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a  b  s  t  r  a  c  t

The  use  of  indwelling  devices  has  emerged  as  a frequent  and  often  life-saving  medical  procedure.  How-
ever,  infection  in  prosthetic  surgery  is  one  of  the  most  important  and  devastating  complications.  Once
the  biofilm  has  been  formed,  its  eradication  is extremely  difficult,  due  to an  increased  resistance  to  host
defense  and  conventional  antimicrobials.  Thus,  the design  of  novel  strategies  for  inhibiting  the  bacte-
rial  adhesion  on  implantable  devices  is a key  point  for  successful  surgical  procedures.  In this  work,  the
development  of  a  simple  two-step  protocol  to  prepare  surfaces  able  to  prevent  the  bacterial  growth
was  successfully  achieved.  The surface-modification  design  includes  a combined  approach  involving  the
multi-functionalization  of Ti  surfaces  with  silver  nanoparticles  (AgNPs)  and/or  ampicillin  (AMP).  The  sur-
face chemistry  involved  in  AMP  adsorption  on titanium  and  silver  surfaces  was  elucidated  for  the first
time,  thus  establishing  the basis  for the  further  anchoring  of other  antibacterial  compounds  having  simi-
lar functional  groups.  Our  results  show  that  the  antibiotic  binds  to  the  titanium  surface  through  covalent
interactions  between  the COOH  groups  in  AMP  and  the  OH  groups  of  the native  TiO2 on  the  surface,
although  electrostatic  interactions  between  protonated  AMP  and  negatively  charged  TiO2 can  also  con-
tribute  to  the  antibiotic  anchoring  to the surface.  The  AMP  immobilization  on the AgNPs  is  carried  out
by  thiolate-like  bonds.  The  �-lactam  ring  functionality  is preserved  after  the  adsorption  process,  since
the  Ti-AgNPs-AMP  surface  was  able  to decrease  the  bacterial  viability  in  more  than  80%.  Moreover,  the

antimicrobial  capacity  is  maintained  over  time  due  to  a two-pathway  antibacterial  mechanism:  death  by
contact  (AMP)  and  death  by  release  (AgNPs).  The  effect  of  AMP  prevails  on  AgNPs  at  early  stages  of bac-
terial  adhesion,  while  AgNPs  are  responsible  for sustaining  the  relatively  low  but  steady  release  of Ag(I),
preserving  the  bacteriostatic  activity  of the  surface  over  time.  This  effect  would  contribute  to  prevent
infections  due  to sessile  cells  on indwelling  devices,  powering  the action  of  the  immune  system  and  the
conventional  antibiotics  usually  dosed  in  implanted  patients.
. Introduction

The use of indwelling devices has emerged as a frequent and
ften life-saving medical procedure. However, infection in pros-
hetic surgery is one of the most important and devastating
omplications [1]. Its incidence is about 2–3% in primary pros-

hesis and twice in revision surgeries, reaching percentages above
5% in constrained or hinged implants [2]. The infection may  be
riginated from bacteria already present in the individual or from
hose that entered by contamination of the material or improper
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handling during the surgical procedure. Once the biofilm has been
formed, its eradication is extremely difficult due to an increased
resistance to host defense and conventional antimicrobials. This
resistive mechanism comprises: (i) protection of internal cells from
aggressive environments and, in the case of prostheses, from the
host immune system; (ii) creation of a diffusional barrier to large
molecules or the entrapment of antibacterial substances and (iii)
reduction in metabolic rate and induction of oxygen gradients
across the biofilm, which contribute to the phenotypic hetero-
geneity within the bacterial population [3]. It is also important to
highlight that, in conventional treatments, the antimicrobial agent

acts effectively on the outer part of the biofilm (rapidly grow-
ing cells) and hardly on the region adjacent to the surface of the
biomaterial (stressed cells or persisters). Bacterial strategies also
involve a high cell density, which minimizes both the area exposed
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ig. 1. Chemical structure of ampicillin. The functional groups are labeled: (1)
arbonyl; (2) carboxyl; (3) primary amine; (4) amide; (5) lactam; (6) sulfide; (7)
romatic.

o the aggressive environment and the sacrifice of microbes that
re directly exposed to the antimicrobial agent [4]. Therefore, an
ffective strategy to enhance the antimicrobial action and to inhibit
he development of biofilms is the prevention of the formation of
wo- or three-dimensional compact layers of bacteria, which can
e done by the proper modification of the surface chemistry. For

nstance, for this aim, the antimicrobials adsorption on polymeric
urfaces has already been explored: polytetrafluoroethylene (PTFE)
odified by penicillin [5,6] and ampicillin (AMP) [7], amoxicillin on

oly(dimethylsiloxane) (PDMS) surfaces [8], etc. These antibiotics
elong to the �-lactam family, which binds to penicillin-binding
roteins (PBPs) which are responsible for the cross-linking of pep-
idoglycan in the cell wall synthesis. In this process, the �-lactam
ing (Fig. 1) reacts with these enzymes to form stable covalent com-
lexes, leading to inactivation of the PBPs and ultimately to cell
eath. These covalent complexes are formed as a result of the cova-

ent binding of OH group in the enzyme and the carbonyl group
rom the �-lactam ring after the cleavage of the N CO bond [9].

The molecular structure of ampicillin (Fig. 1) shows several
unctional groups which are potentially adequate for the anchor-
ng of AMP  to surfaces. Self-assembled monolayers (SAMs) of
-COO−/RCOOH type compounds can be easily formed on oxidized
urfaces such as �-Al2O3, FexOy and TiO2, while organosulfur com-
ounds, including alkanethiols, dialkylsulfides and thiophenes are
uitable for SAMs formation on varied metallic surfaces (Au, Ag, Cu,
tc.) [10]. Thus, AMP  seems to be a good candidate for the chemical
odification of several surfaces in order to confer them antimicro-

ial characteristics, since, a priori, the �-lactam ring is not involved
n the surface reaction and, thus, would keep its antimicrobial func-
ion.

On the other hand, the increasing resistance of microorganisms
o antibiotic is a matter of great concern worldwide [11]. There-
ore, the search for new strategies for the inhibition of the bacterial
roliferation is in continuous progress. In view of the fact that
icrobes have not been able to develop resistance to silver yet, the

se of silver nanoparticles (AgNPs), as relatively new antibacterial
gents, has been widely studied [12–15]. The mechanism involv-
ng the antimicrobial activity of AgNPs is controversial [16] and it is
till under discussion: some studies suggest that the nanoparticles
nteract directly with the cell wall, whereas some others attribute
he antibacterial effect to Ag(I) ions release from the nanoparticles.
here are authors who also postulate the combined action of both
ffects [17–26]. What is certainly involved is Ag(I) ions release from
he AgNPs. These Ag(I) ions either interact with bacterial proteins
hrough thiol groups [27] or affect the respiratory chain [19], and
ven interfere in DNA replication [24,28]. Furthermore, Xiu et al.
25] have reported that AgNPs per se did not significantly represent

 direct particle-specific toxicity to bacteria, but they may  only act
s carriers for silver ions that then will conduct the toxic action on

he bacteria.

The aim of this work is the design of surfaces having highly
nhibiting efficiency for the adhesion and proliferation of bacteria
hrough the immobilization of conventional antimicrobials (AMP)
: Biointerfaces 164 (2018) 262–271 263

and/or nanomaterials (AgNPs). These agents have different mech-
anisms of action, which, when combined in a surface can, in turn,
operate at different times. These characteristics would allow keep-
ing the antimicrobial effect for longer periods when compared to
AMP  or AgNPs as single factors. We  have chosen Ti as substrate
because it is one of the most widely used in dental and orthope-
dic implants due to its high strength-to-weight ratio, corrosion
resistance and mechanical wear, inert nature, ability for adsorb-
ing proteins on their surface and biocompatibility, which allows
the osseointegration [29], among other properties. On the other
hand, on this metal, native oxide film (dense and stable anatase
TiO2) is naturally formed on the surface when it is exposed to air,
leading to a spontaneous passivation of the metal [30,31]. To the
best of our knowledge, there is not previous information about the
performance of AMP  and/or AgNPs immobilized on titanium sur-
faces with an exhaustive analysis of the surface chemistry involved.
The mentioned surface chemistry analysis would help in the subse-
quent smart design of new antimicrobial surfaces with applications
in medical devices.

2. Material and methods

2.1. Reagents

All solutions were prepared using ultrapure MilliQ
®

water. All
reagents were analytical grade and used as received, without fur-
ther purification: silver nitrate (Sigma Aldrich), sodium citrate
(J.T. Baker), hydrogen peroxide 30% (Merck), sodium borohydride
(Fluka), ampicillin (Fabra laboratory), nutrient broth and nutrient
agar (Britania), disodium hydrogen phosphate (Fluka), potassium
dihydrogen phosphate (Fluka), sodium chloride (Sigma Aldrich),
phosphoric acid (J.T. Baker).

2.2. Silver nanoparticles preparation

AgNPs in aqueous solution were prepared following the
methodology described by Frank et al. [32]. This synthesis leads
to silver nanoprisms with controlled size. Briefly, the synthesis
was carried out by adding these solutions in the following order:
2.0 mL  of 1.25 × 10−2 M sodium citrate, 5.0 mL  of 3.75 × 10−4 M
silver nitrate, and 5.0 mL  of 5.0 × 10−2 M hydrogen peroxide. The
silver reduction was achieved by adding 2.5 mL  of freshly prepared
5.0 × 10−3M sodium borohydride under vigorously magnetic stir-
ring. After approximately 3 min, a stable color is reached, indicating
the end of the synthesis. The colloidal dispersion was then dialyzed
for 2 h to eliminate the excess of reactives. The final Ag concentra-
tion in the nanoparticles dispersion is 18.38 �g/mL.

2.3. Silver nanoparticles functionalization with ampicillin

AgNPs functionalized with ampicillin (AMP) were obtained by
adding AMP  to the AgNPs dispersion until the AMP  concentra-
tion reached 2 mM [33]. After 24 h, the resulting dispersion was
centrifuged twice at 14.000 rpm for 30 min  in order to remove
the AMP-containing supernatant. Then, the pellet with ampicillin
functionalized AgNPs (AgNPs/AMP) was re-suspended in ultrapure
water and preserved in the dark at 25 ◦C.

2.4. Titanium surface preparation
The substrates were titanium discs (Johnson-Mathey, 99.7%)
1 cm in diameter and 0.25 mm in thickness. The substrates were
first polished with abrasive paper, sonicated for 15 min, and then
polished at mirror grade with 1 �m diamond paste. After that, the
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Table 1
Simulated salivary fluid composition.
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ubstrates were sonicated in water and then in ethanol for 15 min
nd, finally, thoroughly rinsed and dried in air.

.5. Titanium surfaces modification

.5.1. AgNPs immobilization on Ti surfaces (Ti-AgNPs)
The Ti substrates were incubated in the AgNPs dispersion

1.84 × 10−2 mg  Ag/mL) in the dark at 25 ◦C for 24 h, then rinsed
nd dried under nitrogen stream.

.5.2. AgNPs/AMP immobilization on Ti surfaces (Ti-AgNPs/AMP)
The Ti substrates were incubated in the AgNPs/AMP dispersion

n the dark at 25 ◦C for 24 h, then rinsed with MilliQ
®

water and
ried under nitrogen stream.

.5.3. Ti surface functionalization with AMP  (Ti-AMP)
The Ti substrates were incubated in a 20 mM AMP  solution in the

ark at 25 ◦C for 24 h, then rinsed and dried under nitrogen stream.

.5.4. Ti surface multi-functionalization whit AgNPs and AMP
Ti-AgNPs-AMP)

The Ti substrates were incubated in the AgNPs dispersion
1.84 × 10−2 mg  Ag/mL) in the dark at 25 ◦C for 24 h, then rinsed
nd immersed in a 20 mM AMP  solution in the dark at 25 ◦C for
4 h. After that, the samples were rinsed again and dried under
itrogen stream.

.6. Electrochemical measurements

Electrochemical measurements were performed in a three-
lectrode electrochemical cell by using a Teq galvanostat-
otentiostat. The working electrodes were silver foils chemically
leaned by immersion for 5 min  in a solution containing H2O2 and
H3. Then, the substrates were sonicated for 15 min  in water, dried
nd functionalized as described below. As counter electrode and
eference electrode, a platinum foil and a saturated calomel elec-
rode (SCE) were used respectively. The electrolyte solution was
.1 M NaOH, purged with N2. The electrochemical assays were car-
ied out by scanning the potential from −0.75 V to −1.5 V at 0.05 V/s
n the electrolyte solution at room temperature.

The different modified-silver foils were prepared by incuba-
ion in (i) 1.25 × 10−2 M sodium citrate solution for 6 h; (ii) 20 mM
mpicillin solution for 24 h in the dark at 25 ◦C; (iii) 1.25 × 10−2 M
odium citrate solution for 6 h and, then, in 20 mM ampicillin solu-
ion for 24 h in the dark at 25 ◦C. All the samples were rinsed with
ltrapure water and dried with N2 stream.

.7. Spectroscopic and dynamic light scattering (DLS)
easurements

UV–vis spectra of the silver nanoparticles dispersions were
cquired with a Perkin Elmer Lambda 35 Spectrophotometer. X-ray
hotoelectron Spectroscopy (XPS) measurements were performed
sing an Al K� source (XR50, Specs GmbH) and a hemispherical
lectron energy analyzer (PHOIBOS 100, Specs GmbH) operating at
0 eV pass energy. A two-point calibration of the energy scale was
erformed using sputtered gold and copper samples (Au 4f7/2 bind-

ng energy (BE) = 84.00 eV; Cu 2p3/2 BE = 932.67 eV). C 1s at 285 eV
as used as charging reference. A Malvern zetasizer Nano zs was

sed for DLS and zeta potential measurements.
.8. Atomic force microscopy (AFM) imaging

AFM imaging was carried out by using a Nanoscope V micro-
cope (Bruker) operating in tapping mode in air. Images were
Disodium hydrogen phosphate 2.4 g/L
Potassium dihydrogen phosphate 0.2 g/L
Sodium chloride 8.0 g/L
Phosphoric acid q.s. to pH 6.75

taken at a scanning rate of 1 Hz with etched silicon tips (RTESP,
215–254 kHz and 20–80 N/m).

2.9. Silver surface concentration and silver release in simulated
salivary fluid (SSF)

The surface concentration was determined by Inductively Cou-
pled Plasma Optical Emission Spectrometry (ICP-OES) after the
dissolution of the adsorbed AgNPs by immersing the substrates in a
5.0 × 10−2 M hydrogen peroxide solution, sonicated for 10 min  and
acidified with 2% HNO3 solution.

SSF was  prepared according to the composition given in [34]
(Table 1). The amount of silver was determined by ICP-OES. To this
aim, the Ti-AgNPs substrates were immersed in 12 mL  of SSF for 6 h
(which corresponds to three immersion cycles in culture media, see
Section 2.10) or for 24 h. After that, each supernatant was acidified
with 2% HNO3 and the amount of silver in the resulting solutions
was measured.

2.10. Bacteria attached to modified titanium surfaces viability

Staphylococcus aureus (S. aureus,  ATCC 25923) was grown in
nutrient broth at 37 ◦C in a rotary shaker (180 rpm). Then, the bacte-
rial suspension was adjusted to 108 colony forming units (CFU)/mL
(DO = 0.5) in fresh growth medium and used immediately.

A drop of 100 �L of the bacterial suspension was seeded onto
each functionalized Ti substrate and left for 2 h at 37 ◦C to allow
bacterial adhesion. The biofilmed substrates were gently washed
by immersion in double-distilled sterile water to remove those cells
that were not irreversibly attached to the surface. Bare Ti discs were
used as control. The results were expressed as percentage of dead
bacteria with respect to the control according to:
(

1 − viable bacteria on modified Ti
viable bacteria on control Ti

)
× 100

The number of viable sessile bacteria was determined through
quantification by the serial dilution method and plate counting
after the detachment of cells by sonication, according to the pro-
tocol developed in our lab [35]. In order to emulate long periods
of exposition to bacterial culture, the substrates were re-utilized
twice (three utilization series). At each step, the same procedure
described above was followed: a drop of 100 �L of the bacterial
suspension was seeded onto each functionalized Ti disk and left for
2 h at 37 ◦C to allow bacterial adhesion. The biofilmed substrates
were gently washed by immersion in double-distilled sterile water
to remove those cells that were not irreversibly attached to the
surface. The number of viable cells was  determined by serial dilu-
tion method and plate counting. After that, the substrates were
softly rinsed again and utilized in the next cycle. At each step, a
new bacterial culture was  seeded onto the substrates.

3. Results and discussion

3.1. AgNPs characterization
In order to assess the formation of nanoparticles, UV–vis absorp-
tion spectroscopy is a suitable technique, since metal nanoparticles
exhibit an intense absorption peak due to the surface plasmon res-
onance phenomenon (collective oscillation of surface electrons).
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ig. 2. UV–vis spectrum of the synthesized AgNPs in aqueous dispersion. Inset: TEM
mage showing the size and morphology of the AgNPs and optical image of the blue
gNPs dispersion. (For interpretation of the references to colour in this figure legend,

he  reader is referred to the web version of this article.)

he UV–vis absorption spectra of the citrate-capped AgNPs (Fig. 2)
how a broad band at 750 nm,  which is consistent with polydis-
erse AgNPs, as it was reported for the synthesis used in this work
32]. TEM images (Fig. 2, inset) confirm that the synthesized AgNPs
onsist mainly of small nanodiscs whose radius ranges from 12
o 20 nm and greater nanoprisms having 25–75 nm in lateral size.
ome agglomerates, which could be formed after the drop casting
f the AgNPs dispersion on the TEM grid, can also be observed. The
eight of these nanodiscs and nanoprisms is about 12 nm,  as it was
stimated by AFM after the adsorption of single nanoparticles on
oly-l-lysine-modified substrates (data not shown).

.2. Citrate by AMP  exchange on citrate-capped AgNPs

AMP-functionalized AgNPs were obtained after the addition
f AMP to the citrate-capped silver nanoprisms dispersion. The
hioether group (labeled (6) in Fig. 1) is suitable for the adsorption
f AMP  on the surface. On this regard, two mechanisms might be
esponsible for the immobilization process: covalent interactions
etween AMP  and the surface, such as those found for dialkylsul-
des monolayers on Au(111), where C S bonds remain after the
dsorption [10]; or the chemisorption of the thiolate group after
he cleavage of the C S bond. In order to elucidate which of these
nteractions is responsible for the anchoring of AMP  on AgNPs, we
ypothesized that, if the thiolate bond is formed on Ag, the typical
lectrodesoption peak similar to those corresponding to alkanethi-
ls self-assembled monolayers should be observed. Since titanium

s a valve-type metal, electrochemical measurements involving
MP-capped AgNPs adsorbed on titanium electrodes are hard to
arry out. Therefore, we have modified a silver foil and used it
s working electrode in the voltammetric assays. Fig. 3a shows
he cyclic voltammogram recorded for an Ag electrode (blank) and
or citrate, AMP, and citrate followed by AMP-modified individual
ulk Ag electrodes. In all runs, a cathodic peak at −0.88 V is clearly
oticeable, which can be attributed to the electroreduction of some
g(NH3)2

+ [36] remaining on the surface after the chemical clean-
ng of the electrodes (see experimental section). Actually, this peak

s only observed in the first run when the electrode is repetitively
ycled (data not shown), indicating that all the remaining silver ions
re reduced in this first cycle. Furthermore, after the immersion
f the electrodes in citrate or AMP  solution, the charge associated
o peak (I) diminishes, revealing that, in some way, part of these
Fig. 3. (a) Voltammograms of Ag and surface-modified Ag electrodes in aqueous
0.1  M NaOH run at 0.05 V/s. (b) UV–vis spectrum of AgNPs and AgNPs/AMP.

complexes are displaced from the surface during the adsorption
process. As expected, no further reduction peaks are observed for
Ag and citrate-modified Ag electrodes. However, both AMP- and cit-
rate and AMP-functionalized surfaces show three more reduction
peaks located at −1.15 V, −1.26 V and −1.39 V, labeled (II), (III) and
(IV), respectively, in Fig. 3a. The small peak (II) can be ascribed to
little amounts of sulphur [37] due to some AMP  degradation in the
solution. The broad peaks (III) and (IV) are consistent with the elec-
troreductive desorption of the chemisorbed sulphur corresponding
to thiolate species. In fact, the electrodesorption of alkanethiols
self-assembled monolayers on Ag(111) leads to two  cathodic cur-
rent peaks lying at −1.26 V and −1.38 V [38]. The first has been
attributed to the removal of the alkanethiolate lattice, whereas the
latter accounts for the electrodesorption of remaining thiolate on
the surface. It has also been reported that thiolate electrodesorption
peaks broaden on polycrystalline electrodes [39]. Thus, our results
are in good agreement with those found for the electrodesorption
of alkanethiolates from Ag surfaces and, therefore, peaks (III) and
(IV) can be attributed to the desorption of the AMP  bonded to the
Ag surface through thiolate bonds. Consequently, these results indi-
cate that the AMP  adsorption on AgNPs involves the chemisorption
of the S moiety on the silver surface.

The characteristic AgNPs surface plasmon resonance band shifts
from 780 nm for AgNPs to 763 nm for AgNPs/AMP (Fig. 3b). This

small blue-shift can be attributed to a decrease in the size of the
nanoparticles, changes in the surface chemistry after functional-
ization or both. The mean hydrodynamic size, measured by DLS,
resulted in 50 ± 29 nm and 58 ± 32 nm for AgNPs and AgNPs/AMP,
respectively. The high standard deviation for these values is related
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o the high polydispersity of the nanoparticles, which is intrinsic in
ur system. Thus, although after capping exchange, a change from
lue to violet in the color of the dispersion was observed, variations

n the nanoparticles size cannot be confirmed. On the other hand, z-
otential measurements lead to −35.3 ± 0.2 mV and −28.0 ± 0.1 mV

or AgNPs and AgNPs-AMP, respectively. The increase in the z
otential value after the functionalization is consistent with the

ncorporation of positively charged molecules on the surface, such
s the zwitterionic form of AMP. Thus, from these results, the small
lue-shift in the UV–vis spectra can be attributed to changes in the
urface chemistry of the nanoparticles, although variations in the
anoparticle size might also contribute to this blue-shift.

.3. Ti/TiO2 surfaces functionalization

In order to analyze the most effective surface to inhibit the
acterial proliferation, the substrates were modified in the fol-

owing way: (1) AMP  adsorption onthe Ti/TiO2 surface; (2) AgNPs
mmobilization onthe Ti/TiO2 surface; (3) AgNPs/AMP immobi-
ization onthe Ti/TiO2 surface; and (4) AgNPs immobilization
ollowed by AMP adsorption onthe AgNPs-modified Ti/TiO2 sur-
ace (multi-functionalized Ti/TiO2 surface). The resulting substrates

ere characterized as described below.

.3.1. AMP  adsorption on Ti/TiO2
The AMP-functionalized substrates (Ti/TiO2-AMP) were evalu-

ted by XPS by analyzing the O 1s, N 1s and S 2p signals (Fig. 4). The O
s core level peak (Fig. 4a) can be described as resulting from three
ontributions at 530.5, 531.6 and 533.2 eV. These contributions can
e assigned in the following way [40]: the low binding energy com-
onent at 530.5 eV is attributed to O= in the titanium dioxide; while
31.6 and 533.2 eV correspond to OH and oxide and C O and

 C O, respectively. It is well-known that carboxylic acids adsorb
n oxide-covered surfaces [41,42] forming surface complexes [43].
hese strong interactions have been described as responsible for
he high stability of citrate-capped AgNPs adsorbed on oxidized
itanium surfaces [44]. Therefore, it is reasonable to assume that the
MP molecule is chemisorbed on the Ti/TiO2 substrates through the

ormation of such surface complexes between the carboxylic group
labeled (2) in Fig. 1) and the oxidized Ti surface.

The N 1s spectrum can be fitted with three components at
99.9 eV, 400.8 eV and 401.3 eV (Fig. 4b) which can be assigned to

actam N [45], NH and N C O groups [46], respectively. However,
he 401.3 eV component can also be assigned to protonated amines
47], which are consistent with the zwitterionic nature of AMP  [48].
hus, since the Ti/TiO2 surface is negatively charged [49], some
lectrostatic contributiontothe AMP- Ti/TiO2 interactions cannot
e discarded.

From the integrated signals of Ti 2p from the substrate and N
s from the overlayer, and using the corresponding effective atten-
ation lengths [50] an AMP  film thickness of 2 nm was estimated
51]. Considering the AMP  density 0.8 g/cm3 [52], the AMP  surface
oncentration is about 0.16 �g/cm2.

The S 2p signal (Fig. 4c) shows a doublet at 164 eV, which is
onsistent with free C S bonds, that is, not linked to the surface
53], indicating that the sulfured moiety is not involved in the AMP-
i/TiO2 interaction.

.3.2. AgNPs adsorption on Ti/TiO2 surfaces
The adsorption of citrate-capped AgNPs on titanium surfaces has

een previously explored by some of us [44]. The citrate-capped

gNPs are spontaneously immobilized on the Ti/TiO2 surface

hrough the interaction between the OH groups from the surface
nd the COO− groups from the citrate molecules, as it has been
reviously reported [44]. After 24 h immersion in the AgNPs dis-
ersion, the substrates are totally covered by small islands, mainly
Fig. 4. XPS spectra of Ti-AMP surfaces. (a) O 1 s signal; (b) N 1 s signal; (c) S 2p signal.

consisting in aggregates (Fig. 5a), as it can be inferred from the cross
section analysis of the AFM image (Fig. 5b). In fact, the observed
aggregates have different heights, from 12 nm to 54 nm (Fig. 5c),
indicating several layers of AgNPs, since the ∼12 nm in height
features are consistent with single silver nanoparticles, whereas
higher features are compatible with stacked AgNPs. The surface
concentration of AgNPs on the Ti substrates is 1.1 ± 0.2 �g/cm2.

The formation of aggregates in citrate-capped AgNPs has been
attributed to nanoparticle–nanoparticle interactions stabilizing the
islands. These interactions include van der Waals forces between
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ig. 5. (a) AFM image of Ti- AgNPs; (b) detail of image (a) showing the aggregates
mage  (d) showing the aggregates measured by cross section analysis (f).

itrate chains and also hydrogen bonds [44], such as those proposed
or the adsorption of gold nanoparticles on HOPG [54].

.3.3. AgNPs/AMP immobilization on the Ti/TiO2 surface
The AMP-modified AgNPs were successfully anchored on the Ti

urface by simple immersion of the substrate in the AgNPs/AMP
ispersion. According to the results described in the previous sec-
ions, the AMP  would mediate the adsorption of AgNPs on the Ti
ubstrates by means of S Ag bonds involving the sulfured moi-
ty of AMP and COOH hidroxylated Ti/TiO2 surfaces interactions.
he change in the surface chemistry of the AgNPs when citrate

s replaced with ampicillin results in smaller islands when com-
ared to citrate-capped AgNPs adsorption as can be seen in Fig. 5d.
ross section analysis revealed almost uniform aggregates having
bout 40–43 nm in height (Fig. 5f). The formation of these aggre-
ates would be promoted by capping–capping interactions and the
ollowing should be considered: on the one hand, AMP is a zwitteri-
nic molecule, with the acid pK lower than the base pK; hence, the
olecule is charged across the entire pH scale [48]. On this account,

t might be possible that electrostatic interactions are responsi-

le of the stabilization of the aggregates, since both the carboxylic
cid and amino group in the zwitterionic capping are charged,
ielding to electrostatic interactions between AMP/AgNPs. This
echanism has been proposed for cysteine-capped silver nanopar-

icles aggregation [55]. On the other hand, strong �–� interactions
ured by cross sectional analysis (c); (d) AFM image of Ti-AgNPs/AMP; (e) detail of

are well known for being responsible for the stacking and packing
of aromatic molecules. Thus, attractive non-bonded interactions
between aromatic rings (labeled (7) in Fig. 1) either in off-centered
parallel orientation or in T-shaped structure can also contribute to
the overall attractive interactions among adsorbed AMP  molecules
[56]. Furthermore, Fig. 5d shows that AgNPs/AMP reaches a lower
coverage than AgNPs (Fig. 5a). The percentage of covered surface
calculated from AFM images is 4.4 ± 0.2% and 1.1 ± 0.2% for Ti-
AgNPs and Ti-AgNPs/AMP respectively.

3.3.4. Ti/TiO2 with AgNPs and AMP multi-functionalization
(Ti-AgNPs-AMP)

The multi-functionalization was carried out in two steps. First,
the substrates were exposed to the silver nanoprisms dispersion
for 24 h. Then, the AgNPs-modified substrates were immersed in
the AMP  24 h more.

As it was  described above, the AMP  molecule is adsorbed on tita-
nium surface through strong interactions between the carboxylic
group and the oxide on the surface, with some electrostatic inter-
action contribution. The sulfide moiety allows its immobilization

on AgNPs. XPS analysis of the resulting surface after the two-steps
functionalization confirms that AMP  was adsorbed on both Ti/TiO2
and AgNPs (Fig. 6).

As expected, the O 1s (Fig. 6a) and N 1s (Fig. 6b) spectra are
similar to those described for AMP  adsorption (see Section 3.3.1).
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ig. 6. XPS spectra of Ti-AgNPs-AMP surfaces. (a) O 1 s signal; (b) N 1 s signal; (c) S
p  signal.

t should be noted that, in this case, some signal from citrate
olecules remaining on the AgNPs surface could contribute to the

 1s spectrum. What is certainly different from the spectra shown
n Fig. 4 is the S 2p peak (Fig. 6c). In fact, the S 2p spectrum can

e fitted with two doublets: the already found for AMP  adsorption
n TiO2 at 164.0 eV, corresponding to free (not bonded to the sur-
ace) C S C portion of the molecule, and a second one at 161.6 eV.
he last agrees with the widely accepted signal for chemisorbed S
Fig. 7. Antibacterial effect of the modified substrates. The percentages were calcu-
lated with respect to a bare Ti surface (control).

forming thiolate bonds [57]. This result confirms those obtained by
electrochemical assays previously described in this work (Section
3.3).

3.4. Functionalized surfaces antibacterial effect

The functionalized surfaces performance against S. aureus adhe-
sion and proliferation was  evaluated (Fig. 7). The dead bacteria
percentage was calculated taking into account the proportion of
viable bacteria on the modified-surfaces to viable bacteria on con-
trol (unmodified titanium substrate). Ti-AgNPs and Ti-AgNPs/AMP
exhibit similar antibacterial activity (25.7 ± 4.9 and 34.4 ± 9.0%,
respectively), which would indicate that AMP  on the silver surface
is not able to further decrease the number of viable bacteria.

The antibacterial action mechanism of AgNPs is still controver-
sial. Among the proposed mechanisms, the most accepted ones
involve Ag(I) ions release from the AgNPs, which interact with sul-
phur containing membrane proteins, generating physical damage
to the membrane. Ag(I)-membrane proteins interactions may  lead,
in turn, to a drastic change in the membrane permeability, resulting
in the dissipation of proton motive force and depletion of intracel-
lular ATP levels. This may  also elicit the intracellular accumulation
of Ag(I) ions which can interfere with DNA replication or affect the
respiratory chain. The toxicity effects of silver on microorganisms
have also been ascribed to Ag(I) ions-related ROS production [58].

AMP  immobilization on the AgNPs surface has been previously
explored by other authors. However, unlike this work, these studies
involve the dispersed in aqueous media AgNPs/AMP antimicrobial
effect on planktonic cells. Brown et al. [33] synthesized monodis-
persed citrate-stabilized 4-nm silver nanoparticles which were
later modified with AMP. These AMP-modified AgNPs displayed
better antimicrobial activity against several bacterial strains than
as synthesized AgNPs. They suggest that the antimicrobial activ-
ity of functionalized AgNP/AMP resides in the combined activity of
AgNP and the ampicillin carried on the surface of the nanoparti-
cle. On the other hand, Hur et al. [59] were able to functionalize
AgNPs with AMP  in a one-step procedure in which AMP  was also
used as a reducing agent. Among the tested Gram-positive and
Gram-negative bacteria, the newly prepared NPs show the highest
antibacterial activities against Streptococcus pyogenes. Unlike these
observations, in this work, AgNPs and AgNPs/AMP immobilized on
the surface showed a similar antibacterial effect on S. aureus.  This

apparent discrepancy can be explained considering that the cover-
age of AgNPs/AMP is lower than AgNPs, as it was already described
in Section 3.3.3. In addition to the lower coverage, AgNPs/AMP
aggregates are smaller than the AgNPs ones. However, the capacity
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f both surfaces to inhibit the bacterial growth is similar, indicating
hat the lower coverage of silver on Ti- AgNPs/AMP is compensated
y the enhanced antimicrobial activity of the antibiotic-modified
gNPs. It is worth noting that the �-lactam ring in penicillin-type
ntibiotics interferes in the synthesis of the bacterial cell wall by
inding to specific penicillin-binding proteins (PBPs) located inside
he cell wall, hence leading to the death of the bacterial cell due to
ither osmotic instability or cell lysis. Since AMP is adsorbed on
he silver surface through a thiolate bond, the �-lactam ring is free
o interact with the cell. Consequently, the mechanism involving
ntibacterial activity of AgNPs/AMP would include the action of
-lactam ring on the cell wall (first level, death by contact) and
lso Ag(I) release (second level, death by release), supporting the
bservation of an enhanced antibacterial effect.

On the other hand, on Ti-AMP substrates, the proportion of dead
acteria reaches the 60.6 ± 6.6% (Fig. 7). Since the antibiotic binds
o the Ti/TiO2 surface via the carboxyl group, the lactam group is
ble to interact with the cell wall of the attached bacteria and then
revent cell proliferation.

Among the substrates assayed, the multi-functionalized Ti-
gNPs-AMP samples exhibit the best bactericidal activity, since the
3.3 ± 8% of cells attached to these surfaces are dead. These multi-
unctionalized substrates were prepared by a two-step procedure:
n the first step, the adsorption of the as synthesized AgNPs leads
o a substrate having the highest amount of silver which can be
eached under the experimental conditions used in this work. In
he second step, AMP  immobilization occurs on both Ti/TiO2 and
g surfaces. Therefore, the surface concentration of both AgNPs
nd AMP in the substrates thus obtained is higher than that cor-
esponding to AgNPs/AMP. On the other hand, comparing Ti-AMP
nd the multi-functionalized surfaces performance, it is straight-
orward that AgNPs act as an extra-source of bactericidal agent. As

 result, the combination of the two agents having different tar-
ets, which can overcome the bacterial mechanism of resistance,
eads to an enhanced inhibition of cell proliferation. It is worth

entioning that “antimicrobial surfaces” accounts for those sur-
aces which work to prevent or limit the growth and proliferation of
acteria [60]. This is an important distinction, as the word “antibac-
erial” is usually understood as being effective in killing bacterial
ells. Therefore, the surfaces described in this work fall under the
efinition of “antibacterial”. Interestingly, the multi-functionalized
urface seems to be a good candidate for long term treatments,
uch as those required in indwelling devices, since, as mentioned
efore, the two antibacterial agents anchored on this surface have
ifferent kinetics: AMP  effect occur by contact at the early stages
f bacterial proliferation, while AgNPs behave as a silver reservoir,
ince Ag(I) ions release is not immediate, but rather progressive.
onsequently, in order to evaluate if all the assayed surfaces keep
heir performance over time, we have emulated the elapsed time by
e-using the surfaces, which represents the most unfavorable situ-
tion, since a new refreshed set of sessile S. aureus was challenged
t each re-utilization time.

.5. Antibacterial effect over time

We  have emulated the performance of the surfaces over time,
y testing the viability of sessile cells after re-using the substrates
s described below.

The Ti-AgNPs, Ti-AMP and Ti-AgNPs-AMP surfaces were
xposed to the bacterial suspension for 2 h to allow bacterial adhe-
ion, and then the number of viable bacteria was  determined. This

rst colonization and viable bacteria count defined time T1. After
etermining the number of viable cells, these functionalized sur-

aces exposed to bacteria for a second stage of colonization defined
2. Finally, these surfaces were exposed to a last stage of coloniza-
ion and viable bacteria count defined as T3. Therefore, the times
Fig. 8. Viable bacteria after the reutilization of the modified titanium substrates.
(a)  Ti-AgNPs; (b) Ti-AMP; (c) multi-functionalized Ti-AgNPs-AMP. The horizontal
dotted line points out the average dead bacteria for Ti-AgNPs.

T1, T2 and T3 correlate with the number of re-utilization. It should

be noticed that we  considered the most unfavorable situation, i.e.,
a new refreshed set of sessile S. aureus was challenged at each
re-utilization time.

Fig. 8 shows the dead bacteria on all the surfaces for T1, T2 and
T3. The Ti-AgNPs substrate (Fig. 8a) keeps its bactericidal effect
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round 30%, indicating a similar Ag(I) ions release at each step.
n the Ti-AMP substrates, the relatively high initial efficiency for
illing cells (T1) drops to less than a half in the second experi-
ent (T2), reaching the lowest effect after the third use (T3), since

lmost 90% of cells remain viable. As regards, it should be taken
nto account that the �-lactam group functionality in the ampi-
illin molecule is not recovered after binding to PBPs, yielding to a
ecrease in the functional �-lactam ring surface concentration and,
ence, to a reduced capacity for causing a decrease in the bacterial
iability.

The multi-functionalized surface bactericidal activity is shown
n Fig. 8c. As expected, the highest effect is found on this surface
t the first stage of bacterial colonization due to the combined
ction of AMP  and Ag(I) ions. After T2, the ability for killing cells
ecreases as a consequence of AMP  functionality loss. At this step,
he main contribution to cell growth inhibition came from Ag(I)
ons release. Finally, at T3, the number of unviable bacteria on the
urface reaches a constant value, which is similar to that found
or Ti-AgNPs, supporting the idea that AgNPs behave as a reser-
oir for a progressive Ag(I) ions release to the media. In fact, we
ave measured the amount of Ag(I) ions released to SSF after

 h immersion (which correspond to 3 immersion cycles in cul-
ure media, T3), and after 24 h immersion, which correspond to
onger times. SSF was chosen taking into account that the intended
pplication of the designed surfaces is avoiding infections in ortho-
edic devices, including dental implants. These experiments lead
o 0.15 ± 0.09 �g/cm2 and 0.27 ± 0.09 �g/cm2 after 6 h and 24 h,
espectively. Notice that Ag(I) ions released from the surface are
ble to interact with proteins in biological media via carboxylate
nd thiol groups and also could be separate from the solution by
ilver chloride and/or silver phosphate salt formation and precip-
tation. However, our results indicate that even though the Ag(I)
oncentration may  be reduced in biological fluids, the amount of sil-
er released to the liquid environmentis high enough to sustain the
acteriostatic effect over time. Therefore, the multi-functionalized
urface is a good candidate for preventing infections in implantable
evices, since it is able to reduce the 83% of viable bacteria at the
rst stages of implantation when bacteria would have the high-
st growth rate, helping the action of the immune system and the
onventional dose of oral antibiotics.

. Conclusions

The development of a simple two-steps protocol to prepare sur-
aces able to keep the antibacterial capacity over time through the

ulti-functionalization of Ti surfaces was successfully achieved.
ince no previous surface conditioning is required, this method is
asy and inexpensive, and do not require special equipment and/or
rained lab specialists. Two antimicrobial agents, the �-lactam
mpicillin and silver nanoparticles, having different mechanisms
f action were immobilized on Ti/TiO2 surfaces. AMP adsorption
nthe Ti/TiO2 surface was reached by simple immersion of the
ubstrate in the AMP solution. The antibiotic binds to the surface
hrough covalent interactions between the COOH groups in AMP
nd the OH groups on the surface, although the contribution of
ome electrostatic interactions between the protonated amine in
MP and the negatively charged Ti/TiO2 surface cannot be dis-
arded. The antibiotic anchoring to the AgNPs is carried out by
hiolate-like bonds, as it has been demonstrated in this work by

lectrochemical and XPS analysis. To the best of our knowledge,
he interactions involved in the penicillin-type antibiotics immo-
ilization on silver and titanium surfaces have not been previously
eported, thus establishing the basis for the further anchoring of
ther antibacterial compounds having similar functional groups.

[

: Biointerfaces 164 (2018) 262–271

In order to find a surface able to produce the best antibac-
terial behavior, we have tested the performance of Ti-AgNPs,
Ti-AgNPs/AMP, Ti-AMP and Ti-AgNPs-AMP against S. aureus sessile
cells. Ti-AMP and Ti-AgNPs-AMP showed the highest antibacterial
effect, indicating that the �-lactam ring functionality is maintained
after the adsorption process. Moreover, the antimicrobial capac-
ity is maintained over time due to a two-pathway antibacterial
action mechanism: death by contact (AMP) and death by release
(AgNPs). The effect of AMP  prevails on AgNPs at early stages of
bacterial adhesion, while AgNPs are responsible for sustaining the
relatively low but steady release of Ag(I). This behavior would pre-
serve the bacteriostatic activity of the surface over time and, thus,
would contribute to preventing infections due to sessile cells on
indwelling devices, powering the action of the immune system and
the conventional antibiotics usually dosed in implanted patients.
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