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I
nfectious diseases are one of the
world’s most pressing health challenges
and the development of strategies ca-

pable of quickly identifying infections pre-

sents a difficult challenge because most of

the diagnostic applications currently em-

ployed are slow, expensive, and are not

practical for point-of-care or field applica-

tions.1 To expedite the identification of

pathogens (viruses, bacteria, and fungi), an

elegant and innovative new approach in-

volves the development of microfluidic

platforms where the pathogens can be rup-

tured/lysed2 and subsequently detected

and identified based on their genomic

DNA.3,4 Within such a strategy there are

many opportunities where research in nano-

technology and nanomaterials can aid in

the detection and identification of infec-

tious diseases. For example, there are obvi-

ous problems associated with identifying

pathogens from the large sample volumes

of clinical blood samples (10�20 mL) on

microfluidic system platforms, which gener-

ally handle only 50�200 �L volumes. To ad-

dress this problem it is possible to utilize

functionalized superparamagnetic nano-

particles (NPs) to specifically interact with

pathogens and impart magnetic character

to them. Following this “magnetization”, it

should be possible to magnetically concen-

trate the pathogen from large sample vol-

umes into much smaller volumes, allowing

their incorporation onto a microfluidic de-

vice platform for analysis and detection

based on, for example, their genomic DNA.

There are a number of other strategies that

employ magnetic nanoparticles for the

rapid detection of pathogens that have
readouts less definitive than a DNA finger-
print. These methods include TEM,5 MALDI-
MS,6 combined magnetic/luminescence-
based assays,7 and magnetic bead-based
immunological assays.8�10 Regardless of
the detection strategy, it is imperative that
the nanoparticle effectively and specifically
targets a given pathogen (or more broadly,
a biomolecule). This can only be accom-
plished by properly functionalizing its sur-
face with substrates capable of selectively
and strongly interacting with surface
groups on the biomolecule of interest.
Antibody-modified particles have found
success in cell/biomolecule labeling experi-
ments. However, antibodies are specific to
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ABSTRACT A series of vancomycin-modified nanoparticles were developed and employed in magnetic

confinement assays to isolate a variety of Gram-positive and Gram-negative bacteria from aqueous solution. We

determined that the orientation/architecture of vancomycin on the surface of the nanoparticles and the overall

surface coverage is critical in mediating fast and effective interactions between the nanoparticle and the pathogen

cell wall surface and only one orientation/architecture in a series of modified nanoparticles leads to the efficient

and reproducible capture of several important pathogenic bacteria. Interestingly, as the nanoparticles increase in

diameter (from �50 to 2800 nm), it is necessary to incorporate a long linker between the nanoparticle surface

and the vancomycin moiety in order for the surface bound probe to efficiently confine Gram-positive bacteria.

Finally, we also determined that the time required for efficient labeling and subsequent magnetic confinement

significantly decreases as the size of the nanoparticle and the vancomycin surface coverage on the nanoparticle

increases. As disease detection technologies transition to “lab-on-a-chip” based platforms it is necessary to develop

strategies to effectively and inexpensively preconcentrate cells from large volume to volumes more amenable to

these types of microfluidic devices. These small molecule-modified superparamagnetic nanoparticles can provide

a means by which this can be accomplished.

KEYWORDS: vancomycin · molecular orientation/architecture · superparamagnetic
nanoparticle · magnetic concentration · bacteria
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one species or family of pathogen8�10 and
are very large molecules with many functional
groups which can limit the number of anti-
bodies that can be anchored to the surface
while allowing those that do bind to adopt ori-
entations not suitable for antigen binding
(i.e., may be bound with the binding site fac-
ing the nanoparticle surface).11 A more attrac-
tive solution is the use of small molecule
probes.

Small molecule probes have emerged as
important substrates capable of mediating
relatively strong interactions between nano-
particles and cells/biomolecules. A number of
research groups have utilized small molecule
probe-modified nanoparticles to effectively la-
bel bacteria,5,6,12,13 and cancer cells.14�17

Small molecule probes are particularly attrac-
tive for mediating interactions between nano-
particles and cells because they generally pos-
sess only a few functional groups capable of
participating in standard bioconjugation reac-
tions. As such, one can exert orientational/
architectural control over the attachment of
the molecules to nanoparticle surfaces. Here
we report that a small molecule probe, vanco-
mycin, can be anchored to the surface of a se-
ries of magnetic particles in two distinct orientations
through two distinct architectures. For the smallest
nanoparticles (�50 nm in diameter) one of the orienta-
tions/architectures mediates more effective magnetic
capture efficiencies for several bacteria species in com-
parison to the other. However, as the nanoparticles in-
crease in size the consistency of the capture for the se-
ries of bacteria is lost unless the vancomycin moiety is
extended from the surface with a diethylene glycol
linker molecule.

RESULTS AND DISCUSSION
Vancomycin is a well-known glycopeptide antibi-

otic capable of strongly interacting with a broad range
of Gram-positive bacteria.18,19 It interacts with bacterial
cells through a surprisingly simple five-hydrogen bond
motif between the heptapeptide backbone of vanco-
mycin (darkened in Figure 1) and the D-alanyl-D-alanine
dipeptide (also darkened in Figure 1) extending from
the cell wall.18,19 The interaction is quite strong with re-
spect to small molecule�biomolecule interactions,
with a dissociation constant (Kd) of �1�4 �M at pH 7
(similar to many antibody�antigen interactions (Kd � 1
�M�1 fM).20,21 Though vancomycin offers less specific-
ity/selectivity than monoclonal antibodies, it is very at-
tractive as a ligand allowing affinity capture of a wide
range of bacteria with a single vancomycin-function-
alized nanoparticle. This is ideal in situations where
one can identify the isolated bacteria based on a DNA
fingerprint1,4 following its confinement. In addition, the

orientation of the vancomycin probe on the surface
and the exact functional groups that are targeted in
the chemical binding of the probe molecule to the
nanoparticle surface (i.e., the architecture of the vanco-
mycin on the nanoparticle surface) are far easier to con-
trol than in the case of antibodies. We recently re-
ported the synthesis of these vancomycin-modified
silica encapsulated iron oxide nanoparticles in a previ-
ous report.22 Briefly, the nanoparticles were prepared
by first coating a commercially available iron oxide
nanoparticle (EMG 304 ferrofluid, Ferrotec Corpora-
tion) with silica (SNP),22�24 followed by modification
of the resulting silica surface with
3-aminopropyldiethoxymethyl silane, generating an
amine-modified SNP (1-SNP).22 These amine-modified
nanoparticles can be quantitatively converted to car-
boxylic acid terminated nanoparticles, 2-SNP, through
reaction with succinic anhydride in dry DMF. Both
1-SNP and 2-SNP have diameters of �50 nm. This in-
vestigation was also extended to include a series of
commonly utilized and commercially available particles
that were purchased from Dynal Biotech Inc. and modi-
fied with vancomycin. These particles were 2.8 �m in di-
ameter and terminated with either amine groups (1-
Dynal2.8) or carboxylic acid groups (2-Dynal2.8) or 1.0
�m in diameter and terminated with carboxylic acid
groups (2-Dynal1.0). A comparison between Dynal
beads and the SNPs that we have prepared is neces-
sary because Dynal beads are a popular choice for
magneto-immunocapture assays.25 As such, it is impor-

Figure 1. Cartoon representation of the vancomycin-D-alanyl-D-alanine
interaction responsible for mediating the interaction between the
nanoparticles and the bacteria. The critical components for the strong
H-bonding interaction both on the vancomycin molecule (the hep-
tapeptide backbone) and the D-alanyl-D-alanine dipeptide exposed
from the bacterial surface are highlighted.
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tant to compare and contrast the differ-
ences in the magnetic confinement of
the bacteria mediated by these par-
ticles. As highlighted above, vancomy-
cin has two individually addressable
functional groups, so it can be an-
chored to the surface of particles in dis-
tinct orientations with distinct architec-
tures (Scheme 1). That is, amide bonds
can be generated between an amine-
modified particle (1-SNP and
1-Dynal2.8) and the carboxylic acid
group of vancomycin to generate
3-SNP and 3-Dynal2.8 (Scheme 1A).
Conversely, the carboxylic acid groups
of 2-SNP, 2-Dynal1.0, and 2-Dynal2.8

can be reacted with 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hy-
drochloride (EDC) and N-hydroxy-
succinimide (NHS) to yield the NHS
ester-modified particles, 2(NHS)-SNP,
2(NHS)-Dynal1.0, and 2(NHS)-
Dynal2.8, respectively, which are subse-
quently reacted with the primary van-
cosamine nitrogen of vancomycin to
yield 4-SNP, 4-Dynal1.0, and
4-Dynal2.8, respectively (Scheme 1B).
Here, the orientation of the vancomy-
cin molecule is essentially flipped 90°
on the surface of the particle. Vancomy-
cin can also be modified with linkers
prior to attachment to the particle sur-
face (vancomycin-PEG and
vancomycin-C4), in order to extend it
from the particle surface as depicted in
Scheme 1C for 3(PEG)-SNP, 3(PEG)-
Dynal1.0, and 3(C4)-Dynal1.0. This al-
lows us to probe if the added flexibility
of the butyl (C4) or diethylene glycol
(PEG) spacer allows the vancomycin
molecule to adopt orientations better
suited for interactions with the surface
of the pathogen. Previously, other
groups have utilized the carboxylic
acid group exclusively (similar to
3-SNP, Scheme 1) to anchor vancomy-
cin molecules to the surface of 3 nm
FePt5 and 10 nm Fe3O4 nanoparticles6

and were able to magnetically confine

a series of pathogens. However, it has yet to be re-

ported how the magnetic confinement of pathogens

will be affected by (1) changes in the orientation/archi-

tecture of the vancomycin molecule, (2) the distance

between the vancomycin moiety and the particle sur-

face or (3) the size of the particle supporting the vanco-

mycin molecule, and the relative ligand surface cover-

age on the nanoparticles where these factors are

expected to affect the specific interactions between

the probe and the pathogen surface and thus the mag-

netic confinement of the pathogens.

Orientation/Architecture Effects on the Magnetic Confinement

of Pathogens. We first investigated how changes in the

orientation/architecture of vancomycin (3-SNP vs

4-SNP) affected the affinity capture of a variety of both

Gram-positive (denoted with (�)) and Gram-negative

(denoted with (�)) bacteria. Note that vancomycin is

Scheme 1. The general reaction scheme employed to prepare the vancomycin-modified par-
ticles. The modification site in the vancomycin molecule is highlighted with a box in each reac-
tion product.
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only expected to bind to Gram-positive
bacteria via selective H-bonding inter-
actions between its heptapeptide
backbone and the D-alanyl-D-alanine
groups of the cell wall (Figure 1).18

Gram-negative pathogens have an ad-
ditional outer membrane that covers
much of the cell surface. This mem-
brane is highly impenetrable to vanco-
mycin, restricting access to the
D-alanyl-D-alanine groups. As a result,
Gram-negative pathogens are normally
not susceptible to vancomycin.26,27

The BSA-blocked vancomycin-modified
nanoparticles (3-SNP or 4-SNP, 1 �

1011 particles) in 100 �L of MES buff-
ered water (pH � 6, [NaCl] � 100 mM)
were spiked with a species of Gram-
positive (�) or Gram-negative (�) bac-
teria, namely E. coli (�), E. faecalis (�) or
S. epidermidis (�) (30�300 cfu in 25
�L of MES buffer, [NaCl] � 100 mM)
and incubated for 2 h. Following incu-
bation, the resulting 3-SNP or 4-SNP-
labeled bacteria were magnetically
confined for one hour at which time
the supernatant was removed and the
confined nanoparticle�bacteria conju-
gates were redispersed in 25 �L of MES
buffered water. The number of bacte-
ria magnetically isolated by 3-SNP or
4-SNP were then determined via plate
counting of the isolated nano-
particle�pathogen conjugates. To en-
sure that all of the bacteria employed
in the experiment were accounted
for, the supernatant was also plate
counted to ensure that the total
number of bacteria recovered was
consistent with the number origi-
nally utilized in the magnetic cap-
ture experiment. Though this plate-
counting technique was employed for the majority
of the experiments highlighted in this report, we
also monitored the magnetic confinement of the
pathogens with fluorescently labeled bacteria (E. coli
and S. aureus). In these cases, the capture efficiency
was monitored as a function of the fluorescence
emission intensity, where the fluorescence emission
intensity of a bacteria-spiked solution without addi-
tion of the nanoparticle was compared to the emis-
sion intensity of an identical bacteria-spiked solution
following incubation and magnetic confinement
with a vancomycin-modified nanoparticle (see Sup-
porting Information). Note that the magnetic cap-
ture efficiencies presented are the result of plate
counting analysis unless otherwise stated.

The results of the magnetic capture assays for 3-SNP
and 4-SNP are provided in Figure 2, where the bar

graphs represent the percentage of pathogen magneti-

cally confined during the experiments. It is clear from
the data in Figure 2 that the capture efficiency is
strongly dependent on the orientation/architecture of
the vancomycin moiety on the surface of the SNP for all
bacteria investigated. This is analogous to the results
we recently reported with respect to magnetically con-
fining vancomycin antibody-modified polystyrene
beads.22 A large excess of 3-SNP or 4-SNP versus bacte-
ria was utilized in all of these experiments (1 � 108 to
1 � 109 fold excess nanoparticle). Though determining
the lowest concentration of bacteria cells we could con-
fine was not a priority, we were easily able to isolate

Figure 2. Bar graphs representing the magnetic capture efficiency E. coli, E.
faecalis, S. aureus, and S. epidermidis by 3-SNP, 1-SNP (control nanoparticle
terminated with an amine), 4-SNP, and 2-SNP (control nanoparticle termi-
nated with a carboxylic acid) (A) and the TEM images of the 3-SNP-pathogen
conjugates for E. coli, E. faecalis, S. aureus, and S. epidermidis (B). The capture
efficiencies reported are the average of least three replicates for each bacteria.
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300 cells/mL for E.coli, E. faecalis, and S. epidermidis
strains of bacteria. Vancomycin itself is well-known to
inhibit the growth of Gram-positive bacteria at concen-
trations of 2 �g/mL.28 To ensure that plate counting is
a valid technique to characterize the magnetic confine-
ment efficiency of these bacteria, 3-SNP (1 � 1011 and
1 � 1012 nanoparticles) were incubated with �1000 cfu
of S. aureus for 2 h and then cultured on a standard
BHI plate. This experiment verified that the 3-SNP used
in this experiment did not have vancomycin concentra-
tions high enough to inhibit the growth of S. aureus,
verifying that plate counting is a valid technique for the
characterization of the magnetic confinement of the
bacteria. In fact, we can roughly calculate the concen-
tration of vancomycin in these solutions because we
know that there are �10 vancomycin molecules/3-SNP.
As such, this translates to �0.02 and 0.2 �g/mL for
3-SNP concentrations of 1 � 1011 and 1 � 1012, respec-
tively. It should be noted that at significantly higher
concentrations (2�4 �g/mL), Gu and co-workers re-
ported that 5 nm vancomycin-modified gold nanoparti-
cles can inhibit the growth of a number of both Gram-
positive and Gram-negative bacteria.28 Though we
were unable to anchor significantly more vancomycin
to the surface of the nanoparticles by changing the rela-
tive ratios of reagents (EDC, NHS, and vancomycin)
and the solvents in which the reactions were carried
out, we were satisfied with that fact that this surface
coverage was not inhibitory to bacteria growth and al-
lowed us to utilize plate counting for analysis.

Surprisingly, 3-SNP, and to a lesser extent 4-SNP,
were able to capture Gram-negative bacteria, despite
the outer membrane impeding the interaction between
the vancomycin molecule and the D-alanyl-D-alanine
groups on the bacterial surface. This is, however, consis-
tent with recent reports by both Gu et. al5 and Lin et
al.6 Gu et. al speculate that the ability for the
vancomycin-modified nanoparticles to capture the E.
coli could be due to either unspecific binding between
receptors on the pathogen surface and the glycosides
on the vancomycin moiety or breaks/deformities in the
outer membrane of the Gram-negative bacteria expos-
ing D-alanyl-D-alanine groups on the interior bacterial
surface.5 Our data suggest that either of these propos-
als could be valid. That is, the glycosides (disaccharides)
are free to interact with the bacterial surface in 3-SNP,
whereas they are at least partially blocked in 4-SNP be-
cause vancomycin is anchored to the nanoparticle sur-
face through the primary amine on the disaccharide
group. However, it is interesting to note that the TEM
images published by Gu et al.5 as well our TEM images
reveal that that the distribution of 3-SNP on the surface
of the Gram-negative bacteria was often patchy while,
in general, the coverage is more evenly distributed on
Gram-positive bacteria, particularly on S. epidermidis
and S. aureus (Figure 2B and the Supporting Informa-
tion). We speculate that these common patchy regions

may reflect thinner outer membrane zones exposing
the peptidoglycan cell wall while outer membrane syn-
thesis is under way. This is yet to be proven, however.
Control experiments carried out with the unmodified
nanoparticles (i.e., 1-SNP and 2-SNP, which have amine
and carboxylic acid groups, respectively) suggest that
the interaction between the SNPs and the bacteria cell
surface is mediated through specific interactions be-
tween the vancomycin on the nanoparticle (3-SNP and
4-SNP) and receptors on the surface of the bacteria,
rather than nonspecific interactions between any re-
maining amine or carboxylic acid groups on the
vancomycin-modified nanoparticles. We also acquired
TEM images of 1-SNP and 2-SNP following incubation
with E. coli and S. aureus cells, and there is significantly
less interaction between the unmodified nanoparticles
and the bacteria cells than is the case when 3-SNP is in-
cubated with the cells (see Supporting Information).
We also carried out microagglutination assays29 on 1,
2, 3, and 4-SNP with S. aureus, a Gram-positive species
of bacteria. Microagglutination assays are clumping as-
says carried out in a microtiter plate that take advan-
tage of complementary interactions between multiva-
lent targets, in this case between the numerous
D-alanyl-D-alanine receptors on the surface of the bacte-
ria and the multiple vancomycin probes anchored to
the surface of the nanoparticles (3-SNP and 4-SNP).
Within these assays, multivalent interactions between
the nanoparticles and the bacteria result in a clumping
or aggregation. This aggregation can be visualized by a
diffused cell morphology in the microtiter wells. Weak
interaction between the nanoparticles and the bacteria
are characterized by the precipitation of the bacteria
into a pellet at the bottom of the microtiter wells. The
relative strength of the interactions can be elucidated
by incubating a constant number of bacteria cells with
2-fold dilutions of either 1, 2, 3, or 4-SNP. As high-
lighted in Figure 3, only 3-SNP shows a diffuse cell mor-
phology in the microagglutination experiment (wells

Figure 3. A microagglutination assay for S. aureus cells incubated with 1-, 2-,
3-, and 4-SNP. Note that only 3-SNP displays the diffuse cell morphology ex-
pected for an efficient, multivalent interaction between many nanoparticles
and many bacteria.
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1�4). This suggests that 3-SNP interacts with
the S. aureus cells at least eight times more effec-
tively than 4-SNP and the control nanoparticles
1 and 2-SNP, which all show very weak interac-
tions with S. aureus, characterized by a “pellet” of
unclumped bacterial cell at the bottom of the
well at all concentrations investigated. It should
be noted that 1-SNP interacts somewhat in well
1, evidenced by a mixture of diffuse and pelleted
cells. These results are fully consistent with the
capture assay results described earlier and pro-
vide further evidence that 3-SNP interacts with
the bacteria surface more effectively than 4-SNP.

It is interesting that the geometry of the van-
comycin moiety has such a dramatic effect on
the pathogen capture efficiency. There are a vari-
ety of reasons that can explain these results. The
decrease in capture efficiency may be due to dif-
ferences in the orientation of the vancomycin
moiety as it is anchored to the nanoparticle sur-
face through the different functional groups. For
example, binding the vancomycin moiety to the
surface in the different geometries could orient
the heptapeptide backbone responsible for the
specific interaction with the bacteria in very different
environments, introducing steric hindrances that im-
pede efficient binding. Anchoring vancomycin to the
particle through the vancosamine nitrogen (4-SNP)
should allow the heptapeptide binding region of van-
comycin to be presented parallel to the nanoparticle
surface, allowing it to interact with the receptors on the
pathogen surface more effectively. Conversely, linking
it through the carboxylic acid group (3-SNP) may posi-
tion the heptapeptide binding region perpendicular to
the particle surface and hinder specific interactions with
the bacterial surface. However, this trend was not found
experimentally, suggesting that sterics are not causing
the decreased capture efficiency mediated by 4-SNP. A
more plausible reason for the difference in capture effi-
ciency is differences in the association constants (Ka)
or dissociation constants (Kd) between 4- and 3-based
particles and the D-alanyl-D-alanine dipeptide on the
bacterial cell wall. Kannan et. al report that the Ka for de-
rivatives similar to 4-SNP binding to D-alanyl-D-alanine
is at least �3 to 4 times less than for derivatives similar
to 3-SNP.30 These authors suggest that the decreased
binding affinity could be related to the elimination of a
charge-bearing primary amine on the disaccharide moi-
ety in 4-based vancomycin derivatives. The inability to
protonate this site destabilizes the vancomycin binding
pocket, resulting in a decrease in the binding constant
between the vancomycin and the D-alanyl-D-alanine on
the bacteria cell wall surface. Following the investiga-
tions with the SNP-based nanoparticles, a series of ex-
periments was then carried out with larger particles (3-
Dynal2.8, 4-Dynal2.8, and 3-Dynal1.0) in order to
examine what effect the particle size has on the mag-

netic capture efficiency for the bacterial cells. There
are reports that suggest nanoparticles should be supe-
rior to micrometer-sized particles for labeling of a given
substrate, because of their higher surface area to vol-
ume ratio, potentially faster interaction kinetics, and
good interaction homogeneity (i.e., the nanoparticles
are colloidally stable).5,31 However, there are also re-
ports suggesting that if equal numbers of nanoparti-
cles or larger Dynal beads are anchored to the same cell,
the Dynal bead labeled cells will have superior magne-
tophoretic mobilities, and be confined more
effectively.32,33 As such, it is interesting to investigate,
for example, how the particle coverage on the bacteria
surface will affect the magnetic confinement of the bac-
teria, where there will be significantly more SPNs inter-
acting with a bacteria than will be the case for the 1 �m
Dynal bead. It should be noted that despite their rather
large overall size, the superparamagnetic properties of
the micrometer-sized Dynal particles are actually dic-
tated by the large number of ferrite nanoparticles en-
capsulated within the particles.

For these microparticles, the capture experiments
were set up as described earlier, but different concen-
trations of particle were employed in each experiment.
Here there were 3 � 107 3-Dynal1.0 particles or 1 � 107

3-Dynal2.8, 4-Dynal2.8 particles utilized to label and
magnetically confine �300 bacteria cells. In contrast to
the results for 3-SNP and 4-SNP, as the size of the par-
ticle to which vancomycin is anchored increases from
�50 to 1000 and 2800 nm, respectively, there is no clear
difference in the capture efficiency as the orientation/
architecture of the substrate is altered (3-Dynal2.8,
4-Dynal2.8, and 3-Dynal1.0 in Figure 4) and the overall
ability for these particles to confine the bacteria are

Figure 4. Bar graphs representing the magnetic capture efficiency
of E. coli, E. faecalis, and S. epidermidis by 3-Dynal2.8, 1-Dynal2.8

(control nanoparticle terminated with an amine), 4-Dynal2.8, and
4-Dynal1.0 and 2-Dynal2.8 (control nanoparticle terminated with a
carboxylic acid). The capture efficiencies reported for each species
of bacteria are the average of least three replicates.
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poor with respect to that for the 3-SNP. Though these
results could be due to a number of factors, we felt that
the main problem could be due to a lack of mobility as-
sociated with the vancomycin molecule being an-
chored closely to the surfaces of the large particles. In
the case of 3-Dynal2.8, 4-Dynal2.8, and 3-Dynal1.0

there is no spacer group between the vancomycin sub-
strate and the particle surface, in contrast to the situa-
tion on both 3-SNP and 4-SNP. As such, we felt that in-
corporating a spacer group between the particle
surface and the vancomycin moiety may improve the
mobility of the substrate, allowing it to more easily
adopt orientations that mediate interactions between
the heptapeptide backbone and receptors and the
pathogen surface. It should also be noted that the
amine and carboxylic acid-modified Dynal beads (1-
Dynal2.8, 2-Dynal2.8) cannot effectively confine the
bacteria in the absence of vancomycin, suggesting the
interactions between the nanoparticles and the bacte-
ria are mediated by the vancomycin moiety (Figure 4).

Effects of Linker Incorporation on the Magnetic Confinement
of Pathogens. In the case of 3-SNP, vancomycin is an-
chored close to the surface of the nanoparticle surface
with a short linker of three methylene units (through
3-aminopropyldiethoxymethyl silane). We chose to in-
corporate both a four-carbon spacer (C4) and a diethyl-
ene glycol spacer (PEG) between the particle surface
and vancomycin. This allows us to prepare a vancomy-
cin derivative that remained water soluble (a character-
istic essential for aqueous surface modification of the
particles) and investigate how extending the probe in-
creasing further from the surface will affect the patho-
gen capture efficiency. The PEG spacer may also find
utility in preventing nonspecific absorption between
the nanoparticles and biomolecules, which will be use-
ful if the vancomycin-modified particles are to be em-
ployed in a pathogen capture from a biological medium
such as blood or a food-based sample. With respect to
the �50 nm SNPs, the addition of a PEG spacer [(3-SNP
(3-atom spacer) vs 3(PEG)-SNP (13-atom spacer)] nei-
ther hinders, nor helps the capture efficiency of the E.
coli (�), E. faecalis (�), and S. epidermidis (�) by the
vancomycin-modified particles, and the capture effi-
ciency remains high for all pathogens confined in the
investigation (Supporting Information). However, incor-
porating a shorter linker between the Dynal bead and
vancomycin (four atoms, 3(C4)-Dynal1.0) does not al-
low for consistent confinement of the entire series of
Gram-positive pathogens investigated. Only when the
spacer length is very long (13 atoms, 3(PEG)-Dynal1.0)
is the confinement efficiency for the large particles con-
sistent for the entire series of Gram-positive bacteria
(i.e., E. faecalis, S. epidermidis, and S. aureus), as it is for
3-SNP and 3(PEG)-SNP. This data is highlighted in Fig-
ure 5. That is, only when the long PEG linker separates
vancomycin from the surface of the Dynal bead is the
capture of Gram-positive bacteria both efficient and

consistent for the entire range of bacteria investigated,
presumably because the added flexibility allows the
heptapeptide backbone to adopt orientations better
suited for effective interactions with bacterial surface
ligands. It should be noted that the vancomycin moi-
ety is actually extended four carbons further from the
surface in 4-SNP than it is in 3-SNP, and it does not
function as well, despite the fact that it should have
some additional flexibility. As such, we chose to not pur-
sue this geometry any further. Again we tested the an-
tibiotic activity of the 3(PEG)-Dynal1.0 particles to en-
sure that plate counting was a valid method for
determining the capture efficiency of the bacteria and
incubation of S. aureus cells with 1 � 106 and 1 � 107

3(PEG)-Dynal1.0 (corresponding to 4 � 10�2 and 0.4
�g/mL of vancomycin) does not inhibit bacterial cell
growth (see Supporting Information).

In reviewing the characteristics of the labeling of
the bacterial cells and the subsequent magnetic con-
finement for both 3-SNP and 3(PEG)-Dynal1.0, there
are a number of interesting differences. First, we deter-
mined that the incubation time required for sufficient
bacteria cell labeling to yield efficient capture of the
bacterial cells with 3(PEG)-Dynal1.0 was much shorter
that that for the 3-SNP-based nanoparticles (15 min vs
30�60 min, see Supporting Information). This is likely
the result of drastically different surface coverages of
vancomycin on the two sets of nanoparticles. Because
there are only between 9 and 12 vancomycin molecules
on the surface of the 3-SNP, it is unlikely that there are
only one or two interactions between the nanoparticle
and the bacteria cell wall. Though we were not able to
significantly increase the number of vancomycin mol-
ecules on the surface of the 3-SNP despite changing
the synthetic conditions employed in the synthesis
(generally get surface coverages of 0.0015 vancomycin/
nm2), we were able to functionalize the surface of
3(PEG)-Dynal1.0 with significantly higher concentra-

Figure 5. Bar graphs representing the magnetic capture efficiency E. coli, E.
faecalis, S. epidermidis, and S. aureus by 3-Dynal2.8, 3(C4)-Dynal1.0, 3(PEG)-
Dynal1.0, and 2-Dynal1.0 (control nanoparticle terminated with a carboxy-
lic acid). The capture efficiencies reported for each species of bacteria are
the average of least three replicates.
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tions of vancomycin (0.5 van-
comycin/nm2). This increased
surface coverage of vancomy-
cin on the nanoparticle surface
may contribute to the de-
creased incubation times re-
quired for efficient confine-
ment, because multivalent
attachment of 3(PEG)-Dynal1.0

would have a high probability
of occurring, resulting in stron-
ger, faster binding of the par-
ticle to the bacteria surface.
These results are supported by
a report by Sundram and Grif-
fin21 who suggest that vanco-
mycin dimers show enhanced
binding affinities to Gram-
positive cells in comparison to
vancomycin monomers and
also by Gu and co-workers who
reported an incubation time
of 10 min was sufficient to
densely label a variety of bacte-
ria with vancomycin-modified
FePt nanoparticles.5 Second,
the confinement time for the
Dynal beads is significantly faster than that required
for the magnetic confinement mediated by 3-SNP (�5
min vs 30 min). This is related to the high loading of su-
perparamagnetic material into the Dynal beads (�37%
by mass ferrites for 2-Dynal1.0), whereas the SNPs have
only one to three superparamagnetic nanoparticles en-
capsulated within the silica shell. As such, the mag-
netic confinement of the resulting Dynal bead-labeled
bacteria is superior to that for the SNP-labeled bacteria.
Finally, another inherent difference between the Dynal
bead-bacteria conjugates and the 3-SNP-bacteria con-
jugates is the relative number of particles than can be
accommodated around a given bacterial cell. In con-
trast to the �50 nm 3-SNPs which cover a significant
portion of the entire surface of the bacteria (Figure 2
and Supporting Information), the large diameter of the
3(PEG)-Dynal1.0 and 3-Dynal2.8 will limit the number
of particles interacting with the bacteria. In fact, the
TEM images suggest that there are actually several bac-
teria interacting with a single 3(PEG)-Dynal1.0 (Figure
6A and B) in contrast to the situation with 3-SNP. More-
over, the specific interaction with the bacteria appears
to aggregate 3(PEG)-Dynal1.0, whereas nonspecific in-
teractions between the unmodified 2-Dynal1.0 does
not result in efficient interaction and hence there is no
aggregation between the bead and the bacteria (Figure
6C and D). Because of their large size relative to the bac-
teria, we expected to see many bacteria surrounding
the 3-Dynal2.8-based particles in the TEM images of the
bead-bacteria conjugates. However, there was consis-

tently only one or two S. aureus cells interacting with
the beads and there were essentially no Dynal bead-
bacteria aggregates similar to those found with 3(PEG)-
Dynal1.0 (see Supporting Information). This is a nice
confirmation supporting our magnetic confinement/
plate counting results suggesting that 3-Dynal2.8-
based beads cannot interact with the bacteria as effec-
tively as 3(PEG)-Dynal1.0. Finally, because the bacteria
actually assemble around the Dynal beads, significantly
smaller excesses of 3-Dynal2.8 and 3(PEG)-Dynal1.0 (1
� 102 to 1 � 105) can be employed in the magnetic
confinement experiments in contrast to the larger ex-
cesses employed with 3-SNP-based nanoparticles (1 �

106 to 1 � 109). This analysis highlights the importance
of combining both TEM results and the capture data be-
cause TEM provides only a snapshot of what is occur-
ring between the particles and the bacteria in the solid
state. It is quite necessary to acquire both the magnetic
capture data and couple it to the information in the
TEM images to provide the best overall evaluation of
the various nanoparticles abilities to participate in affin-
ity capture experiments for bacteria. Again, it should
be noted that the unmodified carboxylic acid-modified
Dynal beads (2-Dynal1.0) cannot effectively confine the
bacteria, suggesting the interactions between the
nanoparticles and the bacteria are mediated by the van-
comycin moiety anchored to the particle surface (Fig-
ure 5).

Because our interests lie in the development of
nanoparticle-based probes for confining several patho-

Figure 6. TEM images of the 3(PEG)-Dynal1.0 pathogen conjugates for, S. aureus (A)
and E. coli (B) as well as the corresponding control beads (2-Dynal1.0) for S. aureus (C)
and E. coli (D). Note that the conjugates are aggregated when the Dynal beads are
modified with vancomycin.

A
RT

IC
LE

VOL. 2 ▪ NO. 9 ▪ KELL ET AL. www.acsnano.org1784



gens that can later be identified by a genomic DNA

fingerprint,3,4 we chose to extend the investigation of

3-SNP to a large series of pathogens in order to learn

the range of different species that could be magneti-

cally confined with a single nanoparticle probe. As high-

lighted in Figure 7, 3-SNP has the ability to efficiently

confine at least eight different species of Gram-positive

and Gram-negative bacteria, though the nanoparticles

are incapable of interacting with and confining

vancomycin-resistant enterococci (VRE, Figure 7). A fre-

quent difference between vancomycin-susceptible and

vancomycin-resistant strains of bacteria is the substitu-

tion of the terminal D-alanyl-D-alanine dipeptide for a

D-alanyl-D-lactate dipeptide on the pathogen surface

(conferred by the VanA resistance gene).18 This results

in the loss of one hydrogen bond and the introduction

of a lone pair�lone pair repulsion that greatly increases

the dissociation constant of the interaction.34,35 The

low capture efficiency suggests that the nanoparticles

do not interact effectively with this species of pathogen,

which is to be expected considering the D-alanyl-D-

alanine dipeptide receptor has been altered on the bac-

teria cell wall surface. Gu and co-workers recently dem-

onstrated that small gold and FePt-based nanoparticles

decorated with �10�31 vancomycin molecules can in-

teract with and, in the latter case, actually magnetically

confine VRE.5,28 This effective interaction is attributed to

the ability for the surface-bound vancomycin moieties

to multivalently interact with the surface of the bacte-

ria. In fact, the activity of vancomycin dimers in the in-

hibition of VREs is rationalized with a similar argument

(i.e., strong multivalent interaction).21 The poor mag-

netic confinement mediated by 3-SNP in regards to the

VRE is likely due to the inability for the small number

of vancomycin moieties on its surface to interact multi-

valently with the D-alanyl-D-lactate dipeptide receptors

on the surface of the bacteria. In the absence of this

strong interaction, 3-SNP cannot mediate an effective

confinement of these bacteria. Finally, the stability of

3-SNP is similar to what would be expected for most

antibody-modified magnetic particles. That is, 3-SNP
nanoparticles retain reasonable affinity capture activity

for 3 months with storage in MES buffer at 4 °C (Table 1).

The intrinsic variation involved in plate counting

method is generally below 10%. For day 94 measures,

replicates of plate counts showed greater than ex-

pected variations, therefore indicating possible meth-

odological mishaps. This does not change the general

conclusion that reasonable capture efficiency can be

maintained for two months for the three bacterial spe-

cies tested, and up to three 3 months for E. faecalis.

CONCLUSIONS
We have demonstrated the power of incorporating

small molecule probe-modified nanoparticles into a

magnetic capture assay for multiple Gram-positive and

Gram-negative bacteria and illustrated how easily the

orientation/architecture of the probe can be controlled

as it is anchored to particle surfaces. The ability to con-

trol the architecture is important because only one of

two architectures leads to the efficient confinement of

bacteria by small (�50 nm) nanoparticles. We have also

demonstrated that the surface coverage of vancom-

cyin plays an important role in the time required for ef-

Figure 7. Bar graphs representing the magnetic confinement efficiency for the magnetic capture of a variety of Gram-positive
(�) and Gram-negative (�) by 3-SNP (A). The capture efficiencies reported are the average of least three replicates each of
the bacteria.

TABLE 1. The Magnetic Capture Efficiency of E. coli, E.
faecalis, and S. epidermidis by 3-SNP Measured over 112
Days

E. coli
% capture

E. faecalis
% capture

S. epidermidis
% capture

day 1 112 100 83
day 8 94 (83%)a 79 (79%)a 85 (102%)a

day 64 57 (51%)a 72 (72%)a 89 (107%)a

day 94 82 (73%)a 66 (66%)a 25 (29%)a

day 112 58 (52%)a 81 (81%)a 25 (31%)a

aNote: (a) the values in parentheses for day 8-day 112 represent the capture effi-
ciency for that particular day relative to that on Day 1. Capture efficiencies of 100%
or more can be explained by the intrinsic variation involved in the plate counting
method.
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ficient labeling to the bacteria with the magnetic par-
ticles (15 vs 30�60 min as the surface coverage
increases), and that it is necessary to extend the probe
from the surface of the larger nanoparticles with a di-
ethylene glycol spacer in order to impart more flexibil-
ity to the ligand, presumably allowing it to adopt orien-
tations more amenable to effective interactions with
pathogen surface ligands. Importantly, the time re-
quired for pathogen capture can be significantly de-
creased when the larger, highly loaded nanoparticles
are employed for bacterial cell capture (�5 min rather
than 30�60 min). Together these results demonstrate

that small molecule probes are excellent alternatives
to antibodies for use in nanoparticle-based cell label-
ing and magnetic capture assays, where the tempera-
ture, long-term stability, reaction conditions used for
surface modification and ability to control the surface
architecture/orientation are significantly more flexible
than those for typical antibody-based strategies. Finally,
we also show that a single small-molecule modified
nanoparticle can be utilized to target and isolate many
different pathogens, negating the need to prepare spe-
cific nanoparticles to target and isolate specific
pathogens.

METHODS
Water-soluble iron oxide nanoparticles (FexOy) were ob-

tained from Ferrotec Corporation (average diameter 10 nm,
EMG 304 ferrofluid). Tetraethoxysilane (TEOS) and
3-aminopropyldiethoxymethylsilane (APDEMS) were both or-
dered from Gelest, Inc. Ammonium hydroxide (NH4OH, 28�30
wt %), high purity 2-propanol, dimethylsulfoxide (DMSO), dime-
thylformamide (DMF), and dichloromethane were obtained from
EMD Chemicals, Inc. N-(3-dimethylaminopropyl)-N=-
ethylcarbodiimide hydrochloride (EDC), diisopropylethylamine,
N-hydroxy succinimide (NHS), 1-hydroxybenzotriazole (HOBT),
N,N,N=,N=-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexaflu-
orophosphate (HBTU), vancomycin, 1,4-diaminobutane, 4,7,10-
trioxa-1,13-tridecanediamine, and MES were purchased from Al-
drich and used without further purification. The carboxylic acid
and amine modified Dynal beads (1-Dynal2.8, 2-Dynal2.8, and
2-Dynal1.0) were purchased through Invitrogen. Water was puri-
fied with a Millipore Q-guard 2 purification system (Millipore Cor-
poration). Only purified water was used in the experiments. Fluo-
rescent bacteria were purchased from Molecular Probes.

The vancomycin derivatives were purified by RP-preparative
HPLC on a Waters Delta Prep 4000 system, equipped with a Wa-
ters 996 photodiode detector and a Zorbax 300SB-C18 column.
Analytical RP-HPLC was performed with an Agilent 1100 series
HPLC employing a Zorbax 300SB-C18 column (5 �m) with di-
mensions of 4.6 mm � 150 mm.

Transmission electron microscopy (TEM) was used to charac-
terize the various FexOy@SiO2 based core�shell nanoparticles.
The TEM images were obtained using a Philips CM20 FEG micro-
scope operating at 200 kV. The SEM images were acquired on a
JEOL model JSM-5300 microscope. Samples were prepared by
dropcasting several drops of the particle dispersion onto 200
mesh copper/holey carbon TEM grids with a pipet.

Preparation of 1-SNP, 2-SNP, 3-SNP, and 4-SNP. The preparation and
characterization of these nanoparticles has previously been re-
ported by Kell and Simard.22 This report elucidated that 3-SNP
and 4-SNP contain 9 and 12 vancomycin molecules per nano-
particle, respectively. Following preparation, the nanoparticles
were incubated in a 0.1% solution of BSA in MES overnight, cen-
trifuged, and redispersed in 30 mM MES buffer.

Synthesis of NH2�C4-Vancomycin. The preparation of NH2�C4-
vancomycin was carried out through a process developed by
Sundram.21 Vancomycin (100 mg, 6.8 � 10�5 mol) was dissolved
in 2 mL of DMSO. To this was added 1,4-diaminobutane (30
mg, 3.4 � 10�4 mol) in 2 mL of DMF. The mixture was cooled
in an ice bath, and HBTU (38 mg, 1.0 � 10�4 mol) and HOBT (13.2
mg, 1.0 � 10�4 mol) were added as 1 mL solutions in DMF. Fi-
nally, diisopropylethylamine (20 �L, 11.4 � 10�4 mol) was
added, and the mixture was stirred overnight. The product was
precipitated with dichloromethane and centrifuged to isolate
the white product. The precipitate was dissolved in 3 mL of Mil-
lipore water and purified via preparative reverse-phase HPLC
(5�40% water/acetonitrile with 0.1% TFA over 20 min, Rf � 12.3
min). The product was characterized by HPLC (�90% by area)
and mass spectrometry. The MS exhibited an ion of (M� � H)

m/z � 1517 (m/z (calcd) � 1517), consistent with a molecular
ion of [C70H85Cl2N11O23]�.

Synthesis of NH2�PEG�Vancomycin. The reaction was carried out
as described above, except 4,7,10-trioxa-1,13-tridecanediamine
(75 mg, 3.4 � 10�4 mol) was used in place of 1,4-diaminobutane.
The precipitate was dissolved in 3 mL of Millipore water and pu-
rified via preparative reverse-phase HPLC (5�40% water/aceto-
nitrile with 0.1% TFA over 20 min, Rf � 9.2 min). The product was
characterized by HPLC (�90% by area) and mass spectrometry.
The MS exhibited an ion of (M� � H) m/z � 1651 (m/z (calcd) �
1650), consistent with a molecular ion of [C76H97Cl2N11O26]�.

Preparation of 3(PEG)-SNP. The carboxylic acid-modified nano-
particle (2-SNP) (10 mL, 1 � 1013 particles/mL) in 30 mM MES
buffer was charged with 2 mg EDC and 2 mg NHS and mixed for
30 min at room temperature to generate the
N-hydroxysuccinimidyl ester-modified nanoparticle (2(NHS)-
SNP) in situ. The solution was then charged with 1 mg of
NH2�PEG-vancomycin and stirred for 12 h at room tempera-
ture. The resulting 3(PEG)-SNP was centrifuged and unreacted
NH2�PEG�vancomycin was washed away with 5 mL MES buffer
four times and finally dispersed in 8 mL MES and stored in the
fridge at 4 °C.

Preparation of 4-Dynal1.0 and 4-Dynal2.8. The carboxylic acid modi-
fied nanoparticle (2-Dynal1.0, 250 �L, 3 � 108 particles) was
transferred to a glass vial and magnetically confined and redis-
persed in 250 �L of fresh MES buffer five times. The dispersion of
2-Dynal1.0 was then spiked with 50 �L of a 50 mg/mL solution
of EDC and 50 �L of a 50 mg/mL solution of NHS and stirred for
� 45 min. Following mixing, the nanoparticles were again mag-
netically confined and washed with fresh MES buffer (250 �L), re-
dispersed in DMF (250 �L) and 50�750 �g of vancomycin was
added. This solution was mixed for at least eight hours and the
resulting 4-Dynal1.0 was purified via sequential magnetic con-
finement and washing cycles (at least five) and dispersed in 1 mL
of MES buffer. The same protocol was utilized in the synthesis
of 4-Dynal2.8 from 2-Dynal2.8 (5 � 107 particles), but the func-
tionalized nanoparticles were finally dispersed to 1 � 108 par-
ticles/mL. Note: there was no difference in the ability for
4-Dynal1.0 and 4-Dynal2.8 to confine pathogens when
0.05�0.75 mg was employed in the surface modification.

Preparation of 3(C4)-Dynal1.0 and 3(PEG)-Dynal1.0. The carboxylic acid
modified nanoparticle (2-Dynal1.0, 250 �L, 3 � 108 particles)
was transferred to a glass vial and magnetically confined and re-
dispersed in 250 �L of fresh MES buffer five times. The disper-
sion of 2-Dynal1.0 was then spiked with 50 �L of a 50 mg/mL so-
lution of EDC and 50 �L of a 50 mg/mL solution of NHS and
stirred for �15 min. The solution was spiked with 0.5 mg of
NH2�C4-vancomycin and mixed for at least 8 h. Following mix-
ing, the resulting 3(C4)-Dynal1.0 nanoparticles were purified via
sequential magnetic confinement and washing at least five times
and finally dispersed in 1 mL of MES buffer. The same protocol
was utilized in the synthesis of 3(PEG)-Dynal1.0, where 0.5 mg of
this compound was also employed in the synthesis of the
nanoparticle.

Preparation of 3-Dynal2.8. The nanoparticle (1-Dynal2.8, 250 �L,
3 � 108 particles) was transferred to a glass vial and magneti-
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cally confined and redispersed in 250 �L of fresh MES buffer
five times. The dispersion of 1-Dynal2.8 was then spiked with
0.5 mg of vancomycin and allowed to stir for 15 min. Following
15 min, 50 �L of a 50 mg/mL solution of EDC and 50 �L of a 50
mg/mL solution of NHS were added and the resulting solution
was vortex mixed for �8 h. The resulting 3-Dynal2.8 was puri-
fied via sequential magnetic confinement and washing cycles (5)
and was then dispersed in 1 mL of MES buffer.

Isolation of Bacteria. The vancomycin-modified nanoparticles
in 100 �L MES buffered water (pH � 6, [NaCl] � 100 mM) were
spiked with a variety of both Gram-positive and Gram-negative
pathogens (30�300 cfu in 25 �L of MES buffer). The nanoparti-
cles were generally incubated for at least 1 h under gentle agita-
tion using a rotary shaker in order to bind with the bacteria ef-
fectively. Shorter incubation times result in a less efficient
magnetic confinement for some of the bacteria. The resulting
nanoparticle�bacteria conjugates were magnetically confined
for 1 h (3-SNP and 4-SNP) or 5 min (Dynal-based nanoparticles)
and the supernatant was carefully removed with a pipet. The
magnetic confinement efficiency for each bacterium was deter-
mined via plate counting of the isolated nanoparticle�pathogen
conjugates. This involved resuspension of the confined “pellet”
of nanoparticle and bacteria in 25 �L of MES buffer and spread
plating onto blood agar Petri dishes and subsequent growth dur-
ing an overnight incubation at 37 °C. Recovered colony forming
units were counted for both vancomycin-functionalized and the
control nanoparticles, the latter used as nonspecific interaction
controls. To ensure that all of the bacteria were accounted for,
the supernatant was also spread plated onto blood agar Petri
dishes and the total number of resulting cfu’s from both the
magnetically confined bacteria and the bacteria remaining in
the supernatant was consistent with the total number of bacte-
ria that was employed in the experiments. The ranges of excess
particles for these experiments, defined as excess particles with
respect to bacteria, are for 3-SNP � 1 � 106 to 1 � 109, for
4-SNP � 1 � 108 to 1 � 109, for Dynal2.8-based particles � 1
� 102 to 1 � 105, and for Dynal1.0-based particles � 1 � 102 to
1 � 105.

Growth of Cells for Antibiotic Susceptibility Studies. Vancomycin (2
�g), 3-SNP (1 � 1011 and 1 � 1012 nanoparticles) and 3(PEG)-
Dynal1.0 (1 � 107 particles) were dispersed in 99 �L of MES buff-
ered water and spiked with 1 �L of S. aureus cells (�1000 cells)
and incubated for 2 h. The nanoparticle/bacteria or vancomycin/
bacteria mixtures were then transferred to a brain/heart infu-
sion plate (BHI plate), spread, and incubated at 37 °C overnight.
The following morning the number of cfu’s were counted and
compared to a control sample where only the S. aureus cells were
incubated in the absence of nanoparticles were cultured. The re-
sults are highlighted in the bar graphs in the Supporting Infor-
mation, where the % viability is measured as the difference be-
tween the control and the bacteria mixed with the nanoparticles
or vancomycin itself.

Microagglutination Analysis. Cell microagglutinations were per-
formed essentially as described by Saito29 and co-workers. Two-
fold dilutions of the nanoparticles were performed in MES buff-
ered water (30 mM MES, pH 6.0, 70 mM NaCl) from wells 1�11 on
a microtiter plate. Well 12 had only MES buffered water. The vol-
ume in each cell is 50 �L. One OD600 of S. aureus (�1 � 108

cells) was added to each well in a 50 �L aliquot bringing the to-
tal volume of the well to 100 �L. The plate was incubated over-
night at 4 °C and photos were taken the following morning.
Qualitatively, the minimum agglutination concentration (MAC)
of 3-SNP was determined to be �1.125 � 1011 nanoparticles for
1 � 108 cells in 100 �L. None of the other nanoparticles showed
MAC up to particle concentrations of 1 � 1012/100 �L.
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