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Abstract
To meet the demands of the market and society, the development of structured polymeric materials for application in the
medical field is constantly increasing. Over the last decades, metallic silver nanoparticles have been explored due to their
antimicrobial action. Here, we aimed to incorporate metallic silver nanoparticles into polymeric pieces obtained by additive
manufacture via a chemical route involving silver nitrate and sodium borohydride. Polyamide 12 membranes were obtained
by selective laser sintering, which was followed by washing, pretreatment, and functionalization with the alkoxides
tetraethylorthosilicate and 3-aminopropyl tetraethoxysilane. For nanoparticle preparation and incorporation, a chemical route
was tested under different conditions. The samples were characterized by techniques, such as X-ray diffraction, ultraviolet-
visible spectroscopy, and infrared vibrational spectroscopy. Nanoparticle formation and incorporation into the polyamide 12
membranes were demonstrated by the absorbance band at 420 nm, which indicated that the particles measured between 10
and 50 nm in size; by the X-ray diffraction peaks at 2θ= 38, 44, and 64°, which are typical of crystalline silver; and by
vibrational spectroscopy, which evidenced that the nanoparticles interacted with the polyamide 12 nitrogen groups.
Polyamide 12 membranes containing metallic silver nanoparticles have promising biomedical applications as antimicrobial
wound dressings associated with drug carriers.
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Highlights
● Nanoparticle size and shape determine nanoparticle stabilization in a PA12 polymer.
● The polymer pieces obtained by additive manufacture and modified by chemical agents contribute to new applications.
● The sol-gel process is an important technique to functionalize polymeric materials.

1 Introduction

To meet the demands of the market and society, scientific
research geared toward the development of materials and
technology for application in the biomedical field has been
increasing. In this scenario, the use of Additive Manufacture
(AM) or 3D printing is advantageous: it requires a smaller
number of fabrication steps, reduces manufacturing costs,
and affords geometric freedom, contributing to the pro-
duction of prostheses, ortheses, biomodels for surgical
planning, controlled drug release devices, and wound
dressings, among other applications [1].

By means of the Three-dimensional Technology Hub, the
Renato Archer Information Technology Center, an agency
linked to the Brazilian Ministry of Science, Technology,
Innovations, and Communications, has stood out as a producer
of pieces obtained by AM both nationwide and worldwide.
Among such pieces, polyamide 12 (PA12) membranes,
obtained by the Selective Laser Sintering (SLS) technique, are
noteworthy. Compared to other polyamides, PA12 absorbs less
water due to its relatively long hydrocarbon chain, and it dis-
plays flexibility, controlled porosity, high resistance to impact
even at low temperatures, excellent stress crack resistance, high
processability, good fatigue resistance under high-frequency
cyclic loading, and excellent resistance to commonly employed
organic solvents [2]. Therefore, PA12 membranes are good
candidates for use as wound dressings and drug carriers, as
already observed in other works by our group [3–6].

The appearance and spread of microorganisms that cause
infectious diseases has led to the development of antibiotic
resistance, which has challenged researchers in the medical
field. In this context, materials consisting of metallic silver
nanoparticles (AgNPs) have emerged as a new class of
antimicrobial agents in the biomedical area: AgNPs have
strong bactericidal effect and do not induce microbial
resistance to conventional antibiotics [7]. This is due to the
nanometric size of the particles, which presents distinct and
sometimes superior properties as compared to particles on
the micro- and/or macroscopic scale [8]. Even at low con-
centrations, AgNPs present high antibacterial potential
against an array of microorganisms given that they have
affinity for functional groups containing thiol, phosphate,
hydroxyl, and amine, which are present in proteins,
enzymes, DNA, and RNA [9]. In this way, AgNPs can

adhere to the surface of the negatively charged cell mem-
brane, causing protein denaturation and cell death. AgNPs
can also alter the cell membrane functionality, preventing
bacterial regeneration [7, 8]. Indeed, recent studies have
demonstrated that nanotechnology can effectively aid the
fight against microorganisms [10–15].

The introduction of composites into polymers for applica-
tions in AM has been reported. A recent review has empha-
sized the importance of antimicrobial polymers in the context
of COVID-19 [16]. Laser ablation has been used to synthesize
nanoparticles for incorporation into PA12 powder [17].
Another work has described incorporation of silver and copper
nanoparticles into 3D polymer nanocomposites to enhance
their mechanical strength, thermal stability, and electrical con-
ductivity [18]. AgNP preparation by thermal reduction during
extrusion has also been described [19]. All such methodologies
involve nanoparticle incorporation into polymers before their
use in AM. Here, we propose using two different methodolo-
gies to synthesize AgNPs and to incorporate them into PA12
membranes obtained by AM, aiming at applying the resulting
materials as topical wound dressings for protection against
microorganisms. To this end, we prepared PA12 membranes
incorporating AgNPs by the LSL technique and characterized
them by UV–Vis spectroscopy, X-ray diffractometry (XRD),
vibrational spectroscopy, scanning electron microscopy (SEM),
and energy dispersive X-ray (EDX) analysis.

2 Materials and methods

The Information Technology Center Renato Archer pro-
vided the flexible PA12 membranes obtained by SLS.

Silver nitrate (AgNO3, 100% purity), sodium borohy-
dride (NaBH4, 99% purity), ethanol (EtOH, 99.5% purity),
tetraethylorthosilicate (TEOS, 98% purity), and
3-aminopropyltriethoxysilane (APTES, 98% purity) were
purchased from Sigma-Aldrich.

Solid-state spectroscopy by diffuse reflectance was per-
formed on an Ocean Optics device equipped with a probe, a
pulsed Xe PX-2 lamp, and a QE65000 detector.

XRD was conducted on an Rigaku Geigerflex D/Max-c
equipped with a CuKα (λ= 1.5405 Å) radiation mono-
chromator. The XRD patterns were recorded at 2θ values
ranging from 5 to 70°, with steps of 0.01°/5 s.
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Infrared spectroscopy was carried out on a FTIR Perki-
nElmer Frontier spectrometer operating between 400 and
4000 cm−1 and equipped with an ATR accessory (FTIR
absorption spectroscopy by total attenuated reflectance);
16 scans were averaged.

The EDS and SEM measurements were conducted on a
TESCAN microscope (model VEJA 3 SBH) equipped with
a 30 kV filament and a BSE detector; the resolution was
3 nm. The samples were coated with a gold-palladium alloy
on a sputter coater QUORUM mo. SC7620 for 120 s.

2.1 Membrane preparation

PA12 membranes (measuring 5.0 × 7.0 cm and with thick-
ness of 200 μm) were prepared as described previously [5].
Then, the PA12 membranes were cut into circular shape
with diameter of 1 cm, placed in a 50 mL beaker containing
distilled water, and subjected to constant magnetic stirring
for 2 h. Next, the PA12 membranes were dried at room
temperature, and excess PA powder, originating from the
raw material during SLS, was removed.

2.2 Pretreatment of PA12 membranes

The PA12 membrane surface was activated with acetic acid
solution as described previously [5, 20]. This step proto-
nated the PA12 –NH groups, to enhance interaction
between AgNPs and the PA12 membranes. More specifi-
cally, the circular PA12 membranes were added to 1.0 mol
L−1 acetic acid and kept under constant stirring at room
temperature for 24 h. The PA12 membranes were removed,
washed with distilled water in an ultrasonic bath for 15 min,
placed on Petri dishes, and dried at room temperature.

2.3 PA12 membrane functionalization with TEOS
and APTES

The PA12 membranes were functionalized by the sol-gel
process as described previously [5]. The pretreated PA12
membranes were placed in a two-neck round-bottom flask
containing 15.0 mL of EtOH, 3.7 mL of TEOS, 3.7 mL of
APTES, and 5.0 mL of distilled water. The reaction mixture
was kept under constant stirring at 80 °C for 24 h. Then, the
functionalized PA12 membranes were removed from the
solution, washed with distilled water in an ultrasonic bath
for 15 min, and dried at room temperature.

2.4 Synthesis and incorporation of metallic silver
nanoparticles into PA12 membrane by the
Creighton method

AgNPs were synthesized and incorporated into the pre-
treated PA12 membrane (either functionalized or

unfunctionalized), by the Creighton method [21]. A recently
prepared 2.0 × 10−2 mol L−1 NaBH4 solution was left to
stand for 15 min in an ice bath. Next, this solution was
added to an Erlenmeyer flask containing the PA12 mem-
brane, and placed on a magnetic stirring plate. The mixture
was stirred at 250 rpm; the system was kept in an ice bath.
With the aid of a dropper, 25 mL of a 1.0 × 10−2 mol L−1

AgNO3 solution was added over the NaBH4 solution at a
rate of one drop per second. During addition, the mixture
acquired the strong yellow color typical of metallic silver.
The PA12 membrane incorporating AgNPs was kept under
constant stirring in an ice bath for 30 min. After this time,
the resulting membranes were washed with distilled water
in an ultrasonic bath for 15 min and dried at room
temperature.

2.5 Synthesis and incorporation of silver
nanoparticles into PA12 membrane by the
adapted methodology

A 1.0 × 10−2 mol L−1 AgNO3 solution was added to an
Erlenmeyer flask wrapped in aluminum foil and containing
the pretreated PA12 membrane (either functionalized or
unfunctionalized). The system was heated to 60 °C; 10 mL
of a 2.0 × 10−2 mol L−1 NaBH4 solution was added to the
Erlenmeyer dropwise, at a rate of one drop per second. The
mixture was kept under constant stirring at 60 °C for 24 h.
After this time, the PA12 membrane incorporating AgNPs
was removed and dried at room temperature. This adapted
AgNP synthesis aimed to enhance AgNP incorporation into
the PA12 membranes via contact between the AgNO3

solution and the PA12 membrane upon increased tempera-
ture, to promote larger spacing between the PA12 chains.
All the PA12 membranes were washed with distilled water
in an ultrasonic bath for 15 min and dried at room
temperature.

3 Results and discussion

A typical feature of nanoparticles is their strong coloration,
caused by absorption of electromagnetic radiation in reso-
nance with surface plasmons. Figure 1A–C show photo-
graphs of a colloidal AgNP solution obtained by the
Creighton method (Fig. 1A) and of the pretreated PA12
membrane obtained after AgNP synthesis and incorporation
by the Creighton (Fig. 1B) or the adapted (Fig. 1C) method.

AgNP color, size, and shape are directly related to visual
perception. Figure 2 displays the UV–Vis absorption
spectrum of the colloidal AgNP solution shown in Fig. 1A.
Optical excitation induced plasmon resonance in the metal
nanostructures. Figure 2 presents the surface resonance
plasmon effect. This phenomenon occurs when interaction
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with an electromagnetic field induces collective electron
oscillation, generating the plasmonic surfaces, represented
in the form of a band in the absorbance spectrum [22, 23].

According to Solomon et al. (2007) [18], nanoparticle
size, shape, and dispersion are directly related to their
UV–Vis spectrum, as depicted in Table 1. Based on these
data, the AgNPs synthesized herein measured between 35
and 50 nm.

Figure 3A and B present the UV–Vis absorbance spectra
of the pretreated PA12 membranes (both unfunctionalized
and functionalized) before and after AgNP synthesis and
incorporation by the Creighton or the adapted method,
respectively.

The spectra of the pretreated PA12 membranes (both
unfunctionalized and functionalized) after AgNP synthesis
and incorporation by the Creighton method (Fig. 3A) dis-
played bands in the region of 400 nm, typical of AgNP
plasmon resonance. The band profile comprised two bands
with maxima at 391 and 420 nm, indicating that AgNPs
incorporated into the PA12 membrane had different sizes,
as shown in Table 1. The absence of the bands due to
AgNPs in the spectrum of the pretreated PA12 membrane is

Fig. 1 Photographs of colloidal
AgNP solution (A) and
pretreated PA12 membrane after
AgNP synthesis and
incorporation by the Creighton
(B) or the adapted method (C)
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Fig. 2 UV–Vis absorbance spectrum of colloidal AgNPs

Table 1 Correlation between particle size (nm) and maximum
absorbance wavelength (nm)

Particle size (nm) Maximum absorption wavelength (nm)

5–10 380–390

10–14 395–405

35–50 420–435

60–80 438–450

Source: Solomon et al. (2007)
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consistent with AgNP formation and incorporation into the
membrane. Similarly, the spectra of the pretreated PA12
membrane (both unfunctionalized and functionalized), after
AgNP synthesis and incorporation via the adapted method,
displayed bands at 392 and 427 nm (Fig. 3B), indicating
that these AgNPs had approximately the same size as
AgNPs prepared and incorporated by the Creighton method.
However, when we observed the intensity of these bands
more closely, we noted an inversion: for AgNPs obtained
and incorporated by the adapted method, the band at
497 nm was more intense than the band at 392 nm, which
we attributed to the larger size distribution of these AgNPs
as compared to AgNPs prepared and incorporated by the
Creighton method. The latter method provided smaller
particles (391 nm/~10 nm) than the adapted method

(427 nm/~40 nm). Moreover, AgNPs are known to be
thermodynamically unstable and to aggregate, to minimize
the total or the interface area of the system. This knowledge
was reinforced by the additional heating steps introduced by
the adapted methodology, which increased the aggregation
rate and, hence, the particle size.

The number of plasmon resonance bands is important:
according to the Mie theory [24], spherical nanoparticles are
expected to have only one plasmon band, whereas particles
in the shape of rods, discs, and triangles, among others, may
present new bands in the UV–Vis spectrum. Thus, an
absorbance band composed of various other bands indicates
the lower symmetry of the particles [25].

The bandwidth may be related to the degree of particle
dispersion and aggregation [4, 26], which can be measured
by the full width at half maximum (FWHM). The wider the
band, the more aggregated the particles. Table 2 lists the
FWHM for AgNPs in suspension and after their preparation
and incorporation into the pretreated PA12 membrane (both
unfunctionalized and functionalized).

On the basis of the data in Table 2, it is concluded that
the AgNPs incorporated into the pretreated PA12 membrane
(both unfunctionalized and functionalized) were more
aggregated than those in solution. A comparison between
the two methodologies for AgNP synthesis and incorpora-
tion showed that the Creighton method led to greater
aggregation than the adapted method; the FWHM values
were 213.9 and 148.0 nm for the pretreated, non-
functionalized PA12 membranes, respectively. For both
methods, functionalization of the PA12 membrane resulted
in lower FWHMs, which is attributed to stabilization of the
AgNPs against aggregation due to interactions with the
APTES amine groups (–NH2).

The pretreated PA12 membranes were characterized by
XRD before and after functionalization with TEOS and
APTES, and before and after AgNP incorporation. Figure 4
shows the XRD patterns of the pretreated PA12 membrane
before and after functionalization. According to Campos
et al. [20], pretreated membranes present a semicrystalline
region due to the presence of hydrogen bonds between their
chains, forming the γ phase with diffraction peak at 2θ=
21.16°. Upon functionalization with alkoxide, the intensity
of the diffraction peak decreases, which is presumably
related to membrane coating.

According to Liu et al. [27], thermal expansion of the
hydrogen bond may be triggered by heat-treatment of the
PA12 membrane at 60 °C, causing the XRD peak to shift
toward smaller 2θ values. Here, the peak shifted to 21.89°
after functionalization, indicating that the added alkoxides
may have inserted between the polymeric chains of the
pretreated PA12 membrane, disrupting the hydrogen bonds.
The 2θ values of the pretreated, non-functionalized PA12
membrane and of the pretreated, functionalized PA

400 500 600 700 800 900

391 420

Ab
so

rb
an

ce

Wavelength (nm)

 PA + acetic acid 
 PA +  acetic acid + AgNP
 PA + TEOS + APTES + AgNP 

Creighton Method

(A) 

400 500 600 700 800 900

 PA + acetic acid
 PA + acetic acid + AgNP
 PA + TEOS + APTES + AgNP0

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

427

392

(Adapted method)

(B) 

Fig. 3 UV–Vis absorbance spectra of pretreated PA12 membrane
(both unfunctionalized and functionalized) before and after AgNP
synthesis and incorporation by the Creighton (A) or the adapted
(B) method
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membrane at 21.16° and 21.89°, respectively corresponded
to d spacings of 2.12 and 2.07 Å, respectively, proving that
the interlayer spacing did not change significantly within
the pretreated, functionalized PA12 membrane.

The XRD patterns of the PA12 membranes after incor-
poration of AgNPs are shown in Fig. 5A, B for samples
produced by the Creighton and Adapted methods,
respectively.

In Fig. 5A, the XRD patterns of the samples prepared via
the Creighton method did not display any peaks associated
with the AgNPs, probably because only a small amount of
AgNPs was incorporated, falling below the detection limit
of the equipment. Figure 1B had revealed a slightly colored
membrane, indicating that AgNPs were present, as con-
firmed by the UV–Vis spectra in Fig. 3A. In Fig. 5B, the
XRD patterns of the samples prepared via the Adapted
method displayed peaks at 2θ= 37.8, 44.1, and 64.6°,
which we respectively attributed to the characteristic (111),
(200), and (220) diffraction planes of metallic silver with
face centered cubic structure [8]. The (111) plane is one of
the most important: according to the literature, this plane
contains the largest amount of exposed silver atoms, which
leads to higher reactivity, positively affecting the bacter-
icidal action of the material [28].

The FTIR spectrum of the pretreated PA12 membrane,
Fig. 6, displayed the bands at 1639 and 3294 cm−1,

corresponding to bending and stretching vibrations of the
–NH2 group, respectively. The band at 1550 cm

−1 was due to
–NH deformation and –CN stretching of the secondary
amide. The bands at 2846 and 2924 cm−1 are attributed to
C–H stretching vibrations, and the bands at 721, 1153, and
1463 cm−1 were respectively attributed to vibrational modes
of –NH deformation and to the C-CO-NH2 and C=O groups
of the primary amide. The bands in the range between 1157

Table 2 FWHM of the
absorbance bands of AgNPs in
suspension and prepared and
incorporated into the pretreated
PA12 membrane (both
unfunctionalized and
functionalized) by the Creighton
or the adapted method

AgNPs (in
suspension)

PA+Ag
(Creightona)

PA+ Func+Ag
(Creightona)

PA+Ag
(Adp.b)

PA+ Func
+Ag (Adp.b)

FWHM (nm) 96.5 213.9 195.4 148.0 122.2

aCreighton method
bAdp. – Adapted method
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Fig. 4 XRD patterns of pretreated PA12 membranes before and after
functionalization
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Fig. 5 XRD patterns of flexible PA12 membranes incorporated with
AgNPs obtained by the Creighton (A) or the adapted (B) methods
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and 949 cm−1 were related to amorphous and crystalline
PA12 structures; the band at 1157 cm−1 was assigned to the
amide and methylene groups and/or to combinations of –NH
deformation and O=C-N stretching. The band at 949 cm−1

was ascribed to –NH deformation [5, 20].
The spectrum of the pretreated, functionalized PA12

membrane presented an intense band at 1078 cm−1, typical
of the Si-O-Si group, and at 943 cm−1, due to the Si-OH
bond, confirming that the PA12 membrane was functiona-
lized using TEOS and APTES, as reported by Souza et al.
[3]. and Kim et al. [29].

Figure 7 illustrates the spectra of the pretreated PA12
membranes following incorporation of AgNPs by the
Creighton or the Adapted method. The spectrum of the
pretreated, functionalized PA12 membrane presented bands
around 1079 cm−1, typical of Si-O-Si vibrations arising
from hydrolysis and condensation of TEOS and APTES.
The spectrum of the pretreated, functionalized PA12
membranes after incorporation of AgNPs by the Creighton
or the Adapted method displayed a band at 1412 and
1435 cm−1, respectively. The intensification and shift of this
band indicated interaction between the –CN and –NH
nitrogen groups in PA12. In addition, the band at
1079 cm−1, attributed to the Si-O-Si group, shifted to lower
wavenumber, indicating that heavier atoms interacted with
oxygen atoms of the silica network. AgNPs have high
affinity for compounds bearing oxygen and nitrogen atoms;
e.g., APTES presents the terminal –NH2 group, explaining
the alterations in the vibrational spectra of the pretreated,
functionalized PA12 membrane with incorporated AgNPs.

Figure 8A–C show SEM micrographs (backscattering
mode) at different magnifications of the pretreated, func-
tionalized PA12 membrane before and after AgNP incor-
poration by the Creighton or the Adapted method. The
pretreated PA12 membrane (not shown) comprised grains

of different sizes (ranging from xxx to yyy μm), as pre-
viously described in the literature [3].

Figure 8A shows the pretreated PA12 membrane func-
tionalized with TEOS and APTES, which exhibited a
relatively homogeneous surface. In contrast, Fig. 8B
revealed the presence of agglomerated AgNPs in the pre-
treated, functionalized PA12 membrane after AgNP incor-
poration by the Creighton method, which appear as white
domains at higher magnification. The presence of larger
quantities of AgNPs is evident in the case of samples pre-
pared by the Adapted method (Fig. 8C), consistent with the
differences in the colors of the respectively membranes
illustrated in Fig. 1.

Figure 9 shows the EDX spectra of the pretreated,
functionalized PA12 membranes before and after AgNP
incorporation by the Creighton or the Adapted method.

The spectrum of the pretreated, functionalized PA12
membrane after AgNP incorporation by the Adapted
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Fig. 6 FTIR of pretreated PA12 membrane before and after
functionalization
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Fig. 7 FTIR spectra of pretreated PA12 membranes following incor-
poration of AgNPs by the Creighton (A) or the Adapted method (B)
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method displayed a more intense peak due to AgNPs, once
again confirming that the adapted method promoted incor-
poration of a larger amount of AgNPs into the pretreated,

functionalized PA12 membrane as compared to the
Creighton method, which in turn led to lower AgNP con-
centration in the membrane. As expected, the spectra of the

Fig. 8 SEM micrographs of (A)
pretreated, functionalized PA12
membrane; (B) pretreated,
functionalized PA12 membrane
after AgNP incorporation by the
Creighton method; and (C)
pretreated, functionalized PA12
membrane after AgNP
incorporation by the
Adapted method

226 Journal of Sol-Gel Science and Technology (2022) 102:219–228



three samples all exhibited a peak due to Si, confirming
functionalization of the pretreated PA12 membrane by the
sol-gel methodology.

Thermogravimetric analysis enabled the amount of AgNPs
incorporated into the membranes to be quantified. Figure 10
illustrates the TGA curves recorded for PA12 membranes
incorporating AgNPs prepared by the Creighton method or
the Adapted method. In the latter case, AgNP incorporation
was 3.1%, compared to 1.3% in the former case, consistent
with the different membrane colors evident in Fig. 1.

4 Conclusion

The sol-gel methodology was shown to be suitable for
functionalization of the polyamide membrane obtained by
AM via the SLS technique. Functionalization was essential

to modify the surface of the membrane, preparing it for the
intended applications.

The metallic silver nanoparticles were incorporated into
the functionalized membrane via interaction with the –NH2

of the alkoxides. The Adapted method proved efficient for
incorporation of the nanoparticles. Silver nanoparticles
chemically interacted with the PA12 membrane, as revealed
by the shift in key diagnostic peaks in the respective
infrared spectra. For the functionalized PA12 membrane,
the peak ascribed to the Si-O-Si vibration mode appeared at
1079 cm−1. After silver nanoparticle incorporation, this
peak was displaced to 1063 and 1050 cm−1 for nano-
particles prepared by the Creighton method and the Adapted
method, respectively. These peaks indicated interaction
between the nanoparticles and the PA12 membrane.

The SLS technique provided a flexible membrane,
opening perspectives for biomedical applications such as
wound dressings containing bactericidal agents and drugs,
as mentioned in previous works by our group. The presence
of alkoxides with appropriate functional groups in the
membrane favors interaction with target biomolecules.
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