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Abstract

During the last decade an enormous research effort has been deployed with
respect to porous materials. Design, pore size, shape, morphology and density
are crucial features for increasing the surface area of silicone materials, aiming
for a better biological response so cells can adhere and grow. Many medical ap-
plications utilize polydimethylsiloxane (PDMS) in medical implants, despite its
hydrophobic surface that does not stimulate cellular adhesion. Porosity and mor-
phology are important factors in the wettability of PDMS, but modifying the
hydrophobic surface functionalization is required. To achieve this goal, the use
of coatings with gold and silver nanoparticles or nanofilms can be used as a strat-
egy to improve biocompatibility. This is due to the effect on mammalian cell
adhesion and proliferation related to gold nanoparticles, as well as the preven-
tion of infections related to silver nanoparticles. In this study, the pores in the
silicone matrix were formed using sugar crystals as a template agent, and later
passed through a lixiviation process to form a porous silicon matrix. Next, the
matrix was placed inside a colloidal suspension; a process that allowed the im-
mobilization of these particles on the surface matrix. A hybrid stable material
was synthetized through this process. The water absorption level of the porous
silicone matrix with and without the nanoparticles was determined. The water
uptake of the matrix was higher when the nanoparticles were immobilized on
the surface. Van der Waals and hydrogen bonding interactions account for this,
promoting the retention of a higher concentration of water molecules. Higher
water uptake has been identified as being a key factor for improving biological
response, cellular adhesion and growth, which accelerates implant integration
in the body.
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1. Introduction

Silicone based materials have been used in medical devices and implants because
of their biocompatibility and low cost [1]. Medical devices such as catheters and
breast implants are examples of uses in the medical industry [2] [3]. Therefore, ma-
terials containing silicone have been relied on to play an important role in bone health,
due to collagen synthesis promotion and possible matrix mineralization [1].

One disadvantage of silicone matrices is limited in growth. The hydrophobic-
ity of the silicone matrix surface could negatively influence implant acceptance.
Approaches based on surface modifications with peptides, proteins and different
functional groups and/or nanoparticles have been used for changing the behavior
of the surface in terms of surface reactivity, rigidity and characteristics such as
quantum confinement effects [4]. Nowadays, many studies are dealing with under-
standing the interaction between the material and mammalian cells in a physio-
logical environment. Improving biological response is a complex process that still
requires a lot of research [5].

Silver and/or gold have been deposited on silicone surfaces using different tech-
niques such as immersion-plating [6], drop casting [7], and dropping a colloidal
solution on the surface [8] with sputtering [9]. In this study gold and silver na-
noparticles were synthesized in situ and immobilized on a porous silicone matrix
to improve biocompatibility and antimicrobial properties. In general, metal na-
noparticles on silicone surfaces have been proposed to improve vascularization
and cellular growth over and inside the implant [10].

Gold nanoparticles have been used as a material which improves implant bio-
compatibility. The strong binding of peptides and antibodies improves cell adhe-
sion [10]. On the other hand, silver nanoparticles provide antimicrobial properties
[11]. The synergy of nanoparticles immobilized on a surface has been chosen as
a strategy to diminish the body’s rejection due to low wettability and risk of bac-
teria colonization [12]. The control of the surface properties at the interface plays
the main role; chemistry, topography and wettability determine a good or bad bi-
ological response [13]. It has been theorized that tissue repair after implants is de-
pendent on a wet environment [14]. The present investigation focused on water ab-
sorption behavior changes of a porous silicone matrix due to nanoparticle immo-
bilization. Porous silicone matrix and nanoparticle synthesis has been described in
more detail by the authors in previous publications [5] [15].

Techniques such as scanning electron microscopy (SEM), optical microscopy and
water absorption tests were used to characterize the material.

2. Experimental

The experimental methods Section 2.1 follows the experimental steps described
in a previous paper for which the goal was to maintain the original porous sili-
cone matrix pore size from 100 to 300 micrometers. This goal was addressed us-
ing gold and silver nanoparticles size control though chemical reaction parame-
ters: concentration, pH and temperature. Metal particle nanometer size does not
affect the porous silicon matrix pore size [16].
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2.1. Preparation

2.1.1. Chemicals
Porous silicone matrix was prepared in the laboratory with poly-dimethylsiloxane
(PDMS) product of Nusil Silicone technology (MED-4860) the pore size are be-
tween 0 and 300 micro meters, AgNO; (99.99%, Sigma-Aldrich), HAuCl,-3H,0
(99.99%, Sigma-Aldrich), L-Ascorbic acid (99%, Sigma-Aldrich), disodium ethy-
lenediaminetetra-acetate (EDTA-2Na ) ACS reagent (99.4%, powder, Sigma-Aldrich),
dextrose monohydrate (USP grade, Sigma-Aldrich), sodium hydroxide (ACS rea-
gent, >97.0%, pellets, Sigma-Aldrich), ammonium hydroxide solution (ACS rea-
gent, 28.0% - 30.0%, Sigma-Aldrich), and anhydrous sodium Sulfite (=98%, Sig-
ma-Aldrich).

To prepare a chemical solution and perform silver and gold immobilization treat-

ment over the porous silicon matrix see previous papers, and diagram, Figure 4.

2.1.2. Porous Silicone Matrix

The porous silicone matrix was prepared by molding and injection. The sugar was
sieved to control the crystal size from 100 to 300 um. A 5% m/m (DI-water/sieved
sugar) was prepared. The mold was filled up with this mixture. A small channel was
opened in the middle of the sugar mold. Then, the silicone was mixed with hep-
tane in a proportion 80/20 and this mix was injected into the internal channel of
the sugar mold. The silicone was cured at 80°C; the mold was placed in deio-

nized water at 50°C and stirred to remove the sugar from the silicone matrix.

2.1.3. Silver Solution

The AgNO; was dissolved in DI-water and ammonium hydroxide was added (con-
centrated ammonia, specific gravity 0.88) to form an ammoniacal silver complex
([Ag(NH,),]OH) final concentration 0.0135 M. Next, the EDTA-2Na solution
was added, molar ratio 1:1 respect to AgNO;. The porous silicone matrices were
added to a silver solution. Next, a dextrose solution was added and heated to
reach a temperature of 50°C for one hour. The molar ratio from silver nitrate to

dextrose monohydrate was 1:5, final pH = 9.0.

2.1.4. Gold Solution

The HAuCl,-3H,0 was dissolved in DI-water and sodium sulfite (Na,SO,) was add-
ed in a molar ratio of 1:10. Next, the EDTA-2Na solution was added, molar ratio
1:1 respect to HAuCl,-3H,0. The porous silver/silicone matrices were mixed with
HAuCl,-3H,0 solution. Next, the ascorbic acid was added in a molar ratio of
1:10 with respect to HAuCl,-3H,O. Finally, the solution was heated at a temper-
ature of 50°C for one hour, final pH = 9.0.

2.2. Characterization Method

2.2.1. Optical Inspection
A visual inspection was performed using a Smart Scope Flash 200, model CNC200,

serial SVW2003849. Smart Scope Flash is an automatic dimensional piece of
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equipment, with a measurement system, and optical metrology that uses a large
capacity video system for verification and control of dimensional manufacturing

parts.

2.2.2. Fluorescence X-Ray Spectrophotometer

Silver and gold immobilization over the surface was detected using an X-ray fluo-
rescence (XRF) spectrometer. The Fischerscope XRF Model XDLM-C4 is used for
routine analysis of different materials. Additionally XRF is a non-destructive me-
thod and this analytical technique can also determine the elemental composition
of materials. This analytical equipment determines the chemistry of a sample by
measuring the fluorescence emitted from the material surface when it is excited by
a primary X-ray source. Each metal from the sample produces characteristic fluo-
rescent X-ray patterns, or fingerprints, unique for that specific metal. Therefore the

equipment is capable of giving qualitative and quantitative analysis from the sample.

2.2.3. Scanning Electron Microscopy (SEM)
SEM images were obtained, using a JEOL JSM-6390LV Scanning Electron Micro-
scope, pore and particle size were verified.

2.2.4. Water Absorption

An analytical scale was used to measure the deionized water absorption percen-
tage of the porous silicone matrix. The dried matrix samples were weighed, placed
in deionized water, and mixed for 2 h. Next, the samples were removed and dried
at environmental conditions. Later the porous silicone matrix was weighed again
to establish the percentage of water absorbed. The pure porous silicone matrix was
compared with a different porous silicone matrix that has Ag/Au, Ag and Au na-

noparticles immobilized on its surface.

2.2.5. Wettability Test

A contact angle goniometer was used to measure the wettability of silicone film
with and without Ag/Au immobilized nanoparticles. The silicone film was mixed
with the silver solution as described in Sections 2.1.3 and 2.1.4. Then the contact

angle was measured on the pure silicone film and Ag/Au silicone film.

3. Results

The sugar or pore forming agent was sieved to select the crystals with a size be-
low 300 pum. Figure 1(A) and Figure 1(B), shows the images taken by a Smart Scope
of the sugar crystals after sieving and separating the large crystals. All crystals
used are equal or below 300 um, Figure 1(A).

Figure 2 shows the pore size distribution with a mean pore size of 141 um.
The pore-forming agents play an important role. They are crystals that could be
removed with a solvent such as water, and crystal size will influence the pore size
obtained. There is a direct relation between pore-forming crystal size and the pore
size obtained in the matrix [15].

Pore size, connectivity and density were observed on the scanning electronic
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Figure 1. Forming pore agent (sugar) after sieving process (A) mean crystal size 160 um,
and (B) crystal size above 400 pm.
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Figure 2. Pore size distribution from porous silicone matrix made with sieved sugar.
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Figure 3. Micrographs from porous silicone matrix made with the sieved sugar, (A) lateral position (B) cross section and (C) bi-
nary image from micrograph B.

microscope. Figure 3 demonstrates a good pore density and connectivity, a re-
quirement for biotechnological and biomedical applications. The porous silicone
matrix used in this research had a pore distribution size below 300 pm with a
mean pore size of 141 um. The pore structures from the porous silicone matrix
consist of irregularly shaped voids and connecting channels.

Gold and silver nanoparticles (NPs) are stabilized or protected by a shell of

organic ligands and display good stability in water. Reducing agents such as car-
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bohydrate compounds, sodium ascorbate, and sodium citrate are considered rea-
gents for synthesis in the green chemistry field. These can be extracted from natu-
ral sources using non-organic solvent chemistry [17]. Green chemistry is an excel-
lent alternative for preparing nanostructures that have a potential use in medicine,
because these chemicals are not toxic or dangerous for humans. The process for
nanoparticle-porous silicone matrix formation is summarized and shown in Fig-
ure 4. Colloid metal (silver, gold) nanoparticles were synthetized with the ma-
trices inside the reaction or metal solution. Synthetized nanoparticles were at-
tracted and immobilized on the surface of porous silicone matrices.

Colloidal stable gold and silver nanoparticles with controllable size and re-
markable stability were prepared and immobilized on silicone porous matrices.
Nanoparticle stability is always an issue; many factors and their interactions are
involved in metal nanoparticle size. PH, temperature, concentration and ratio
between the metal source, the stabilizer and the reducing agent all affect the par-
ticles’ size.

Fluorescent X-ray spectrophotometer measurements were done to determine
the thickness of gold and silver. The Y axis represents the thickness measurement
in nanometers and the X axis represents the lot number. On all performed mea-
surements, the gold film is above the silver film on the silicone surface.

The obtained value for silver film thickness was from 110 to 50 nm, with an
average value of 85.6 and a standard deviation of 21.8. Gold film thickness was
from 25 to 75 nm, with an average value of 36.9 and a standard deviation of 18.2,
as shown in Figure 5. Each lot thickness value was the average value from ten
different measurements,, ten lots, and one hundred measurements in total. This
data illustrates nanoparticle deposition on the porous silicone matrix after the
reaction process.

Figure 7 shows particles immobilized (bright ruby color) on the surface, charac-
teristic after gold nanoparticle immobilization. Particles between 150 - 600 nm were
obtained, according to the estimation made using the SEM micrographs, Figure 6.

Porous silicone matrix water uptake was measured and compared for naked samples

o Ag NPs
Wl
o Silicone
VAAAA Matrix PDMS
O +Ag
R a Jew
0 Au NPs PDMS
Coo0 *+Ag
+ Au

Figure 4. Gold and silver nanoparticles immobilization on porous silicone matrix surface.
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Figure 5. Gold and silver nanofilm immobilized on porous silicone matrix.
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Figure 6. Micrographs from the porous silicone matrix after silver and gold nanoparticle
immobilization, magnification A: 100x and B: 500x.

Figure 7. Optical image from porous silicone matrix after silver and gold nanoparticle

immobilization, magnification 175x.

and samples after immobilization of nanoparticles. Figure 8 shows the percen-
tage of water absorbed. A higher water absorption value was obtained when the
silver and gold nanoparticles were on the surface. The result obtained with re-
spect to water absorption was gold/silver/porous silicone matrix > silver/porous
silicone matrix > Au/porous silicone matrix > naked porous silicone matrix.
Water absorption depends on silicone surface energy. Silicone film without immobi-
lized metal nanoparticles shows a higher contact angle value of 108°. This value agrees

with the hydrophobic silicone properties (low surface energy) but the silicone
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Figure 8. Water absorption percentage from porous silicone matrix after metal nanopar-
ticle immobilization, Level 0: pure porous silicone, 1: porous silicone/Ag/Au, 2: porous si-
licone/Ag, and 3: porous silicone/Au.

Figure 9. Water drop over silicone film: (A) Pure silicone film; (B) Silicone film with Ag/Au
nanoparticles.

film with immobilized metal nanoparticles (Au, Ag) shows a lower contact angle
value of 70°, indicating higher surface energy. See Figure 9. The surface gets wet,
because it turns into a hydrophilic surface. This result explains the values ob-

tained in the water absorption test, Figure 8.

4. Conclusion

Sugar crystals are good template agents for producing porous silicone matrices
with controlled pore size. No organic solvents or high energy processes are needed
to remove a pore-forming agent. The immobilization of gold and silver nanopar-
ticles was achieved using a colloidal suspension in contact with a porous silicone
matrix. Good nanoparticle dispersion on the surface was achieved with a non-uniform
nanofilm formation, as shown by SEM, optical imaging and XRF. The water ab-
sorption of a porous silicone matrix with immobilized gold and silver nanopar-
ticles was higher than that of a naked silicone porous matrix. Therefore, porous
silicone matrix water uptake is improved by Ag/Au nanoparticle immobilization.

These results are promising; the immobilization of both gold and silver nano-
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particles can improve biocompatibility and increase antimicrobial properties,

through surface modification exerting a positive effect on the response of bio-

logical material.
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