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Abstract
This study reports on the use of a fibrinogen-derived peptide for the specific targeting and delivery
of vancomycin to Staphylococcus epidermidis biofilms. One method by which S. epidermidis
initially adheres to biomaterials uses the plasma protein fibrinogen as an intermediary, where the
S. epidermidis surface protein SdrG binds to a short amino acid sequence near the amino terminus
of the Bβ chain of fibrinogen. We mimicked this binding interaction and demonstrated the use of a
synthetic fibrinogen-based β6-20 peptide to target and deliver vancomycin to S. epidermidis in
vitro. The β6-20 peptide was synthesized and labeled with a nanogold probe, and its targeting
capabilities were examined through the use of scanning electron microscopy. The Nanogold
component was then replaced by vancomycin, utilizing a flexible, variable length poly(ethylene
glycol) linker between the peptide and antibiotic to create the targeted vancomycin products,
β6-20-PEGx-VAN. Initial binding to surface adherent S. epidermidis was increased in a
concentration-dependent manner relative to vancomycin for all equivalent concentrations ≥4 μg/
ml, with targeted vancomcyin content up to 22.9 times that of vancomycin alone. Retention of the
targeted antibiotics was measured after an additional 24 hour incubation period, revealing levels
1.3 times that of vancomycin. The results demonstrate the improved targeting and retention of
vancomycin within a biofilm due to the incorporation of a specific targeting motif.
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INTRODUCTION
There are approximately 40 million surgical procedures involving artificial devices
performed each year in the United States1. Complications arising from nosocomial
infections pose a significant health risk to patients with synthetic implants. Staphylococci,
enterococci, enterobacteriaceae, and Candida spp. are the common pathogens associated
with infections of indwelling medical devices2, with the likelihood of infection, as well as
the organism implicated in the infection, greatly dependent upon the type and location of the
implant2. In the case of intravascular implants, coagulase-negative staphylococci (CoNS),
particularly Staphylococcus epidermidis, are the most common cause of infection1,3.

The initial stage of S. epidermidis infection of intravascular devices involves bacterial
adhesion through interactions with host plasma proteins that adsorb onto the biomaterial
surface immediately following implantation3–12. Specific binding between S. epidermidis
and host proteins is commonly mediated by microbial surface components recognizing
adhesive matrix molecules (MSCRAMMs)13,14, with SdrG responsible for S. epidermidis
binding to amino acids 6–20 of the fibrinogen Bβ chain9,11,15 with a KD of 0.9×10−7 M15. A
synthetic peptide sequence representing the first 25 amino acid residues of the Bβ chain of
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fibrinogen (β1–25) was used by Davis et al15 to mimic the SdrG binding region, and this
peptide bound to SdrG with a KD of 1.4×10−7 M. Thus, the significant amino acids
necessary for the SdrG-fibrinogen binding interaction are present in the β1–25 peptide, and
this linear sequence is in a nearly optimal conformational state. The fibrinogen binding
domain was further localized to the β6–20 peptide, consisting of the amino acid sequence
NEEGFFSARGHRPLD15, with amino acids β10–15 contributing most significantly to the
SdrG-fibrinogen binding16. The affinity of the β6-20 peptide towards SdrG can be
significantly reduced by creating substitution peptides, such as β6-20-R14A and β6-20-
G15A, in which individual amino acid residues within the β10–15 binding region are
replaced with an alanine residue16.

Targeted therapy of bacterial infections has been studied in various forms. Lytic
bacteriophages represent a class of naturally occurring targeted antibacterial treatments, with
phages identified that can infect various organisms, dissolve the exopolysaccharide matrix
of existing biofilms, and in some cases even reduce the need for clinical use of antibiotics17.
Another promising concept is the use of antibodies as opsonizing agents for colonizing
bacteria. Opsonized S. epidermidis experience increased phagocytosis, resulting in a
significantly lower incidence of infections in vivo18–21. However, targeted delivery of
existing antibiotics remains a relatively unexplored area.

Vancomycin is a glycopeptide antibiotic that acts against gram positive bacteria by
preventing the incorporation of N-acetylglucosamine and N-acetylmuramic acid into the
growing peptidoglycan matrix22. Vancomycin forms a series of five hydrogen bonds with
the terminal -D-Alanine-D-Alanine residues of the peptidoglycan intermediates, thereby
interfering with the biosynthetic pathway used to build a stable cell wall23. The most
common reason for Vancomycin resistance in a microbial population is a mutation that
results in the peptidoglycan precursors terminating with -D-Alanine-D-Lactate, which
eliminates one of the hydrogen bonds with vancomycin and lowers binding affinity by a
factor on the order of 100024. In order to overcome this resistance, glycopeptide antibiotics
form non-covalent dimers that are thought to improve antibiotic effectiveness by
preferentially locating the antibiotic at the site of action. After the first vancomycin
molecule binds its target, the second binding event can be considered an intramolecular
event that is more difficult to antagonize than a solution-phase bimolecular binding event25.
Thus, facilitating the binding interaction between vancomycin and its ligand can lead to
improved antibiotic treatment by recovering binding efficiency lost due to the -D-Ala-D-Lac
mutation.

Given the importance and prevalence of the SdrG-fibrinogen binding scheme in the initial
stages of S. epidermidis infections, this binding behavior should be explored as a mechanism
for specifically delivering therapeutic agents to S. epidermidis infections. The experiments
presented here were designed to mimic the benefits obtained by dimerization of
glycopeptide antibiotics, while adding a specific targeting and delivery aspect to the system
through use of the synthetic β6-20 peptide. By covalently linking vancomycin to the β6-20
peptide, we have developed a system to specifically deliver vancomycin to the S.
epidermidis biofilm.

MATERIALS AND METHODS
Peptide Synthesis

Two targeting peptides, NEEGFFSARGHRPLD (β6-20) and (Ac)-
CNEEGFFSARGHRPLD (Cys-β6-20), as well as two substitution peptides used as non-
binding controls, NEEGFFSAAGHRPLD (β6-20-R14A) and NEEGFFSARAHRPLD
(β6-20-G15A), were synthesized by solid phase peptide synthesis on a 433a ABI peptide
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synthesizer (Applied Biosystems), using 9-fluoronylmethoxycarbonyl (fmoc) amino acids
on a Knorr resin26. The Cys-β6-20 amino terminus was acetylated using acetic acid in a
final automated coupling step on the synthesizer. The peptides were cleaved and deprotected
using trifluoroacetic acid (TFA). Reverse phase high performance liquid chromatography
(RP-HPLC) was used to purify the cleaved peptides, using water (w/ 0.1% TFA) and
acetonitrile (w/ 0.082% TFA) as the aqueous and organic components of the mobile phase.
Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
was used to confirm the purified peptide products were of the correct molecular weight.

Peptide Labeling with Nanogold
The β6-20 peptide was labeled for imaging using sulfo-N-hydroxy succinimide Nanogold
(Nanoprobes, Inc; Yaphank, NY). Briefly Nanogold (6 nmol) was dissolved in Millipore
water (0.2 ml). A 20-fold excess of the β6-20 peptide was dissolved in HEPES buffer (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, 0.02 M, pH 7.5, 1 ml). The two solutions
were then mixed and incubated at room temperature for 1 hour while gently shaking. The
labeled peptide was separated from the unlabeled peptide on the basis of molecular weight
using a Millipore Centricon YM-10 centrifuge filter with a molecular weight cutoff of
10kDa. The peptide/Nanogold mixture was pipetted into the filter and spun at 4000× g.
After 2 hours, the filtrate was removed and discarded, while the filter was inverted and spun
for 3 minutes at 1000×g to recover the labeled peptide (β6-20-NG) into a new vial. This
procedure was repeated twice to enhance the purification.

Peptide-Vancomycin Conjugation
The β6-20-PEGx-Vancomycin (β6-20-PEGx-VAN) conjugate was synthesized using a
Maleimide-PEGx-Succinimide heterofunctional crosslinker (x=3400 or x=5000 MW).
Vancomycin contains both a primary amine and a secondary methylamine suitable for
conjugation reactions, commonly described as the V3 and X1 positions, respectively (figure
1). In order to ensure that the PEG chain attaches to vancomycin at the desired V3 position
as opposed to the X1 position, a two-step reaction was used (figure 2). The first step of the
conjugation was carried out as described by Greenwald et al27. Briefly, MAL-PEG3400-SCM
or MAL-PEG5000-SCM (Creative PEGWorks, Winston-Salem, NC) was added to a two-fold
excess of vancomycin hydrochloride (Sigma) in anhydrous dimethylformamide (DMF)
supplemented with a twenty-fold molar excess of triethylamine (TEA). The reaction was
carried out under nitrogen, while stirring at room temperature for 12 hours, after which the
mixture was added drop-wise to cold diethyl ether to precipitate the product. The product
was pelleted by centrifugation, and rinsed an additional two times with fresh diethyl ether.
Excess vancomycin was removed from the crude MAL-PEGx-VAN product by dialysis
(3500 MWCO) against water adjusted to pH 5.0 with 1N HCl (in order to prevent maleimide
hydrolysis). The intermediate product was dried and residual vancomycin was quantified by
RP-HPLC (C18 column). Residual, unconjugated MAL-PEGx-SCM was estimated using 1H
NMR.

To prepare the final β6-20-PEGx-VAN product, a 1.5 molar excess of purified Cys-β6-20
peptide was added to MAL-PEGx-VAN in phosphate buffered saline (pH 7.4, 1 mM EDTA)
and stirred for 2 hours at room temperature. Ellman’s assay was used to assess the extent of
thiol disappearance in the reaction mixture, corresponding to formation of the desired
thioether bond. Dialysis against water (3500 MWCO) was then used to remove excess
peptide. Residual peptide and vancomycin were quantified by RP-HPLC (C18 column).
Peptide:PEG:Vancomycin ratios were estimated using 1H NMR.
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Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The broth dilution method was used to determine the MIC and MBC of the newly
synthesized targeted antibiotics. Tryptic soy broth (TSB, 1 ml) containing S. epidermidis
(1×105 cfu/ml) and vancomycin, β6-20-PEG3400-VAN, or β6-20-PEG3400-VAN (0–128 μg/
ml equivalent concentrations) was prepared. The samples (n=3) were then incubated for 24
hours at37°C with gentle shaking, after which the turbidity of the vials was observed. The
MIC was taken as the lowest antibiotic concentration at which the TSB was no longer clear.
In order to determine the MBC, 10 μl of the media from each tube was plated on a trypticase
soy agar plate and incubated for an additional 24 hours at 37°C. The MBC was taken as the
lowest antibiotic concentration at which no colonies were observed.

Seeding of Sample Surfaces
S. epidermidis strain RP62A was used for all procedures as a representative biofilm-positive
strain. An inoculating loop was used to retrieve a small sample of S. epidermidis from a
refrigerated culture plate not more than two weeks old. The bacteria were incubated in
tryptic soy broth (TSB) for 18 hours at 37°C while shaking at 120 rpm, then pelleted and
washed with fresh phosphate buffered saline (PBS, pH 7.4) before being resuspended in
TSB to a final concentration of 0.5×108 cfu/ml, as determined by optical density (OD).
Bacteria solution was then added to 96-well plates (150 μL) or 24-well plates (200 μl) and
incubated at 37°C for 2 or 24 hours. The 24-well plates contained poly(ethylene
terephthalate) (PET) surfaces (15mm diameter). Prior to seeding, the PET surfaces were
cleaned with ethanol and secured in place using sterilized silicone tubing.

Nanogold Targeting
In order to test peptide targeting and delivery of Nanogold particles, 24-well plates were
seeded and incubated for 2 hours, after which the sample surfaces were gently rinsed with
fresh PBS to remove non-adherent bacteria. Unlabeled peptide (β6-20, β6-20-G15A, or
β6-20-R14A) was added to the bacteria in 1% bovine serum albumin (BSA) for 1 hour at
room temperature, followed by a gentle rinse with fresh 1% BSA and the subsequent
addition of the β6-20-NG peptide for 1 hour. After binding, all wells were rinsed with 1%
BSA. The 1.4nm Nanogold particles were enlarged to 20–50 nm using GoldEnhance
(Nanoprobes, Inc; Yaphank, NY) in order to make them clearly visible in the scanning
electron microscope (SEM). Finally, samples were covered with a 2.5% buffered
glutaraldehyde solution and bacteria were fixed at 4°C overnight. Substrates were
dehydrated for imaging using a water/ethanol gradient of 50%, 70%, 95%, and 100%
ethanol. Samples were then covered 2×15min with hexamethyldisilazane (HMDS) and
allowed to air dry. When dry, the samples were mounted onto SEM stubs, sputter coated
with a 50 Ǻ layer of palladium and imaged using a Hitachi S-4500 SEM.

Vancomycin Targeting
In order to examine targeted delivery of vancomycin, 96-well plates were seeded and
incubated for 2 or 24 hours, after which the sample surfaces were gently rinsed with PBS to
remove non-adherent bacteria. β6-20-PEGx-VAN or free vancomycin (150 μl, 0–64 μg/ml
in TSB) was added to the wells and incubated at 37°C for 1 or 24 hours. All wells were then
rinsed twice with fresh PBS, followed by an additional incubation period in TSB at 37°C (0
or 24 hours). The vancomycin-targeted samples were then analyzed for vancomycin
retention.
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Vancomycin Retention Assay
Vancomycin-targeted samples were rinsed with 0.5% BSA, followed by the addition of an
anti-vancomycin primary antibody (100 μl in 3% BSA, 5 μg/ml, rabbit IgG, Abcam) for 60
minutes at room temperature. All samples were then rinsed 3 times with fresh 0.5% BSA,
followed by the addition of a secondary antibody conjugated to horseradish peroxidase
(HRP, 100 μl, 1:1000 dilution, goat IgG anti-rabbit IgG, Molecular Probes) for an additional
60 minutes at room temperature, and then a final rinse with PBS. ABTS (2,2′-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid diammonium salt) was then added as an HRP substrate
(200 μl, 0.1 mg/ml ABTS, 1 μl/ml hydrogen peroxide, 50 mM phosphate-citrate buffer, pH
5.0). After 20 minutes, 100 μl was transferred from each well into a new 96-well plate, and
the wells were examined quantitatively for vancomycin content using a microplate reader
(412 nm).

Statistics
Statistical analysis was done using Minitab 16. Comparisons between individual samples
were made using an un-paired student’s t-test, while comparisons within groups were made
using one-way ANOVA and Dunnett’s post-hoc test. α < 0.05 was considered significant.

RESULTS
In order to test the targeting and delivery ability of the β6-20 peptide, blocking studies were
carried out, with representative SEM images shown in Figure 3. The samples blocked with
theβ6-20 peptide (A) show minimal Nanogold labels bound to the surface of the bacteria,
while the unblocked samples (B) and samples blocked with the non-binding β6-20-R14A
and β6-20-G15A peptides (C and D, respectively) show Nanogold labels specifically
binding to the bacteria. Figure 4 quantifies the results obtained from the peptide blocking
experiments, as determined by analysis with ImageJ28. The control data (no peptide)
represents the labeled β6-20-NG peptide binding directly to the bacteria without an initial
blocking step. When sample surfaces are incubated with the non-bindingβ6-20-R14A or
β6-20-G15A peptide prior to adding the β6-20-NG peptide, there are no significant
differences in binding when compared to the control (p< 0.74 and p< 0.59, respectively).
However, when samples are incubated with the unlabeled β6-20 peptide prior to adding the
labeled peptide, there is a significant decrease in specific binding relative to the control (p<
0.02).

Synthesis of the β6-20-PEG3400-VAN and β6-20-PEG5000-VAN products was monitored
for purity by RP-HPLC and 1H NMR in D2O (data not shown). RP-HPLC showed that the
intermediate MAL-PEG3400-VAN and MAL-PEG5000-VAN products contained 1.27% (w/
w) and 0.71% (w/w) residual vancomycin, respectively. In addition, 1H NMR
characterization of the maleimide hydrogens (δ=6.8 ppm, 2H) and vancomycin methyl
hydrogens (δ=0.9 ppm, 6H) indicated that the intermediate products were approximately 70
mol% MAL-PEGx-VAN and 30 mol% unreacted MAL-PEGx-COOH. After the Cys-β6-20
+ MAL-PEGx-VAN conjugation step, RP-HPLC of the final β6-20-PEG3400-VAN and
β6-20-PEG5000-VAN products indicated no residual peptide, and showed 0.13% (w/w) and
0.08% (w/w) residual vancomycin, respectively. The amounts of residual vancomycin and
unreacted PEG were taken in to account when weighing out the final products for retention
studies, and as such, the term equivalent vancomycin concentration is used when referring to
these products.

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
were measured for the new targeted vancomycin derivatives (table 1). Vancomycin alone
showed an MIC of 2 μg/ml and an MBC of 8 μg/ml. However, increases in MIC and MBC
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were seen for both β6-20-PEG3400-VAN and β6-20-PEG5000-VAN. The β6-20-PEG3400-
VAN product showed MIC and MBC values of 16 μg/ml and 32 μg/ml, respectively. The
β6-20-PEG5000-VAN product showed MIC and MBC values double those seen with the
β6-20-PEG3400-VAN product, at 32 μg/ml and 64 μg/ml, respectively.

The β6-20-PEGx-VAN products were tested for their ability to target S. epidermidis and
improve vancomycin retention. Retention was first measured on S. epidermidis in the early
stages of biofilm formation by allowing the bacteria to adhere to 96-well plates for 2 hours
prior to exposure to antibiotics (1 hour exposure, 0μg/ml to 64 μg/ml vancomycin
equivalents). All data (n=3) was normalized to the 0 μg/ml control within each plate.
Vancomycin showed no sigificant retention (p=0.48) at any concentration tested when
compared to the 0 μg/ml control. Both β6-20-PEG3400-VAN and β6-20-PEG5000-VAN
showed significantly increased retention (p<0.001) relative to vancomycin for all equivalent
concentrations ≥4 μg/ml (Figure 5a), with retention increasing in a concentration-dependent
manner. Maximum retention was observed at 64 μg/ml, with a 22.9-fold increase for β6-20-
PEG3400-VAN and a 21.1-fold increase for β6-20-PEG5000-VAN. For equivalent
concentrations <4 μg/ml, the targeted antibiotics showed no difference in retention when
compared to vancomycin. Following the initial 1 hour exposure, all samples were incubated
for an additional 24 hours before re-measuring the amount of antibiotics retained in the
biofilms. Samples that had been treated with 32 μg/ml and 64 μg/ml vancomycin
equivalents continued to show significant improvements, with retention of 1.3- and 1.8-fold
for β6-20-PEG3400-VAN and 1.3- and 1.6-fold for β6-20-PEG5000-VAN (p<0.001, data not
shown). For equivalent vancomycin concentrations ≤16 μg/ml, there were no differences in
retained vancomycin between any of the samples.

Retention was also measured with more mature biofilms grown for 24 hours prior to
exposure to antibiotics (1 hour exposure, 0μg/ml to 64 μg/ml vancomycin equivalents).
Vancomycin showed no sigificant retention (p=0.16) in the biofilm at any concentration
tested when compared to the 0 μg/ml control. β6-20-PEG3400-VAN showed improved
retention (p<0.001) relative to vancomycin for equivalent concentrations ≥16μg/ml, while
β6-20-PEG5000-VAN showed improved retention (p<0.001) for equivalent concentrations
≥32μg/ml (Figure 5b). Retention ranged from 1.2-1.4-fold increases for both β6-20-
PEG3400-VAN and β6-20-PEG5000-VAN. Following the initial 1 hour exposure, all wells
were incubated for an additional 24 hours before re-measuring the amount of antibiotics
retained in the biofilms. There were no differences in retained vancomycin between any of
the samples at this time point (p=0.79, data not shown).

Finally, retention was measured using 24 hour biofilms with a longer period of exposure to
antibiotics (24 hour exposure, 0 μg/ml to 64 μg/ml vancomycin equivalents). Vancomycin
showed no sigificant retention in the biofilm at any concentration tested when compared to
the 0μg/ml control, with the exception of 4 μg/ml (p=0.01). Both β6-20-PEG3400-VAN and
β6-20-PEG5000-VAN showed significant increases in retention (p<0.001) relative to
vancomycin for equivalent concentrations ≥32μg/ml (Figure 5c). Retention ranged from
1.3–1.6-fold increases for β6-20-PEG3400-VAN and 1.2–1.4-fold increases for β6-20-
PEG5000-VAN. Following the initial 24 hour exposure, all wells were incubated for an
additional 24 hours before re-measuring the amount of antibiotics retained in the biofilms
(data not shown). β6-20-PEG3400-VAN showed 1.3- and 1.4-fold increases in retention
(p=0.01) for concentrations of 32 μg/ml and 64 μg/ml, while β6-20-PEG5000-VAN showed
a 1.3-fold increase in retention at 32 μg/ml (p=0.01).
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DISCUSSION
Staphylococcus epidermidis is part of the normal human flora and considered to be
noninvasive and nonpathogenic under most circumstances. However, implantation of a
medical device provides a foreign surface that can be colonized by bacteria that may be
unintentionally introduced during the procedure. The SdrG-fibrinogen interaction has been
shown to play a significant role in the initial stages of bacterial adhesion: recombinant SdrG
is able to block the adherence of S. epidermidis to fibrinogen in a concentration dependent
manner29, adding SdrG under saturating conditions prevents S. epidermidis from binding to
fibrinogen11, and mutating the fibrinogen-binding region of the SdrG A-domain of S.
epidermidis greatly impairs the ability to bind to immobilized fibrinogen.16,30. Furthermore,
both the gene encoding for SdrG31 and the SdrG protein itself32 are present in 100% of the
various clinical S. epidermidis isolates tested, and studies of infected and recovering patients
reveal anti-SdrG antibodies in the serum, confirming that the bacteria express SdrG during
the infectious stages20,32. An in-vivo intravascular catheter infection model confirmed the
importance of SdrG: an SdrG-negative S. epidermidis mutant had a 20% infection rate,
compared to a 100% rate for the SdrG-positive strain33.

Our results indicate that SdrG is a viable target for drug delivery using the β6-20 ligand. In
order to confirm the peptide’s targeting and delivery abilities, the effects of the β6-20,β6-20-
R14A, and β6-20-G15A peptides were studied in regards to their effectiveness at preventing
β6-20-NG from binding to S. epidermidis. When the bacteria were exposed to the β6-20
peptide prior to adding β6-20-NG (Figure 3A), there were very few visible Nanogold-
labeled peptides bound to the surface of the bacteria, indicating that the unlabeled peptide
has occupied the available binding sites. When the labeled peptide was subsequently
introduced, there were no SdrG proteins available for binding, and as a result the labeled
peptide was washed away during the rinsing step. The β6-20-R14A and β6-20-G15A
substitution peptides were used as negative controls in these studies, having a greatly
reduced binding affinity for SdrG16. Results in Figure 3C and 3D demonstrate the inability
of the β6-20-R14A and β6-20-G15A peptides to prevent subsequent binding of the β6-20-
NG peptide, with results similar to those shown in Figure 3B where no blocking peptide was
used. Quantitatively (Figure 4), the β6-20 blocking peptide significantly reduced targeted
nanogold delivery relative to the control, while the negative control peptides were unable to
significantly reduce this specific binding. These results indicate that the β6-20 peptide is
able to specifically target and deliver nanogold particles to S. epidermidis in vitro, and
additional studies are warranted wherein the nanogold particle is replaced by vancomycin.

The success of S. epidermidis infections depends upon the ability of the bacteria to form a
biofilm following initial adhesion to a material3,34. The biofilm environment offers the
encapsulated bacteria increased resistance to antibiotics, often times able to survive
antibiotic concentrations several orders of magnitude higher than the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) measured in
planktonic suspensions35–37. However, after dispersing the cells in a biofilm, the newly
suspended bacteria are once again susceptible to the same MIC and MBC levels found in
planktonic bacteria38. Furthermore, S. epidermidis biofilms formed on dialysis membranes
allow vancomycin to penetrate the biofilm and cross the membrane39, while biofilms formed
on stainless steel prostheses have been shown to uptake significant quantities of
vancomycin38. It is likely that antibiotic resistance within a biofilm is not obtained through
irreversible genotypic changes, and that biofilm penetration is not a limiting factor in
antibiotic effectiveness. As such, it is possible that increasing the binding capabilities of
vancomycin through use of a targeting ligand could prove beneficial in treating infections.
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Covalently tethering vancomycin to a synthetic targeting ligand yields significant increases
in antibiotic retention by the S. epidermidis biofilm. Interestingly, the amount of β6-20-
PEG3400-VAN product retained by the S. epidermidis samples was slightly greater than the
amount of β6-20-PEG5000-VAN retained under most conditions tested. One likely reason
for this difference is the potential for the longer PEG chain to obstruct the binding
interactions between peptide and bacteria. In addition, it is also possible that the higher
molecular weight of the β6-20-PEG5000-VAN product decreases the speed at which the
molecule can penetrate the growing biofilm. These findings correlate well with the MIC and
MBC values observed for the new targeted vancomycin derivatives. While both β6-20-
PEG3400-VAN and β6-20-PEG5000-VAN were shown to be active against S. epidermidis,
the MIC and MBC values for β6-20-PEG5000-VAN product were twice as high as those
observed for β6-20-PEG3400-VAN.

Within the typical clinical range for vancomycin concentrations (figure 6), initial retention
of the targeted antibiotics after 1 hour or 24 hour exposure was 20–30% greater than
retention of vancomycin alone. The amount of vancomycin retained by the mature biofilms
after an additional 24 hour incubation period depended upon the initial duration of
vancomycin exposure prior to the rinsing step. The biofilms that were treated for just 1 hour
ended up with targeted vancomycin levels that were not significantly different from those of
vancomycin alone. A potential explanation for this inability to retain the antibiotics is due to
the larger size of the targeted vancomycin: 1 hour may not be enough time for such a large
molecule to fully penetrate a mature biofilm, and as such, there was no real advantage over
vancomycin. However, when the mature biofilms were exposed to the targeted vancomycin
for a full 24 hours prior to the final incubation step, there were negligible changes in
retained targeted vancomycin when comparing initial and final values, with final retention
27–34% higher than seen with vancomycin alone.

When surface adherent bacteria are exposed to the targeted vancomycin prior to biofilm
formation, the targeting peptide significantly improves the vancomycin retention, with 22.1–
22.9-fold increases observed after just a 1 hour exposure. However, as the biofilm develops,
it is likely that the size difference between vancomycin and the two targeted species
becomes more of a factor, resulting in the observed decrease in retention of the targeted
molecules relative to the untargeted vancomycin. This becomes most evident when the
biofilm is allowed to mature prior to being exposed to the targeted vancomycin molecules.
Extending the duration of exposure to the targeted vancomycin allows more time for the
larger molecule to penetrate the biofilm, which in turn results in a higher relative retention.

It is expected that increased retention within the biofilm will provide benefits analogous to
those seen with vancomycin dimerization. Dimerization of glycopeptide antibiotics such as
Vancomycin occurs naturally, improving effectiveness of the antibiotic by preferentially
locating the antibiotic at the site of action where subsequent binding interactions are thought
to be more of an intramolecular event25. Dimerization has been shown to improve antibiotic
effectiveness in a number of ways. A series of 40 covalently linked vancomycin dimers were
synthesized, many of which displayed improved effectiveness against both vancomycin-
susceptible organisms and vancomycin-resistant Enterococci (VRE)40. Meanwhile, a multi-
valent polymer of vancomycin demonstrated enhanced antibacterial activity against VRE
that was 8- to 60-fold more effective than traditional vancomycin. While vancomycin binds
to -D-Ala-D-Ala with a KD of ~1×10−6 M, a trivalent system of vancomycin binds a
trivalent -D-Ala-D-Ala ligand with a KD of ~4×10−17, which is 25 times tighter than biotin-
avidin23. Finally, vancomycin covalently tethered to a titanium surface maintained its ability
to bind -D-Ala-D-Ala as well as kill S. aureus, and indicated that a high surface density of
antibiotic is equivalent to an enormous solution concentration of free vancomycin41. Similar
results can be seen with the antibiotic teicoplanin, which does not form dimers but instead
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anchors to the bacterial membrane by way of its fatty acid chain. Teicoplanin, once
anchored to a surface, functions intramolecularly and displays improved effectiveness when
compared to binding events in the absence of a membrane25,42.

CONCLUSION
The Fibrinogen-SdrG interaction is an important component of bacterial adhesion to blood-
contacting biomaterials, and the specificity of the β6-20 peptide demonstrated in vitro
indicates the potential for using this peptide to specifically deliver Nanogold particles to
biomaterial-adherent bacteria. By replacing the Nanogold label with vancomycin, the
covalently tethered antibiotic can be used for localized treatment with a higher retention rate
within the biofilm. Significant improvements in initial binding of vancomycin to S.
epidermidis were obtained utilizing this targeted vancomycin scheme, and 27–34%
improvements in retention rates were achieved. If successfully developed, a similar
technique could be applied to target and treat infections of other bacterial species.
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Figure 1.
Chemical structure of vancomycin. Dashed circles indicate the potential locations for amine-
targeted modifications. Reaction conditions can be tailored to favor the primary V3 amine
over the secondary X1 methylamine.
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Figure 2.
Two-step reaction scheme for synthesis of β6-20-PEGx-Vancomycin. Step 1 Combines
MAL-PEGx-SCM with vancomycin in DMF/TEA, favoring formation of an amide bond at
the vancomycin V3 amine. Step 2 combines MAL-PEGx-Vancomycin with Cys-β6-20 in
PBS to create a stable thioether bond between the targeting peptide and the PEG linker.
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Figure 3.
Scanning electron microscope images of peptide blocking studies. Bacteria were exposed to
A)β6-20 peptide, B) no peptide (control), C) β6-20-R14A peptide, or D)β6-20-G15A
peptide prior to the addition of the Nanogold-labeled β6-20-NG peptide. Nanogold labels
(some are identified by white arrows) are bound to S. epidermidis in the control,β6-20-
R14A, and β6-20-G15A blocking samples (B,C,D) while there are minimal labels bound to
the bacteria in the β6-20 blocking sample (A).
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Figure 4.
Peptide blocking study. There was no significant difference in specific binding between the
positive control and the β6-20-R14A or β6-20-G15A negative control blocking peptides (p<
0.74 and p< 0.59, respectively). Using the β6-20 peptide to block specific binding, however,
resulted in a significant decrease relative to the positive control (p< 0.02). Data represents
mean plus standard error.

Hofmann et al. Page 15

J Biomed Mater Res A. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Retention of β6-20-PEG3400-VAN, β6-20-PEG5000-VAN, and vancomycin by S.
epidermidis after (a) 2 hour bacterial adhesion, 1 hour antibiotic exposure, (b) 24 hour
biofilm growth, 1 hour antibiotic exposure, and (c) 24 hour biofilm growth, 24 hour
antibiotic exposure. All data (n=3) are normalized to the 0 μg/ml concentration value.
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Figure 6.
Retention of targeted antibiotics by 24 hour S. epidermidis biofilms as determined by
indirect ELISA. S. epidermidis was exposed to vancomycin, β6-20-PEG3400-VAN, or
β6-20-PEG5000-VAN (32 μg/ml vancomycin equivalents) for 1 hour or 24 hours.
Vancomycin levels were measured 0 and 24 hours post-treatment. All data (n=3) are
reported as increases in retention relative to untargeted vancomycin, with (*) indicating a
statistically significant increase (α<0.05).
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Table 1

Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values for
vancomycin, β6-20-PEG3400-VAN, and β6-20-PEG5000-VAN.

Antibiotic MIC (μg/ml) MBC (μg/ml)

Vancomycin 2 8

β–20-PEG3400-VAN 16 32

β–20-PEG5000-VAN 32 64
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