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Introduction

Biomaterials are used increasingly more frequently in modern
medicine subsequent to trauma or oncological surgery, or to
replace or restore human body function; for example, in hip
prostheses, prosthetic heart valves, or catheters. However, the
landscape of clinical infections related to medical devices is
continuously changing and poses a serious public health
threat. Treatment of biomaterial-related infections is complicat-
ed, as microorganisms in a biofilm are more resistant to antibi-
otics[1] than their planktonic counterparts.[2] Currently, the only
effective treatment is to remove the infected implant and
tissue, fight the infection with antibiotics, and replace the im-
plant—a long, costly, and stressful procedure.[1, 3] A more con-
venient way to deal with this problem is to prevent, or at least
diminish, the development of an infectious biofilm on the bio-
material surface by creating bactericidal surfaces. Researchers
have found a way to covalently bind the well-known vancomy-
cin antibiotic to the surface of titanium via organosilane cova-
lent bonds at the Ti-OH surface of the metal[4–7] or via a poly-
(ethylene glycol) substituted anachelin at the TiO2 surface,[8]

demonstrating that vancomycin remained active. However, the
main concern with purely antibiotic coatings is the develop-
ment of bacterial resistance.[9, 10] To overcome this problem, sci-
entists are developing effective new coating strategies, such as
nanoparticle–antibiotic conjugates, as it has been found that

nanoparticles of silver and copper are active against bacteria
and fungi.[11–14] Indeed, metal ions are known to accelerate and
enhance drug actions and efficacy against resistant patho-
gens.[15–17]

Vancomycin (VAN) has traditionally been reserved as a drug
of last resort, used only when treatment with other antibiotics
has failed. It is the archetypal member of the family of glyco-
peptide antibiotics that includes such compounds as teicopla-
nin, ristocein, and avoparcin.[18] VAN is a narrow-spectrum anti-
biotic active against Gram-positive bacteria. As is well-known,
VAN inhibits glycan polymerization and/or crosslinking by
binding to the substrate of transglycosylase and transpepti-
dase enzymes responsible for the reticulation of the growing
peptidoglycan cell wall.[19, 20] This leaves the cell susceptible to
lysis, due to changes in osmotic pressure.

Silver is one of the so-called “heavy metals” that remains
non-toxic to humans.[21] For thousands of years, silver has been
used as a healing and antibacterial agent by civilizations
throughout the world.[22, 23] The antimicrobial activity of silver
ions was first identified in the 19th century and has found a va-
riety of applications, but silver lost its medical status with the
introduction of antibiotics, the so-called “miracle drugs”. Due
to the development of antibiotic-resistant strains, silver was re-
introduced in 20th century medicine in a wide variety of
forms, showing strong biocidal effect against microorgan-
isms.[24] It was first used in a salt form[25] and then in combina-
tion with sulfonamide antibiotics, such as silver sulfadiazine
(SSD), which continues to be prescribed primarily for the man-
agement of burn wounds.[26] Unlike antibiotics, which are spe-
cific only to bacteria, silver ions and silver nanoparticles kill
germs of all major types: Gram-positive and Gram-negative
bacteria,[27–30] fungi/yeasts,[31, 32] and viruses.[33–36] Many pro-
posed mechanisms regarding the antibacterial effect of silver
ions, such as interaction with the bacterial cell membrane, in-
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terference with electron transport, and binding to DNA, have
been presented.[11, 13–16, 22, 37–40]

The present research focuses on a newly synthesized Ag–
VAN derivative conjugate as a target for attachment to the sur-
face of implant materials. Indeed, combinations of VAN and
silver are expected to be synergistic with respect to practical
effectiveness. Coated surfaces were characterized, tested for
their antimicrobial efficacy against Gram-positive bacteria, and
evaluated for their biocompatibility for soft tissue integration.

Results and Discussion

Product synthesis

We have shown previously that silver coordination polymers,
based on silver ions and an innocent ligand, can be used as ef-
ficient antimicrobial and biocompatible implant coatings.[41–46]

The ligand used was derived from nicotinic acid and polyethy-
lene glycol and allowed coordination to silver ions via nitrogen
atoms without showing toxicity towards fibroblast cell lines. In
order to integrate the VAN into such an implant surface coat-
ing (Figure 1) without loss of function, chemical modification
of the molecule was necessary. As it is known that the VAN
C terminus is not essential for its activity,[47–49] the carboxylic
acid group was chosen for covalent coupling to a pyridinyl
group via a linker, as pyridine possesses a good coordination
site to bind silver ions. Thus, the new VAN derivative, intelli-
gent pyridinate vancomycin (IPV), was prepared by HATU-
mediated coupling reactions (Scheme 1) in which [2-(2-(Fmoc-
amino)ethoxy)ethoxy]acetic acid was functionalized by addi-

tion of a pyridinyl group, followed by Fmoc deprotection. A
further coupling reaction with the carboxylic acid of the VAN
molecule afforded the final crude product, which was subse-
quently purified by reverse-phase HPLC.

Product analysis

The 1H NMR spectrum (Supporting Information) shows the
peaks expected for the pyridinyl group and the flexible hydro-
philic linker, and electrospray ionization mass spectrometry
(ESI-MS) revealed the expected ion at m/z 1671.55. As it is
known that VAN decomposes at 40 8C,[50] the differential scan-
ning calorimetry results (Supporting Information) of both IPV

Figure 1. Representation of the coating on an Au(111) surface, containing
the sulfur anchor molecule, a first silver(I) ion layer, and IPV, a derivative of
vancomycin, complexed to a second silver(I) ion.

Scheme 1. Synthetic strategy used to convert VAN to IPV. Reagents and conditions : a) 4-aminopyridine, HATU and DIEA, DMF, 2 8C, 15 h; b) piperidine, DMF, RT,
5 h; c) vancomycin, HATU and DIEA, DMF, 2 8C, 15 h, 25% over 3 steps.
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and VAN was recorded. Both molecules have the same decom-
position temperature (around 35–40 8C), proving that the new
antibiotic derivative is as available and stable as VAN.

UV-visible spectroscopy was chosen to follow the evolution
of the system until its final coating. Upon functionalization of
VAN to yield IPV, the characteristic signal of VAN at 270 nm
was slightly shifted to 280 nm, with an additional new signal
at 220 nm. This signal corresponds to the newly introduced
pyridinyl group and increases upon addition of AgNO3, sug-
gesting that the complexation between IPV and silver(I) ions
takes place at this site.

The complexation of silver ions by VAN and IPV has been
also studied using ESI-MS. The mass spectra of the silver com-
plexes of AgI–VAN and AgI–IPV contained multiple peaks stem-
ming from the ionizations of metal complexes, free ligands,
and related molecular fragments (Supporting Information). For
VAN, the most frequently formed complex was the
[VAN+1 Ag+1 H+] at m/z 1556.38 (1:1 ratio of VAN and Ag+).
However, two silver ions were found to be coordinated by the
derivative IPV to form two complexes, [IPV+1 Ag+1 H+] and
[IPV+2 Ag+H]+ , exhibiting ions at m/z 1777.40 and 1885.33, re-
spectively. Related molecular fragments for both VAN and IPV
also formed complexes with silver Ag+ , as VAN and IPV lost
their sugar moieties to form the aglycon structures aVAN and
aIPV in the gas phase. These complexes, [aVAN+1 Ag+1 H+] ,
[aIPV+1 Ag+1 H+] , and [aIPV+2 Ag+1 H+] , exhibit ions at m/z
1251.18, 1472.27, and 1583.38, respectively (Supporting Infor-
mation). From these data, we assumed that the only binding
site for AgI in VAN is located in the peptide core of the mole-
cule. Also, UV-Vis and ESI-MS show that IPV apparently contains
two different binding sites for AgI ions, one that is expected to
be the same as for VAN in the peptide core, and a second co-
ordination site that is located at the pyridinyl group. Crystals
of VAN and IPV containing silver(I) ions were not until now, de-
spite our extensive trials. We also tried to simulate the 3D
structure using a heteronuclear two-dimensional NMR tech-
nique, but the poor resolution of 1H–15N HSQC (heteronuclear
single quantum coherence) spectra did not allow any conclu-
sion at this point.

Coating

In order to study the attachment of our coating, an oriented
gold Au(111) layer was used as a model surface. This is a repro-
ducible surface, which guarantees the reliability of our meas-
urements. In our previous antimicrobial coatings studies,[41–43]

a sulfur-containing molecule with a pyridinyl group was syn-
thesized[51] as a surface linker, as it is known that the sulfur
atom forms a covalent bond with the gold atoms. This disul-
fide precursor (BriSSBri) of the anchor molecule (SBri) acted as
the starting point to build up the silver-coated surfaces. Such
antimicrobial coatings were obtained either by direct coating
or in a layer-by-layer deposition of the coating components,
namely silver ions and ligand.[41, 42, 44]

In this study, a layer-by-layer method was preferred. After
being flame-annealed, the gold plates were treated with the
disulfide precursor and then immersed in a silver(I) nitrate solu-

tion to generate the first silver layer. In order to obtain the
final coating (Figure 1), a combined treatment using both IPV
and silver(I) nitrate was performed to produce the final coated
surface. An uncoated Au(111) surface (1) served as a control,
and two active surface coatings were prepared. A first coating
(2) was obtained by depositing the SBri linker, followed by
a layer of silver nitrate and a final coating of IPV (Au(111)-SBri-
Ag–IPV). For the second active sample, the deposition se-
quence was the same except for the last coating solution,
which contained an IPV–Ag complex, yielding Au(111)-SBri-Ag-
[IPV–Ag] (3).

Surface analysis

To determine the presence and distribution of IPV attached to
Au(111), indirect immunofluorescence detection of the AgI–IPV
conjugate was performed with a specific anti-VAN antibody, as
shown in Figure 2. In Figure 2 A, the uncoated control surface
of type 1 showed no fluorescence. In Figure 2 B, the intermedi-
ate coated surfaces (2) showed a diffuse fluorescence with few
small aggregates.

These findings indicated that our coating was homogenous,
with minor irregularities. The final coated surfaces (3) (Fig-
ure 2 C) show a stronger fluorescence with aggregate forma-
tion. As expected, overall fluorescence detection increases as
the IPV is increasingly coated, indicating the formation of an
IPV-containing coating. Controls made by omitting the disul-
fide anchor and the first silver layer did not show any green
fluorescence (data not shown here), leading to the conclusion
that IPV is connected to the surface, mediated by coordination
to silver ions which are themselves bound to the Au surface
via the sulfur-containing SBri linker (as demonstrated earli-
er).[40, 41, 43] These data demonstrate that pyridinyl derivatization
of VAN provides an efficient linker between silver and the VAN
moiety of IPV, and that the surface can be covered evenly with
areas of focal concentrations, likely with multiple layers of AgI–
IPV conjugate on the specimens (3). Extensive coating with
serum protein obtained by storing the coated samples in fetal
calf serum, which mimics in vitro the extracellular matrix (ECM)
layers found in the in vivo conditions, did not hinder the ability
of the covalently-tethered IPV derivative to bind the antibody
and demonstrated that the AgI–IPV coating remained stable

Figure 2. Immunofluorescence detection of vancomycin derivative IPV on
gold surfaces. Gold surfaces were incubated with anti-vancomycin antibody
for 24 h, followed by incubation with an FITC-coupled secondary antibody
before being analyzed under a confocal microscope. A) uncoated Au(111)
surface 1 (magnification 20 �). B) coated Au(111)-SBri-Ag–IPV surface 2 (mag-
nification 20 �). C) Au(111)-SBri-Ag-IPV-[IPV–Ag] surface 3 (magnification 20
�).
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over a period of 1 month (Supporting Information).
To confirm the previous results, scanning electron mi-
croscopy (SEM) images were taken on the coated
gold surfaces (Figure 3). Results from the coated sur-
faces (2) showed a homogenous coating containing
few nanoparticles (Figure 3 A and B). The coating
thickness was estimated to be about 1 mm (Fig-
ure 3 B). Surface 3 showed more microparticles or ag-
gregates of IPV molecules (Figure 3 C) embedded in
a diffuse and thinner nanolayer of silver-containing
nanoparticles (Figure 3 D). The aggregate formation
was concentration-dependent and confirmed the re-
sults obtained with immunodectection of IPV with
a maximal aggregate size of 2 mm confirmed by EDS
analysis (Supporting Information).

Wettability seems to play a dominant role for ad-
hesion of bacteria and cells[52] onto a substrate, espe-
cially in the initial phase of cell–material interac-
tion.[53, 54] Wettable (hydrophilic) surfaces are required
for many biomaterials, as hydrophobic surfaces are
considered to be more protein-adsorbent than hy-
drophilic surfaces.[55–57] Cells have been observed to
adhere, spread, and grow more on moderately wetta-
ble surfaces with water contact angles of 50–708.[58, 59]

A surface could be considered hydrophilic when the
angle q is smaller than 908. Contact angle data is
shown in Table 1 for water sessile drops on uncoated
Au(111) surfaces 1 and coated surfaces 2 and 3.
While the intermediately coated surfaces (2) are more
hydrophilic than the uncoated surfaces (1), the final
coated surfaces (3) have a contact angle close to 508.

As coordinative bonds between silver ions and IPV
molecules are used to create this antimicrobial coat-
ing, release kinetics of the two antimicrobial drugs,
IPV and silver, were studied over time. The release of

silver ions from both coated surfaces 2 and 3 into phosphate-
buffered saline (PBS) solution at room temperature over
30 days, measured by inductively coupled plasma–optical
emission spectroscopy (ICP-OES), is depicted in Figure 4 A. The
results indicated that coated specimen 3 released significantly
more silver than specimen 2 throughout the entire incubation
period. After 6 h, approximately 1 ppm (mg mL�1) was released
into the PBS solution, followed by a plateau reached at day 4
with 2.29 mg mL�1 of silver ions. As the first 6 h after device im-
plantation have been reported to be critical in reducing initial
bacterial adhesion,[60] this initial high release of silver ions from

Figure 3. Scanning electron microscopy images at different positions and
magnifications. A) and B) Coated Au(111)-SBri-Ag–IPV surface 2. C) and
D) Coated Au(111)-SBri-Ag-Ag-[IPV–Ag] surface 3.

Table 1. Contact angle data for surfaces 1–3.

Surface Angle [8][a]

1: Au(111) 48.45�4.9
2 : Au(111)-SBri-Ag–IPV 34.15�4.1
3 : Au(111)-SBri-Ag-[IPV–Ag] 44.93�3.7

[a] Data represent the mean of n = 3.

Figure 4. The curve of both drugs release from coated Au(111)-SBri-Ag–IPV surfaces 2
and coated Au(111)-SBri-Ag-[IPV–Ag] surfaces 3 immersed in PBS over a period of
30 days. A) Silver release profile. B) IPV release profile.
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our coatings is favorable to fight bacterial adhesion. Compared
to our AgI–IPV conjugate coated surfaces 3, we noticed that
the intermediately coated surfaces (2) only released silver ions
for 2 h, and only a low concentration (0.25 mg mL�1) could be
measured after seven days. These data confirmed our hypothe-
sis of the AgI–IPV multilayer formation upon coordination to
silver, and hence stronger silver release, in coatings of type 3.
Such multiple layers may form, for example, via back-to-back
dimer formation of the VAN moiety of IPV. Indeed, it was
shown that VAN is highly active in its dimeric form.[18, 61] We
propose that such interactions take place upon aggregate for-
mation in coatings of 3 as well, mediated by silver ion coordi-
nation.

The release solutions from both coated specimens 2 and 3
were measured by UV-Vis spectroscopy at a wavelength of
280 nm for each immersion time in PBS in order to detect re-
leased IPV. The release profile of IPV is depicted in Figure 4 B.
More IPV molecules were released into the PBS buffer from
coated specimen 3 than from specimen 2 throughout the
whole incubation period, which indicated that more IPV was
deposited when silver(I) ions were present in the final coating
solution. This is in accordance with the results obtained by im-
munodectection.

We observed that 40 % of IPV was released from coated sur-
faces 3 during the first 9 h and 30 % during the following
5 days, with released concentrations values higher than the
minimal bactericidal concentration (MBC) value. We noticed
that the release profile of our IPV drug from IPV–Ag conjugate
surfaces 3 was similar to another study[62] in which hydroxyapa-
tite pores coated on TiAlV were filled with VAN-chitosan com-
posite, providing prophylaxis and therapy for osteomyelitis.
This high release of IPV (147.4 mg mL�1) during the first hours
would be advantageous in combination with silver(I) ions to
fight bacterial adhesion at the site of implantation. We also ob-
served a slower release of the remaining 30 % IPV
(116.8 mg mL�1) during the next 25 days, indicating that our
newly coated AgI–IPV conjugate surface (3) may also act as
a postoperative treatment against infections and will not favor
bacterial resistance. The IPV release profile is in accordance
with the ideal antibiotic release profile, with a burst release
(high release rate) for fighting bacteria during surgical implan-
tation, followed by sustained released with an efficacious dose
to hinder latent infections.[63]

Bacterial evaluation

The minimal inhibitory concentration (MIC) and the MBC
values have been established to determine the susceptibility of
Staphylococcus epidermidis and S. aureus to the new IPV com-
pared to VAN. The MIC is defined as the lowest concentration
of an antibiotic that will inhibit the (in vitro) growth of an in-
fectious organism. The MBC is the first dilution at which no
growth is observed and is defined as the lowest concentration
of an antimicrobial agent needed to kill 99.9 % of the initial or-
ganism inoculum. VAN inhibited an S. epidermidis strain at
0.63 mg mL�1, while S. aureus was more resistant. It was found
that the IPV derivative retained activity against VAN-susceptible

Gram-positive bacteria and showed similar activity to VAN
against both strains, with MIC values of 2.5 mg mL�1 and
5 mg mL�1 for S. epidermidis and S. aureus, respectively. The
MBC values for both VAN and its derivative, IPV, remained
quasi-identical. The antimicrobial susceptibility of a drug is
evaluated by the MIC/MBC ratio. A compound is generally con-
sidered to be bactericidal if the ratio of MIC to MBC is �4.
Both Staphylococci strains were thus sensitive to VAN and IPV
(Table 2). Comparing the MBC/MIC ratio for both VAN and its
derivative IPV, we concluded that our new IPV was active and
bactericidal against both Staphylococci strains and that modifi-
cation of the C terminus of VAN did not affect the bacterial ac-
tivity.

The antimicrobial activity of our new surfaces, modified by
silver–IPV conjugate, was also investigated via Kirby-Bauer
tests.[64] In our case, permissive agar plates were used in which
the inhibition of bacterial growth around the coated gold sur-
faces was measured. The size of the inhibition zone is usually
related to the level of antimicrobial activity present in the
sample or product. A larger zone of inhibition usually means
that the antimicrobial compound is more potent. Different
concentrations of silver–IPV conjugate compound tested posi-
tively against both Gram-positive (S. aureus and S. epidermidis)
and Gram-negative (E. coli) bacteria, with inhibition zones rang-
ing from 10 to 16 mm. The antimicrobial effect was concentra-
tion- and bacterial inoculum-dependent (Supporting Informa-
tion). Moreover, the Gram-positive S. aureus strain, which is pri-
marily responsible for implant-related infections, was suscepti-
ble against both of our modified surfaces (Figure 5).

Indeed, coated surfaces 2 and 3 led to a reduction in
S. aureus growth with maximal inhibition zone diameters of
13 mm and 20 mm, respectively, at 104 CFU mL�1. At a high
bacterial concentration (106 CFU mL�1), maximal inhibition
zones of 10 mm and 18 mm were observed, respectively. Our
data showed that, when silver(I) ions were used in combina-
tion with IPV in the final layer, the antimicrobial activity of our
developed coating (3) increased significantly. The inhibition
zones reached up to 20 cm in diameter, which is a characteristic
of very efficient antimicrobial agents and may be attributed to
synergistic effects of the two compounds.

Combining both silver(I) ion and IPV release profiles with
these data, we assumed that the multilayered AgI–IPV conju-

Table 2. Minimal inhibitory concentration (MIC) and minimal bactericidal
concentration (MBC) values of vancomycin (VAN) and its derivative (IPV)
on wild-type S. aureus 113 (SA) and S. epidermidis 1457 (SE).[a]

Compd MIC [mg mL�1] MBC [mg mL�1] MBC/MIC
SE SA SE SA SE SA

VAN 0.63 2.50 1.25 5.00 1.98 2.00
IPV 2.50 5.00 2.50 5.00 2.00 2.00

[a] MIC and MBC values were determined by macrobroth dilution accord-
ing to NCCLS guidelines. Data represent the mean of n = 3.
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gates would create an efficient antimicrobial coating that
would immediately release AgI ions and antibiotic derivatives
at the site of implantation. This would be advantageous, as
high local doses could be administered without exceeding the
systemic toxicity level of the drugs.[65, 66]

Cytotoxicity and cell adhesion evaluation

Cytotoxicity testing of implantable biomaterials is mandatory
in safety assessment. Mouse fibroblast cells were thus used as
a cell model to investigate the effects of our new coated sur-
face variations on soft tissue response, as fibroblasts are
strongly involved in the wound healing process.[67] MTT activity
assays using fibroblast-like cells to study cell proliferation and
by extension, cell cytoxicity, were performed, followed by cell
morphology studies. Comparison of the proliferation activity
from coated specimens versus untreated controls was spectro-
photometrically quantified. A decrease in MTT reduction re-
flects the loss of cell viability in cells that are undergoing apop-
tosis. As a control, cells were grown on plastic and uncoated
Au(111) surfaces (1), and each assay was carried out in tripli-
cate for statistical evaluation (Figure 6)

Cells grew well on uncoated surfaces 1 and coated surfaces
2 and 3, showing an increase in MTT activity with incubation
time, as shown in Figure 7. Fibroblast cell growth continued to
increase after 3 days in culture, indicating that proliferation
proceeded for all specimens. Comparing the cellular response
to uncoated surface 1, a slower cell response was observed for
both coated surfaces 2 and 3. Both coatings 2 and 3 per-
formed similarly in this biocompatibility test, reaching half of
the optical density after 48 h as compared to coating 1, and
35 % after 72 h. Although slower proliferation was observed,
we concluded from the above results that our new bactericidal
coated surfaces, 2 and 3, enhanced bioactivity and were prom-
ising for further in vitro experiments.

The long-term success of an implant, such as a dental im-
plant, strongly depends on good adhesion of the surrounding
tissue to the biomaterial. In culture, most cells adhere to their

underlying substrate by means of focal adhesion contacts
(FACs), which are restricted areas of extremely close contact
between the basal cell membrane and the substratum.[68–70]

Focal contacts can be identified by the presence of actin bind-

Figure 5. Agar inhibition assay (Kirby-Bauer test) with S. aureus 113 at 104

and 106 CFU mL�1. Effect of uncoated Au(111) surfaces 1, coated Au(111)-
SBri-Ag–IPV surfaces 2, and coated Au(111)-SBri-Ag-[IPV–Ag] surfaces 3.

Figure 6. MTT assay of uncoated Au(111) surfaces 1, coated Au(111)-SBri-Ag-
IPV surfaces 2, and coated Au(111)-SBri-Ag-[IPV–Ag] surfaces 3. Cell viability
was assessed after cells were cultures for 24 h, 48 h, and 72 h.

Figure 7. Indirect immunofluorescence of focal adhesion contact sites in
murine fibroblast cells as revealed by vinculin staining in red (A, B, C), actin
staining in green (D, E, F), nucleus staining in blue (G, H, I) and the merged
images (J, K, L). Note that both proteins are co-distributed in focal adhesion.
Effect of uncoated surfaces 1 (A, D, G, J), coated Au(111)-SBri-Ag–IPV surfaces
2 (B, E, H, K) and coated Au(111)-SBri-Ag-[IPV–Ag] surfaces 3 (C, F, I, L).
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ing to the protein vinculin. They provide sites of mechanical at-
tachment to the ECM and are proteins at which adhesion-asso-
ciated signal transduction is initiated. The adhesion phase in-
volves various biological molecules like ECM proteins, cell
membrane proteins, and cytoskeletal proteins, which interact
together to induce signal transduction, promoting the action
of transcription factors and consequently regulating gene ex-
pression.[71] Cell spreading and adhesion are phenomena in-
volving complex cytoskeletal reorganization. However, fibro-
blast cell types have focal adhesions that exhibit dash and dot
adhesions.[72] The presence of the larger, mature, dash adhe-
sion around the periphery of fibroblast, as well as along the
stress fibers, can be used as an indicator of cytocompatibility.

We first visualized the intracellular actin molecules in FAC
areas on uncoated Au(111) surfaces 1 and coated surfaces 2
and 3 using the indirect immunofluorescence labeling method.
To quantify fibroblast adhesion on uncoated surface 1 and
coated surfaces 2 and 3, the focal adhesion protein vinculin
was immunolabeled in red (Figure 7 A–C), whereas the actin
protein was immunolabeled in green (Figure 7 D–F). Nuclei
were visualized in blue by using a DAPI stain (Figure 7 G–I). A
control was designed by omitting the primary antibody for all
specimens. We observed that all actin distributed around the
nucleus creates fibers and connections with other cells. Vincu-
lin proteins were observed around the nucleus and were co-lo-
calized with the actin protein. These observations indicate that
cells attach to all uncoated surfaces 1 and coated surfaces 2
and 3 and develop their cytoskeleton as a sign of good prolif-
eration and adhesion.

The morphology of the fibroblast-like cells, incubated on un-
coated surfaces 1 and coated surfaces 2 and 3 for 3 days, is
shown on Figure 8, revealing spreading filopodia and an obvi-
ous nucleus on the cells. This indicated that the coated speci-
mens 2 and 3 provide a good environment for fibroblast cells,
consistent with the results of MTT activity assays.

We demonstrated in this study that our IPV–Ag conjugate
coatings inhibit both Gram-positive and Gram-negative bacte-
ria and could be efficient against adherent bacteria as well as
non-adherent bacteria, as both drugs are released. Indeed, this
coordination-type binding renders the antibiotic and the silver
available for acting against all different classes of organisms
and not only against a specific class of bacteria, as shown in
other studies.[4–7]

These studies regarding covalently bound vancomycin to ti-
tanium without any release of the drug show only an effect on
Gram-positive bacteria adherence, with a minimal effect on
Gram-negative bacteria adherence and no effect on non-adher-
ent bacteria.[4–7] Moreover, we show in this study that both
drugs, the IPV molecule and silver(I) ions, have a synergic
effect on killing bacteria and will thus be an option for both
Gram-positive and Gram-negative infection treatments. Indeed,
it has been shown that a synergetic effect of AgNPs, combined
with sulfonamide and glycopeptide drugs, increased the sus-
ceptibility of different bacteria.[15–17, 73–75] For example, Ramirez
et al.[17] demonstrated that the increase in reactive oxygen spe-
cies production and membrane permeability caused by Ag+ ,
triggering the bacterial cellular network, enhances the activity
of their tested antibiotic arsenal. We also propose that our
IPV–Ag conjugate coating system would become a promising
alternative to the commonly gentamicin-impregnated bone ce-
ments, based on non-biodegradable polymer polymethylmeth-
acrylate (PMMA). Indeed, some studies on gentamicin-impreg-
nated PMMA cement have shown bacterial adhesion and
growth on antibiotic-loaded cement, as well as development
of bacterial resistance strains, despite the release of anti-
biotics.[76–79]

Conclusions

Vancomycin was derivatized with a pyridinyl group at its C ter-
minus without loss of stability and antimicrobial activity.
Indeed, the IPV derivative remained bactericidal against both
S. aureus and S. epidermidis strains. IPV was deposited in a final
layer of a supramolecular surface coating, either in pure form
or as a silver complex. In the latter case, a higher IPV coating
was detected on the gold surfaces than on the control sur-
faces, and the homogenous and nanostructured, multilayered
AgI–IPV conjugate tested positively against both studied
Staphylococci strains. Release profiles of both the silver(I) ions
and the IPV derivative showed promising results for the imme-
diate availability of these two drugs, which can prevent bacte-
rial adhesion, at the site of implantation. This new antimicrobi-
al AgI–IPV conjugate coating shows good and encouraging
biocompatibility for soft tissue integration for further in vivo
studies.

Experimental Section

Material Preparation

General : All chemicals and sol-
vents were purchased in the high-
est available quality. Coupling
agent O-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexa-
fluorophosphate (HATU), diisopro-
pylethylamine (DIEA), 4-aminopyri-
dine, and thiazolyl blue tetrazolium
(MTT reagent) were purchased
from Sigma–Aldrich. Monoproc-
tected Fmoc-8-amino-3,6-dioxaoc-

Figure 8. Effect of Ag–IPV conjugate-coated surfaces on fibroblast cells. A) uncoated surfaces 1. B) Coated Au(111)-
SBri-Ag–IPV surfaces 2. C) Coated Au(111)-SBri-Ag-[IPV–Ag] surfaces 3. Cell proliferation was assessed at day 3.
Cells were fixed onto surfaces, dehydrated, thinly sputter-coated with gold, and examined using a scanning elec-
tron microscope.
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tanoic acid (Fmoc-AEEA) was purchased from Peptides Internation-
al, rabbit anti-VAN IgG antibody was obtained from Acris, and
human anti-vinculin (hVIN-1) and anti-mouse IgG Alexa Fluor 546
antibodies were purchased from Lubioscience. Commercial vanco-
mycin Vancocin� was provided by Teva Pharma. ESI-MS spectra
were recorded with a BRUKER FTMS 4.7T BioAPEX II (Combi-
Source). 1H NMR analyses were performed on a Bruker 400 Utra-
shield spectrometer. Differential scanning calorimetry (DSC) meas-
urements were obtained from a Mettler DSC-30 instrument. UV/vis
properties were analyzed on a PerkinElmer Lambda 40 UV/vis spec-
trometer. Measurements were collected in liquid solution.

IPV derivative synthesis using liquid-phase peptide synthesis :
Fmoc-AEEA (617 mg, 1.6 mmol) was added to a solution of 4-ami-
nopyridine (94 mg, 1 mmol) in DMF (10 mL). The mixture was
cooled to 2 8C, and HATU (608 mg, 1.6 mmol) was added, followed
by DIEA (0.56 mL, 3.2 mmol). The solution was stirred for 1 h at
2 8C and then allowed to warm to RT and stirred overnight, fol-
lowed by Fmoc deprotection with 20 % piperidine in DMF at RT for
5 h. Reaction completion was confirmed by thin-layer chromatog-
raphy (TLC). The reaction was concentrated in vacuo to give the
crude product (958 mg), which was then dissolved in water
(20 mL). The aqueous phase was washed with CH2Cl2 (2 � 20 mL).
The water solution was purified by preparative reversed-phase
HPLC (linear gradient from 5 % to 40 % using 0.1 % trifluoroacetic
acid (TFA) in CH3CN for 30 min) and lyophilized to afford AEEA
linker 3 (211 mg, 0.88 mmol, 88 %): 1H NMR (300 MHz, CDCl3): d=
8.45 (d, 2 H, CHar), 8.17 (d, 2 H, CHar), 4.15 (s, 2 H, COCH2O), 3.18 (m,
6 H, OCH2CH2), 1.83 ppm (s, 2 H,CH2CH2NH); ESI-MS (293 K): m/z =
240.1 [M+H]+ .

VAN (1449 mg, 1 mmol) was then coupled to linker 3 (211 mg,
0.88 mmol) using the same procedure as described above. Remov-
al of the solvent afforded the crude product, which was purified by
semi-preparative reversed-phase HPLC (linear gradient from 5 % to
40 % using 0.1 % TFA in CH3CN for 30 min) and lyophilized to
afford IPV (750 mg, 0.45 mmol, 51 %): 1H NMR (400 MHz, D2O):
same resonance as VAN, with d= 8.49 (d, 2 H, J = 6.2 Hz, CHar), 8.01
(d, 2 H, J = 6.9 Hz, CHar), 4.30 (s, 2 H, COCH2O), 3.00 (s, 6 H,
OCH2CH2), 2.58 ppm (s, 2 H,CH2CH2NH); ESI-MS (293 K): m/z =

1671.55 [M+H]+ .

Coating of Au(111): Flame-annealed gold monolayer plates were
pre-treated with disulfide solution [5 mm bis 2-((4-pyridinylcarbo-
nyl)oxy)ethyl disulfide dissolved in CH2Cl2/EtOH (1:1)] . After 7 days
of incubation, the gold plates were washed with EtOH and imme-
diately placed in a 5 mm silver solution for 7 days in the dark, fol-
lowed by washing with EtOH. The plates were then immersed in
a 2 mm IPV solution for 1 month. A 2 mm silver solution was then
directly added, and the plates were incubated for 1 day at RT. Fi-
nally, all of the plates were washed with EtOH and dried in the
dark under vacuum over P2O5. The prepared samples were kept in
the dark in a closed, clean container.

Anti-vancomycin immunodetection : The test substrates were
washed once with phosphate-buffered saline (PBS) and incubated
in a blocking solution containing 5 % goat serum and 1 % FCS in
PBS for 30 min at RT. After rinsing the substrates twice with PBS,
primary antibody rabbit anti-VAN IgG (1:150) was added in a 1.5 %
milk solution for 2 h at RT. Substrates were rinsed twice with PBS
prior to addition of the secondary goat anti-rabbit Alexa Fluor 514
antibody (1:400) in a 1.5 % milk solution for 2 h at RT. After a final
rinse, the substrates were mounting onto a glass slide before visu-
alization under a confocal microscope.

Scanning electron microcopy : SEM was used to examine the sur-
face topography on the modified gold plates before incubation
with fibroblasts (FEI XL 30 Sirion FEG).

Surface wettability : To characterize surface wettability, contact
angle analysis was performed on all surface modifications. The ses-
sile water drop method was used for contact angle measurement.
For every surface modification, three measurements were made at
RT to provide adequate replications for statistical analysis. Pictures
were treated using ImageJ with the “Contact Angle” plug-in.

Drug release : Absorption of silver(I) ion measurements were deter-
mined using an inductively coupled plasma–optical emission spec-
troscopy (ICP-OES) Perking Elmer Optima 7000DV spectrometer. Di-
luted HNO3 (2.2 m) was used to keep the silver ions in solution. Ab-
sorption of IPV measurements were determined using a UV/vis
Perking Elmer Lambda 40 spectrometer.

Bacterial evaluation

Bacterial strains and growth conditions : S. aureus 113[80] and S. epi-
dermidis 1457[81] were freshly grown in tryptic soy broth (TSB) for
7 h at 37 8C without shaking. A 1:100 dilution was used to inocu-
late the overnight culture. Bacterial numbers were estimated by
determining the optical density at 600 nm and assessed by plating
serial dilutions on Mueller Hinton agar (MHA). In the agar experi-
ments, this overnight culture was directly diluted to the desired in-
oculum.

MIC/MBC assay : MIC and MBC values were determined according
to the macrodilution method of the Clinical and Laboratory Stand-
ards Institute (CLSI).

Agar inhibition assays (Kirby-Bauer test): MHA was melted and then
cooled to approximately 50 8C. S. aureus 113 bacteria were diluted
to 1 � 104 CFU mL�1 and at 1 � 106 CFU mL�1 in the agar. Substrates
were completely covered with agar and incubated for 18 h at
37 8C. The diameters of the inhibition zones around the substrates
were measured.

Cell adhesion evaluation

Cell culture : L-929 mouse fibroblasts (ATTC: CCL-1) were used as
a cell model to investigate the effect of surface and material varia-
tion on soft-tissue response. The fibroblast cultures were main-
tained in RPMI 1640 (Invitrogen) supplemented with 10 % fetal
bovine serum, 1 % penicillin-Streptomycin, 1 X non-essential amino
acids and 1 mm sodium pyruvate at 37 8C in humidified air and 5 %
CO2. Cultures were subdivided by trypsinisation using trypsin-EDTA
solution. The modified substrates were placed in standard 24-well
tissue culture plates before seeding the cells at an inoculum of
20 000 cells per well. As a control substrate for cell attachment and
growth, fibroblasts were plated directly onto tissue culture poly-
styrene plastic. Cells were incubated for 24 h, 48 h and 72 h at
37 8C in humidified air and 5 % CO2. All subsequent experiments
were performed in triplicate and were repeated twice.

Cell morphology (scanning electron microscopy): The test substrates
were pre-incubated in RPMI medium supplemented with 10 % FCS
for 18 h at 37 8C, then washed with PBS and placed in new 24-well
plates. Cells were seeded at a density of 2 � 104 cells/1.9 cm2 onto
the test substrates. At 72 h, fibroblasts were rinsed with PBS to
remove non-adherent cells and then fixed with 4 % paraformalde-
hyde for 10 min at RT. After a final rinse with PBS and water, cells
were dehydrated through a graded series of EtOH (30 %, 50 %,
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70 %, 90 %, and 100 %). After air-drying, substrates were thinly
sputter-coated with gold. Fibroblasts on gold served as controls.

Focal adhesion contact sites (immunochemistry): To visualize the in-
tracellular actin and vinculin in FACs areas, immunochemistry was
performed. The test substrates were pre-incubated in RPMI
medium supplemented with 10 % FCS for 18 h at 37 8C, then
washed with PBS and placed in new 24-wells plate. Cells were
seeding at the right density onto the tests substrates. At 72 h, fi-
broblasts were rinsed with PBS to remove the non-adherent cells
and then fixed with 4 % paraformaldehyde and 0.2 % Triton X100
solution for 8 min at RT. The substrates were rinsed twice with PBS
before storage at 48 in PBS solution. The substrates were incubated
in a blocking solution containing 5 % goat serum and 1 % FCS in
PBS for unspecific binding for 30 min at RT, followed by two
washes with PBS. The primary antibody, human anti-vinculin (hVIN-
1; 1:300) was added in a 1.5 % milk solution and incubated for 2 h
at RT. After three rinses with PBS, the secondary anti-mouse IgG
Alexa Fluor 546 antibody (1:400) and DAPI stain (1:1000) were
added in a 1.5 % milk solution for 2 h at RT. Following three rinses
after each substrate with PBS, Alexa Fluor 488 phallaoidin (1:40)
was added and incubated 20 min at RT, followed by a final rinse
before analysis by confocal microscopy.

Cytotoxicity evaluation : A quantitative colorimetric MTT test was
performed after 24 h, 48 h, and 72 h culture to characterize cellular
metabolism. The test substrates were pre-incubated in RPMI
medium supplemented with 10 % FCS for 18 h at 37 8C, then
washed with PBS and placed in new 24-well plates. Cells were
seeded at a density of 2 � 104 cells/1.9 cm2 onto the test substrates.
At 24 h, 48 h, and 72 h, the test substrates were placed in new
wells, and 500 mL of fresh medium was added, followed by the ad-
dition of 50 mL of MTT solution [5 mg mL�1 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide in PBS] to each well. Cells
were incubated at 37 8C for 4 h, then medium was removed from
each well and stored at 4 8C for hours. Dimethylsulfoxide (DMSO;
500 mL) was added to each well, followed by 30 min incubation at
RT on a shaker. A 150 mL aliquot of each solution was transferred
to a 96-well plate. Optical density was measured at 540 nm with
a Hidex Sense Beta Plus.
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