
alone (Fig. 5b, c¢). This decrease could be attributed to the
fact that the presence of silver nanoparticles into the
hydrogel matrix has the tendency to increase the polymer
chains mobility and, therefore, to produce polymer net-
works with free space increased.

The charge yields are directly attributed to the amount
of silver nanoparticles into the system (AgNOj). Thus,
when a proportion increases, the inorganic phase of the
hydrogel matrix appears with a major residual mass per-
centage at 500 °C. These studies reveals that embedment
of silver nanoparticles reduces thermal weight loss corre-
sponding to polymer degradation step.

XRD patterns

Diffractograms patters were obtained using a CuK, anode
with measurements between 5° and 140° with 0.02° steps
in the whole interval for two hydrogel nanoparticle sam-
ples, both with the same HEMA/DEGDMA ratio (89.5 %)
but the first with 0.75 M and the other one with 1.0 M of
AgNOj; concentration.

The graph shows the typical wave baseline characteristic
to the polymers that do not have a regular crystallographic
ordering. The relevant of these results is that the apparition
and intensity of crystallographic peaks increase with the
AgNOj; concentration. It is important to clarify that these

)
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Fig. 6 X-ray diffraction pattern of the composite with different
AgNO; concentrations (0.75 M and 1.0 M)

Table 2 Standard analysis of power samples

Composites Chemical elements presence (%)

Ag S Cu

Ag_Hg3-94.5 % (0.75 M) 100
Ag_Hg3-94.5 % (1.0 M) 99.5 0.5
Ag_Hg3-98.5 % (0.75 M) 100

Ag_Hg3-98.5 % (1.0 M) 100

Ag_Hg3-89.5 % (0.75 M) 99.5 0.5
Ag_Hg3-89.5 % (1.0 M) 99.9 0.1

peaks does not correspond to the typical Ag pattern at
20 = 38.2°, 44.4°, 64.6°, 77.5° and 81.7°, which can be
indexed to (111), (200), (220), (311) and (222) planes of
pure silver (a = 4.086 A, JCPDS file No. 04-0783). In this
way, is highly probable that these peaks were related with
some kind of polymer chain ordering that conforms the
hydrogel. These tell us that the presence of silver nano-
particles and the UV exposure produce nucleation and
growth of polymer grains around the silver nanoparticles;
probably these grains are responsible for the silver nano-
particle stabilization and non-oxidation (Fig. 6).

X-ray fluorescence spectroscopy (XRFS)

This study reveals the chemical composition of the com-
posites (hydrogel nanoparticles). The analysis was per-
formed on pressed pellet; this technique confirmed the
presence of silver nanoparticles into the hydrogel matrix.
These results are presented in Table 2.
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The studies realized with this technique confirm the
presence of the elemental crystalline silver. It is important
to highlight that this technique only can detect elements
with AMU over 22, which means that elements like C, O or
H cannot be detected with this technique. These results
showed that the percentage of silver in the powder was
around 99.5-100 %. However the samples denominated
Ag_Hg3-94.5 % (1.0 M), Ag_Hg3-89.5 % (0.75 M) and
Ag_Hg3-89.5 % (1.0 M) have traces of sulfur and copper,
respectively. These elements could be attributed to raw
materials, used in the composite synthesis such as silver
nitrate that has traces of sulfate and metallic cooper, among
other materials.

X-Ray Photoemission Spectroscopy (XPS)

The XPS data shown in Fig. 7 correspond to the XPS
survey of samples, AgHg3-89.5 % (0.75 M) and AgHg3-
94.5 % (1 M). These studies show the presence of silver 3d
and 3p peaks on the surface due to the formation of Ag
nanoparticle on the hydrogel. In addition, carbon and
oxygen 1 s peaks correspond to the sample organic struc-
ture and also to environmental contamination. In addition,
more accurate information could be extracted from high-
resolution studies shown in Fig. 8.

Figure 8 shows C 1s, O 1s and Ag 3d spectra of
Ag_Hg3-89.5 % (0.75 M) and Ag_Hg3-94.5 % (1 M)
composites. For both samples, the C 1 s spectra have been
fitted by three peaks corresponding to carbon in different
chemical environments. The first peak (blue dashed plot) at

Binding Energy/eV

285.0 eV is assigned to —CH3 as terminal group. The peak at
286.2 eV (green dot plot) is possibly associated with alco-
hol or ether (-C—OH/-C-0-C-), while the third peak (pink
solid line) at 288.3 eV can be attributed to ester (-O—C=0)
and also to CO, environmental contamination [58, 59].

The corresponding O 1 s high-resolution spectrum
reveals a main peak at 530 eV (pink solid plot) charac-
teristic of metal oxide, in this case attributed to Ag,O
encapsulated into the hydrogel and a peak at higher energy
(blue dash plot), at 532.2 eV related to metal-OH bonds (—
C-O(H)-Ag) [60]. The third component at 533.9 eV
(green dot plot) used for fitting the O 1 s spectrum is
usually assigned to ester (—-C—0-C=0) and the alcohol (-
C-OH of the HEMA) [58, 60].

The third column of Fig. 8 corresponds to the Ag 3d
core levels, which gives some information about the
chemical environment and oxidation state of the silver
nanoparticles. As it is possible to observe the 3d splitting
from Fig. 8, these peaks are overlapped giving a pre-
liminary idea of mixed silver oxidation states. The curve
fitting was performed using 3d silver metallic values (Ag®)
letting 3d”* at 368.1 eV and 3d** at 374.1 eV; and Ag™!
which let 3d”* and 3d** at 368.4 eV and 374.4 eV,
respectively [61, 62]. These results predict that the two
components of Ag’ and Ag™' are present in the samples,
but due to the small difference between these components,
just 0.3 eV [61], it is difficult to distinguish each other. An
analysis on the modified Auger parameter (') was per-
formed to confirm the mixed chemical states in these
samples. The modify Auger parameter is defined as

o
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Fig. 8 XPS high resolution of C 1 s, O 1 s and Ag3d core level for Ag_Hg3-89.5 % (0.75 M) and Ag_Hg3-94.5 % (1 M)

Table 3 Relative concentration of carbon, oxygen and silver for
Ag_Hg3-89.5 % (0.75 M) and Ag_Hg3-94.5 % (1 M)

Composites Carbon (%) Oxygen (%) Silver (%)
Ag Hg3-89.5 % (0.75 M) 85.40 12.39 2.21
Ag _Hg3-94.5 % (1 M) 84.92 11.58 3.50

o = Ex — Eg,

where E is the kinetic energy of the MNN auger peak and
Ejy is the binding energy of 3d>? photoelectron peak [63].
The o parameter for Ag_Hg3-94.5 % (1 M) was
724.43 eV which is between the values reported for Ag’
and Ag"', confirming the mixed state predicted by the
high-resolution XPS fitting.

From the area of the C 1s, O 1s and Ag 3d°? it is
possible to determine the relative concentration of each
element on sample surface; these results are shown in
Table 3, where it is possible to observe that the predomi-
nant compound is carbon as expected for a polymer and
that the concentration of silver is higher for Ag_Hg3-
94.5 % (1 M) compared to Ag_Hg3-89.5 % (0.75 M),
reaching 3.5 % of relative concentration for the first one.

%
ﬁ @ Springer

Morphological analysis (TEM)

Different ratios of HEMA/DEGDMA hydrogels with
variations in the AgNOj; concentration were characterized
via TEM micrographs. The images were analyzed through
counting and diameter measurement of silver nanoparticles
in order to obtain a well-populated histogram permitting
the visualization of silver nanoparticles diameter distribu-
tion, only two of these analysis are showed (Fig. 9). The
first one corresponds to an area with several spherical silver
nanoparticles with different diameters, but with a clear
Gaussian distribution centered at 22.5 + 7.2 nm, where the
associated error corresponds to the standard deviation
given by the curve fitting and the diameter distribution. The
second image corresponds to an area where a big grain of
hydrated hydrogel begins to dry because of the exposures
to TEM electron beam. During measurements the samples
increase their temperature due to this beam exposure,
reaching 40-50 °C in water presence, this effect added to
the high vacuum of the TEM chamber produces evapora-
tion of the water occluded between the polymer chains.
Therefore, the hydrogel grain began to collapse the
releasing silver nanoparticles. In this image (Fig. 9), three
different sizes of silver nanoparticles could be identified;
the diameter histogram shows three statistical models that
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Fig. 9 TEM micrograph of the composites Ag_Hg3-89.5 % (0.75 M) and its respective histogram

correspond to three most repetitive diameters, 37.2 & 6.1,
854 £+ 4.9 and 109.8 £ 4.8 nm.

Figure 10 shows other interesting conformation of the
hydrogel/silver nanoparticle system, where it is possible to
visualize spherical silver nanoparticles linked between
them via the hydrogel matrix, like a bunch. It is important
to mention that in this type of conformation the nanopar-
ticle size is very homogeneous instead of the previous case.

Antimicrobial studies

To investigate the biocide action of Ag Hg3-89.5;
Ag Hg3-94.5; Ag Hg3-97.0; Ag_Hg3-98.0 and Ag_ Hg3-
98.5 % compounds, were performed series of antimicrobial
experiments taking E. coli as model bacteria. In early
experiments we observed their growth in the presence of

Ag_Hg3, by zone inhibition method, taking Hg3 as control
sample.

These first approach studies help us to choose Ag_Hg3-
89.5 % (1.0 M) as the best compound to perform anti-
microbial studies. To realize an accurate measurement of
this biocide property, quantitative assays for this sample
were performed. Triplicate of the sample Hg3-89.5 %
(control) and Ag_Hg3-89.5 % (1.0 M) were prepared
according to the procedure. CFU and reduction percentage
of E. coli ATCC 25922 against control sample measure-
ments were realized. These results showed a CFU reduc-
tion of 99.9 % for this case (Fig. 11). This means that the
presence of silver nanoparticles homogeneously distrib-
uted into the polymer matrix confers it a very high biocide
property against Gram-negative bacteria like E. coli
ATCC 25922.
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Fig. 10 TEM micrograph of Ag_Hg3-94.5 % with different AgNO;
concentrations: a 0.75 M and b 1.0 M
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Fig. 11 Quantitative assay for E. coli ATCC25922, samples Hg3-
89.5 % (control) and Ag_Hg3-89.5 % (1.0 M)

Conclusions

The reduction of Ag" to Ag® and the formation of the

hydrogel (HEMA/DEGDMA) were performed using a

photoinitiator (Irgacure 651). Thus, the novel of the

* @ Springer

technique lies in the silver nanoparticles in situ formation
embedded into hydrogel matrix. This last process confers
them spatial and temporal stability due to the high cross-
linking degree of the matrix, avoiding oxidation and
agglomeration between them. However, as the nanoparti-
cles are surrounded by hydrogel, the pure silver peaks
could not be obtained by X-ray diffraction, showing an
irregular structure of the polymer. In addition, the UV/Vis
spectroscopy detects the surface plasmon vibration char-
acteristic of the silver in a metallic state. Also, TEM was
used to visualize nanoparticles with homogenous distribu-
tion into the system. XPS proved the existence of silver as
Ag® and Ag" in the composite. Ag Hg3-89.5 % (1.0 M)
compound presents an important biocide property reducing
99.9 % of bacterium E. coli ATCC 25922 compared to
hydrogel itself (Hg3-89.5 %), used as control.
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