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G
ram-positive bacterial infections1,2

cause numerous serious medical

conditions including sepsis, bac-

teremia, pneumonia, and endocarditis.3�6

Such infections can be life-threatening,

especially when associated with drug-resis-

tant bacteria.3,7 Despite the fact that there

are growing concerns about serious infectious

diseases, current technology is not able to fully

and accurately detect, enumerate, or treat

those causative bacterial cells inhabiting the

blood and other vital organs.8 This report

describes the biophysical evaluation and prac-

tical exploration of vancomycin-presenting,

poly(amidoamine) (PAMAM) dendrimers as a

new platform that enables detection and iso-

lation of bacterial pathogens.

Recently, rapid advances have been made
in cell-targeted delivery systems that cover a

wide range of therapeutic areas from cancers

and inflammatory diseases to infections.9�13

Each delivery platform is typically composed

of a nanometer-sized particle (NP) or scaffold

conjugated with high affinity small molecule

ligands or antibodies to bind to specific sur-

face biomarkers.11,14 This targeting strategy

allows cell-specific delivery of payloads such

as small molecule chemotherapeutics, thera-

peutic genes, and imaging molecules also

carried by the nanoparticles.10,11,15

As a micrometer-sized organism, the bac-
terium expresses a high density of various

surface molecules on its cell wall that serve as

rich opportunities for selective recognition
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ABSTRACT Vancomycin represents the preferred ligand for bacteria-targeting

nanosystems. However, it is inefficient for emerging vancomycin-resistant species

because of its poor affinity to the reprogrammed cell wall structure. This study

demonstrates the use of a multivalent strategy as an effective way for overcoming

such an affinity limitation in bacteria targeting. We designed a series of fifth

generation (G5) poly(amidoamine) (PAMAM) dendrimers tethered with vancomycin

at the C-terminus at different valencies. We performed surface plasmon resonance

(SPR) studies to determine their binding avidity to two cell wall models, each

made with either a vancomycin-susceptible (D)-Ala-(D)-Ala or vancomycin-resistant

(D)-Ala-(D)-Lac cell wall precursor. These conjugates showed remarkable enhancement in avidity in the cell wall models tested, including the vancomycin-

resistant model, which had an increase in avidity of four to five orders of magnitude greater than free vancomycin. The tight adsorption of the conjugate to

the model surface corresponded with its ability to bind vancomycin-susceptible Staphylococcus aureus bacterial cells in vitro as imaged by confocal

fluorescent microscopy. This vancomycin platform was then used to fabricate the surface of iron oxide nanoparticles by coating them with the dendrimer

conjugates, and the resulting dendrimer-covered magnetic nanoparticles were demonstrated to rapidly sequester bacterial cells. In summary, this article

investigates the biophysical basis of the tight, multivalent association of dendrimer-based vancomycin conjugates to the bacterial cell wall, and proposes a

potential new use of this nanoplatform in targeting Gram-positive bacteria.

KEYWORDS: vancomycin . poly(amidoamine) dendrimer . surface plasmon resonance spectroscopy . bacterial cell wall .
iron oxide nanoparticle
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of the cell. In fact, the modes of action associated with
standard antimicrobial agents are attributable to bind-
ing and destabilization of the cell wall structure as seen
with vancomycin,16 beta-lactams,17 and polymyxins.18

Of these agents, vancomycin has been investigated as
a molecular probe for targeting Gram-positive bacteria
because of its strong affinity to a cell wall precursor
terminated with a (D)-Ala-(D)-Ala peptide residue (Ala =
alanine; Figure 1; KD ≈ 10�6 M).9,19�21 A few earlier
studies reported on the practical applications of
multivalent vancomycin molecules22�26 as well as
vancomycin-conjugated NPs which are made on
the scaffold of poly(acrylamide) polymers,20,21 and by
direct attachment to the surface of inorganic NPs of
gold27 and iron oxide.9,28 These studies demonstrated
the effectiveness of such vancomycin conjugates in
inducing bacteria-targeted opsonization activity,20,21

enhancing antimicrobial activity,27 and enabling the
concentration of bacterial cells.9,28

Despite such strong potential demonstrated for cell
wall-associated applications, vancomycin is not active
against vancomycin-resistant enterococci (VRE) be-
cause it has weak affinity to the (D)-Ala-(D)-Lac residue
(Lac = lactate; KD ≈ 10�3 M) present on the bac-
terial surface of this species, resulting in vancomycin
resistance.16,29 In the present study, we apply a multi-
valent ligand design30�33 for vancomycin and test the
hypothetical notion that the suboptimal affinity of
vancomycin can be enhanced by the use of a multi-
valent dendrimer. Defined as a molecular construct

that presents multiple copies of an identical ligand
tethered to a scaffold,32�35 the multivalent molecule
binds simultaneously to multiple receptors on the
biological surface and, as a consequence, displays
collectively much tighter binding avidity than the
affinity displayed by eachmonovalent ligand attached.
This multivalent concept has made a significant
contribution to the design of potent inhibitors and
effectors in the control of receptor�ligand interac-
tions, pathogen-cell adhesion, and cellular uptake of
NPs.32,33,35

Here, we focus on a fifth generation (G5) PAMAM
dendrimer as the scaffold for the multivalent vanco-
mycin design. As a synthetic polymer NP (diameter ≈
5.4 nm),36,37 the G5 dendrimer has been extensively
investigated for use in applications in targeted drug
delivery.10,13,15,31,38�40 Its structure is characterized by
a globular shape with a large number of peripheral
branches amenable for chemical modifications and
drug conjugation.10,37,41,42 In addition, its terminal
branches are organized in a predefined orientation,
and constitute a platform preferred for multivalent
presentation of vancomycin (Figure 1). This class of
dendrimer conjugates is completely water-soluble
and structurally tunable for controlling the valency,
allowing for the systematic investigation of valency-
avidity correlation by surface plasmon resonance (SPR)
spectroscopy.
In the present article, we report the design and

characterization of vancomycin-conjugated G5 PAMAM

Figure 1. (A)Molecularmechanism for the recognition of the bacterial cell wall by the antibiotic vancomycin. The vancomycin
molecule binds to the NR-Ac-Lys-(D)-Ala-(D)-Ala terminus (X = NH; KD ≈ 10�6 M) through five hydrogen bond (H bond)
interactions, but such interactions are disruptedby the lactate (Lac; X =O;KD≈ 10�3M)) exploited in the vancomycin-resistant
bacterial cell wall which utilizes instead the NR-Ac-Lys-(D)-Ala-(D)-Lac. (B, C) A schematic illustrating the proposed multivalent
strategy for tight binding to Gram-positive bacterial cells by using a fifth generation (G5) PAMAMdendrimer conjugatedwith
multiple copies of vancomycin molecules. Such multivalent vancomycin conjugates confer high avidity binding to the
bacterial surface and enable them to target both vancomycin-susceptible and vancomycin-resistant bacterial cells. The size of
the cell and the dendrimer particle are not drawn to scale.
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dendrimers G5-(V)n where V refers to vancomycin and
each conjugate is varied as a function of vancomycin
valency (n). We investigate the biophysical basis of the
multivalency�avidity relationship, studied with two
distinct bacterial cell wall models by SPR spectroscopy.
We demonstrate the practicality of this dendrimer
nanotechnology for fluorescent detection and mag-
netic sequestration of Gram-positive bacterial cells
in vitro.

RESULTS AND DISCUSSION

Design and Synthesis of Vancomycin-Conjugated PAMAM
Dendrimers. The current dendrimer platform used for
vancomycin conjugation is based on G5 PAMAM den-
drimer (G5-NH2).

37,43 This dendrimer generation pro-
vides a sufficient number of peripheral branches
(theoretically 128),44,45 each terminated with a primary
amine amenable to covalent conjugationwith a variety
of targeting ligands and drug molecules.38,46�48 Our
approach in the design of vancomycin-presenting G5
dendrimer conjugates involves two molecular para-
meters pertinent to vancomycin (Scheme 1): (i) the
C-terminus as the position for vancomycin attachment

and (ii) variation of themultivalency. First, we prepared
a series of Ac-G5-(V)n conjugates I�V, each of which
contains multiple vancomycin molecules at a variable
mean valency. This series was prepared by preactiva-
tion of vancomycin by benzotriazol-1-yl-oxytripyrro-
lidinophosphonium hexafluorophosphate (PyBOP)
and N-hydroxybenzotriazole (HOBt) as described else-
where,30,49 and subsequently by conjugation to the G5
PAMAM dendrimer through an amide bond. After this
coupling step, each of the unreacted primary amines
on the dendrimer was converted to an N-acetyl amide
after treatment with acetic anhydride, making the
dendrimer surface neutral. By varying the molar ratio
of the two reactants ([Vancomycin]/[G5-NH2] = 1.2, 2.5, 5,
8, and 10), it was possible to control the vancomycin
valency that led to five different mean valencies of
Ac-G5-(V)n (n = 1.2, 2.3, 3.5, 5.8, and 8.3).

This synthetic methodwas slightly modified to alter
the physicochemical property of the dendrimer surface
and also to introduce other functional moieties on the
surface for enabling multifunctional applications. Thus
two negatively charged conjugates, VI GA-G5-(V)6 and
VII DTPA-G5-(V)6.1, were prepared by replacing the

Scheme 1. Synthesis of vancomycin-conjugated G5 PAMAM dendrimers I�IX, each linked with the vancomycin molecule at
the C-terminus through an amide bond in which V refers to vancomycin. Reagents and conditions: (i) vancomycin
hydrochloride, N,N-diisopropyl-N-ethylamine (DIPEA), N-hydroxybenzotriazole (HOBt), benzotriazol-1-yl-oxytripyrrolidino-
phosphonium hexafluorophosphate (PyBOP), DMSO, DMF, 40 min, RT; (ii) G5-(NH2)114, MeOH, 5 h, RT ([Vancomycin]/[G5] =
1.2, 2.5, 5, 8, 10); (iii) Ac2O, DIPEA, 1 h, RT; (iv) glutaric anhydride, DIPEA, 4 h, RT; (v) diethylenetriaminepentaacetic acid (DTPA)
dianhydride, DIPEA, 12 h, RT; (vi) FL-diamine, DIPEA, HOBt, PyBOP, DMF, 24 h, RT; (vii) fluorescein 5(6)-isothiocyanate (FITC).
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acetic anhydride used in the second step with glu-
taric anhydride or diethylenetriaminepentaacetic acid
(DTPA), respectively. The DTPA group present in the
latter conjugate allows metal chelation with Gd(III)
ions50 and provides magnetic resonance imaging
(MRI) capability potentially applicable for in vivo detec-
tion and imaging of bacterial cells. Those carboxylic
acids localized on the dendrimer surface of VI and VII
could be used for further derivatization, as illustrated
by the synthesis of conjugate VIII, DTPA-G5-(V)6.1-(Fl)3.9,
which carries fluorescein imagingmolecules (FL-diamine;
excitation/emission wavelength = 494 nm/518 nm).51 In
another approach for conjugation with fluorescent dye
molecules, the primary amines of the dendrimer reacted
directly with fluorescein isothiocyanate (FITC) prior to the
last exhaustive N-acetylation step that led to the con-
jugate IX Ac-G5-(V)6.3-(FITC)1.8.

Purification of each vancomycin-conjugated den-
drimer was performed by dialysis using a membrane
tubing (molecular weight cut off or MWCO = 10 kDa)
until its purity was greater than 95% as determined by
the HPLC method (Supporting Information, Figure S2).
Each of these conjugates I�IX was fully characterized
by standard analytical methods including matrix
assisted laser desorption ionization time-of-flight
(MALDI TOF) spectrometry, 1H NMR spectroscopy, and
UV�vis spectrometry, as illustrated by the vancomycin-
associated protons in the 1H NMR spectral data and by
the strong UV absorption features that are consistent
with vancomycin (λmax = 282 nm; ε = 6716 M�1 cm�1)
(see Supporting Information). In addition to MALDI mea-
surement, selected members of the vancomycin conju-
gates were also characterized by using gel permeation
chromatography (GPC) in order to measure their MWs
and to determine the size distribution (Table 1).
As summarized, the two sets of MWs, each deter-
mined independently by either MALDI or GPC, show
similar MWs with generally narrow standard devia-
tions lying within (3 to 14% of their mean value.
The vancomycin valency determined for each den-
drimer conjugate is reported on a mean basis. These
values were calculated by the analysis of the UV�vis
absorptivity at 282 nm, but their determination by the
alternative NMR method44,45,52 was not attempted
because of line broadening, signal overlaps, and
unpredictable shifts of the vancomycin proton signals.
The percent efficiency for vancomycin conjugation
(([V]attached ÷ [V]added) � 100; V = vancomycin) was in
the range of 70�100%. A greater conjugation effi-
ciency (>92%) was observed with the lower-valent
conjugates I and II. Such trends might be attributable
in part to the influence of steric congestion on the
reactions occurring on the dendrimer surface,53 which
should be more serious as more molecules are
conjugated.36,37

Distribution of Vancomycin Valency. Currently only a
few specialized methods are demonstrated for the

engineering and functionalization of NPswith a precise
number of ligands or drugs, such as those for PAMAM
dendrimer,44,45,52 polymer,54 or gold.55,56 Otherwise all
NP conjugation reactions, including the amide cou-
pling reaction used for the current conjugate synthesis,
occur with a stochastic mechanism that leads to a
distribution of conjugate populations comprising vari-
able range of ligand and drug valencies.45,52 Therefore,
a method for describing such dendrimer distributions
differs from the way the mean valency (n) is deter-
mined and reported for each conjugate. Figure 2
shows the distribution of the dendrimers simulated
for each of the conjugates I�IV, Ac-G5-(V)n, according
to a Poissonian simulation.45,52 As an illustration, I
Ac-G5-(V)n (n = 1.2) has approximately a valency of one
vancomycin on an average basis but has a wider
distribution including multivalent species (n = 0�7;
median of valency = 4). Significantly, its populations of
multivalent species (n g 2) add up to ∼34% (inset),

TABLE 1. Selected Macromolecular Properties of PAMAM

Dendrimers Conjugated with Vancomycin (V) Molecules

ID dendrimer-(V)n MW (g/mol)a MWw
b (PDIc) valency (n)d

I Ac-G5-(V)1.2 31100 37800 (1.067) 1
II Ac-G5-(V)2.3 32400 37600 (1.628) 2
III Ac-G5-(V)3.5 32300 30700 (1.043) 4
IV Ac-G5-(V)5.8 36300 37800 (1.027) 6
V Ac-G5-(V)8.3 37500 33200 (1.032) 8
VI GA-G5-(V)6.0 37100 6
VII DTPA-G5-(V)6.1 62500 (1.088) 6
VIII DTPA-G5-(V)6.1-(Fl)3.9 6
IX Ac-G5-(V)6.3-(FITC)1.8 36300 6

aMeasured by matrix assisted laser desorption ionization (MALDI) mass spectro-
metry. bWeight-averaged molecular weight determined by gel permeation
chromatography (GPC). c Polydispersity index (PDI) = MWw ÷ MWn.

d Refers to
number of vancomycin molecules attached to a dendrimer molecule determined by
UV�vis spectrometry; each number calculated on a mean basis and rounded to the
nearest whole number.

Figure 2. Poissonian distribution of Ac-G5-(V)n I�IV, each
having the mean valency of vancomycin at 1, 2, 4, or 6,
respectively. The sum of populations (%) of multivalent
species Ac-G5-(V)n (n g 2) distributed in each conjugate
I�IV is plotted in the inset.
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suggesting that conjugate I does not entirely represent
a monovalent species.

SPR spectroscopy for multivalent vancomycin interaction.
SPR spectroscopy is a real-time kinetic method that
allows the measurement of the on-rate constant (kon),
the off-rate constant (koff), and equilibrium dissociation
constant KD (= koff/kon) for receptor�ligand interac-
tions occurring on the surface.24,25,31,57,58 It is impor-
tant, in particular, for studyingmultivalent interactions,
including those for vancomycin.24,25,59 In this study, we
employed SPR spectroscopy to determine the binding
constant KD for dendrimer-based multivalent vanco-
mycin conjugates to the cell wall ligands immobilized
on the chip surface as a model for the bacterial cell
surface. The model surface was prepared by utilizing
each CM5 sensor chipwhichwas treated to presentNR-
Ac-Lys-(D)-Ala-(D)-Ala or NR-Ac-(D)-Ala-(D)-Lac as the cell
wall precursor on the surface, each representing a
vancomycin-susceptible and vancomycin-resistant cell
wall model, respectively.24,25 Such a peptide-present-
ing chip was prepared typically following a N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide (EDC)-based
amide coupling method as described previously31,58

at a surface peptide density of 0.12 ng/mm2 (equivalent
to 2.2 � 1011 molecules/mm2).31,58

Vancomycin-Susceptible Cell Wall Model. Dose-dependent
binding sensorgrams for vancomycin to the (D)-Ala-(D)-Ala
surface are shown in Figure 3A. Scatchard analysis of
the SPR binding data provides a KD value of 9.5� 10�7

M, an affinity close to the value found in the literature
(KD ≈ 10�6 M),25 demonstrating the susceptibility of
the synthetic cell wall ligands to vancomycin bind-
ing. A fully acetylated G5 PAMAM, a negative control
dendrimer without vancomycin attached, was tested
for its binding but did not show any response to the
(D)-Ala-(D)-Ala surface when otherwise measured
under comparable conditions (Supporting Information,
Figure S6). These data are supportive of the specificity of
the cell wall model to vancomycin.

SPR binding studies were then performed for three
representative vancomycin conjugates;II Ac-G5-(V)2.3,
IV Ac-G5-(V)5.8, and VI GA-G5-(V)6.0;each selected to
address the effects of vancomycin valency and of
dendrimer surface charge (Figure 3, S6). First, the SPR
sensorgrams obtained for each conjugate illustrate the
concentration-dependent binding kinetics at the
range of concentrations as low as 2 nM at which free
vancomycin shows no detectable response. The results
for each conjugate II, IV, and VI suggest almost no
evidence for nonspecific binding by the conjugates as
illustrated by conjugate IV. Conjugate IV binds to the
surface of flow cell 1, the bacterial cell model that
presents (D)-Ala-(D)-Ala peptide precursors (specific
binding), but does not bind to the surface of flow cell 2,
the reference surface that does not present this cell
wall peptide (nonspecific binding; Supporting Informa-
tion, Figure S6). The result suggests binding specificity

of IV to this cell wall model. Each sensorgram acquired
by conjugate IV shows binding kinetics characterized
by an extremely slow dissociation-rate (almost perma-
nently bound);a hallmark of tight multivalent bind-
ing, as reported in other vancomycin-based multi-
valent systems.21,24,25

To determine the dissociation constant KD for IV, we
analyzed each sensorgram by a fitting analysis based
on the Langmuir binding isotherm, as described
elsewhere.60 Despite the high level of uncertainty
associated with such extremely slow dissociation,
we were able to extract estimated values for its koff

Figure 3. Surface plasmon resonance (SPR) studies for the
binding kinetics of vancomycin (A), and the vancomycin-
presenting PAMAM dendrimers, IV Ac-G5-(V)5.8 (B) and VI
GA-G5-(V)6.0 (C), to the vancomycin-susceptible bacterial
cell wall model. Themodel ismade by immobilization ofNR-
Ac-Lys-(D)-Ala-(D)-Ala peptide molecules on the CM5 sensor
chip. The concentrations of vancomycin and its dendrimer
conjugates injected are indicated in the overlay of the
sensorgrams. The inset (A) is the Scatchard plot derived
from the SPR data and used to determine the dissociation
constant (KD) of vancomycin.
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(e4.4� 10�5 s�1) and kon (4.5� 105M�1 s�1), and, as a
result, its KD value (e2.5 � 10�10 M). We also analyzed
SPR sensorgrams for two other conjugates, II and VI, in
a similar manner. Each of these conjugates showed a
(sub)nanomolar KD value as summarized in Table 2. The
KD values determined for II, IV, and VI suggest their
binding avidity enhanced by a factor of 280�3800
(multivalent binding enhancement β = KD

mono ÷ KD
multi)

relative to the free vancomycin molecule (KD = 950
nM). Even the divalent conjugate 2 Ac-G5-(V)2 shows a
KD value of 3.4 nM, an avidity value that still provides a
β value of 280 over vancomycin. We also compared the
avidity values between the two conjugates IV and VI,
each having the same mean valency of vancomycin
but presented on a different dendrimer surface, either
neutral or negatively charged surface, respectively.
Only a slight difference was observed, suggesting that
the avidity may have already reached a maximal level
at a lower valency (cf., II), and/or the effect of the
surface charge might be minimal.

The SPR analysis shows that such improved avidity
by each conjugate is attributed primarily to the slower
off-rate (koff). This observation fully supports the estab-
lished hypothesis that complete dissociation of amulti-
valent species occurs very slowly because all of the
individual binding interactions have to dissociate
simultaneously from the surface.32,61,62 Altogether, the
SPR study performed on the vancomycin-susceptible
cell wall model suggests that the avidity by the vanco-
mycin conjugates is enhanced by two to three orders
ofmagnitude, relative to themicromolar affinity of free
vancomycin. It strongly validates the hypothesis of
targeting bacterial cells by using a vancomycin-pre-
senting dendrimer platform.

Vancomycin-Resistant Cell Wall Model. We extended the
SPR study to examine another cell wall model that
mimics the vancomycin-resistant bacterial cell. In this
model, (D)-Ala-(D)-Lac peptides are immobilized in lieu
of the (D)-Ala-(D)-Ala residue as the cell wall precursor,
and the resulting surface shows reportedly∼1000-fold
reduction in affinity to free vancomycin (KD ≈
10�3 M).24,29 We performed dose-dependent binding
experiments for vancomycin to the (D)-Ala-(D)-Lac sur-
face as shown in Figure 4A. In contrast to the suscep-
tible model surface, vancomycin shows very low
responses, even when injected at much higher con-
centrations. The Scatchard analysis (inset) of its binding
responses provides a KD estimate of 1.5 � 10�3 M,
a value close to the value in the literature (KD = 1.7 �
10�3 M).24 This control experiment confirms that this
chip mimics the vancomycin-resistant cell wall model
by showing only millimolar affinity to free vancomycin.

We then investigated whether multivalent ligand
presentation enables the generation of a high avidity
species that binds tightly to the vancomycin-resistant
surface and improves the poor affinity of free
vancomycin.31,32,34,35 SPR experiments were per-
formed for a series of vancomycin conjugates, I�IV
Ac-G5-(V)n and VI GA-G5-(V)6, each selected to cover a
range of valencies and to address the difference in
surface charge (Figure 4, S7). The experiments showed
remarkably strong binding responses to the surface in
a concentration-dependentmanner, even at low nano-
molar concentrations. Compared to the vancomycin-
sensitive surface (Figure 3), the dissociation kinetics
of the higher-valent conjugates IV and VI is character-
ized by slightly faster dissociation (koff) by approxi-
mately an order of magnitude (Table 2). Despite such

TABLE 2. Rate Constants and Equilibrium Dissociation Constants KD for Binding Kinetics of G5-(V)n to the Bacterial Cell

Wall Model As Determined by Surface Plasmon Resonance (SPR) Spectroscopya

kon (M
�1 s�1) koff (s

�1) KD (M)
b βd,e

(D)-Ala-(D)-Ala Surface (Vancomycin-Susceptible Cell Wall Model)

vancomycin 9.5 � 10�7 (1.1 � 10�6)25, c 1
II Ac-G5-(V)2.3 1.5((1.1) � 105 4.5((2.6) � 10�4 3.4((1.9) � 10�9 280 (122)
IV Ac-G5-(V)5.8 4.5 � 105 4.4((1.3) � 10�5 2.5((2.0) � 10�10 3800 (655)
VI GA-G5-(V)6.0 6.7((3.7) � 105 3.6((1.9) � 10�4 5.4((0.6) � 10�10 1759 (293)

(D)-Ala-(D)-Lac Surface (Vancomycin-Resistant Cell Wall Model)
vancomycin 1.5 � 10�3 (1.7 � 10�3)24, c 1
I Ac-G5-(V)1.2 9.8((7.1) � 104 6.6((5.1) � 10�4 7.1((2.7) � 10�9 2.1 � 105 (1.8 � 104)
II Ac-G5-(V)2.3 3.2 � 105 4.1((1.3) � 10�4 8.1 � 10�9 1.9 � 105 (8.1 � 104)
III Ac-G5-(V)3.5 6.4 � 105 4.5((2.7) � 10�4 2.0((1.8) � 10�9 7.5 � 105 (2.1 � 105)
IV Ac-G5-(V)5.8 6.9 � 105 2.9((0.4) � 10�4 1.7 � 10�9 8.8 � 105 (1.5 � 105)
VI GA-G5-(V)6.0 1.8((1.7) � 106 2.8((1.5) � 10�3 3.4 � 10�9 4.4 � 105 (7.4 � 104)

a The model surface includes the vancomycin-susceptible, and vancomycin-resistant model, each prepared by immobilization of either the NR-Ac-Lys-(D)-Ala-(D)-Ala peptide or
NR-Ac-Lys-(D)-Ala-(D)-Lac peptide on the surface of the sensor chip. b Each dissociation constant KD (= koff /kon) is not derived directly from the pair of mean koff and kon values as
given in the table. Rather, it represents a mean value calculated by averaging a set of KD values, each calculated from an individual pair of koff and kon values determined per
injection concentration. At least four different concentrations were used for the calculation, each run in duplicate per concentration. The number within parentheses refers to
the standard error of the mean (SEM), and unless noted specifically, the standard error for each KD value is within 2-fold variation.

c Determined by Scatchard analysis. d β =
Multivalent binding enhancement = KD

vancomycin ÷ KD
G5-(V)n where KD

vancomycin and KD
G5-(V)n refer to the dissociation constants determined for vancomycin and G5-(V)n

conjugates I�IV and VI, respectively. e The value within parentheses refers to the valency-corrected value (= β ÷ n).
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differences, each of these conjugates still showed a KD
value in the low nanomolar range (KD = ca. 2�3 nM).
This avidity constant represents an enhancement by
more than 5 orders of magnitude relative to the
millimolar affinity of the free vancomycin molecule.
The lower-valent conjugates I and II also showed KD
values of 7�8 nM, which is slightly lower in avidity than
those of the higher-valent conjugates, III�VI.

Given the low valency (n = 1.2) of conjugate I Ac-
G5-(V)1.2, its KD value is still remarkably low at the
nanomolar range and its avidity enhancement is com-
parable to that displayed by each higher-valent con-
jugate, II�VI. We hypothesize that such a high avidity
constant exhibited by I is not due to tight binding by its

monovalent conjugate but reflects that of the distribu-
tion of its population. As discussed earlier in the
Poissonian distribution of I (Figure 2), only 36% of the
dendrimer species in this sample represent the mon-
ovalent dendrimer (n = 1). Approximately the same
fraction (34%) of the dendrimer populations belongs to
the multivalent species (n g 2), and such a frac-
tion might contribute to the binding responses
observed for I.

To better understand the binding kinetics displayed
by the current stochastically prepared multivalent
dendrimers, we analyzed each sensorgram (adsorption,
desorption) by fractional analysis for conjugates I�IV
Ac-G5-(V)n, each measured at the identical concentra-
tion 50 nM (Figure 5). First the maximal level of
adsorption (RUA) observed by each conjugate is or-
dered as follows: IV > III > II > I (Figure 5B). Such
differences in adsorption are not simply explained
by their equilibrium association constants (KA = KD

�1:
IV≈ III> II≈ I). Interestingly, it is better correlatedwith
the fraction ofmultivalent species (ng 2) distributed in
each conjugate (Figure 2), suggesting that these multi-
valent species are significantly responsible for the
adsorption to the surface. In contrast, the separate
desorption analysis performed for each dissociation
curve shows almost no difference in fractional desorp-
tion between the four sensorgrams. This analysis is
illustratedbyaplot of theoff-rate constant (koff, Table 2)
and the level of fractional desorption (= RUD/RUA)
for each conjugate (Figure 5C). It suggests that those
dendrimer populations bound at the end of each
association phase are likely represented by tight
binding species, each having a valency of n g 2.
This fractional binding is supported by (sub)nano-
molar dissociation constants associated with diva-
lent and trivalent vancomycin species reported by
Whitesides, et al.22,24,25

Another aspect to consider that is important for
understanding the mechanistic basis of multivalent
association is the effective molarity of surface ligands
available for binding. Effective molarity (Meff) or effec-
tive concentration;a concept pioneered by Jencks,
et al.63 in the analysis of intramolecular catalysis;
refers to the ratio of the equilibrium constant of an
intramolecular association to that of an analogous
intermolecular association.23,64�66 In our system, we
defineMeff as [(KD

vancomycin)� (KD
vancomycin)]/[(KD1

G5‑(V)n)�
(KD2

G5‑(V)n)] ≈ (KD
vancomycin)2/(KD

G5‑(V)n) as described in
the literature23,62�64 where KD1

G5‑(V)n and KD2
G5‑(V)n

refer to the first and second dissociation constant of
a divalently bound conjugate G5-(V)n, respectively (for
definition of KD

vancomycin and KD
G5‑(V)n, see Table 2

footnotes). We characterize Meff as an effective local
concentration of surface ligands that contribute to the
second binding event. Values of Meff calculated for
conjugates II, IV, and VI are ∼2.7 � 10�4, 3.6 � 10�3,
and 1.7 � 10�3 M, respectively, when applied for their

Figure 4. Surface plasmon resonance (SPR) studies for the
binding kinetics of vancomycin, and the vancomycin-pre-
senting PAMAM dendrimers G5-(V)n to the vancomycin-
resistant bacterial cell wall model. The model is made by
immobilization of NR-Ac-Lys-(D)-Ala-(D)-Lac peptide molec-
ules on the CM5 sensor chip. SPR sensorgrams for vanco-
mycin (A), IV Ac-G5-(V)5.8 (B), and VI GA-G5-(V)6.0 (C) are
acquired at the range of the concentrations as indicated.
The inset (A) is the Scatchard plot derived from the SPR data
in order to determine the KD value of vancomycin. Fitting
curves are illustrated for those sensorgrams (B) as overlaid
in black lines.
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adsorption to the vancomycin-susceptible surface pre-
senting (D)-Ala-(D)-Ala ligand molecules. This analysis
indicates that the Meff values of the peptide ligand are
two to three orders of magnitude higher than the
dissociation constant of the same ligand to vancomy-
cin (KD = 9.5 � 10�7 M). Thus we assume that such a

difference is large enough to explain the tight adsorp-
tion of these conjugates. We also estimatedMeff values
for the other vancomycin-resistant surface that pre-
sents (D)-Ala-(D)-Lac ligand molecules. The correspond-
ing values ofMeff for conjugates I�VI lie in the range of
∼280 to 1300M. Such ligandmolarities are implausibly
high, but support the high avidity adsorption of the
conjugates to the drug-resistant surface because the
ligand concentrations are extremely high and far
above the dissociation constant of vancomycin to the
same ligand (KD ≈ 1.5 � 10�3 M).

In summary, we performed the SPR study to deter-
mine the equilibrium dissociation constants KD of
G5-(V)n I�IV and VI to the cell wall model made of
either (D)-Ala-(D)-Ala or (D)-Ala-(D)-Lac peptide precursor,
as summarized in Figure 6. This study demonstrates
the effectiveness of themultivalent strategy for achiev-
ing high avidity binding to the cell wall models, in-
cluding the vancomycin-resistant surface, and there-
fore suggests its capability for effective targeting of
bacterial cells.

Confocal microscopy. We performed confocal micro-
scopy to determine whether the SPR binding study for
cell wallmodels is translatable to bacterial cells (Figure 7).
We treatedGram-positive bacteria Staphylococcus aureus
with fluorescein-labeled vancomycin conjugates VIII
DTPA-G5-(V)6.1-(Fl)3.9 and IX Ac-G5-(V)6.3-(FITC)1.8, as
shown in Figure 7. The treatment resulted in punctate
green fluorescence (Figure 7A,B). Since this green
fluorescence comes from the dye on the conjugate,
each image indicates binding of the dendrimer to the
cell surface. In contrast, cells treated with a nontar-
geted control dendrimer, GA-G5-(FITC) (Figure 7C) or
Ac-G5-(FITC) (not shown), showed no noticeable green
fluorescence on the cells. Each sample of the treated
cells was also stained for DNA using Syto59, which
confirmed that the green spots associated with the
dendrimers were in fact associated with intact cells
rather than cellular debris. Interestingly, treatment of

Figure 5. (A) An array of selected SPR sensorgrams for
Ac-G5-(V)n binding to (D)-Ala-(D)-Lac peptide molecules on
the surface, each acquired at the identical concentration
including I Ac-G5-(V)1.2 (50 nM), II Ac-G5-(V)2.3 (50 nM), III Ac-
G5-(V)3.5 (51 nM), and IV Ac-G5-(V)5.8 (50 nM). (B) Relative
adsorption (RUA) of Ac-G5-(V)n and fraction (%) of multi-
valent populations (n g 2; inset of Figure 2). Relative
adsorption is defined as RUA (conjugate) relative to RUA

(IV; 100%). (C) Comparison of off-rate constant koff (Table 2)
and fractional desorption of Ac-G5-(V)n as a function of
valency (n). The fractional desorption is defined as the level
of the dendrimer desorbed (RUD) relative to the level of the
dendrimer adsorbed (RUA) as illustrated for the conjugate IV.
Each value of the RUA and RUD was calculated as the mean
value from at least six different injection concentra-
tions per conjugate at the specific time point indicated.
Each error bar indicates the standard error of the mean
(SEM).

Figure 6. Equilibrium dissociation constants (KD, M) of
G5-(V)n I�IV, VI determined by the SPR binding to the cell
wall model made of either (D)-Ala-(D)-Ala or (D)-Ala-(D)-Lac
peptides as a function of valency (n). The KD values for free
vancomycin are placed arbitrarily around n = 0.9 as the
reference point indicative of the affinity constant for its
monovalent association. Each error bar indicates the stan-
dard error of the mean (SEM).
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the cells with IX Ac-G5-(V)6.3-(FITC)1.8 resulted in large
clumps or aggregates of bacterial cells. This is most
likely due to the cross-linking ofmultiple bacterial cells,
mediated by multiple vancomycin molecules on each
dendrimer.

Bacterial Cell Lysis. We investigated whether the
binding of the vancomycin-conjugated dendrimer to
the bacterial membrane causes bacterial cell lysis. Cell
lysis constitutes one of the mechanisms for killing
bacteria,67 though lack of lysis does not necessarily
preclude the therapeutic effectiveness of tested
conjugates.68 On the other hand, the lack of such a
mechanismwould bemore desirable for the diagnostic
applications that aim for bacterial detection, isolation,
and enumeration of whole cells. To determine the
degree of cell lysis, we employed a turbidity assay. This
assay quantitates the bacterial population in a culture
by measuring the optical density (OD at 650 nm), and
the cell populations are correlated with the degree of
lysis.67,68 Effects of the conjugates I�VI, VIII, IX on the
cell growth rate were determined using the same
Gram-positive strain Staphylococcus aureus and were
presented as a function of the inhibitor concentration
(Figure 8, S8A). As illustrated by conjugates VIII and
IX in Figure 8, the bacterial cultures exposed to the

vancomycin conjugate showed much less change in
optical density than free vancomycin, which decreased
the optical density to the background level atg0.1 μM.
However, certain differences in the lysis activity were
also seen among the conjugates. Conjugate VIII shows
a greater reduction in optical density than IX. Other
conjugates tested I�VI showed no significant or only
small changes in the turbidity assay at the high doses
of e20 μM (Figure S8A).

This assay result suggests that the vancomycin-
conjugated dendrimer has low activity for causing
bacterial cell lysis despite its adsorption to the cell
membrane, as indicated by the confocal images.
Such a mode of activity is not unique to the current
vancomycin-conjugated dendrimers but is also reported
for vancomycin-derived glycopeptide antibiotics includ-
ing telavancin (Vibativ) that shows potent bac-
tericidal activity without causing cell lysis.49,68 Given
the complexities of the interactions between PAMAM
dendrimers and bacterial membranes reported earlier,69

there should be other factors that limit membrane
penetration and cell lysis, such as the nanometer size of
the conjugate particle (d g 5.4 nm) and the polyionic
nature of the surface. We believe that such lack of cell
lysis provides a significant advantage for diagnostic
purposes, as sensitive bacterial detection depends not
only on its tight binding to the bacterial cell, but also on
its ability to retain the intact cell for the entire duration
of the assay.

Mammalian Cell Toxicity. In addition to the bacteria-
targeted assays, we also investigated the effect of
vancomycin-conjugated dendrimers to mammalian
cells.70,71 Human cervical KB cells and mouse melanoma
B16�F10 cells were separately studied to evaluate the
cytotoxicity of the representative conjugates II, IX, VI,
and VII (Supporting Information, Figure S8).71 As a
reference, the positively charged G5-NH2 showed
a dose-dependent cytotoxicity apparently starting at

Figure 7. Confocal images of Gram-positive bacterial
cells (Staphylococcus aureus: ATCC 4012) treated with VIII
DTPA-G5-(V)6.1-(Fl)3.9 (A), IX Ac-G5-(V)6.3-(FITC)1.8 (B), or
GA-G5-(FITC) as a nontargeted control dendrimer (C). The
cells were incubated with each of the dendrimers (86 μM),
washed, and stained with Syto 59, a cell-permeable fluor-
escent molecule (emission wavelength = 645 nm; red) that
intercalates into the DNA molecule inside the nucleus.
Adsorption of the dendrimer nanoparticles to the bacterial
cells is indicated by the green fluorescence (fluorescein;
emission wavelength = 520 nm) in those cells treated with
VIII or IX, but not by the negative control GA-G5-(FITC). The
fluorescent objects in panel B show much larger images
than as expected for individual bacterial cells and are
attributable to the bacterial aggregates, possibly due to
the cross-linking by the vancomycin-conjugated multiva-
lent dendrimers (scale bar = 20 μm).

Figure 8. A turbidity assay to determine the ability to cause
cell lysis by vancomycin-conjugated dendrimers VIII DTPA-
G5-(V)6.1-(Fl)3.9 and IX Ac-G5-(V)6.3-(FITC)1.8 against Gram-
positive bacterial cells (Staphylococcus aureus). Test con-
centrations for each conjugate are given on the molar basis
of thevancomycinmolecules in thesolution, [vancomycin] =n�
[G5-(V)n].
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1000 nM, as reported earlier.71 The vancomycin con-
jugates II, IV, and VI were not cytotoxic when tested
under the otherwise identical conditions. Such a result,
which is consistent with the relatively no cytotoxicity
displayed by neutral or negatively charged dendrimers,
suggests that further modifications made through
vancomycin conjugation did not lead to any effect
on cell growth. However, conjugate 7, the surface of
which is fully covered with metal-free DTPA groups,
showed toxicity at 1000 nM as potent as G5-NH2. Such
growth inhibition is not understood at this time, but we
speculate that this effect might be related to the high
local concentration of the free DTPA group ([DTPA]free≈
0.1 mM), a strong metal chelator which is linked to
depletion of endogenous trace metals.72,73

Synthesis of Dendrimer-Coated IONP. After identification
of the vancomycin-conjugated dendrimers that show
high avidity to the bacterial surface, we explored the
applicability of this dendrimer platform as laboratory
and clinical tools that enable selective binding and
isolating of bacteria. We investigated whether the
bacteria-targeting technology can be combined with
the speed and convenience provided by magnetic
isolation technology. Two conjugates, VI GA-G5-(V)6.0
and VII DTPA-G5-(V)6.1, were selected for this purpose,
and each was coupled with an iron oxide nanoparticle
(IONP) to generate magnetic nanodevices (Scheme 2).

In the first step, IONP (Fe3O4; mean d < 50 nm) was
treated with (3-aminopropyl)trimethoxysilane in order
to chemically modify its surface to present primary
amines (IONP�NH2) that will serve as the chemical
handle for dendrimer conjugation.74 Each conjugate,
VI or VII,was covalently attached to the IONP�NH2 by
anEDC-based amide couplingmethod, yielding IONP-VI,
and IONP-VII, respectively. Each of these dendrimer-
coated IONPs was characterized by UV�vis spectro-
metry, confirming the presence of a vancomycin con-
jugate (Scheme 2; λmax = 282 nm). The conjugation
efficiency of VI or VII to IONP was estimated by
colorimetric analysis, which indicated that ∼75% of
the conjugates added in the reaction mixture were
covalently attached.

Magnetic Bacterial Isolation. We tested the effective-
ness of bacterial removal in aqueous samples by
bacteria-targeting magnetic nanoparticles. The amount
of bacteria was quantified both in the supernatant and

Scheme 2. Synthesis (A) and UV-vis spectra (B) of iron oxide
(Fe3O4)-based nanoparticles IONP-VI and IONP-VII. Re-
agents and conditions: (i) (MeO)3Si(CH2)3NH2, AcOH (cat.),
toluene, RT, 12 h; (ii) VI GA-G5-(V)6.0 (for IONP-VI), or VII
DTPA-G5-(V)6.1 (for IONP-VII), EDC, NHS, DMF/DMSO (3:2),
RT, 6 h. The size of those reacting nanoparticles is not drawn
to scale. UV-vis spectra for IONP-VI and IONP-VII were ob-
tained by suspending each sample in water at the vanco-
mycin concentration of 13 μM and 44 μM, respectively.

Figure 9. Magnetic isolation of Gram-positive bacterial cells
(Staphylococcus aureus) by using cell wall-targeting mag-
netic nanoparticles IONP-VI and IONP-VII. Variable titers of
bacterial cells were incubated with either IONP-VI, IONP-VII,
or a control IONP (no dendrimer coated), each at 0.25 IONP
mg per 1.0� 108 CFU bacteria (A), and 2.0� 104� 3.0� 106

CFU bacteria (B). Those bound with magnetic nanoparticles
were isolated under the magnetic field. The level of the
bacterial cells isolated (I) or retained in the supernatant (S)
after each treatment was quantified by the cell culture
assay, and expressed as % colony forming unit (CFU)
relative to the control level (C; no treatment). The results
are presented as mean ( standard error of the mean (SEM;
12�17%).
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on IONPs by using a standard culture method8 where
aliquots of the supernatant and isolated IONPs were
serially diluted and plated on agar plates to enumerate
bacterial CFU. Figure 9 summarizes the results ob-
tained by IONP-VI and IONP-VII for their ability to
isolate Staphylococcus aureus bacterial cells from
highly enriched bacterial samples (0.25 mg IONP per
104 � 108 CFU bacteria). The ratio of bacterial cells
added per IONPs varied over 4 orders of magnitude in
bacterial CFU and each of such bacterial titers was
arbitrarily chosen to gauge the low range of the IONPs
in the isolation of bacterial cells. Briefly, this procedure
was performed in three steps: (i) incubation of bacteria
inoculum with the IONPs, (ii) magnetic separation of
bacteria adhered to IONPs from the supernatant, (iii)
enumeration of bacterial CFU of the pellet by using the
agar culture method.

First, at the highest bacterial titer (108 CFU;
Figure 9A), an unmodified IONP which is the nontar-
geted control showed that about 69((12)% of the
bacteria remained in the supernatant relative to the
level obtained by the IONP-free control, and there-
fore the bare IONP control showed the ability to
capture ∼31% of the bacteria added. This result is
largely consistent with the conclusion reached about
unmodified iron oxide particles that is reported else-
where, that its ionic surface can promote nonspecific
adhesion of bacterial cells primarily through electro-
static interactions.75,76 In comparison, targeted experi-
ments that were performed using both IONP-VI and
IONP-VII showed 61((14)% and 56((17)% of bacterial
isolation, respectively. Thus, each of these dendrimer-
coated IONPs was able to capture bacterial cells at the
efficiency ∼2-fold greater than the nontargeted con-
trol. Such capturing capability appears to be compro-
mised due to excess bacterial loads and indicates a
maximal level of the bacteria to be captured per IONPs
added.

Second, we compared the efficiency of bacterial
capture by IONP-VI and IONP at the lower range of
bacterial titers (104�106 CFU; Figure 9B). Targeted
experiments using IONP-VI showed 81�96% of bac-
terial isolation, an efficiency greater than those

obtained in the higher bacterial titer (Figure 9A). Thus,
the results support that the average level of bacterial
capture is correlated with the bacterial load per tar-
geted IONPs. Such results from the targeted IONP-VI
are greater than those from the nontargeted IONP
which showed approximately 20�60% bacterial isola-
tion under the same conditions. Interestingly, the
efficiency of the bare IONP rapidly deteriorated in
response to the increase in bacterial load, suggesting
that its capture capability is limited and easily satur-
able. In summary, the experiments illustrate the practi-
cality of magnetic NPs coated with bacteria-targeting
dendrimers for rapid bacterial isolation in aqueous
samples.

CONCLUSIONS

We described a new class of dendrimer-vancomycin
nanoconjugates designed for bacteria targeting. The
core of this nanotechnology is based on a multivalent
strategy applied for PAMAM dendrimer conjugated
with vancomycin as a bacteria-targeting agent. SPR
spectroscopy showed that these vancomycin conju-
gates bind tightly to two synthetic models of the
bacterial cell wall at (sub)nanomolar dissociation con-
stants, indicating an avidity enhancement by four to
five orders of magnitude over free vancomycin. In
particular, this SPR study provides evidence that these
multivalent species still bind tightly to a vancomycin-
resistant surface which otherwise shows only weak
(millimolar) affinity to vancomycin. As a practical
application, this study demonstrates that bacteria-
targeted dendrimers could be used for fabrication of
magnetic NPs, and the resultant hybrid NPs open a
convenient route for magnetic isolation and enumera-
tion of bacteria. Although a variety of bacteria-targeted
nanotechnologies have been actively pursued,9,20,21,27

we believe that this specific dendrimer platform repre-
sents a significant advancement in nanotechnology
with inherent modularity providing many options for
rapid and portable monitoring and removal of bacterial
contaminants in biological samples. Future efforts will
focus on exploring and enhancing the scope of such
magnetic applications.

EXPERIMENTAL SECTION

Materials and Methods. Unless described as below, most ex-
perimental details for conjugate synthesis and instrumental
analysis are provided in the Supporting Information (Page
S2�S3) and references cited therein.15,39,53,77

Representative Synthetic Methods for G5-(Vancomycin)n (Scheme 1).
Preactivation of Vancomycin. To a solution of vancomycin
hydrochloride hydrate (64 mg, 43 μmol) dissolved in a mixture
of anhydrous DMSO (2 mL) and DMF (1 mL) was added N,N-
diisopropylethylamine (15 μL, 86 μmol), 1-hydroxybenzotria-
zole hydrate (HOBt, 6.6 mg, 49 μmol), and then benzotriazol-1-
yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP;
23 mg, 44 μmol) in a sequence. After stirring for 40 min at room

temperature, this solution was divided into three aliquots:
0.66 mL (aliquot A), 1.05 mL (aliquot B), and 1.29 mL (aliquot C).
Each of the three aliquots (containing the activated ester of
vancomycin) was used immediately for conjugation toG5PAMAM
dendrimer (G5-NH2) as follows.

Conjugates III�V Ac-G5-(V)n (n = 3.5, 5.8, 8.3). Typically, each
aliquot was added to a rapidly stirred solution of G5-NH2 (MW=
26700 gmol�1; 50mg, 1.87 μmol) dissolved inmethanol (12mL)
at the specific molar ratio of vancomycin to the dendrimer
([vancomycin]/[G5-NH2] = 5, 8, 10). Then each mixture was
stirred for 5 h at room temperature prior to the addition of N,
N-diisopropylethylamine (59 μL, 339 μmol) followed by the
addition of acetic anhydride (16 μL, 170 μmol). The final reaction
mixture was stirred for an additional 1 h at room temperature,
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and concentrated in vacuo. The residue was diluted with 20 mL
of phosphate-buffered saline (PBS, pH 7.4), loaded into cellulose
membrane dialysis tubing (MWCO10 kDa), and dialyzed against
PBS (2 L � 2), and deionized water (2 L � 2) over 2 days. The
purified solution in each of the dialysis bags was collected and
lyophilized to afford Ac-G5-(V)n aswhite fluffy solid: 65mg (from
aliquot A), 75 mg (aliquot B), 87 mg (aliquot C). The purity of
each conjugate Ac-G5-(V)n was assessed by an analytical HPLC
method: tr = 7.75�7.76 min (n = 3.5, 5.8, 8.3), purityg 99%. The
number (n) of vancomycin molecules linked to each dendrimer
conjugate Ac-G5-(V)n was determined on a mean basis by
the analysis of UV�vis and MALDI mass spectral data: n = 3.5
(aliquot A condition); n = 5.8 (aliquot B condition); n = 8.3
(aliquot C condition). MALDI TOF mass spectrometry (m/z,
g mol�1): 32300 (III); 36300 (IV); 37500 (V). UV�vis for Ac-G5-(V)n
(PBS, pH 7.4): 282 nm (λmax). Each conjugate was also character-
ized by the GPC method to determine its molecular weights
(weight-averaged Mw and number-averaged Mn) and a polydis-
persity index value (PDI = Mw/Mn). III Ac-G5-(V)3.5: Mw = 30700
g mol�1, PDI = 1.043. IV Ac-G5-(V)5.8:Mw = 37800 g mol�1, PDI =
1.027. V Ac-G5-(V)8.3: Mw = 33200 g mol�1, PDI = 1.032. Repre-
sentative 1H NMR data (500 MHz, D2O; Supporting Information,
Figure S4) for V Ac-G5-(V)8.3: δ 7.8�7.6 (br (broad) s (singlet)),
7.4 (br s), 7.2�6.9 (br peak), 6.6�6.5 (br s), 6.3 (br s), 5.7 (br s),
5.5 (br s), 5.3 (br s), 5.2 (br s), 4.6 (br peak), 4.3�4.1 (br peak),
3.8�3.7 (br peak), 3.3�3.1 (br s; dendrimer), 3.0�2.2 (multiple
peaks; dendrimer), 1.9 (s; N-Ac, dendrimer), 1.7 (br s), 1.6�1.5
(br peak), 1.4�1.2 (br peak), 0.9 (br s) ppm.

Synthesis of Dendrimer-Coated IONP-VI and IONP-VII (Scheme 2).
Amine-terminated IONP. Iron oxide nanoparticles (Fe3O4,
<50 nm; 3 g) were placed in a glass flask containing toluene
(100 mL). To this suspension was added a catalytic amount
of acetic acid (0.1 mL), and then followed by the addition of
(3-aminopropyl)trimethoxysilane (APMS) while shaking the
mixture mechanically. After shaking the mixture overnight at
room temperature, the iron oxide particles were collected by
centrifugation (4500 rpm). It was rinsed four times with toluene,
each time according to a rinsing protocol that comprises (i)
suspension in toluene (50mL), (ii) sonication (30 s), (iii) spinning
(4500 rpm). Subsequently, drying under a nitrogen flow af-
forded APMS-coated iron oxide particles (3.25 g).

IONP-VI and IONP-VII. As a first step in coupling of vanco-
mycin-conjugated dendrimer nanoparticles to the amine-ter-
minated IONPs prepared above, each dendrimer conjugate was
prepactivated by an EDC method as follows. To a solution of VI
GA-G5-(V)6 (MW = 37100 g mol�1) or VII DTPA-G5-(V)6.1 (MW =
62500 g mol�1), each (10 mg) dissolved in a mixture of DMSO
(2 mL) and DMF (3 mL), was added 4-dimethylaminopyridine
(DMAP; 50 mol equiv to dendrimer), N-hydroxysuccinimide
(NHS; 100 equiv), and finally N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride (EDC; 100 equiv). After stirring
each reaction mixture at room temperature for 12 h, the
activated dendrimer conjugate reactedwith APMS-coated IONP
(300 mg) by adding the IONP to the conjugate solution. The
mixture was mechanically shaken at room temperature for 6 h,
and then diluted with water (1 mL) prior to the addition of a
second portion of EDC (100 mg each). The final mixture was
shaken at room temperature for an additional 12 h. Isolation of
IONP-VI or IONP-VII started with dilution of each reaction
mixture with 14 mL of water and followed by centrifugation
at 4500 rpm. A dark brown pellet was collected by carefully
decanting the supernatant, and it was resuspended in water
(14mL). After a short period of sonication (30 s), themixture was
centrifuged and the pellet was collected. This rinsing process
continued but by using 70% aq EtOH (14mL). Each pellet (IONP-
VI or IONP-VII) was collected and stored as a suspension in 70%
aq EtOH (∼25 mg/mL): UV�vis (70% aq EtOH), λmax = 282 nm.
The fraction of dendrimer conjugates VI (or VII) attached
to IONP was estimated by a colorimetric analysis of un-
reacted dendrimer conjugates left in the supernatant using
UV�vis spectrophotometry: Frfree = [conjugate]supernatant ÷
[conjugate]added; Frattached = (1� Frfree)≈ 0.75. This fractional
analysis was used to calculate the ratio of the conjugate
attached to IONP on a percent weight basis: (wtconjugate ÷
wtIONP) � 100 ≈ 2.5%.

SPR Spectroscopy. SPR experiments were carried out on a
Biacore X instrument (Pharmacia Biosensor AB, Uppsala,
Sweden) following the protocol, as reported elsewhere.31,57,58

Cell wall models for Gram-positive bacteria were generated by
immobilizing cell wall precursor peptides, either NR-Ac-Lys-(D)-
Ala-(D)-Ala (Sigma-Aldrich) or NR-Lys-(D)-Ala-(D)-Lac (Bachem), to
a CM5 sensor chip (Biacore). Thus each chip surface represents a
vancomycin-susceptible or vancomycin-resistant cell wallmodel,
respectively. As an illustration, the carboxymethylated dextran-
coated layer of the chip was preactivated by injection (flow
rate = 10 μL/min; volume = 50 μL) of a 1:1mixture of EDC (0.4 M)
and NHS (0.1 M), each dissolved in H2O. Immediately after this
preactivation step, each peptide solution prepared in H2O
(70 μL, 20 mg/mL, pH = 9�10) was injected for covalent
attachment of the peptide to the dextran surface, followed by
injection of ethanolamine (50 μL, 1 M, pH 8.0) to convert
unreacted activated esters to neutral amides on the surface.
The immobilization process resulted in a net increase in re-
sponse unit (RU) of 120 (0.12 ng/mm2 equivalent to∼2.2� 1011

molecules/mm2) for each peptide. A reference flow cell in each
chip was then prepared in a similar way but without injecting
the peptide. SPR studies were carried out by injecting an analyte
solution, each prepared in HBS-EP buffer, at a flow rate of
20 μL/min for free vancomycin molecule as a positive control,
or 10 μL/min for dendrimer conjugates G5-(V)n. After each run,
the surface of the chip was regenerated by repeated injections
of an NR-Ac-Lys-(D)-Ala-(D)-Ala solution (10 mg/mL) until the
baseline of the sensorgram reached an initial level.

For kinetic analysis, each SPR sensorgram acquired from
flow cell 1 (RU1; peptide immobilized) was corrected for non-
specific binding by subtraction of the reference sensorgram
from flow cell 2 (RU2), as illustrated in Supporting Information,
Figure S6 (ΔRU = RU1 � RU2). Kinetic binding parameters, the
on-rate (kon), and the off-rate (koff), were extracted by fitting
each sensrogram separately using the Langmuir kinetic model,
as described elsewhere.31,57,60,78 Given the nature of dendrimer
distribution associated with each conjugate, the fitting of each
dissociation curve by employing a single exponential decay
function was problematic. We assume that the decay curve
represents a summation of two or more independent dissocia-
tion kinetics, each attributable to a group of dendrimer popula-
tions bound with a specific functional valency. After thorough
kinetic analysis, we were able to distinguish two dissociation
populations (faster and slower) by the curve fitting on the basis
of a linear combination of dual exponential decay functions
eq 1. Out of two off-rate constants (koff,1, koff,2) obtained, the
slower rate constant accounted for the predominantly larger
fraction (80�90%) of the decay curve and it was used to
determine the on-rate constant (kon) in the association phase
eq 2. These two rate constants (koff, kon) are all reported in
Table 2 along with their equilibrium dissociation constants (KD).

Dissociation phase:

RU(t) ¼ C1RUt¼ 0 e�(koff, 1)t þ C2RUt¼ 0e�(koff, 2)t (1)

Association phase:

RU(t) ¼ C3(1 � e�(ks )t ) þ RUt¼ 0 (2)

Fitting parameters noted in each equation are defined as
follows: RU(t) = a response unit (ΔRU) at a specific time (t);
RUt=0 = RU at t = 0 (in either a dissociation or association phase);
C1, and C2 = a coefficient that determines the weight of
each dissociation component; C3 = kon[conjugate]RUA/
(kon[conjugate] þ koff); ks = (kon[conjugate] þ koff). An equilib-
rium dissociation constant KD (= koff/kon) reported for each
G5-(V)n refers to a mean value obtained frommultiple indepen-
dent measurements (n g 5) per conjugate.

Confocal Microscopy. Staphylococcus aureus bacteria (ATCC
4012) were purchased from ATCC. The cells were stored in a
frozen (�80 �C) suspension of 10% glycerol in nutrient broth
with fetal bovine serum (FBS) until use. Prior to the study, a small
amount of partially thawed bacterial suspension was spread on
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a nutrient agar plate (Thermo Fisher Scientific IP-265) and
incubated at 37 �C. The plated bacteria were harvested from
the solid media after 48 h incubation and washed in sterile PBS
(centrifugation at 9000 rpm for 10 min). For confocal micro-
scopy, the bacterial cells were suspended in PBS (106 CFU/mL)
and treated with 86 μM of either the conjugate VIII DTPA-
G5-(V)6.1-(Fl)3.9 or IX Ac-G5-(V)6.3-(FITC)1.8, or the nontargeted
control dendrimer, GA-G5-(FITC) for 30 min at room tempera-
ture. The treated cells were then washed with PBS and fixed in
4% paraformaldehyde in PBS for 10 min at room temperature.
Cells were rinsed multiple times with PBS and then stained with
Syto 59, a cell-permeable fluorescent DNA binding molecule
(λem = 645 nm; red). Cells were washed with PBS and resus-
pended in PBS. Each bacterial cell suspension was applied onto
a chambered cover glass and allowed for air-dry before mount-
ing the slide in Prolong Gold Antifade (Life Technologies,
Carlsbad, CA). Images were acquired using a Zeiss LSM 510-
META laser scanning confocalmicroscope (Carl ZeissMicroscopy,
LLC, Thornwood, NY) equipped with argon and helium�neon
lasers. Fluorescencewasmeasuredusing 488nm (green) and 543
(red) excitation lines, and imaged at a 63-fold magnification.

Turbidity Assay. The assay was performed as previously de-
scribed with minor modifications.79 A stock solution of vanco-
mycin or an equimolar concentration of a vancomycin
conjugate was prepared in a brain-heart infusion (BHI) medium
and 2-fold serial dilutions were made for each test compound
on a 96-well flat bottom plate (100 μL per well). One hundred
microliter of an inoculum of Staphylococcus aureus bacteria was
added to each well at the concentration of 5 � 106 CFU/mL.
After incubation of the plates at 37 �C for 24 h, bacterial growth
was examined by optical microscopy and reading an optical
density (O.D.) value at 650 nm by an ELISA plate reader.

Bacterial Isolation by IONPs. On the day of the experiment for
bacterial isolation, each IONP suspension was agitated and an
aliquot needed for the experiment was taken out. It was
centrifuged at 9000 rpm for 10 min and washed with sterile
PBS. The IONPs were resuspended in the PBS solution to a final
concentration (2.5 mg/mL). A suspension of Staphylococcus
aureus (ATCC 4012) bacteria in PBS (∼1 � 108 CFU/mL) was
split into several 1 mL aliquots in culture test tubes. Each test
IONP (100 uL), prepared at the concentration of 2.5 mg/mL, was
added to an aliquot of bacteria and the culture tube was
incubated at room temperature for 15 min with occasional
agitation. Subsequently, each tube was placed close to a
magnet and left for 30 s. Then the supernatant was gently
removed from each culture tube and saved. An amount of 1 mL
of the sterile PBS solution was replenished to the tube and the
IONPs were gently washed. After washing twice, the test tube
was removed from the magnet and the IONPs were resus-
pended in PBS. A series of 10-fold dilutions were made for each
supernatant and separately for each IONP isolated. The diluted
sample (50 μL each) was placed on the agar plate, and the plate
was incubated for 48 h at 37 �C. Distinguishable colonies were
counted from each plate, and the mean number of bacterial
colonies was estimated from the plot against dilution factors.
Efficiency for isolating bacterial cells by each IONP was com-
pared to the control level obtained by the same experiment
performed with bacteria untreated.

in Vitro Cytotoxicity Assay. Cytotoxicity of select vancomycin-
conjugated PAMAM dendrimers to mammalian cells was eval-
uated in two cell lines including KB cells, a subline of the cervical
carcinoma HeLa cells, and mouse melanoma B16�F10 cells, as
described elsewhere.71 After incubation of the cells for 3 days
in the microtiter plate, each conjugate was added in a con-
centration-dependent manner. The number of cells grown was
quantified by a colorimetric XTT assay80 (sodium 3-[1-(phenyl-
aminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene
sulfonic acid hydrate; Roche Mol. Biochem.) by reading absor-
bance at 492 nm relative to the reference value at 690 nm using
on an ELISA reader (Synergy HT, BioTek).
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