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Abstract
Teicoplanin (teic) from Actinoplanes teichomyceticus is a glycopeptide antibiotic used to treat many
gram-positive bacterial infections. Glycopeptide antibiotics inhibit the bacteria growth by binding
to carboxy-terminal D-Ala-D-Ala intermediates in the peptidoglycan of cell wall of gram positive
bacteria. In this paper we report the derivatization of magnetic microspheres with teic (teic-
microspheres). Fluorescence based techniques have been developed to analyze the binding properties
of the microspheres to two D-Ala-D-Ala terminus peptides. The dissociation constants for the binding
of carboxyfluorescein labeled D-Ala-D-Ala-D-Ala to teic on microspheres is established via
fluorometry and flow cytometry and was determined to be 0.5 × 10−6 and 3.0 × 10−6 M, respectively.
Feasibility of utilizing microparticles with fluorescence methods to detect low levels (limit of
bacterial detection was determined to be 200 colony forming units [cfu]) of gram-positive bacteria
has been demonstrated. A simple microfluidic experiment is reported to demonstrate the possibility
of developing microsphere based affinity assays to study peptide-antibiotic interaction.
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Introduction
Microsphere-based analysis, utilized in many biochemical studies, is advantageous as it
provides for easy separation of bound complexes from unbound species without the use of
sophisticated techniques and instrumentation. The presence of microspheres increase the
surface area-to-volume ratio of the medium allowing for sample concentration, thereby,
decreasing the limits of detection (LOD). Separations based on magnetic properties are
common in biotechnology [1] reasons being the myriad of magnetic microspheres
commercially available and the variety of diameters and surface chemistries possible [2]. The
variety of chemistries is critical and provides options for facile immobilization of many
biological receptors. Magnetic microspheres have been used in many biological applications
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including thermotherapy for cancer cells [3], immunoassays [4–6], cell separation [7–9], DNA
hybridization [10], protein and peptide separation [2,11] and pathogen detection [12,13].

Glycopeptide antibiotics have been extensively used to treat bacterial infections. They inhibit
the growth of gram positive bacteria by preventing the synthesis of the bacteria cell wall [14–
16]. Vancomycin from Streptomyces orientalis has historically been used as the last option of
treatment for many bacterial infections due to the increased resistance for many other types of
antibiotic agents [12]. Teicoplanin (teic) from Actinoplanes teichomyceticus (Fig. 1) is a
glycopeptide antibiotic of the vancomycin family [17,18]. It binds to the D-Ala-D-Ala terminus
on the cell wall of gram-positive bacterium via hydrogen bonds thereby preventing the enzyme
mediated cross-linking of peptidoglycan and eventual cell death [13–15]. Although it is not
routinely used in hospitals, teic is more active against Staphylococcus species than vancomycin
including methicillin-resistant strains, has fewer side effects and exhibits a longer half-life in
humans [17,19–21]. The growth of resistance to antibacterial agents is an ever-increasing
worldwide problem that threatens the chemical effectiveness of drugs used in the treatment of
many infectious diseases. The development of new, fast and sensitive techniques to analyze
bacteria-antibiotic interaction is important for several reasons. In the case of clinical testing
low concentrations of bacteria require several time-consuming steps (incubation, enrichment
and amplification). There is growing concern, that in the future, pathogens (foodborne,
waterborne or airborne) will be used as weapons in terrorist activities. Hence, sensitive and
instant detection of pathogens are warranted.

The development of novel microsphere-based methods to study the interaction of antibiotics
with specific ligands complements current analytical techniques by providing an alternative
technique to estimating affinity parameters between two species. Previous publications have
detailed the use of magnetic particles to analyze antibiotic binding to bacteria. For example,
Lin et al.[22] used MALDI-MS techniques to analyze the binding of three different gram-
positive bacteria to vancomycin-tethered magnetic nanoparticles. The lowest concentration
they could detect was ~ 7 × 104 cfu/mL. Furthermore, Gu et al. [13] could detect 101–102 cfu/
mL level of gram-positive and gram-negative bacteria using vancomycin tethered
nanoparticles via optical microscopy and scanning electron microscopy.

Bioassays on a microfluidic format allow for rapid analysis with small reagent volumes which
is important when expensive and/or hazardous compounds are involved. The integration of
magnetic microspheres and fluorescent-based techniques in a microfluidic-based bioassay
provides an opportunity to design and develop a variety of biosensors based on diverse
biological interactions. Magnetic microspheres can be packed into microchannels using
integrated or external permanent magnets or electromagnets. The absence of pillars or dam-
like structures to hold microspheres make construction of the device simple and sophisticated
microfabrication tools not necessary. If external magnets are used, it enables to release packed
microspheres by simply removing the magnetic field ensuring these devices are reusable.

Herein, we detail a fluorescent-based magnetic microsphere method to examine the binding of
D-Ala-D-Ala terminus peptides, analogous to that found on the bacteria cell wall, to the
antibiotic teic. We employ two techniques, flow cytometry and fluorometry for the evaluation.
We first demonstrate the concept by using a model peptide that can mimic the antibiotic binding
site of gram-positive bacteria. The peptide D-Ala-D-Ala-D-Ala labeled with 5-
carboxyfluorescein (5-FAM(DA)3) (1) used as the model peptide. Stapylococcus aureus
binding to magnetic microspheres at ultra-low concentrations, is demonstrated via fluorometry.
Finally, we explore the feasibility of developing a microfluidic chip to investigate the binding
of teic to 1 using a microcolumn packed with teic-coated magnetic microspheres. These
techniques have the potential to be complimentary to traditional fluorometric assays with the
advantage of low sample requirements.
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Experimental
Materials

Carboxylic group terminated Dynal® magnetic microspheres (~2.7 µm diameter) were
purchased from Invitrogen (Carlsbad, CA). Teicoplanin-HCl was purchased from Advanced
Separation Technologies (Whippany, NJ) and used without any further purification. 5-FAM
(DA)3 (1) was custom synthesized by Anaspec (San Jose, CA). N’α, N’’ε-diacetyl-lys-D-Ala-
D-Ala (NNL(DA)2) (2), D-Ala-D-Ala (3) and N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) were purchased from Sigma (St. Louis, MO). Rare
earth magnets were purchased from K&J Magnetics (Jamison, PA).

Instrumentation
Fluorescence based methods have been employed to study the interaction of teicoplanin
derivatized microspheres with model peptides and bacteria.

Fluorometry—Indirect methods were employed to analyze the binding of model peptides
and bacteria to teic-microspheres in suspensions, using a Fluoromax-3 (Horiba Jobin Yvon,
Edison, NJ) spectrophotometer. All the measurements were performed at fixed wavelength
mode (λexc = 488 nm, λemis = 520 nm). Neutral density filters were used when required.

Flow Cytometry—Flow cytometry was used to analyze peptide binding via directly
measuring the bound complexes. The flow cytometric analysis used a Becton-Dickinson
FACScan flow cytometer (Sunnyvale, CA) equipped with an argon ion laser (λexc = 488 nm).

Fluorescence Microscopy—A simple microfluidic binding assay was performed to
demonstrate the proof-of-concept using an inverted epi-fluorescence microscope (NIKON
Eclipse-2000U) equipped with a photon counter (Hamamatsu, Tokyo, Japan). The 20 X
objective lens was used to focus the exciting and emission lights.

Procedures
Derivatization of magnetic microspheres with antibiotics—Carboxylic acid
terminated magnetic beads were derivatized with teic (teic-microspheres). A solution (100 µL)
of magnetic microspheres from a stock solution (2×109 beads/mL) was taken into a micro-
centrifuge tube and a rare earth magnet was used externally to the tube to separate the
microspheres from the solution. The supernatant was discarded and the microspheres were
washed (5X) with 2-(N-morpholino) ethanesulfonic acid (MES) buffer (25 mM, pH 5). A
solution (60 µL) of teic (10 mg/mL) in MES (25 mM, pH 5) was added to the microspheres
and incubated for 30 minutes. A solution (30 µL) of freshly prepared EDC solution (100 mg/
mL in cold water) and MES buffer (10 µL) were added to the bead solution. The mixture was
incubated (6 hr) at room temperature with slight shaking. The solution was discarded and
microspheres were suspended in Tris (50 mM, pH 7.4) buffer for 15 min. Microspheres were
washed with PBS (100 mM, pH 7.4, 150 mM NaCl, 0.1% BSA) (5X) and then resuspended in
PBS (1 mL) (100 mM, pH 7.4, 150 mM NaCl). A hemocytometer count gave the final
microspheres count as 1.1 × 108 microspheres /mL.

Fabrication of microfluidic chip—A microfluidic chip (Fig 2a) containing a single straight
microchannel (length 1.8 cm, width 200 µm, height 60 µm) was prepared by using conventional
soft lithographic techniques. Briefly, a mold was created on a 3” silicon wafer using
photolithography [23]. A solution (2 mL) of degassed PDMS pre-polymer was spin coated
onto the mold at 3000 rpm for 30 seconds to obtain a thin layer (~ 30 µm) of PDMS. The
sample was baked for 15 min at 70 °C. Two 2 mm diameter cylindrical rare earth magnets
(NdFeB type, 0.21 lb pull force) were aligned tangentially to the microchannel (Fig. 2c) with
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the help of a 1 × 1 cm square shaped rare earth magnet (holding magnet) which is placed
underneath of the wafer (Fig. 2a). Degassed PDMS pre-polymer solution was poured onto the
assembly and baked for 2 hr at 70 °C to obtain a thicker layer of PDMS on top of the previously
formed thin layer. The holding magnet is helpful to keep two cylindrical magnets in place
during the pouring and baking of PDMS. The combined PDMS layers were peeled off from
the wafer. Holes were punched at either end of the microchannel for the liquid connections.
The PDMS chip was irreversibly sealed onto a glass slide (Fig. 2b) using an argon plasma
[23].

Preparation of bacteria—Staphylococcus aureus (S. aureus) strain RN4220 was obtained
from the laboratory of Richard Novick [24]. Four to five S. aureus colonies from a freshly
streaked Luria-Bertani (LB) agar plate were inoculated into LB broth in an Erlenmeyer flask
and grown for approximately 2 hours at 37 °C. The culture was centrifuged at 6000 rpm for
30 min. The supernatant was removed and the pellet was resuspended in PBS (pH 7.4, 137
mM NaCl, 2.7 mM KCl). The optical density of the culture in PBS was measured at 600 nm
(OD600). The culture was then serially diluted in PBS from 10−4 to 10−8 OD600 and the diluted
cell suspensions were used in the bead-binding assays. The cfu of live S. aureus cell suspensions
were determined by plating 10-fold serially diluted samples (100 µL) onto three replicates of
LB agar plates. After an overnight incubation at 37 °C cfu of each plate was counted and cfu/
mL for the original cell suspensions was calculated.

Suspension-based binding assays via fluorometry—A suspension based method
combined with fluorometry was utilized to analyze the binding of labeled peptide to teic-
microspheres. The binding of 1 was measured via the decrease in fluorescence intensity of
supernatant peptide solution. Intensity measurements were performed in constant wavelength
mode. Samples containing ~2.2 × 106 microspheres (teic-microspheres and non derivatized
microspheres) were incubated at room temperature in different concentrations (3.2–31.5 µM,
depending on the type of experiment) of 1 (160 µL) in Eppendorf tubes with slight shaking.
The microspheres were separated from the solution using an external magnet. The supernatant
1 was measured for its fluorescence intensity.

1. Analysis of reactivity of teic-microspheres: To determine the reactivity of derivatized
microspheres, 1, (5 nM) was incubated with teic-microspheres. The decrease in fluorescence
intensity was monitored at different time intervals (0–30 min).

2. Stability studies of derivatized microspheres: Teic-microspheres were generally stored
in PBS (100 mM, pH 7.4, 150 mM NaCl) at 5°C for long term use. The stability of derivatized
microspheres was periodically monitored for one month by measuring the reactivity of a stock
solution (5 nM) of 1.

3. Determination of 1-teic complex density on microspheres: Fluorometry was used to
determine the number of available binding sites on derivatized microspheres. A sample
containing approximately 2.2 × 106 microspheres/mL was incubated with different
concentrations (0.1– 100 µM) of 1 in Eppendorf tubes for 15 min. The supernatant intensities
of the reacted peptides were measured as previously described.

4. Equilibrium binding of 1 with teic-microspheres: Fluorometric and flow cytometric
techniques were employed to study the equilibrium binding kinetics of 1 with teic bearing
microspheres. In fluorometric studies, Suspensions of teic-microspheres (2.2 × 106) were
reacted with solutions of 1 with different concentrations (3.6 nM – 31.6 µM) for 15 min.
Analyses were performed as previously described.
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5. Competitive binding of similar peptides with teic-microspheres: Two unlabeled peptides
mixed with 1 were used to show the different affinities of three closely similar peptides towards
teic. A solution (80 µL) of 2 and 3 (0 nM-0.5 µM) was separately mixed with a solution (80
µL, 10 nM) of 1. Binding of 1 in the mixture with ~2.2 × 106 derivatized microspheres was
measured as before.

Equilibrium binding studies via flow cytometry
Equilbrium binding of 1 with teic-microspheres was performed also with flow cytometry. ~2.2
× 106 of microspheres incubated with different concentrations (1 nM – 1 mM) of labeled
peptide solutions (160 µL) for 15 min. The microsphere samples were washed (3X) with PBS
buffer and re-suspended in 0.5 mL for flow cytometry analysis. Ten thousand events were
recorded for each analysis. The sensitivity of the flow cytometer was adjusted so that the auto
fluorescence of the non-derivatized beads was at the very low end of the scale.

Binding analysis via microfluidics
1. Bead packing—A microchannel was placed on the sample stage of an epi-fluorescence
microscope and secured using specimen clips. A peristaltic pump, connected to the
microchannel via a silicon tubing (0.64 mm I.D.), was used to introduce microspheres and
reagents into the microfluidic chip. The microchannel was first rinsed with PBS buffer
containing 0.1 % BSA to minimize non-specific binding of compounds to the PDMS surface.
The microchannel was filled with PBS buffer and 5 µL of derivatized microspheres (1.1 ×
108 beads/mL) was withdrawn into the silicone tubing using a peristaltic pump. Microsphere
filled silicone tubing was connected to the microchannel and a continuous flow of buffer was
maintained via the peristaltic pump. The microspheres accumulated at the two magnets. The
packed microsphere segment was aligned and focused with the 20X objective lens of the
microscope. The packed segment was rinsed (5 min) with PBS buffer.

2. Sample injection and detection in the chip—The peristaltic pump was stopped and
the silicone tubing containing the running buffer at the inlet end was removed from the
microfluidic chip. A 5 µL plug of 1 (10 µM) was withdrawn into the tube and re-connected to
the microchannel. The sample plug was manipulated through the microfluidic channel at a rate
of 0.4 µL/min using the peristaltic pump. The fluorescence intensity was monitored at the
microsphere segment periodically via a photon counter attached to the microscope. The
monitoring was started before the injection of the sample plug. When the labeled compound
reached the microsphere packed segment, the flow was stopped for 10 min for incubation. The
flow was restarted to remove excess compound from the microchannel while monitoring the
fluorescent intensity periodically. Control experiments were performed with 1 (10 µM) and
non-derivatized microspheres.

Bacteria binding to teic-beads
A suspension based method was employed for the assay. A solution (160 µL) containing a non-
pathogenic strain of S. aureus was incubated with teic-microspheres (~ 2×106) for 30 min at
room temperature. Microspheres were separated from the bacteria solution and re-incubated
with 1 (5 nM). The fluorescent intensity of the supernatant 1 was measured after 5 min. A
control experiment was performed by incubating teic-microspheres with 1 (160 µL, 5 nM).
Another control was performed with non-derivatized microspheres incubated in bacteria and
subsequently with 1 (160 µL, 5 nM) to monitor non-specific binding of reagents to
microspheres.
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Results and discussion
Derivatization of magnetic beads with antibiotics

The primary amine on the peptide backbone in teic (Fig. 1a) can be coupled to carboxylic acid
groups on the surface of the magnetic microspheres via amide bonding mediated by
carbodiimide activation. Although self-polymerization of teic is possible due to the terminal
carboxylic group, we compensated this by adding excess of teic. Since magnetic microspheres
can be easily separated from the reactant solutions, excess reagents can be removed by
thoroughly rinsing the microspheres. By incubating derivatized microspheres with Tris buffer,
unreacted activated carboxylic acid groups are quenched. Derivatized microspheres were
rinsed with PBS buffer containing 0.1% BSA to minimize the non-specific binding of peptides.
For long term storage, microspheres were suspended in a known volume of PBS buffer and
kept at 5 °C. Derivatized microsphere concentration was calculated by hemocytometer
counting.

Suspension assays of fluorescent peptide binding to teic-microspheres
1. Reactivity of drivatized microspheres—Direct monitoring of fluorescent particles in
fluorometry can lead to erroneous results due to the scattering effects from the particles
themselves. In such a situation, indirect methods can be used to monitor the binding of
fluorescent ligands to receptors on microspheres. When a solution of 1 is incubated with teic-
microspheres, the binding of fluorescent peptide (ligand) to teic-microsphere (receptor) can be
monitored via the decrease in fluorescence intensity of the solution. Microspheres can be
separated using an external magnet thus supernatant can be measured without any interference.
Only a few milliseconds is required for equilibrium to be established between teic and D-Ala-
D-Ala peptides in solution [25]. Fig. 3a shows direct monitoring of binding interactions
between labeled ligand and receptors on microspheres. The initial intensity of the supernatant
is decreased by 50% within the first minute indicative of the microspheres’ reactivity. After
approximately 10 min the change in decrease in intensity is not significant and an overall
decrease of 73% is reached after 30 min of incubation.

2. The stability of teic coated microspheres—The long shelf-life of derivatized
microspheres enables the continuous use of a batch of microspheres for many assays without
repetitive preparations. Fig. 3b demonstrates that the microspheres are reasonably stable even
after one month. The measured supernatant intensity of reacted 1 was normalized to the
intensity of the un-reacted peptide in solution, each day using the eq. (1). In eq. (1), I0 and It
are fluorescence intensities of 1 before and after reacting with teic-microspheres, respectively.

(1)

The reactivity of teic-microspheres decreased by 13–15% after the first week. This decrease
may be attributed to the dissociation of some teic molecules from the surface of the
microsphere.

3. Determination of 1-teic complex density on microspheres—A suspension-based
method was employed to obtain maximum density of bound complexes using fluorometry. The
concentration of 1 was varied while maintaining the amount of microspheres constant (Fig. 4).
The measured intensities for this particular analysis were used to determine the concentration
of available teic sites ([Lb]) associated with microspheres as shown in eq. (2). In eq. (2), [L]0
is the initial concentration of peptide. The number of 1 molecules per microsphere at a particular
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initial concentration was calculated using eq. (3). Here, A and n are Avagadro’s number and
concentration of microspheres, respectively.

(2)

(3)

The analysis gave an approximate value of available binding sites on microspheres of about
50 million.

Equilibrium binding studies via fluorometry and flow cytometry
The equilibrium binding of 1 to teic was analyzed using fluorometry and flow cytometry. The
fluorescence intensities from fluorometric measurements were normalized according to eq.
(1). For flow cytometry, a total of 10,000 events were considered. Mean value of histogram
for each concentration was used for calculation. The numbers along the x- axis in each flow
cytometry histogram (Fig. 5a) represent the means of the histograms. The y-axis represents the
number of events. The degree of intensity increases along the x-axis. Two histograms in Fig.
5a represent two extremes of concentrations of 1 used. It has been shown elsewhere that the
mean of the flow cytometry histogram is the quantity relevant to binding capacity [25]. Mean
values were normalized according to eq. (4). Here It is the intensity of teic-microspheres after

(4)

reacting with 1 and I0 is the original intensity of teic-microsphers. We assumed the peptide-
teic binding as a cooperative binding interaction and equilibrium binding data from fluorometry
and flow cytometry were analyzed as sigmoidal dose-response curves using Origin-7 data
analysis and graphing software (OriginLab, Northampton, MA). The derived dissociation
constants (Kd) from mid points of the sigmoidal curves are 3 µM (flow cytometry, Fig. 5b)
and 0.5 µM (fluorometry, Fig 5c). . The micromolar range dissociation constants suggest the
binding of peptides to the teic-bead is not strong and a weak binding ligand can be replaced
by a strong binding ligand. The lower Kd value for suspension based analysis are due the
minimal effect from dissociation of bound complexes during the analysis. There is a greater
possibility of dissociating some of the bound complexes during the rinsing of microspheres
prior to flow cytometric analysis resulting in a higher value for Kd. Overall these values are in
close agreement with the Kd (2 µM) that is obtained from solution based homogeneous
experiments by capillary electrophoresis [26].

4. Competitive binding of similar peptides with teic-microspheres
Certain varieties of D-alanine (and glycine) containing peptides can have different affinities
towards teic due to the differences in electrostatic interaction. One of the reasons for these
differences in affinity is due to the change in the number of hydrogen bonds formed between
the peptide and the antibiotic [27]. As a proof-of-concept study to demonstrate the feasibility
of using teic-microspheres for competitive and affinity studies of similar peptides, we chose
unlabeled 3 and 2 along with 5 nM of 1. Normalized intensity, as described in eq. (1), was used
to demonstrate the different affinities of 2 and 3 towards teic (Fig. 6). The derived data were
also used to show the competitive binding of 1 with teic-microspheres in the presence of two
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similar peptides. According to the expression in eq. (1), the graph shows the degree of binding
of 1 in the presence of two competing peptides. It is apparent that the fluorescent peptide binds
more favorably at low concentrations of two competing peptides. Even at higher concentrations
of 3 the binding of 1 is still greater indicating the strong interaction of teic-microspheres with
the fluorescent peptide. This binding is mainly due to the presence of an extra hydrogen bond
between 1 and teic [27]. In the case of 2 the binding of fluorescent peptide is weaker at higher
concentration of competing peptide. Both peptides have the same number of hydrogen bonds
with teic on the microspheres but the bulkiness of the fluorescent tag can cause weaker binding.
Further studies are needed to confirm this hypothesis.

Microfluidics
Microfabrication of microfluidic chips—Magnetic beads were captured by embedding
two small rare earth magnets in PDMS externally to the microchannel. In unpublished work,
we found that the thickness of the PDMS layer between a magnet and magnetic object can
affect the strength of the magnetic field from the magnet thus affecting the capture of beads.
We could securely embed two magnets while minimizing the distance to the microchannel by
first creating a thin layer of PDMS on the photoresist mold (Fig. 2b) followed by alignment of
the magnets and finally creating a thick layer of PDMS to make a more rigid device.

Microfluidic assays on peptide - teic binding—A simple microfluidic experiment was
performed to demonstrate the binding of 1 (10 µm) to teic-bearing beads in a microchip. Beads
were confined to a region of approximately 800 µm in length. The collection of data was started
15 min prior to the sample injection (Fig. 7). The labeled peptide was injected at 15 min. Due
to the dead volume between the injection point and the packed segment, the frontal end of the
plug of 1 took approximately two min. to reach the microsphere segment. The flow was stopped
at 17 min. to allow microspheres to incubate with the peptide. The initial increase in fluorescent
intensities shown as peaks in red and black traces in Fig. 7 are due to the presence of excess
labeled peptides in the system. The microspheres were incubated for 10 min at zero flow
conditions (17–27 min.) and then re-started to remove excess peptides from the system. The
sharp decrease in intensity is indicative of the removal of excess peptides. The more stable
fluorescent intensity after 50 min (in red) is indicative of the presence of 1 bound to teic-
microspheres. The gradual decrease in intensity from 55 min to the end of the curve is mainly
due to the dissociation of bound 1. In the negative control experiment with non-derivatized
magnetic microspheres (black trace in Fig. 7) the absence of retention of fluorescent intensity
at the microsphere segment is indicative of the non-binding of fluorescent peptides to the non-
derivatized microspheres. This simple microfluidic experiment demonstrates that microsphere-
based methods can be developed in a microfluidic format to analyze antibiotic-peptide
interactions. The major limitation is the weak binding of peptides to teic on microspheres,
causing many initially bound complexes to dissociate during washing steps, thus decreasing
the sensitivity and increasing the limit of detection.

Bacteria binding to the teic-beads—The binding of bacteria to teic-microspheres was
monitored via fluorometry. When a known amount of teic- microspheres is incubated with a
sample of S. aureus prior to incubation with 1, if the bacteria binds to the microsphere bound
teic, the number of receptors on the microspheres able to bind to 1 will be decreased (Fig. 8a).
The bacteria binding can be observed indirectly by monitoring the degree of labeled peptide
binding. In Fig. 8b, normalized intensity (eq. (1)) of control is taken as 100 % binding of 5-
FAM(DA)3 to teic-microspheres and compared with normalized intensities for samples
containing teic-microspheres that were pre-incubated with different concentrations of bacteria
prior to reacting with 1. Each analysis was done in triplicate. A portion of each solution was
analyzed by the colony counting method to determine the concentration of bacteria. The limit
of detection of S. aureus in said method was approximately 200 cfu. We could not detect
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bacteria for samples below 180 cfu. This observation may be mainly due to the strong attraction
towards 1 which can replace the low amount of bound bacteria from microspheres. This can
be avoided by choosing a suitable labeled peptide with comparative affinities as bacteria.

Conclusion
Magnetic particles have been derivatized with the antibiotic teicoplanin and its binding to D-
Ala-D-Ala terminus peptides has been described. The values for the dissociation constants for
1 obtained by fluorometry and flow cytometry are similar and comparable to known values for
similar peptides obtained from other techniques. In addition, a particle-based system was
employed to detect low levels of bacteria avoiding time consuming steps used in conventional
techniques. The concept we demonstrate here is simple and the detection is quick in comparison
to conventional methods where many steps are involved in sample perparation. We believe
this approach can be further utilized in developing new types of biosensors for pathogen
detection. Further work will focus on examining tighter receptor-ligand binding models and
or using other fluorescence based techniques.
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Fig. 1.
Structure of teicoplanin from Actinoplanes teicomyceticus.
The structure of teicoplanin, a glycopeptide antibiotic of the vancomycin family.
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Fig. 2.
Fabrication of the microfluidic chip. (a). Steps involved in preparing rare-earth magnets
embedded PDMS chip. (b). Image of final device with a sketch showing the enlarged view of
alignment of the magnets.
Fabrication of the microfluidic chip. A. Steps involved in preparing rare-earth magnets
embedded PDMS chip. B. Image of final device. C. Optical micrograph of a magnetic bead-
packed microchannel. Shaded areas are where the magnets are embedded.
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Fig. 3.
Fluorometric studies of reactivity and stability of magnetic microspheres derivatized with teic.
(a). Reactivity of teic- microspheres were analyzed by monitoring the change in fluorescence
intensity of supernatant 1. (b). Stability of derivatized microspheres were analyzed by
monitoring the reactivity of microspheres for one month.
Spectrofluorometric studies of reactivity and stability of magnetic microspheres derivatized
with teicoplanin. A. Reactivity of teic-microspheres were analyzed by monitoring the change
in fluorescence intensity of supernatant 5-FAM(DA)3. B. Stability of derivatized microspheres
were analyzed by monitoring the reactivity of microspheres for one month.
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Fig. 4.
Graph of binding sites versus free 1. Number of available binding sites on microspheres was
calculated using eq. (2) coverage of binding sites per bead. Data suggest ~50 × 106 available
binding sites per microsphere.
Graph of number of receptor sites vs free 5-FAM(DA)3. Number of receptor sites on
microspheres was calculated using equation (2) to obtain the maximum surface coverage of
binding sites per microsphere. Data suggest ~50 × 106 available binding sites per microsphere.
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Fig. 5.
Equilibrium binding of 1 with teic- microspheres. (a). Mean value of each histogram for
different concentration was used for flow cytometric analysis. (b). Sigmoidal dose-response
analysis of flow cytometric data. A Kd of ~ 3.04 × 10−6 M was derived from the equilibrium
binding curve. (c). Sigmoidal analysis of fluorometric data. A Kd of ~ 0.5 × 10−6 M was derived
from the equilibrium binding curve.
Equilibrium binding of 5-FAM(DA)3 with teic-microspheres. A. Mean value of each histogram
for different concentration was used for flow cytometric analysis. B. Sigmoidal dose-response
analysis of flow cytometric data. A Kd of ~ 3.04 × 10−6 M was derived from the equilibrium
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binding curve. C. Sigmoidal dose-response analysis of spectrofluorometric data. A Kd of ~ 0.5
× 10−6 M was derived from the equilibrium binding curve.
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Fig. 6.
Competitive binding of 1 with structurally similar peptides.
Competitive binding of 5-FAM(DA)3 with structurally similar peptides, NNL(DA)2 and
(DA)2.
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Fig. 7.
Analysis of 1 binding to magnetic microspheres packed in microfluidic channels. The slow
decrease in fluorescence intensity (red trace) is indicative of binding of fluorescent peptides
to teic- microspheres, where as rapid decrease in intensity (black trace) is indicative of the non-
binding of fluorescent peptides to non-derivatized microspheres.
Analysis of 5-FAM(DA)3 binding to magnetic microspheres packed in microfluidic channels.
The slow decrease in fluorescence intensity in red trace indicative of binding of fluorescent
ligand to teic-microspheres where as rapid decrease in intensity in black trace indicative of the
non binding of fluorescent ligand to non-derivatized microspheres.
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Fig. 8.
Gram-positive bacteria binding to teic-bearing magnetic microspheres. (a). Schematic diagram
showing the basis of bound bacteria determination. Teic-microspheres will be incubated with
1 in control. Teic- microspheres will be incubated with bacteria first and then with 1 for test
samples. (b). Degree of bacteria binding is determined by the percentage of fluorescence
decrease compared to the control.
Gram positive bacteria binding to teicoplanin bearing magnetic beads. A. Schematic diagram
showing the basis of bound bacteria determination. Teic-beads will be incubated with 5-FAM
(DA)3 in control. Teic-beads will be incubated with bacteria first and then with 5-FAM
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(DA)3 for test samples. B. Degree of bacteria binding is determined by the percentage of
fluorescence decrease with comparison to control.
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