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& An oblique-incidence reflectivity difference (OI-RD) scanning microscope was developed for
label-free detection of the formation and disintegration of micelles upon solid substrates. Micelles
are made of polymers with hydrophilic heads in contact with the surrounding solvent and hydro-
phobic tails in the micelle center. This characteristic makes them very efficient drug carriers. Strep-
tavidin molecules were first printed on glass slides for capturing biotinylated polymers. Micelles were
formed when the concentration of polymers was higher than a critical value. The formation of
micelles resulted in an increase in the oblique-incidence reflectivity difference signals. As the concen-
tration of polymers decreased below the critical value, micelles were disintegrated, and a correspond-
ing decrease in the oblique-incidence reflectivity difference signals was observed. This microscope was
employed for the real-time monitoring of the formation and disintegration of two different micelles.
The critical concentration above which micelles were formed was determined to be around
0.0006mg=mL for micelles made of PEG5KCA8 polymers. The results suggest that this microscope
would have practical application in testing the efficiency and durability of micellar drug carriers.

Keywords critical concentration, drug carrier, micelle, oblique-incidence reflectivity
difference microscope

INTRODUCTION

Inorder to efficiently deliver drugswith low solubility to targets inside a cell,
various drug carriers such as liposomes,[1] microparticles,[2] nano-associates,[3]
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nanoparticles,[4] drug-polymer conjugates,[5] and polymeric micelles[6,7] have
been developed. Among these drug carriers, polymeric micelles are of parti-
cular interest because of their capability of both drug delivery and controllable
targeting and release. A typical micelle is made of amphiphilic block copoly-
mers with hydrophilic heads in contact with the surrounding solvent and
hydrophobic tails in the micelle center. This core-shell structure enables
micelles to serve as efficient carries since the hydrophobic core creates a
microenvironment surrounding lipophilic drugs, while the hydrophilic shell
provides a stable interface between the core and the aqueous solvent.[8,9]

Micelles are approximately spherical in shape with a generally small size
(diameter< 100nm). Their shape and size depend on the geometry of the
polymers and environmental conditions such as polymer concentration, pH,
temperature, and ionic strength. The distribution and transport of
drug-loaded micelles in a living system are mainly determined by their size
and surface properties, and less by the nature of embedded drugs. Therefore,
the use of specific polymeric micelles with a controllable size is crucial to
efficiently load and deliver drugs. Micelles can be surface-conjugated
with certain moieties such as saccharides,[10,11] folate,[12,13] peptides,[14] and
biotin[15,16] for specific targeting. Using biotin as an example, the recognizing
ligands such as monoclonal antibodies[17] conjugated with streptavidin can be
administered first so that the antibody can seek out and attach to a specific
antigen. The following administration (introduction) of biotinylated drug-
loaded micelles can then be delivered to the antigen site through a strong
biotin-streptavidin interaction. In addition to targeting and delivery, it may
be practical to develop novel stimuli-responsivemicelles for active drug release.
Thermo-[18–21] and pH-[22,23] triggered micelles have been reported to serve
for controllable drug release.

Traditionally, the shape (formation and disintegration) of micelles was
monitored using the so-called tensiometers which measure the surface and
interfacial tensions. Such measurements often require complicated and
expensive instruments, such as commercially available Sigma 700=701
tensiometers. Fluorescence labeling has also been used to determine the
shape of micelles with very high sensitivities.[24–26] However, different
labeling agents (such as fluorophores, nanoparticles, and quantum dots)
have different efficiencies, and it is not easy to compare them. Also, labeling
is always expensive as well as laborious.

In this article, the use of an oblique-incidence reflectivity difference
(OI-RD) microscope is demonstrated to observe the label-free formation
and disintegration of biotinylated micelles in real time. OI-RD microscopy,
the most sensitive form of optical elliposometry, measures the difference in
reflectivity change (both magnitude and phase) between p- and s-polarized
components of an optical beam. Such a difference is related to the
thickness and dielectric constant of surface-immobilized biomolecules.
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Therefore it is suitable for monitoring the shape of micelles upon solid
substrates. In the past, oblique-incidence reflectivity difference micro-
scopes have been applied to label-free detection of various biomolecular
interactions in a microarray format.[27–31] In addition to detection of the
shape of micelles, the OI-RD microscope was used to determine the critical
concentration above which micelles were formed.

MATERIALS AND METHODS

Protein Targets and Biotinylated Micelles

Unlabeled streptavidin tetramers were purchased from Jackson
ImmunoResearch Laboratories (West Grove, PA) and dissolved in 1�PBS
into a printing solution of 0.5mg=mL. Two different micelles (composed of
PEG5KCA8 polymers and cross-linked polymers, respectively) were synthe-
sized as described in references.[32–34] Mixtures of inert polymers and
biotinylated polymers at different loading ratios (polymer-biotin:
polymer-inert¼ 1:5, 1:10, 1:20, and 1:40) were prepared. The structures
of PEG5KCA8 polymer (non cross-linked telodendrimer)-biotin and cross-
linked polymer (catechol-boronic acid cross-linked polymer)-biotin are
shown in Figure 1.

Preparation of Target Microarrays

Using an OmniGrid 100 contact-printing arrayer (Digilab, Holliston,
MA, USA), two duplicates of streptavidin were printed on epoxy-coated glass
slides for capturing biotinylatedmicelles. Themicroarray-bearing slides were
stored as printed in slide boxes for at least 24hr before further processing.

OI-RD Microscope

The formation-disintegration curves of micelles were acquired using an
oblique-incidence reflectivity difference microscope. The scanning micro-
scope employs a He-Ne laser at a wavelength (k) of 633nm for illumination.
The complex differential reflectivity change (Dp – Ds) across a microarray-
covered glass surface is measured.[35] The physical properties of a surface-
bound molecular layer on a glass surface are related to Dp – Ds by

Dp � Ds ffi �i
4pes tanuincð Þ2cosuinc

e1=20 ðes � e0Þ es=e0 � tanuincð Þ2
� �

2
4

3
5

� ed � esð Þ ed � e0ð Þ
ed

d

k

� �
;½28;31;36� ð1Þ
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where uinc is the incident angle of illumination; e0, ed, and es are the respect-
ive optical constants of the aqueous ambient, the molecular layer (e.g.,
captured biomolecular probes), and the glass slide at k¼ 633nm; and d
is the thickness of the molecular layer. A single photodiode detector is used
for measuring the OI-RD signals (in terms of Dp�Ds). To enable
two-dimensional and high-speed scanning, two piezo-nano-positioning
(PI) encoded, linear stages were employed. For real-time, kinetic curve
measurements, OI-RD signals from spots and their neighboring bare sub-
strates were monitored over time. By repeatedly moving two stages and
focusing the laser beam on desired locations, the real-time curves of all tar-
gets were acquired. The referenced optical signal of a target was acquired
by subtracting the averaged signal of the two adjacent bare substrates from
the signal of the target.

FIGURE 1 Chemical structures of (A) PEG5KCA8 polymer (non cross-linked telodendrimer)-biotin and
(B) cross-linked polymer (catechol-boronic acid cross-linked polymer)-biotin. Inset in (A) shows the
chemical structure of cholic acid. (color figure available online.)
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Experimental Procedures

Before assembling the sample cartridge, a microarray-bearing slide was
immersed in 1�PBS overnight to remove excess unbound targets and buf-
fer precipitates. After assembling, the slide printed with molecular targets
was first washed twice with a flow of 1�PBS at a rate of 5mL=min. It was
subsequently blocked for 10min with a solution of BSA at 0.5mg=mL
and washed again with fresh 1�PBS for 5min. To acquire real-time curves,
the flow cell was first rapidly filled with the reagent containing micelles at
0.05mg=mL at a rate of 5mL=min and then the flow rate was slowed down
to 0.01mL=min. To observe the disintegration, the reagent solution was
rapidly replaced with fresh 1�PBS or micellar solutions at desired concen-
trations at a flow rate of 5mL=min and then the flow rate was reduced to
0.01mL=min.

RESULTS AND DISCUSSION

Figure 2 illustrates the overall experimental procedure. First, streptavi-
din molecules were printed on a bare glass slide ((A) and (B)). Then after
polymers were brought to the glass surface, polymer-biotin was bound to
immobilized streptavidin through a strong biotin-streptavidin interaction,
and micelles were formed (C). After the reagent was replaced with 1�PBS
or polymers at lower concentrations, the disintegration of micelles occurred
(D). Figure 3 shows the formation-disintegration curves of PEG5KCA8

micelles with different polymer-biotin to polymer-inert loading ratios. As
shown in Eq. (1), the changes in thickness (d) and dielectric constant

FIGURE 2 (A) Bare glass substrate, (B) printed streptavidin spots, (C) formation of micelles, and (D)
disintegration of micelles. (color figure available online.)
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(ed) of micelles contributed to the OI-RD signal. Assuming that the dielec-
tric constant was unchanged, the OI-RD signal was proportional to the
thickness of micelles, which is larger when micelles were formed and smal-
ler when they were disintegrated. There are two curves in each figure repre-
senting signals from two duplicated streptavidin spots. The polymer
solution mixture (at 0.05mg=mL) was brought to the streptavidin microar-
ray at t¼ 0 (marked by the first dashed line), and then the solution was
replaced with fresh 1�PBS at t¼ 1800 s (marked by the second dashed
line) for another 3 hr. The mixture of inert polymers and biotinylated poly-
mers formed micelles with their biotin tags attached to surface-immobilized
streptavidin. For a loading ratio¼ 1:5, the equilibrium was reached and the
disintegration occurred before the injection of 1�PBS, which probably
occurred because too many biotin molecules (and micelles) bound rapidly
to surface streptavidin within the first few minutes but some conforma-
tional changes occurred right after that point and thus caused the decrease
in signals. All disintegration curves were fitted to the Langmuir one-site

TABLE 1 Off-rate (Disintegration Rate) of PEG5KCA8 Micelles with Different Loadings

koff (s)
�1 1 : 5 1 : 20 1 : 40

First spot 3.81� 10�5 2.61� 10�5 3.58� 10�5

Second spot 4.76� 10�5 3.83� 10�5 3.47� 10�5

FIGURE 3 Formation-disintegration curves of micelles composed of PEG5KCA8 polymers at different
loadings. Two curves represent signals from two duplicated spots. Concentration of mixed polymers
used was 0.05mg=mL. After 1800 s, 1�PBS buffer replaced the mixtures and disintegration occurred.
All disintegration curves were fitted to the Langmuir one-site model with koff listed in Table 1. (color
figure available online.)
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FIGURE 4 (A) Disintegration curves of PEG5KCA8 micelles (loading ratio¼ 1:40) at different micellar
concentrations (from 0–0.05mg=mL). Concentration of mixed polymers used was 0.05mg=mL. (B)
Off-rate (disintegration rate) vs. micellar concentration at the disintegration phase. The dashed line
corresponds to the estimated critical concentration, which is approximately 0.0006mg=mL. (color
figure available online.)
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FIGURE 5 Formation-disintegration curves of micelles composed of cross-linked polymers at different
loadings. Concentration of mixed polymers used was 0.05mg=mL. After 1800 s, 1�PBS buffer replaced
the mixtures and disintegration occurred. From top to bottom, polymer-biotin: polymer-inert¼ 1:40,
1:20, 1:10, and 1:5. (color figure available online.)
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model[31,37] with the off-rate (dissociation rate) koff listed in Table 1. The
disintegration rates for all three mixtures were in the range of
3� 5� 10�5 (s)�1. Also, the disintegration (or dissociation) seemed to
reach equilibrium after a long time period (up to 12hr, data not shown).
To find the critical concentration above which micelles were formed,
disintegration curves of PEG5KCA8 micelles (loading ratio¼ 1:40) were
measured at different micellar concentrations (from 0–0.05mg=mL) as
shown in Figure 4A. During formation, the concentration of mixed poly-
mers used was 0.05mg=mL. As illustrated in Figure 4), the Langmuir
one-site model-fitted off-rate was plotted against the micellar concentration
at disintegration phase. The off-rate decreased as the micellar concen-
tration increased, and stable micelles formed (i.e., no clear disintegration
was observed) at concentrations higher than 0.002mg=mL. The estimated
critical concentration for these PEG5KCA8 micelles was approximately
0.0006mg=mL, as indicated by the dashed line in Figure 4B.

To test the feasibility of this OI-RD microscope, different loadings of
cross-linked polymers were prepared for comparison with the original
PEG5KCA8 micelles. Figure 5 shows the formation-disintegration curves of
cross-linked micelles with different loadings. During formation, the con-
centration of mixed polymers used was 0.05mg=mL. After 1800 s, 1�PBS
buffer replaced the mixtures and disintegration occurred. Regardless of
the loading, no obvious disintegration (or dissociation) was observed in
cross-linked micelles, which suggests that cross-linked polymers formed
more stable micelles than PEG5KCA8 polymers. However, this might be
a drawback for such cross-linked micelles since it would be difficult to effec-
tively release drugs surrounded and carried by them.

CONCLUSIONS

In this article, the formation and disintegration curves of two different
micelles were observed and studied using an oblique-incidence reflectivity
difference microscope. The critical concentration of PEG5KCA8 micelles was
measured to be around 0.0006mg=mL, and no obvious disintegration of
cross-linkedmicelles was observed. The results indicate that PEG5KCA8micelles
above the critical concentration were stable without disintegration. Therefore,
they are suitable for loadingsofdrugs and for studyinghow toefficiently control
the process of targeting and releasing. Moreover, this microscope was demon-
strated to be applicable to studying the efficiency of micellar drug carriers.
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