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Nanoparticles such as gold nanoparticles, superparamagnetic
iron oxide nanoparticles, and quantum dots (QDs) have

manifested a great potential for a broad range of biomedical ap-
plications including in vitro diagnostics,1 cell tracking,2 molecular
imaging,3�5 and drug/gene delivery.6�8 These nanoparticles
have a common core/coating structure, i.e., nanocrystals of metals,
metal oxides, or semiconductors encapsulated in a coating layer
formed by natural macromolecules or synthetic polymers. Although
the physical functionality of a nanoparticle is mainly attributable
to its crystalline core, the coating plays an indispensible role in
the biomedical applications. The coating layer must render nano-
particles water-dispersible, prevent aggregation, reduce nonspe-
cific adsorption in biological systems, and provide a platform for
conjugation of targeting ligands or other functionalities. The size,
charge, hydrophilicity, and flexibility of the coating molecules are
critical mediators for the in vitro and in vivo performance of
nanoparticles.5,9,10 Furthermore, the density and class of reactive
groups on the nanoparticle surface not only are important for
conjugation chemistry but also regulate the interactions between
nanoparticles and their targets.1,11,12

To date, many nanocrystals are initially prepared as a colloid
stabilized by hydrophobic surfactants in nonpolar solvents. For
example, iron oxide nanoparticles and quantum dots can be
synthesized by thermal decomposition of precursor compounds
in organic solvents.13�15 Thesemethods facilitate size tuning and
improve the size distribution of nanocrystals. However, as-
synthesized nanoparticles will aggregate in aqueous buffers
unless protected by hydrophilic molecules. Previous studies have
shown that hydrophilic polymers with sulfhydryl or carboxyl
groups can bind covalently to certain nanoparticles through
surface ligand exchange.15�17 However, with only a few excep-
tions, grafting desirable molecules onto a hydrophobic and often

chemically inert crystal surface presents a major challenge. Fur-
ther, with most available techniques, it is difficult to precisely
control the density of coating polymers and subsequently func-
tional groups on the nanoparticle surface.

Amphiphilic surfactants can be adsorbed to the surface of
hydrophobic nanoparticles with the hydrophilic portion of the
surfactants exposed to the aqueous solution. The adsorption is
driven by hydrophobic interactions between the amphiphilic
surfactants and the nanoparticle surface. Amphiphilic polymers
with a low critical micelle concentration (cmc), e.g., Poloxamer,
Poloxamine, and lipid�PEG copolymer, can form a stable coat-
ing layer around hydrophobic cores.9,18,19 Amphiphilic polymer-
coated carbon nanotubes, polystyrene beads, quantum dots, and
superparamagnetic iron oxide nanoparticles have been used in in
vitro and in vivo applications.9,19�23 This coating can be general-
ized for many hydrophobic nanocrystals because it does not rely
on the reactivity of the crystal surface.19 This method can also be
used to produce multifunctional nanoparticles by adding func-
tionalized polymers to the initial coating mixture, making it an
attractive approach for coating nanocrystals with hydrophobic
surfaces.24

Hydrophobic nanocrystals are usually encapsulated with am-
phiphilic polymers through a film hydration process, as outlined
in Scheme 1.21,22,24,25 In this method, amphiphilic polymers and
nanocrystals are first distributed in a thin film, which is often
performed by dispersing all components in chloroform and
evaporating the solvent with a rotary evaporator, resulting in a
filmwith uniformly distributed components (Scheme 1,1). The
components can assemble into water-dispersible nanoparticles
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ABSTRACT: We coated nanoparticles including iron oxide nanoparticles and
quantum dots with phospholipid�PEG using the newly developed dual solvent
exchange method and demonstrated that, compared with the conventional film
hydration method, the coating efficiency and quality of coated nanoparticles can be
significantly improved. A better control of surface coating density and the amount of
reactive groups on nanoparticle surface is achieved, allowing conjugation of different
moieties with desirable surface concentrations, thus facilitating biomedical applica-
tions of nanoparticles.
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when the film is hydrated in an aqueous buffer (Scheme 1, 2).
This process usually requires energy input from intensive heating
and sonication. The coating formation depends on the polymer
concentration, ionic strength, pH value, and temperature.26,27

Despite its broad usage, the film hydration procedure is hindered
by two competing processes: formation of empty micelles by the
coating polymers alone and aggregation of nanocrystals. The
aggregation of nanocrystals is nearly irreversible due to their high
surface energy. To avoid aggregation, it is crucial to separate the
individual nanocrystals with the coating polymers in the thin film.
A common approach is to increase the ratio between the coating
polymers and nanocrystals in the initial mixture. However, it is
difficult to achieve a good separation of nanocrystals using the
film hydration method, and the coated nanoparticles are often
accompanied by a large amount of empty micelles and aggre-
gated nanocrystals. In addition, certain functional groups, e.g.,
maleimide, can hydrolyze readily in aqueous buffers once heated,
thus incompatible with the film hydration method.

It has been shown that introducing nonsolvents to a nano-
particle colloid may change the nanoparticle surface properties
and induce their assembly into an ordered structure.28 The pres-
ence of proper surfactants can maintain monodispersity of nano-
particles during solvent exchange.29 Here we describe a dual
solvent exchange method for forming water-dispersible nano-
particles with a small amount of amphiphilic polymers. In this
method, the abrupt phase transition (from a solid film to a
solution) in film hydration is replaced with a mild solvent
exchange procedure performed entirely in solution. The coating
efficiency and quality are improved considerably through coating

formation induced in a solvent system with ascending polarity.
This method also provides a means to control the density of
coating molecules and reactive groups on the nanoparticle sur-
face. Specifically, DMSO, which is miscible with chloroform and
water, is used to bridge the gap between the two solvents. The
coating process includes two solvent exchange procedures
(Scheme 1, 3 and 4). Initially, DMSO is slowly added to the
chloroform solution containing both nanocrystals and amphi-
philic polymers. Then chloroform is selectively evaporated under
vacuum due to its lower boiling point. In the second step, DMSO
is replaced by water through washes with water using centrifugal
filter tubes. During the two procedures, the solvent systemmoves
from chloroform to water with solvent polarity increasing gradually.
We found that the assembly of water-dispersible nanoparticles was
induced by DMSO and solidified in water (See results below).

Using the solvent exchange method, we successfully coated
four different nanocrystals with DSPE�mPEG (1,2-distearoyl-
phosphatidylethanolamine-methyl�poly(ethylene glycol)) co-
polymers. As shown in Table 1, these four types of nanocrystals
include two types of iron oxide nanocrystals (spherical-shaped
nanocrystals with 6.5 and 17 nm in size, respectively) and two
types of quantum dots (QDs) (QD Type 1, roughly triangle-
shaped with 8 nm in size, and QD type 2, roughly rod-shaped
with 6.1 nm in diameter and 13.1 nm in length) (Table 1 and
Supporting Information, Figure S4). The organic surfactant on
iron oxide nanocrystals is oleic acid/oleylamine, while that on
QDs is trioctylphosphine oxide. PEG is a hydrophilic polymer
widely used for synthesizing biocompatible liposomes and nano-
particles.21,22,30 DSPE-mPEG has a very low cmc (∼5 μM) due
to the combination of a hydrophilic PEG chain and extremely
hydrophobic long chain fatty acids.9,25 As shown in Figure 1, the
coating layer formed by DSPE�mPEG is visible in TEM images
with negative staining, where a monolayer of coated nanoparti-
cles was observed without large aggregates. The coating thick-
ness is similar to those reported for nanoparticle coatings, and
empty micelles formed with the film hydration method.21,22,26

The coating layer is more pronounced around small nanocrystals
(Figures 1A,C) and seems thinner and heterogeneous with large
and irregular-shaped nanocrystals (Figures 1B,D). This is likely
due to the projection of three-dimensional nanocrystals onto the
surface of the negative stain. It is unclear whether the surface
density of the coating polymer decreased with large curvature (e.g.,
at corners). The coated iron oxide nanoparticles showed remarkable
stability (Supporting Information1, S1). There was no significant
change in the absorbance and emission spectra of QDs after coating
with DSPE�mPEG (Supporting Information, S2).

The formation of water-dispersible nanoparticles with 6.5 nm
iron oxide nanocrystals and DSPE�mPEG is illustrated in
Figure 2. The solution of nanocrystals remained optically clear
after addition of DSPE�mPEG chloroform solution and DMSO
(Figure 2A, 2), after removal of toluene and chloroform (Figure 2A,
3), and after substitution of DMSO with water (Figure 2A, 4). In

Scheme 1. A Schematic Diagram of Assembling Water-Dis-
persible Nanoparticles with Film Hydration vs Solvent Ex-
change Methoda

aKey: A, amphiphilic copolymers and nanocrystals with hydrophobic
surfactants are initially dispersed in chloroform; B, in the film hydration
method (1 and2), amphiphilic polymers and nanocrystals precipitate
into a film after chloroform is evaporated; C, the film is hydrated in
aqueous buffers to form water-dispersible nanoparticles; D, in the
solvent exchange method (3 and 4), chloroform is gradually sub-
stituted by DMSO to induce the assembly of amphiphilic molecules on
the nanoparticle surface; E, the surface coating is finalized after DMSO is
replaced by water. The background colors orange, blue, and green
denote chloroform, water, and DMSO, respectively.

Table 1. Physical and Chemical Properties of Nanocrystals
for Coating Studies

material shape size surfactant

iron oxide spherical 6.5 nm oleic acid/oleylamine

iron oxide spherical 17 nm oleic acid/oleylamine

CdSe/ZnS triangular ∼8 nm trioctylphosphine oxide

CdSe/ZnS rodlike ∼6.1 � 13.1 nm trioctylphosphine oxide
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contrast, when DMSOwas added to the solution containing iron
oxide nanocrystals in the absence of DSPE�mPEG, the nano-
crystals formed aggregates (Figure 2A, 5). Dynamic light scattering
(DLS) measurements indicated that the nanocrystals were well
dispersed in toluene with an average hydrodynamic diameter of
8.12 nm (Figure 2B). Coated nanocrystals in DMSO exhibited a
major peak at 34.6 nm. After being transferred to water and
purified by ultracentrifugation, the DSPE�mPEG coated iron
oxide nanoparticles (IONPs) had an average hydrodynamic
diameter of 27.8 nm. These results suggest that the iron oxide
nanocrystals were stabilized by DSPE�mPEG in DMSO and
formed uniformly distributed nanoparticles. The coated iron
oxide nanoparticles are slightly larger in DMSO than in water.
This is presumably due to increased solubility of DSPE�mPEG
in DMSO, which may lead to a more extended conformation of
coating molecules.

To elucidate the kinetics of coating formation, we examined
the amount of water-dispersible nanoparticles, aggregates, and
empty micelles in solutions containing 6.5 nm iron oxide nano-
crystals using several quantitative assays (Supporting Informa-
tion, S4). The nanocrystals were coated with DSPE�mPEG at
loading ratios (weight/weight ratio of DSPE�mPEG vs iron)
varying from 1:1 to 32:1.With both the solvent exchangemethod
and the film hydration method, the same coating materials and
iron oxide cores were transferred from 0.2 mL of toluene and
chloroform mixture to 20 mL of deionized water. While the film
hydration method can be improved by using a buffer with
different compositions or volumes, this side-by-side comparison
may help understand the difference between the dynamics of the
two coating processes.

The aggregation of nanocrystals was evaluated by stabilized
fraction, defined as the percentage of nanocrystals that could pass
through a 0.2 μm syringe filter after the coating procedures. With
the film hydrationmethod, at 1:1 loading ratio, most nanocrystals
formed large aggregates upon hydration and the stabilized fraction is

merely 16% (Figure 3A). The stabilized fraction improved gra-
dually and became 93% when the loading ratio increased from
1:1 to 32:1. In contrast, with the solvent exchange method, the
stabilized fraction was nearly 100% in the entire range of loading
ratio (Figure 3A).

Figure 2. Iron oxide nanocrystals and coated nanoparticles at each
solvent exchange stage. (A) 1, iron oxide nanocrystals are dispersed in
toluene; 2, DSPE�mPEG chloroform solution and DMSO are added to
the solution; 3, chloroform and toluene are removed, iron oxide
nanocrystals and DSPE�mPEG are in pure DMSO; 4, iron oxide
nanoparticles are transferred to water; 5, DMSO is added to the iron
oxide nanocrystal solution in the absence of DSPE�mPEG. All solu-
tions are diluted to contain 200 μg of Fe/mL of iron oxide nanocrystals.
(B) Hydrodynamic sizes of iron oxide nanocrystals and coated nano-
particles measured by dynamic light scattering. Different curves are as
follows: red, uncoated nanocrystals in toluene; blue, coated nanocrystals
in DMSO; green, coated nanocrystals in water. The average sizes of
uncoated nanocrystals in toluene (red curve), coated nanocrystals in
DMSO (blue curve) and in water (green curve) are 8.12, 34.6, and
27.8 nm, respectively.

Figure 3. Dispersion efficiency and DSPE�mPEG density of DSPE�
mPEG coated iron oxide nanoparticles. Iron oxide cores (6.5 nm) are
coated with DSPE�mPEG with the loading ratio of DSPE�mPEG vs
iron ranging from 1:1 to 32:1. (A) The dispersion efficiency of solvent
exchange and film hydration methods. (B) The average number of
DSPE�mPEG per IONP.

Figure 1. TEM images of DSPE�mPEG coated nanoparticles: (A)
6.5 nm iron oxide nanoparticles; (B) 17 nm iron oxide nanoparticles;
(C) type 1 (roughly triangle-shaped) CdSe/ZnS quantum dots of 8 nm
in size; (D) type 2 (roughly rodlike) CdSe/ZnS quantum dots of
6.1 � 13.1 nm. Scale bar = 40 nm.
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We found that boiling DSPE�mPEG with perchloric acid
could release its phosphate group, which could be quantified with
Malachite Green assay.31 The surface density of DSPE�mPEG
on the purified IONPs could thus be estimated by measuring the
molar ratio between DSPE�mPEG and iron oxide nanocrystals.
With the solvent exchange method, the DSPE�mPEG density
increased with the loading ratio and reached a plateau at 8:1
(Figure 3B). On average, there are 108 and 390 DSPE�mPEG
molecules per IONP at 1:1 and 32:1 loading ratios, respectively.
With the same PEG length (2000 Da), it has been reported that
at 25 �C there are 76 DSPE�mPEG molecules in an empty
micelle with a hydrodynamic diameter of ∼12 nm.21 On the
other hand, the density of phospholipid on the cell plasma
membrane (lipid bilayer) is approximately 5 � 106 lipid mol-
ecules per μm2, which is equivalent to 567 phospholipid mol-
ecules in a lipid monolayer covering the surface of an IONP with
6.5 nm core and an oleic acid/oleylamine layer of ∼1 nm in
thickness.22 Therefore, the number of DSPE�mPEG per IONP
shown in Figure 3B falls within the lower bound (empty micelle)
and upper bound (lipid bilayer of cell membrane). Interestingly,
the PEG density in the coating generated by film hydration
method is consistently lower and insensitive to the loading ratio
compared with that of the solvent exchange method.

To further examine the coated nanoparticles, aggregates, and
empty micelles, we first estimated the molar concentration of
iron oxide nanoparticles (Supporting Information, S4). The
amount of aggregates and empty micelles were estimated based
on the results presented in panels A and B of Figure 3. Specifi-
cally, the amount of aggregates equals to the total iron content
used in coating minus the stabilized fraction. Assuming that the
DSPE�PEGmolecules coated on large aggregates can be neglected
(since the surface to volume ratio of large aggregates is small
compared with themonodispersed nanoparticles), the amount of
DSPE�PEGmolecules on coated andmonodispersed iron oxide
nanoparticles was calculated as the number of iron oxide
nanoparticles multiplied by the average number of DSPE�PEG
per nanoparticle. The amount of DSPE�PEG available for empty
micelle formation was then determined as the total DSPE�PEG
molecules used in coating minus the amount of DSPE�PEG
coated on iron oxide nanoparticles.

We estimated that, at 1:1 loading ratio, with the film hydration
method, the DSPE�mPEG available for empty micelle forma-
tion was 84.6% of the initial loading, whereas with the solvent
exchange method it was only 8.2%. The PEG density measure-
ments were confirmed with the T2 measurements of IONPs.
Only the T2 relaxivity of IONPs formed with solvent exchange
method correlates well with the loading ratio (Supporting
Information, S3). Note that the results shown in Figure 3B were
obtained after large aggregates and empty micelles were removed
by centrifugation and filtering, in order to characterize the well-
dispersed nanoparticles coated with respectively the film hydra-
tion and dual solvent exchange methods. In the solvent exchange
method the loss of nanoparticle samples due to filtration is
negligible. However, when the film hydration method was used,
the loss of nanoparticle sample during filtration is significant, as
shown in Figure 3A. Taken this into consideration, with the film
hydration method the average surface density of DSPE�PEG
per nanoparticle may even be lower than that shown in Figure 3B.

The solvent exchange method can be used to coat iron oxide
nanocrystals with many other phospholipid�PEG molecules,
including combinations of phospholipids with 14�18 carbons
and PEG molecules ranging from 1000 to 5000 Da (data not

shown). However, when the PEGmolecular weights are less than
750 Da, addition of DMSO induces nanocrystal aggregation and
bubble formation in the solution. Phospholipid�PEGmolecules
with a small PEG size tend to form lamellar structure, since
diminished PEG size allows formation of lipid bilayer.26 This
suggests that the formation of coating on nanoparticles during
solvent exchange may be in part attributable to the micellization
of DSPE�PEG. It should be noted that the surfaces of all four
nanocrystals selected for coating were covered by a dense layer of
alkyl chains of oleic acid, oleylamine, and TOPO. We found that
the adsorption of phospholipid onto such a surface is more
favorable than other hydrophobic surfaces (data not shown). The
same coating approach may be extended to amphiphilic polymers
with different composition and compatible solvent systems. The
adsorption process depends on the interplay between nanoparticle
surface and amphiphilic polymers in selected solvent system. The
general conditions for solvent selection are as follows: (1) the
solvents should be compatible with the nanocrystals and the
functional groups; (2) the intermediate solvent is miscible with
the nonpolar solvent and water; and (3) the intermediate solvent
should have a high boiling temperature so that it can be retained
during selective evaporation. Therefore, the solvents used in the
solvent exchangemethod are not limited to chloroform andDMSO;
they may include DMF and certain members of alcohol family.

DSPE�mPEG coated nanoparticles are typically functional-
ized by using a mixture of DSPE�mPEG (no functional group)
and DSPE�PEG (with functional end groups) for coating, in
order to conjugate specific moieties for biomedical applications.
However, little is known about how end groups with different
sizes and charges affect coating formation.We coated 6.5 nm iron
oxide nanocrystals with a mixture of DSPE�PEG�NH2 and
DSPE�mPEG using the solvent exchange method. The percen-
tage of DSPE�PEG�NH2 varied in the mixture, while the
loading ratio between the total DSPE�PEGs and iron was fixed
at 2:1. We found that the number of DSPE�PEG�NH2 per
IONP was linearly proportional to its molar loading ratio as
measured with fluorescamine method (Figure 4A). The IONPs
with DSPE�PEG�NH2 alone have 150 amine groups per
particle, similar to that of the DSPE�mPEG density determined
previously. To examine the distribution of amine groups among

Figure 4. Functionalization of DSPE�PEG coated iron oxide nano-
particles in solvent exchange method. Iron oxide nanocrystals (6.5 nm)
were coated with a mixture of DSPE�mPEG and DSPE�PEG�NH2.
(A) The number of DSPE�PEG�NH2 on each IONP vs the molar
ratio of DSPE�PEG�NH2 in the coating mixture. (B) The bright field
image of IONPs separated by gel electrophoresis. The lanes from top to
bottom are the IONPs coated with 100%, 80%, 60%, 40%, 20%, 10%,
and 0% DSPE�PEG�NH2. The “+” and “�” indicate cathode and
anode in gel electrophoresis, respectively.
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IONPs after dual solvent exchange, amine-functionalized IONPs
without purification were examined with gel electrophoresis.32

The electrophoretic mobility of IONPs is determined by their
size and zeta potential. For an amine-functionalized IONP, the
zeta potential depends mainly on positively charged amine groups
on the particle surface and to a less extent on negatively charged
phosphate groups buried in the PEG layer. After gel electrophoresis,
IONPs were separated into a clear ladder pattern (Figure 4B). The
nonfunctionalized IONPsmoved toward cathode and the ones with
amine groups shifted toward anode. We found that the distances
between the bands are consistent with the differences in the loading
ratio of DSPE�PEG�NH2 (Figure 4B) and the amine groups are
uniformly distributed among the IONPs within each group as
indicated by the narrow bands.

The ability to control the number of functional groups per
IONP is critical in preparing nanoparticles for specific biomedical
applications. To examine this ability, we coated nanoparticles
with negatively charged DSPE�PEG�COOH, which are addi-
tive to phosphates and thus can be better discerned in gel
electrophoresis. We found that, with the solvent exchange method,
IONPs with 1% increment in the DSPE�PEG�COOH loading
ratio could be distinguished after gel electrophoresis even with-
out nanoparticle purification (Figure 5A, lanes 1 through 4 in the
left panel). In contrast, the film hydrationmethod could not yield
uniformly functionalized IONPs (Figure 5A, lane 5). Likewise,
the number of COOH groups could be well controlled for coated
quantum dots with the solvent exchange method (Figure 5A,
right panel). The difference in the migration distance of QDs in
gel electrophoresis was not as significant as that of IONPs. This
discrepancy might be due to the changes in the relative con-
tribution of phosphates and COOH groups to zeta potential
when the particle shape changes.

Previous studies have indicated that the amphiphilic polymers
in micelles are in dynamic equilibrium with the monomeric
polymers in solution.33 The exchange rate between the micellar
and monomeric polymers is inversely related to its cmc or solubility
in the solvent. To gain insight into the dynamic state of DSPE�
PEG coated nanoparticles, we prepared two IONPs with 1% or
10% of DSPE�PEG�COOH in the coating using the solvent
exchange method. After gel electrophoresis, the IONPs with 1%
and 10% COOH group moved different distances (Figure 5B,
lanes 1 and 2). We also mixed the two samples at 1:1 ratio at the
DMSO stage (Figure 2A, 3) or at the water stage (Figure 2A, 4)
before performing gel electrophoresis. Samples mixed in water
for 1, 2, and 24 h all separated into two bands at the positions
identical to the IONPs with 1% and 10% COOH group,
respectively (Figure 5B, lanes 3, 4, and 5). However, the two
samples mixed in DMSO all merged into one band located at the
middle position (Figure 5B, lanes 6, 7, and 8). This clearly
indicates that there was rapid exchange of DSPE�PEG in
DMSO, whereas the exchange of DSPE�PEG in water was
negligible, suggesting that IONPs in water are very stable.

Our results in Figure 3 confirm that film hydration method is
prone to the aggregation of nanocrystals and the formation of
empty micelles. Given that aggregated nanocrystals are very
difficult to be separated, the film hydration coating process is a
one-step irreversible reaction that relies on the distribution of
nanocrystals in the film.While this can be improved by increasing
the ratio between the coatingmolecules and the nanocrystals, it is
difficult to achieve uniform distribution of nanocrystals in a thin
film at nanometer scales. In addition, only the coating molecules
near a nanocrystal are available for nanoparticle formation, while
the coating molecules away from the nanocrystals will form empty
micelles. As a result, with the film hydration method, a higher
loading ratio leads to a larger stabilized fraction but has little
effect on the surface density of coating molecules, as shown in
Figure 3.

The solvent exchange method benefits from the solution
phase transition in DMSO. Uncoated nanocrystals distribute
more uniformly and have a larger interparticle distance in the
colloidal solution than in a thin film. The solubility of DSPE�PEG
is higher in DMSO than in water, which leads to a significantly
suppressed micellization of DSPE�PEG alone while enabling
the formation of DSPE�PEG coated nanoparticles due to its
higher polarity. It is conceivable that the interactions among
uncoated nanocrystals and DSPE�PEG are diffusion-limited.
Therefore, adsorption of DSPE�PEG onto the nanocrystal surface
is a faster and dominant process compared with aggregation of
nanocrystals in the solution. DMSO also enables rapid exchange
between the DSPE�PEG on the particle surface and the
monomeric DSPE�PEG; thus, the distribution of DSPE�PEG
quickly approaches equilibrium after incubation. The equilibri-
um is evident in two aspects. First, the surface density of
DSPE�PEG on coated nanoparticles increases with the loading
ratio of DSPE�PEG, i.e., the concentration of DSPE�PEG in
DMSO (Figure 3B). Second, DSPE�PEG with functional
groups can always reach a highly uniform distribution among
all coated nanoparticles (Figure 5B). After the samples are
transferred into water, the preferred states of the nanoparticles
are locked.

To examine the effectiveness of functionalized IONPs in
biological studies, we coated 17 nm iron oxide nanocrystals with
a mixture of DSPE�mPEG and DSPE�PEG�maleimide (2:1
total loading ratio, 2% DSPE�PEG�maleimide) using the

Figure 5. Fine tuning functional groups on DSPE�PEG coated nano-
particles. (A) The gel image of IONPs and quantum dots coated with
different ratios of DSPE�PEG�COOH. In (A), the left panel is the
bright field image of the IONPs. Lanes 1 through 4 are IONPs coated
with 0%, 1%, 2%, and 5% DSPE�PEG�COOH. Lane 5 shows IONPs
coated with 5%DSPE�PEG�COOH using the film hydration method.
The right panel is the fluorescence image of the quantum dots. Lanes 6
through 9 are quantum dots with 0%, 1%, 2%, and 5% DSPE�PEG�
COOH. (B) The bright field image of IONPs. Lanes 1 and 2 are IONPs
with 1% and 10% DSPE�PEG�COOH. Lanes 3, 4, and 5 are IONP
samples 1 and 2mixed in water for 1, 2, and 24 h, respectively. Lanes 6, 7,
and 8 are IONP samples 1 and 2 mixed in DMSO for 1, 2, and 24 h. All
IONPs were used without purification after coating.
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solvent exchange method. The 17 nm IONPs were further con-
jugated with anti-mouse IgG antibodies through a thiol�maleimide
reaction. The antibody-conjugated 17 nm IONPs were diluted
with phosphate-buffered saline containing 1% bovine serum
albumin (BSA) and added to an ELISA plate coated with two
proteins, mouse IgG and BSA (Figure 6A, inset). After 1 h of
incubation at 37 �C, it was found that the number of IONPs
bound to the plate surface was linearly proportional to the con-
centration of mouse IgG loaded to the ELISA plate over a wide
range of IgG concentrations (Figure 6A); the nonspecific bind-
ing between the IONPs and BSA was negligible (data not
shown). When the amount of mouse IgG was kept constant
and the concentration of loaded IONPs varied, we found that the
amount of bound IONPs reached half of the saturation level at
∼2 nM IONP loading concentration (Figure 6B). Since the
binding affinity of antibodies is typically in the nanomolar range,
this result indicates that, with 2%DSPE�PEG�maleimide in the
coating, there were sufficient maleimide groups available on the
surface of IONPs for antibody conjugation.

To demonstrate the potential biomedical applications of tar-
geted nanoparticles, we functionalized IONPs to target the folate
receptor, which is a well established biomarker for cancer.
Nanoparticles targeting the folate receptor have broad applications
in diagnosis and treatment of solid tumors.34,35 To assess the
capability of DSPE�PEG coated nanoparticles in cancer detec-
tion, 17 nm IONPs were conjugated with a goat anti-human folate
receptor-1 antibody and labeled with a fluorescence molecule, DiI.
Two cancer cell lines, HeLa (with high folate receptor expression)
and MDA-MB-435s (with low folate receptor expression), were
incubated with cell culture media containing the antibody con-
jugated IONPs. After incubation, the IONPs bound to HeLa cells
but the binding toMDA-MB-435s cells was negligible (Figure 7A,
B). This is consistent with the expression levels of folate receptor
of the two cell lines (Figure 7C). The binding of the IONPs
conjugated with a nontargeting control IgG was negligible with
both cell lines (Figure 7D). Taken together, we found that
antibody conjugated IONPs are highly specific and sensitive in
detecting proteins bound to plate surface or expressed on the
plasma membrane of cancer cells.

In summary, we have developed a novel dual solvent exchange
method for coating nanoparticles by solvent transition from

chloroform to a more polar DMSO and then to water, facilitating
the self-assembly of polymer coating on nanoparticles. Com-
pared with the conventional film hydration method, this new
method is more efficient, requires less purification, and can be
readily adopted for large-scale coating of a broad range of nano-
crystals. In particular, the amount of initial amphiphilic polymer
required for effective nanoparticle coating is 1 to 2 orders of
magnitude lower than those reported in the literature, which
minimizes the formation of empty micelles. We chose DSPE�PEG
molecules for coating in this study since DSPE�PEGs with a
variety of functional groups are commercially available. More
importantly, the dual solvent exchange method facilitates a uniform
and controllable surface modification of nanoparticles with variable
surface density of DSPE�PEG and functional groups, which may
reduce nonspecific interaction with proteins, achieve desirable
in vivo biodistribution of nanoparticles, and significantly enhance
the ability of nanoparticles to target specific disease markers.
Therefore, the dual solvent exchange method we developed for
self-assembly of amphiphilic polymer coating on nanoparticles may
have significant implications for the biomedical application of
nanoparticles inmolecular imaging and targeted drug/gene delivery.
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Figure 6. In vitro targeting with DSPE�PEG coated iron oxide
nanoparticles. Mouse IgG coated on a 96-well ELISA plate was detected
with the 17 nm IONPs functionalized with 2%DSPE�PEG�maleimide
and conjugated with horse anti-mouse IgG antibody. (A) Surface bound
IONPs as a function of mouse IgG density. The concentration of IONPs
loaded to each well was kept constant. Inset in (A) is the schematic
diagram of plate study. The green spheres represent mouse IgG. The
brown ovals are BSA. (B) Surface bound IONPs as a function of IONP
loading concentration. The wells were coated with equal concentrations
of mouse IgG.

Figure 7. Cellular targeting of human folate receptor with DSPE�PEG
coated iron oxide nanoparticles. Human folate receptors on two cancer
cell lines, MDA-MB-435s and HeLa, were detected with 17 nm IONPs.
The IONPs were conjugated with goat anti-human folate receptor-1
antibody and labeled with a fluorescence molecule, DiI (ex/em = 549/
580 nm). (A) and (B) are fluorescence images of MDA-MB-435s and
HeLa cells, respectively. Cell nuclei were counterstained with Hoechst
33342. (C)Western blots of human folate receptor (arrow). Lanes 1 and
2 are MDA-MB-435s and HeLa cells, respectively. (D) Flow cytometry
analysis of the two cell lines treated with IONPs conjugated with the
antifolate receptor antibody or a nontargeting control IgG. All IONPs
were labeled with DiI.
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DSPE�mPEG coated 6.5 nm iron oxide nanocrystals, and a
complete description of the materials and methods used in
experimentation. This material is available free of charge via
the Internet at http://pubs.acs.org.
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