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F
luorescent nanocrystals, or quantum
dots (QDs), have been used exten-
sively in recent years as in vitro and

in vivo imaging probes. QDs consist of a

semiconductor metal core (e.g., cadmium

selenide) surrounded by a coating of wider

bandgap semiconductor metals (e.g., zinc

sulfide), which significantly enhances the

quantum yield of QDs.1,2 Their unique opti-

cal properties, such as wideband excitation,

narrow emission, phenomenal photostabil-

ity, high quantum yield, and potential for si-

multaneous multicolor imaging, point to

immediate advantages over conventional

fluorescent dyes.1,3 Much work has focused

on QD modification for enhanced water

solubility,4 and further surface conjugation

with peptides, proteins and antibodies.5

These surface modified QDs have elicited

details of receptor binding, uptake and

trafficking.5–7 Despite their numerous ad-

vantages, the semiconductor core of QDs

has raised concerns of heavy metal cytotox-

icity. Indeed, several studies have shown

that QDs are cytotoxic by cadmium oxida-

tion, release of heavy metal ions, and other

unknown mechanisms.8–10 As QD applica-

tions broaden in biotechnology research, it

is important to consider seriously their po-

tential hazards and develop novel ap-

proaches to avoid toxicity.

Polymeric nanoparticles are potentially

interesting nanoscale materials for cell im-

aging and drug delivery. FDA-approved bio-

degradable polymers, such as the copoly-

mer poly(lactide-co-glycolide) (PLGA), have

been used in medical devices for many

years. Protocols have been optimized for

PLGA nanoparticle synthesis, and numer-

ous drugs and small molecules have been

incorporated into PLGA nanoparticles.11

These loaded nanoparticles protect poorly

soluble and unstable payloads from the bio-

logical milieu and are small enough for cap-

illary penetration, cellular internalization,

and endosomal escape.12,13 Furthermore,

their surfaces may be modified for targeted

delivery of molecules to particular cells or

tissues.14 There have been few reports of

fluorescent dye-loaded nanoparticles,13,15

and these dye-loaded nanoparticles are

plagued by conventional fluorescence dis-

advantages (e.g., photobleaching). There-

fore, this study explored the feasibility of

combining QD advantages with those of

surfactant-free PLGA nanoparticles. Specifi-

cally, QD encapsulation within surfactant-

free PLGA nanoparticles via the nanoprecip-

itation protocol was investigated, and the

promise of these QD-loaded nanoparticles

as imaging probes was demonstrated via

confocal microscopy. Although PLGA nano-
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ABSTRACT Nanoprecipitation was utilized to synthesize biodegradable and surfactant-free nanoparticles

loaded with quantum dots. This protocol also yielded nanoparticles coloaded with both quantum dots and

hydrophobic drug (Coenzyme Q10) molecules. Importantly, even though surfactants were not utilized during the

nanoprecipitation procedure, these loaded nanoparticles did not aggregate. Dialysis efficiently removed

unencapsulated quantum dots from nanoparticle suspensions without altering the physical properties of the

quantum-dot-loaded nanoparticles. The resultant purified, quantum-dot-loaded nanoparticles were

biocompatible in differentiated PC12 cell cultures, which facilitated their use as nanoparticles in microscopy. In

fact, confocal imaging studies showed that purified, quantum-dot-loaded nanoparticles were associated with PC12

cells after one day in vitro. These novel and multifunctional coloaded nanoparticles may prove advantageous in

future simultaneous drug delivery and imaging applications.
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particles are larger than QDs, they may prove advanta-
geous as multifunctional imaging probes. Multifunc-
tional nanoparticles incorporate various capabilities
(e.g., encapsulated drug release, imaging, targeting via
conjugated ligands) in a single nanoparticle platform.16

The potential of nanoprecipitation to yield multifunc-
tional drug delivery and imaging nanoparticles was
demonstrated by synthesizing and characterizing
surfactant-free nanoparticles loaded with both a model
hydrophobic drug (Coenzyme Q10, CoQ10) and QDs.
The ability to track drug-loaded nanoparticles in bio-
logical systems may hasten the development of more
efficacious nanoscale drug delivery systems.

RESULTS AND DISCUSSION
Empty, QD-loaded and CoQ10-QD coloaded

surfactant-free PLGA nanoparticles were synthesized
by the nanoprecipitation protocol. The nanoprecipita-
tion protocol is a simple and fast technique that avoids
sonication and toxic solvents.17 Furthermore, it per-
mits the synthesis of stabilized nanoparticles with un-
modified, surfactant-free surfaces.18 Surfactant-free sur-
faces are advantageous because surfactants may not
be biocompatibile; they become irreversibly incorpo-
rated on nanoparticle surfaces and they alter nanopar-
ticle surface properties.19 Nanoprecipitation is particu-
larly well-suited to the encapsulation of hydrophobic
molecules. Therefore, it was hypothesized that
hexadecylamine-capped core–shell QDs (Nanoco Tech-
nologies) could be treated as hydrophobic drug mol-
ecules and easily incorporated in PLGA nanoparticles.
Although the stock QDs in toluene solubilized well in
the acetone solvent, the toluene partitioned from the
aqueous nonsolvent during nanoprecipitation. There-
fore, the QD solvent was exchanged before nanoprecip-
itation by adding a small volume of QDs in toluene to
5 mL acetone (1:200, v/v). The vapor pressure of tolu-
ene was less than that of acetone but the toluene
evaporated over several hours at 25 °C and acetone
was supplemented back to 5 mL before nanoprecipita-
tion. For coloaded nanoparticles, CoQ10 powder was
simply dissolved in acetone before adding the QD solu-
tion. After these modifications were made, nanoprecip-
itation of QD- and CoQ10-QD coloaded nanoparticles
was consistently achieved.

The mean diameters and polydispersity indices (PDI)
of empty, QD-loaded and CoQ10-QD coloaded nano-
particles were measured by dynamic light scattering
(DLS). This data demonstrated reproducible formation
of surfactant-free QD- and CoQ10-QD coloaded nano-
particles with mean diameters less than 200 nm (Figure
1). The QD-loaded nanoparticles were anomalous, ex-
hibiting significantly smaller mean diameter (153 �

3.24 nm) and nonsignificantly higher PDI (0.143 �

0.021) than the other samples. It was possible that trace
amounts of toluene altered the solvent diffusion and
solvent-polymer interactions20 during nanoprecipita-

tion such that smaller nanoparticles resulted. The larger

diameters in CoQ10-QD coloaded nanoparticles were

likely due to CoQ10 incorporation. Therefore, DLS data

showed that nanoprecipitation reproducibly yielded

both QD-loaded and CoQ10-QD coloaded surfactant-

free nanoparticles. Phase AFM images were collected to

show that these surfactant-free QD-loaded (Figure 2A)

and CoQ10-QD (Figure 2B) coloaded nanoparticles

were spherical and nonaggregated. Phase atomic force

microscopy (AFM) images showed individual, uniformly

sized QD- and CoQ10-QD-loaded nanoparticles with

similar diameters as calculated by DLS. These DLS and

AFM measurements strongly suggested that individual,

QD- and CoQ10-QD coloaded nanoparticles could be

Figure 1. Diameter (grey bars) and PDI (black diamonds) of
empty, QD-loaded and CoQ10-QD coloaded surfactant-free
PLGA nanoparticles as measured by DLS. QD-loaded nano-
particles were significantly (*P < 0.001) smaller than empty
and coloaded nanoparticles, although the PDI values were
not statistically different (P � 0.114). (n � 7 for QD-loaded
nanoparticles, n � 5 for others; significance determined by
1-way ANOVA with Holm-Sidak posthoc analysis).

Figure 2. Representative phase AFM images of QD-loaded
(A) and CoQ10-QD coloaded (B) nanoparticles showed
spherical, nonaggregated morphologies and diameters that
were similar to DLS measurements.
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easily synthesized via nanoprecipitation without the

presence of surfactants.

The next step was to confirm QD and CoQ10 encap-

sulation within the nanoparticles. After nanoprecipita-

tion, QD-loaded and CoQ10-QD coloaded nanoparticle

suspensions were centrifuged. Preliminary work

showed that unencapsulated QDs, unencapsulated

CoQ10, and free PLGA were removed by aspirating the

supernatant because these unencapsulated molecules

did not pellet with the loaded nanoparticles. QD encap-

sulation within PLGA nanoparticles was determined by

measuring the fluorescence intensity of the resus-

pended pellets (Figure 3A). The QD-loaded nanoparti-

cles were significantly more fluorescent than empty

nanoparticles. Additionally, the CoQ10-QD coloaded

nanoparticles were significantly more fluorescent than

both empty and CoQ10-loaded nanoparticles. These

fluorescence measurements showed that QDs were

successfully encapsulated in PLGA nanoparticles via

nanoprecipitation. Furthermore, the presence of CoQ10

did not alter QD encapsulation in the coloaded nano-

particles. Next, CoQ10 encapsulation in the coloaded

nanoparticles was confirmed by lyophilizing the nano-

particles and spectrophotometrically measuring CoQ10

absorbance (Figure 3B). Very little CoQ10 was detected

in empty or QD-loaded nanoparticles but CoQ10 encap-

sulation in CoQ10-QD coloaded nanoparticles closely

matched that of CoQ10-loaded nanoparticles. There-

fore, CoQ10 was successfully incorporated in the co-

loaded nanoparticles. Taken together, QD fluorescence

and CoQ10 absorbance measurements clearly demon-

strated CoQ10 and QD coencapsulation in the same

nanoparticle. This is the first known demonstration of

coloading of QDs and any other molecule within

surfactant-free biodegradable nanoparticles. Therefore,

both QD-loaded and CoQ10-QD coloaded surfactant-

free PLGA nanoparticles are feasible via

nanoprecipitation.

In other recent work, QDs were encapsulated within

poly(D,L-lactide) nanoparticles via

nanoprecipitation.10,21 A major disadvantage of those

QD-loaded nanoparticles was that surfactants were uti-

lized during nanoprecipitation. Our surfactant-free

nanoparticles are advantageous because surfactants

are irremovable from nanoparticle surfaces, they alter

nanoparticle biocompatibility, they alter surface proper-

ties, and they may block access to easily modified sur-

face carboxyl groups.19 Therefore, the current QD-

loaded, surfactant-free biodegradable nanoparticles

were a significant technological improvement. The

CoQ10-QD coloaded nanoparticles also demonstrated

nanoprecipitation’s versatility. Researchers familiar with

nanoprecipitation can easily incorporate QDs into al-

ready characterized drug-loaded nanoparticles without

laborious alterations in the protocol, thus forming mul-

tifunctional drug-QD coloaded nanoparticles for simul-

taneous drug delivery and imaging.

Separating unencapsulated QDs from QD-loaded

nanoparticles was essential for successful imaging and

biocompatibility experiments. Since QD encapsulation

was not 100% efficient, unencapsulated QDs were

present in the nanoparticle suspension after nanopre-

cipitation. These unencapsulated QDs could cause cyto-

toxicity since they were not encapsulated within PLGA

nanoparticles, and they could complicate microscopy

image analysis. For example, the x�y resolution of light

microscopy modalities was not sufficient to resolve un-

encapsulated QDs from small clusters of QDs within

larger PLGA nanoparticles; individual QD resolution is

only realistic with AFM or electron microscopy. There-

fore, a nondestructive purification protocol was needed

to separate unencapsulated QDs from QD-loaded nano-

particles. Unfortunately, QD-loaded nanoparticles could

not be resuspended into individual particles after cen-

trifugation because of their surfactant-free surfaces.18

However, unencapsulated QDs traversed high-

molecular-weight cutoff (50 kDa) dialysis tubing. There-

fore, the QD-loaded nanoparticle suspension was dia-

lyzed immediately after nanoprecipitation, which re-

moved unencapsulated QDs and yielded purified,

surfactant-free, QD-loaded nanoparticles.

Figure 3. Encapsulation of QDs and CoQ10 within
surfactant-free PLGA nanoparticles. (A) QD fluorescence in
nanoparticle pellets was measured as relative fluorescence
units (RFU) and then normalized to the pellet mass. QD-
loaded nanoparticles were significantly (*P � 0.002) more
fluorescent than empty and CoQ10-loaded nanoparticles,
but they exhibited similar RFU/mass as the CoQ10-QD co-
loaded nanoparticles. (B) CoQ10 encapsulation was deter-
mined spectrophotometrically and then normalized to
nanoparticle mass. CoQ10-loaded and CoQ10-QD coloaded
nanoparticles exhibited significantly higher (�P � 0.002)
CoQ10 absorbance values than empty and QD-loaded nano-
particles. (n � 5 for QD fluorescence, n � 4 for CoQ10 absor-
bance; significance determined by 1-way ANOVA with
Dunn’s posthoc analysis).

A
RT

IC
LE

VOL. 2 ▪ NO. 3 ▪ NEHILLA ET AL. www.acsnano.org540



Successful removal of unencapsulated QDs by dialy-

sis was confirmed by fluorescence measurements. A so-

lution of free QDs, prepared exactly as for QD-loaded

nanoparticles, but without PLGA, was used as the con-

trol. After one day of dialysis, the fluorescence of free

QD suspensions was 12 � 4.7% of undialyzed QD sus-

pensions. By contrast, QD-loaded nanoparticle suspen-

sions retained 97 � 7.3% of the undialyzed fluorescence

(Figure 4A). These data indicated that the unencapsu-

lated QDs were small enough to cross the dialysis mem-

brane, but the QD-loaded nanoparticles remained in-

side the tubing. In fact, the dialysis membrane pore

diameters were roughly 3–3.5 nm (personal communi-

cation with Membrane Filtration Products, Inc.), which is

approximately the same size as free QDs. Additionally,

nonspecific binding of free QDs to the dialysis mem-

brane likely contributed to the loss of fluorescence. On

the other hand, the QD-loaded nanoparticle suspension

retained fluorescence during dialysis because many

QDs were incorporated during nanoprecipitation. The

physical properties of the purified QD-loaded nanopar-

ticles were then analyzed (Figure 4B) to confirm the

physically nondestructive nature of this dialysis purifica-

tion protocol. The diameter and PDI of purified, QD-

loaded nanoparticles (153 � 6.99 and 0.109 � 0.005

nm, respectively) were both lower, but not significantly

different from unpurified QD-loaded nanoparticles

(156 � 7.15 and 0.128 � 0.016 nm). The PDI likely de-

creased because of the loss of unencapsulated QDs.

These results showed that individual, surfactant-free
QD-loaded nanoparticles were stable and unmodified
during the simple dialysis procedure that purified QD-
loaded nanoparticles of unencapsulated QDs.

It was important to investigate the acute cytotoxic-
ity of QD-loaded nanoparticles before applying them
to cells for drug delivery or imaging studies. Differenti-
ated PC12 cells were chosen because they are well-
characterized as models to study neurotrophin action,
neuronal differentiation, protein trafficking, and vesicle
dynamics.22 Furthermore, protein-conjugated QDs have
been used as imaging nanoparticles in differentiated
PC12 cells.7 These preliminary cytotoxicity experiments
were important because surfactant-free nanoparticle
cytotoxicity has not been investigated in vitro23,24 and
because there were no known reports of PLGA nano-
particle biocompatibility with PC12 cells. Furthermore,
QDs have caused oxidative stress-mediated cytotoxic-
ity via semiconductor metal oxidation, although toxic-
ity is cell-type and surface-coating dependent.8–10,21,25

Laborious surface modification of QD core/shell struc-
tures with various polymers and biomolecules has been
utilized to form a barrier to metal ion diffusion.9 It was
hypothesized that by incorporating QDs into the core of
larger PLGA nanoparticles, both the oxidation-induced
metal catalysis and the release of toxic metal ions would
be significantly diminished.

Empty and purified, QD-loaded nanoparticles were
exposed to 254 nm ultraviolet light to oxidize the QD
cadmium core. They were then applied to differentiated
PC12 cells. After 3 days of exposure, cytotoxicity was as-
sessed with the MTT assay (Figure 5). The viability of
cells exposed to 33 �g/mL QD-loaded nanoparticles
(82 � 6.2% of control) was not significantly lower than
the viability of cells exposed to 100 �g/mL empty nano-
particles (89 � 2.0% of control). The disparity in nano-
particle concentration was due to QD-loaded nanopar-
ticle loss during dialysis. In other work, a wide range of
upper limits for PLGA nanoparticle biocompatibility has
been reported, from as low as 80 �g/mL to hundreds
of �g/mL.15,26,27 However, comparing the current data

Figure 4. QD-loaded nanoparticle purification by dialysis
was successful and nondestructive. (A) After 1 day of dialy-
sis, QD-loaded nanoparticle suspensions (black) contained
significantly (*P < 0.001) more QD fluorescence than free QD
suspensions (grey), which suggested that unencapsulated
QDs traversed the dialysis membrane. (B) The diameter (P �
0.801) and PDI (P � 0.335) of QD-loaded nanoparticles be-
fore and after purification were statistically the same, which
showed that purification was nondestructive. (n � 9; signifi-
cance determined by t tests).

Figure 5. Empty and purified, QD-loaded nanoparticles were
not acutely cytotoxic to differentiated PC12 cells. The cyto-
toxicity was measured by the MTT assay and normalized to
DIH2O-treated controls. After 3 days of treatment, purified
QD-loaded nanoparticles were no more cytotoxic (P � 0.238)
than empty nanoparticles. (n � 3; significance determined
by t test).
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to published work was difficult because of the lack of
cell studies with QD-loaded nanoparticles and the dif-
ferent measurements of QD concentrations. Up to 100
�g/mL of QD-loaded chitosan nanoparticles were not
toxic after one day,25 but surface modified, QD-loaded
PLA nanoparticles completely killed cells at concentra-
tions as low as 100 ppm after two days.21 Many PLGA
nanoparticle characteristics contribute to their overall
biocompatibility, especially their surface characteristics,
and their toxicity is cell-line dependent. Furthermore,
although very little QD release from the nanoparticles
is expected over three days because of QD hydropho-
bicity,18 it is possible that a small concentration of indi-
vidual QDs contributed to the cytotoxicity of the QD-
loaded nanoparticles. Given the general paucity of
surfactant-free nanoparticle toxicity data and the spe-
cific lack of nanoparticle biocompatibility data in the
PC12 cell line, it was important to establish the cytotox-
icity of purified, QD-loaded nanoparticles. Because
these surfactant-free QD-loaded nanoparticles were
biocompatible with differentiated PC12 cells, short-
term imaging studies were performed without con-
cern for nanoparticle-induced acute toxicity.

After purifying QD-loaded nanoparticles, confocal
microscopy was used to investigate nanoparticle�cell
interactions. Since the release of extremely hydropho-
bic compounds like CoQ10 is on the order of days,18 QD
release from surfactant-free nanoparticles is likely on a
similar time scale. Therefore, very few individual QDs
were expected in the confocal imaging studies after
one day. Furthermore, the purified formulation of QD-
loaded nanoparticles provided assurance that red fluo-
rescence originated from QD-loaded nanoparticles but
not unencapsulated QDs. Differentiated PC12 cells were
exposed to 33 �g/mL purified, QD-loaded nanoparti-
cles for one day and then stained, fixed, and analyzed
at 40� magnification. Some red QD-loaded nanoparti-
cles were associated with green differentiated PC12
cells (Figure 6), but z-stack movies showed that many
QD-loaded nanoparticles settled on the glass imaging
surface. To visualize the 3-dimensional localization of
selected QD-loaded nanoparticles, the images were
resliced (Figure 6: 1, 2, 3) so that the resliced y-axis rep-
resented the original z-axis. The resliced images (Fig-
ure 6: 1, 2, 3) effectively represent the z-stack of images
at the linear regions specified in Figure 6. These repre-
sentative slices showed punctate red fluorescence at
the fringes of, but not surrounded by, green PC12 cell
fluorescence. Furthermore, there is no yellow overlap of
red and green fluorescence. On the basis of this analy-
sis, QD-loaded nanoparticles interacted with differenti-
ated PC12 cell surfaces, but endocytosis could not be
established. This confocal analysis (and thus single
nanoparticle detection) was limited by both the z reso-
lution of 1.19 �m/slice and the x�y resolution of 0.206
�m/pixel. Therefore, individual QD-loaded nanoparti-
cles could not be localized to volumes smaller than that

dictated by the x, y, and z resolutions. Since red fluores-

cence was present in several z-slices in the resliced im-

ages (1, 2, and 3 in Figure 6), it was possible that QD-

loaded nanoparticles were internalized but localized

near the inner plasma membrane surface. This possibil-

ity, in addition to nanoparticle surface modification for

enhanced internalization, warrants investigation in fu-

ture work. QD-loaded nanoparticle internalization was

expected because of previous reports of nanoparticle

endocytosis,13 particularly via tyrosine kinase A recep-

tors in differentiated PC12 cells.7 In that study, the

modified QDs were much smaller than the current QD-

loaded nanoparticles. Since nanoparticle internalization

by cells is highly size-dependent,28 much lower levels

of QD-loaded nanoparticle endocytosis (compared to

protein-modified QDs) were admissable. In the future,

PLGA carboxyl groups may be modified for surface con-

jugation of targeting ligands, which may enhance the

endocytosis and intracellular delivery of these QD-

loaded nanoparticles.

This study showed that nanoprecipitation is a ver-

satile protocol for synthesizing novel, surfactant-

free fluorescent polymeric nanoparticles. QDs were

successfully encapsulated within PLGA nanoparti-

cles, and these QD-loaded nanoparticles were easily

purified of potentially toxic unencapsulated QDs by

dialysis. Simply dissolving the model hydrophobic

drug CoQ10 in the solvent before nanoprecipitation

Figure 6. Confocal microscopy image (40�) of differenti-
ated PC12 cells (green) and purified, QD-loaded nanoparti-
cles (red) with three resliced regions of interest (labeled 1, 2,
3). Much red fluorescence was localized on the glass imag-
ing surface, but regions with PC12 cell-associated QD-loaded
nanoparticles were resliced using ImageJ. The resliced im-
ages (1, 2, 3) showed that QD-loaded nanoparticles were as-
sociated with cell surfaces at the fringes of green fluores-
cence, but their internalization could not be definitively
determined with this analysis.
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yielded CoQ10-QD coloaded nanoparticles, which
hold promise for simultaneous drug delivery and im-
aging applications. The purified QD-loaded nanopar-
ticles were biocompatible at the concentrations ap-
plied for confocal imaging applications, and these

nanoparticles were associated with differentiated
PC12 cells after one day. The novelty, simplicity of
synthesis, and similarity to other PLGA nanoparticles
are major advantages of these QD-loaded and
CoQ10-QD coloaded nanoparticles.

EXPERIMENTAL METHODS
Synthesis of QD-Loaded and CoQ10-QD Coloaded Nanoparticles. Nano-

particles were synthesized by the nanoprecipitation
protocol.17,18 A stock solution of hexadecylamine-capped cad-
mium selenide�zinc sulfide core–shell QDs with 610 � 10 nm
emission (Nanoco, Manchester, U.K.) was prepared in toluene at
5 mg/mL and stored at �20 °C. For synthesis, 25 �L QD solution
was added to 5 mL of 10 mg/mL carboxylic acid-terminated
PLGA (0.67 dL/g, Lactel Absorbable Polymers, Pelham, Alabama)
in acetone, and the toluene was evaporated for several hours at
25 °C. For coloaded nanoparticles, the 10 mg/mL PLGA solution
also contained 400 �g/mL CoQ10. The QD and PLGA solution
was brought to 5 mL and sonicated briefly before injection into
100 mL of stirred DIH20. After overnight magnetic spinning for
acetone evaporation to air, the nanoparticle suspension was
qualitatively filtered (Whatman 1) and subjected to further
experimentation.

Physical Characterization of Nanoparticles. For nanoparticle size
and polydispersity index (PDI) analyses, dynamic light scatter-
ing (DLS) was performed at room temperature with a scattering
angle of 90° (90Plus Particle Size Analyzer, Brookhaven Instru-
ments Corp., Holtsville, NY). DLS calculates diameters and PDIs
from the fluctuations of scattered light intensities due to the
Brownian motion of nanoparticles in suspension. Each measure-
ment was the average of five 1-min runs. For morphology analy-
sis, silicon chips were first cleaned and hydrophilized in Piranha
solution for 30 min, followed by vigorous washing in DIH2O. Pi-
ranha solution consisted of 3:1 97% sulfuric acid/30% hydrogen
peroxide and was freshly prepared before use. Silicon chips were
then silanized in 2% (v/v) 3-aminopropyltriethoxysilane in ac-
etone for 30 min and briefly rinsed with acetone. Then, 5 �L of
nanoparticle suspension was adsorbed on silanized silicon chips
for 20 min before delicate rinsing with DIH2O and drying under
a nitrogen stream. The nanoparticles were then scanned by tap-
ping mode atomic force microscopy (AFM) operated in phase im-
aging mode (Quesant Q-250, Ambios Technology).

Determination of Quantum Dot Incorporation. To measure QD incor-
poration within nanoparticles, free PLGA, QDs and/or CoQ10
were separated from the nanoparticles by centrifugation at
17200g for 30 min at 25 °C. After washing the nanoparticle pel-
let three times in 30 mL of DIH2O to remove unencapsulated
QDs, nanoparticles were resuspended in 2 mL of DIH2O. The fluo-
rescence (300 nm excitation/630 nm emission wavelengths) of
0.3 mL of this suspension was measured on a microplate fluorim-
eter (SpectraMax M5, Molecular Devices, Sunnyvale, CA) in rela-
tive fluorescence units (RFU). The remainder of this solution was
then frozen, lyophilized, and analyzed for CoQ10 encapsulation,
as described below.

Determination of CoQ10 Incorporation. To measure CoQ10 encap-
sulation, free PLGA, QDs, and/or CoQ10 were separated from
the nanoparticles by centrifugation (RC-5C Plus, Sorvall,
Asheville, NC) at 17200g for 30 min at 25 °C. The nanoparticle pel-
let was washed three times with 30 mL of DIH2O, resuspended
in 2 mL of DIH2O and frozen at �80 °C. After freezing, the nano-
particles were lyophilized for two days (Virtis Benchtop SLC, Gar-
diner, NY). The lyophilized nanoparticle mass was measured be-
fore dissolving the nanoparticles in acetonitrile. CoQ10
encapsulation was determined spectrophotometrically at 275
nm and then normalized to the nanoparticle mass.

Purification of QD-Loaded Nanoparticles. QD-loaded nanoparticles
were separated from unencapsulated QDs by dialysis. Immedi-
ately after solvent evaporation, unpurified suspensions of QD-
loaded nanoparticles and free QDs were loaded into 50 kDa
MWCO dialysis tubing (Membrane Filtration Products, Seguin,
TX). The free QD suspension was prepared exactly as for QD-

loaded nanoparticles, but in the absence of PLGA. Dialysis was
performed against DIH2O for 24 h at 25 °C with several buffer
changes. After dialysis, the purified suspensions were qualita-
tively filtered (Whatman 1) and analyzed for fluorescence inten-
sity, as described above. For each sample, a control solution of
undialyzed QDs or QD-loaded nanoparticles was measured for
fluorescence along with the dialyzed sample. The percent de-
crease in fluorescence was quantified for free QDs and QD-
loaded nanoparticles.

Cells. The PC12 pheochromocytoma cell line (ATCC, Manas-
sas, VA) was utilized for cell labeling experiments. Cells were rou-
tinely maintained at 37 °C in 5% CO2 in RPMI-1640 media supple-
mented with 10% horse serum and 5% fetal bovine serum (sera
from ATCC). For microscopy, poly D-lysine coated glass bottom
cell culture dishes (Mattek, Ashland, MA) were overcoated with
50 �g/mL collagen I from rat tail (BD Biosciences, San Jose, CA)
before cell seeding. For cytotoxicity assays, 12-well plates (Corn-
ing) were coated with 50 �g/mL collagen I before cell seeding.
After cells attached to the substrates, media was replaced with
complete RPMI-1640 supplemented with 25 ng/mL 2.5S nerve
growth factor (NGF; BD Biosciences). The PC12 cells differenti-
ated in the presence of NGF for 3 days before experiments were
conducted.

Cytotoxicity Assay. Empty and purified, QD-Loaded nanoparti-
cles were exposed to UV light (254 nm) for 48 h to oxidize the
QD core and promote cadmium ion leakage. In the meantime,
PC12 cells were plated in collagen-coated 12-well plates at an ap-
proximate density of 3500 cells/cm2. After attachment, cells
were treated with 25 ng/mL NGF for 3 days before applying the
nanoparticles. One mL of the nanoparticle samples were applied
to each well with 2 mL of NGF-supplemented media incubated
for 3 days. To perform the MTT assay, media was removed and
replaced with 0.5 mL RPMI without phenol red. MTT solution (5
mg/mL) was added to each well (10% total well volume) and al-
lowed to react for 3 h at 37 °C. MTT formazan crystals were then
dissolved in MTT solvent. Values were determined by subtract-
ing 690 from 570 nm absorbance, and then normalized to ster-
ile DIH2O-treated controls.

Microscopy. Laser-scanning confocal fluorescent microscopy
was performed to visualize interactions of the QD-loaded nano-
particles with differentiated PC12 cells. After one day of treat-
ment with 1 mL of purified QD-loaded nanoparticles, the cells
were stained with 5 �M 5-chloromethylfluorescein (CMFDA; In-
vitrogen, Carlsbad CA). The dye was taken up during 30 min of
incubation at 37 °C, and then the dye-containing media was re-
placed with complete RPMI. The cells were then incubated for
another 30 min at 37 °C. Afterward, cells were fixed in 3%
paraformaldehyde for 20 min at 25 °C and visualized in com-
plete RPMI without phenol red.

An Olympus IX81 microscope with the Fluoview 1000 confo-
cal scanning microscopy (FV10-ASW, Melville, NY) setup was
used. The sample was excited with a 405 nm diode laser for QD
emission at 610 nm and the 488 nm argon laser line for CMFDA
emission at 515 nm. Images were acquired at 40� with a sam-
pling speed of 8 �s/pixel and the optimal z-step size of 1.19 �m/
slice. The 40 pixel � 512 pixel � 512 pixel images were 105.472
�m2 (0.206 �m/pixel).

All postacquisition image processing was performed with Im-
ageJ software (v1.33u). To investigate the cellular interactions
of individual QD-loaded nanoparticles, importing images with-
out compromising light intensity data was critical. For z-stacked
color images, each channel of 16-bit confocal images was im-
ported as a sequence (30 slices for 40� images) and then con-
verted to RGB images. Afterward, the images were merged, pixel
size was set to “no scale”, and the images were analyzed. A lin-

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 3 ▪ 538–544 ▪ 2008 543



ear region of interest (ROI) within these stacked images was se-
lected to include a QD-loaded nanoparticle and a PC12 cell.
These ROIs were resliced to yield a cross section. Thus, the y-axis
of the resliced image represents the original z-axis at the se-
lected ROI. Before converting the images to CMYK format for pre-
sentation, the green channel of the resliced images was en-
hanced in Adobe Photoshop (v6.0.1) by decreasing the input
level from 255 to 100. The enhanced green channel in these
cross section images permitted easier visualization of red QD-
loaded nanoparticle localization with respect to green fluores-
cent cells.
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