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Abstract  

Surface modification and functionalization of bioconjugated quantum dots (QDs) has drawn 
great attention for the past few years due to their wide applications in biomedical research. In 
this contribution, we demonstrate the use of PEGylated phospholipid micelles to encapsulate 
near infrared emitting ultra-small lead sulfide (PbS) QDs for in vitro and in vivo imaging. The 
cytotoxicity of the micelle-encapsulated QDs formulation was evaluated using MTS assay and 
histological analysis studies. We have found that upon encapsulating the QDs with phospho-
lipid micelle, the toxicity of the PbS QDs is reduced, from which we envision that the 
PEGylated phospholipid micelle-encapsulated PbS QDs formulation can be used as 
theranostics probes for some selected applications in cell imaging and small animals study. 
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Introduction  

Phospholipids are a set of naturally occurring  
amphiphilic molecules in organisms  for  constructing 
cell membranes. Typically, a phospholipid molecule 
contains a hydrophilic head and a hydrophobic tail. In 
aqueous solution, they can self assemble to three dif-
ferent structures, bi-layer sheet as in cell membrane, 
liposome and micelle [1-3]. A liposome has an en-
closed bi-layer configuration with a hydrophobic core 
and a lipid bi -layer shell [4]. It is capable of encapsu-
lating either hydro phil ic or hydrophobic compounds 
in the core or the lipid region, and thus they are 
widely used for drug delivery  applications  [5-7]. A 

micelle, on the other hand, has a compact configura-
tion, where in aqueous solution , the hydrophobic tails 
of the lipid molecules will aggregate together and 
they wil l form  an oil -like core, while the hydrophilic 
head will form a shell interacting with the aqueous 
environment . They have been used as nanocarriers in 
encapsulating hydrophobic  molecules for many  bio-
medical applications [8, 9]. More recently , polyeth-
ylene glycol (PEG) grafted (also termed PEGylated) 
phospholipids are  prepared and they are of great in-
terests due to their high biocompatibility  for clinical 
research [10-12]. Similarly , the oil-like molecules can 
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be trapped in the core through hydrophobic i nterac-
tions, leaving a hydrophilic shell modified with PEG  
molecules. More importantly , different functional 
groups, such as carboxyl, amino, and maleimide can 
be functionalized  to the PEG molecules for further 
conjugation of biomolecules in targeted deliv ery ap-
plications .  

Fluorescent imaging method has been exten-
sively used in biomedical  research [13-18]. For in vitro 
cell imaging, the sample is illuminated with an exc i-
tation light source and fluorescent signals are col-
lected by using an appropriate set of filters . However, 
even with the use of filters set , the collected fluore s-
cence signals still contain  some portion of intrinsic 
fluorescent signals (e.g. autofluorescence) from the 
sample and these signals will sometimes impair  the 
resolution of cell  imaging  study . For example, NADH, 
flavins and aromatic amino acid constituents of pr o-
teins are generating the autofluorescence signals 
during imaging study and they are located  in the 
visible wavelength range [19]. To overcome this chal-
lenge, one can use near-infrared (NIR)  imaging  to 
evade the excitation of autofluorescence signals and 
thus increase the signal to noise ratio from the cells 
sample [20-23]. In addition, NIR imaging setup can be 
easily extended for in vivo imaging as well. To date, it 
is well known that  to perform  small animal  imaging  
studies in the visible range is challenging for the rea-
son that the limited depth penetration in tissue and 
the scattering from  the tissue of visible light are two  
major obstacles to obtain high resolution and details 
of images. It is recommended that the optimal wav e-
length range for in vivo imaging is  around  700 to 900 
nm, where the light has relatively higher penetration 
depth in tissue while the absorption and scattering of 
the tissue are at their minimum [24, 25].  

Among the currently available contrast agents 
used in bioimaging, quantum dots (QDs)  remain one 
of the widely used and popular  optical probes to label 
different compartments of the cells  [23, 26-29]. QDs 
are semiconductor nanocrystals that have sizes which 
is comparable or smaller than that of the exiton bohr 
radius of the semiconductor material, typically a few 
nanometers [30, 31]. Also, QDs possess many unique 
optical  features [29, 32, 33]. For example, the emission 
peak of QDs can be turned over a broad wavelength 
range by controlling  their size or composition . They 
have high resistance to photobleaching and narrow 
emission line widths. QDs also have relatively large 
surface areas that can be functionalized  with multiple 
biomoelcules for specific targeted delivery  [34]. More 
importantly, different emission color of QDs  can be 
simultaneously excited using a single wavelength 
light source and one can use this technique for mul ti-

plex imaging. While QDs have been extensively ex-
ploited in the nanomedicine field, the toxicity issues 
of QDs have also been raised due to the unknown risk 
associated with the nanoparticle exposure to the bi-
ology. Thus, verifying the safety of QDs, especially 
the heavy metal containing candidates, is increasingly 
important. Toxicity studies of cadmium based QD can 
be easily found in the literature [35-37]. However, 
evaluation on lead based QDs is somehow being ne-
glected. Truong et al. studied the in vivo toxicity of 
PbS with different su rface functionalization using 
zebra fish model [38]. The results suggested that the 
toxicity was strongly associated with the surface li g-
ands. 

In this study,  we hypothesize that the toxicity of 
lead based QD can be suppressed with proper surface 
modification . We have prepared PEGylated phospho-
lipid micelle-encapsulated lead sulfide (PbS) QDs as 
NIR optical probes for in vitro and in vivo imaging . 
For in vitro study, folic acid  conjugated mi-
celle-encapsulated PbS QDs were prepared and used 
for targeted imaging  of pancreatic cancer cells. Also, 
we have used the micelle-encapsulated QDs formul a-
tion for  in vivo imaging . MTS assay and histological 
analysis of tissues sections from the major organs 
were used to evaluate the toxicity of the m i-
celle-encapsulated PbS QDs formulation . The result 
suggests that low  toxicity  was observed for mi-
celle-encapsulated PbS QDs formulation and they are 
suitable for some selected in vitro and small animals 
studies.  

M aterials and Experimental Methods  

Materials  

1,2-Diacyl -sn-Glycero-3-Phosphoethanolamine-
N-[Methoxy(Polyethylene glycol)] (mPEG -DSPE, Mw 
5000), 1,2-distearoyl -sn-glycero-3-phosphoethanol- 
amine-N-[folate(polyethylene glycol) -2000], ammo-
nium salt  (DSPE-PEG-Folate, Mw 3 230), were pur-
chased from Laysan Bio Inc and Avanti Polar Lipids 
Inc, respectively. Lead sulfide quantum dots (PbS 
QDs) dispersed in toluene were purchased from Evi-
dent Technologies (US, molar ratio of Pb/S is 1:1, 
nanocrystal MW is 1.1e4 µg/nmol, particle MW, i.e. 
crystalline core plus estimated ligands, i s 5.0e4 
µg/nmol, provided by vendor). All solvents, inclu d-
ing HPLC water, chloroform, toluene, hexane and 
ethanol were of reagent grade and purchased from 
Sigma-Aldrich . Phosphate buffered saline (PBS) 7.2 
(1x) and tetradecylphosphonic acid (TDPA) are 
prod ucts of Invitrogen  and Alfa Aesar, respectively. 
All chemicals were used as received and all solvents 
(hexane, toluene, chloroform and ethanol) were used 
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without further purification.  

Preparation of phospholipid micelle encaps u-

lated QDs  

The PbS QDs were originally  dispersed in tol u-
ene. Before the encapsulation, toluene was removed 
and the dried QDs were re-dispersed in chloroform at  
a final concentration of 1mg/ml.  For the encapsula-
tion process, 2ml of the QD suspension was mixed 
with chloroform solutions of mPEG-DSPE and 
DSPE-PEG-Folate at a weight ratio of 1:4:0.5 
(QDs:mPEG-DSPE:DSPE-PEG-Folate) in a round 
bottom flask. The chloroform was then evaporated 
using a rotary evaporator  under vacuum in the water 
bath at room temperature. After the evaporation, 
10ml of HPLC water was added and the flask was 
gently stirred for 20min. The resulting mixture was 
filtered through a 0.2ȋm syringe filter, followed by 
centrifugation at 13,000 rpm for 15 min  and the su-
pernatant was discarded. The precipitate  was 
re-dispersed in PBS solution and stored in 4°C for 
future use. QDs were also encapsulated with pure 
mPEG-DSPE (weight ratio QDs:mPEG-DSPE = 1:4.5) 
following the similar  procedure and the result part i-
cles were used as non-conjugated particles.  

Cell viability  study 

Panc-1 (ATCC NO: CRL-1469) and MiaPaCa-2 
(ATCC NO: CRL-1420) cells were maintained in  Dul-
beccoõs modified Eagleõs medium (DMEM, Sigma) 
supplemented with 10% fetal bovine serum (FBS). The 
cells were cultured at 37°C in a humidified atmo s-
phere containing 5% CO2. For cell viability study, 
MTS 
(3-(4,5-dimethylthiazol -2-yl) -5-(3-carboxymethoxyphe
nyl) -2-(4-sulfophenyl) -2H-tetrazolium, inner salt) a s-
say was performed [39, 40]. Briefly, in each assay, 5000 
panc-1 cells were dispensed into each well of a 96-well 
flat -bottom Microtiter plate and cultured overnight. 
Eight sets were treated with different concentrations 
of phospholipid micelle encapsulated QDs ranging 
from 0 to 250µg/m l and one set treated with PBS 
buffer was regarded as the non-treated control. A s-
says were performed in triplicate and the results were 
averaged. The cells were subsequently incubated for 
24h or 48h before the assay. The absorbance of form-
azan (produced from  the cleavage of MTS by dehy-
drogenases in living cells) is directly proportional to 
the number of live cells. 10 µl of MTS reagent was 
added to each well and thoroughly mixed after the 
24h or 48h incubation period. One hour later, the ab-
sorbance of the mixtures at 490 nm was measured by a 
multi -well plate reader. The cell viability was o b-
tained by normalizing the absorbance of the sample 

with that from the control well and expressed as pe r-
centage, assigning the viability of non-treated cells as 
100%. 

Characterization of NIR quantum dots  

The absorption spectra were obtained using a 
Shimadzu scanning spectrophotometer (3101PC 
UV-Vis-NIR) over a wavelength range from 320 to 
1600 nm. The samples were loaded into a quartz cell 
for measurement using the solvent as reference. The 
photoluminescence spectra were obtained using the 
Maestro small animal imaging system with red exc i-
tation. Temporal decay of the photoluminescence 
signal from the sample was recorded by an EasyLife 
VÊ system (Optical Building Blocks Corporation). 
Samples were loaded into a 1cm standard quartz cell 
for  the measurements. A 405 nm laser was used as the 
excitation and pure solvent was used to determine the 
noise level. TEM images were taken by a JEOL model 
JEM-2010 transmission electron microscope using an 
acceleration voltage of 200 KV. The specimens were 
prepared by drop -casting the sample dispersion onto 
a carbon coated 300 mesh copper grid (Carbon 
Type-B, Ted Pella, Inc.). The excess solvent was ab-
sorbed by a filter paper under neath. The hydrody-
namic size distribution of particles was obtained by a 
nanoparticle size analyzer (Brookhaven 90Plus, 
Brookhaven Instruments Corporation)  using dynamic 
light scattering (DLS) method.  

Animal studies  

Four to five weeks old female nude mice and 
Balb/C mice were purchased from Harlan Sprague 
Dawley Inc. All the animal experiments and maint e-
nance were approved by the University at Buffalo 
Institutional Animal Care and Use Committee 
(IACUC). The animal housing area was maintained at 
24ºC with a 12-hours light/dark cycle. Water and 
standard laboratory chow were supplied throughout 
the study. All animals were acclimated to the animal 
facility for at least 48 hours prior to experimentation. 
For in vivo imaging, the nude mice were administered 
with PEGylated phospholipid micelle encapsulated 
PbS QDs in PBS by tail vein injection. The mice were 
anesthetized with isoflurane at various time points 
post injection for imaging. For toxicity studies, the 
Balb/C mice were administered with PEGylated 
phospholi pid micelle encapsulated PbS QDs through 
tail vein injection. 4 weeks after the injection, the 
Balb/C mice were sacrificed and the tissues from the 
major organs were harvested and processed with 
standard fixation  and staining procedures for hist o-
logical studies. 
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In vitro and i n vivo imaging studies  

For in vitro cell fluorescent imaging, CRi's Nu-
ance imaging system (CRI, Woburn, MA)  was used. 
The system is equipped with a solid state liquid cry s-
tal filter for wavelength scanning with a resolution of 
10 nm to obtain an image cube file consisting images 
from every scanned channel. Pancreatic cancer cells 
were treated with PbS QDs and incubated for 4 hours 
before imaging. Red filter set was applied for the cell 
imaging to obtain signals from the QDs. The image 
cube files were analyzed with the vendor software 
where signals from the QDs were separated by a 
spectral un-mixing process. A Maestro in vivo optical 
imaging system (CRI, Inc., US) was used for NIR fl u-
orescent imaging  of QDs injected nude mice. For ac-
quiring the fluorescence images at different time 
points, the system was operated at the cube acquisi-
tion mode. The NIR filter set was applied  and image 
cube files were taken in series while scanning the liq-
uid crystal filter from 750nm ~ 950nm (with 10 nm 
step). Based on the cube files, fluorescent images and 
the corresponding spectra were obtained by the ven-
dor software. The fluorescent images were rendered 
with pseudo-colors, where the background signals 
were coded in green and signals from the NIR QDs in 
red. It should be noted that in order to get a clear vi-
sion of the whole body , the relatively low signals from 
the background (in green) were enhanced by the 
vendor  software. 

Results and Discussion  

Figure 1 shows the steps for preparing m i-
celle-encapsulated PbS QDs. The QDs are encapsu-
lated in phospholipid micelles through hydrophobic 
interactions between the hydrophobic  QDs and the 

diglyceride  groups, i.e. the hydrophobic tails, of the 
phospholipid molecules. Figure 2a shows the absorp-
tion  and photolumi nescence profiles of the mi-
celle-encapsulated PbS QDs formulation . The profile  
shows that the nanoparticles formulation  can be ex-
cited over a wide range of absorption  wavelength 
ranging  from deep-red to UV range. An emission 
peak was observed around 900nm for the QDs for-
mulation . Due to the limitation of the spectroscopy 
equipment, we were not able to measure the spectrum 
profile above 950nm. Figure 2b shows the lumines-
cence decay of the PbS QDs after excited by a pulse 
laser and the curve is fitted with a  first order exp o-
nential function, from which the lifetime is estimated 
to be 877ns. The fluorescent lifetime of PbS QDs is 
consistent with previous reports. This relatively long 
lifetime is useful for time -gated fluorescence imaging, 
where the intrinsic  auto-fluorescent signals from the 
biological samples can be removed due to the short 
fluorescent lifetime (typically several nanoseconds). 
Figure 2c and d are transmission electron microscopy 
(TEM) images of PbS QDs before and after the micelle 
encapsulation. From the TEM analysis, the average 
diameter of the QDs is ~2nm and they are highly 
monodispersed in size. Since the size of the PbS QDs 
is relatively  small, several QDs are found to be en-
capsulated within a single micelle . As shown in the 
TEM picture, though several QDs are trapped within 
a micelle particle, the crystal structure of individual 
QD remains unaffected. The hydrodynamic size di s-
tribution of the micelle -encapsulated QDs was meas-
ured by dynamic light scattering (DLS)  technique. The 
DLS data shows that the formulation has an average 
diameter of about 116nm and no change was ob-
served for over a period of 2 weeks.  

 

 

Figure 1.  Schematic illustration of the PEGylated phospholipid micelle encapsulation of PbS QDs. 
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Figure 2.  Characterization on the physical properties of the PbS QD nanoparticles. (a) Extinction & photolumination (PL) profile of the 

QDs after micelle encapsulation. (b) Temporal decay of the photoluminescence of PbS QDs after excited by a pulse laser. Solid line shows 

the fitting result using a single-exponential function. (c) and (d), TEM images of the PbS QDs before and after micelle encapsulation, 

respectively.  

 

Figure  3. RAW264.7 macrophages labeled with micelle-encapsulated PbS QDs (red), the cell nucleus is stained with Hoechst 33342 

(blue). 

 
For cell imaging study , micelle-encapsulated PbS 

QDs were used to label RAW264.7 macrophage cells. 
Figure 3 shows the fluorescent image of the 
RAW264.7 cells treated with the QDs formulation and  
the cell nucleus were stained with Hoechst 3342 
(pseudo-colored in blue). The signals from NIR PbS 
QDs are pseudo-colored in red. As shown in Figure 3, 
the red spots located in the cell cytoplasm clearly 
show the uptake of the micelle-encapsulated QDs by 
macrophage cells, demonstrating  that the mi-
celle-encapsulated QDs can be used as NIR optical 
probes for cell labeling and imaging.  

In addition to labeling of macrophage cells, we 
have also prepared folic acid  functionalized m i-
celle-encapsulated QDs for targeted imaging  of cancer 

cells. Folic acid is known to be very important during 
the period of rapid cell division and its  receptors (fo-
late receptors) are found to be overexpressed in most 
cancer cells [41, 42]. Human pancreatic cancer cell 
line, MiaPaCa-2, was used in this study . Figure 4 
shows the images of MiaPaCa-2 cells treated with folic 
acid functionalized micelle-encapsulated NIR PbS 
QDs. Robust uptake of the bioconjugated mi-
celle-encapsulated PbS QDs was observed in the Mi-
aPaCa-2 cells. In comparison, minimal uptake was 
observed for unconjugated QDs. The result here 
demonstrates that the specificity of  folic acid func-
tionalized  micelle-encapsulated QDs for targeted de-
livery to the MiaPaCa -2 cancer cells.  

For in vivo imaging study , nude mice were in-
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jected with PEGylated phospholipid m i-
celle-encapsulated PbS QDs, and the treated animal is 
imaged at several time points. Figure 5 shows the 
normalized characterization spectra of the QDs in-
jected and the background signals of a nude mouse 
under deep red illumination , of which the tail is l a-
beled with the sample. The spectra are then used as 
references for pseudo-color rendering in the vendor 
software. The signals from the QDs and background 
are marked in red and green, respectively. It is also 
worth mentioning that, as seen from the spectra, the 
signals from the QDs are far away separated with 
those from the background, which will greatly i n-
crease the contrast of the image and reduce the error 
induced by the crosstalk between the two signal 

channels. Figure 6 shows the images obtained from 
the Maestro small animal imaging system of a mouse 
post-injected with QDs formulation  at 1h, 3h, 6h, and 
42h. The panel to the left shows the original  unpr o-
cessed images obtained from the system. The middle 
panel is the signal from the QDs separated by the 
vendor software and the images in the right panel are 
pseudo-colored images showing both background 
and QDs signals. As shown in Figure 6, one can see 
that the PbS QDs are mainly  accumulated in the liver 
and spleen after 1h of injection, as denoted by the 
arrows. The result shows that the PEGylated phos-
pholipi d micelle encapsulated NIR PbS QDs formula-
tion can be served as efficient high-contrast agent for 
small animal imaging.  

 

Figure 4.  Imaging of live pancreatic cancer cells (Blank) as a comparison with which treated with folic acid conjugated phospholipid 

micelle encapsulated PbS QDs (Folic-QDs Treated) or non-conjugated QDs (QDs Treated). Left panel shows the bright-field image, 

middle panel is the fluorescent signal pseudo-colored in red and the right panel is the merged images. 

 

Figure 5.  Normalized characterization spectra from 

the QDs sample and the background signal of an 

untreated mouse, both under deep-red illumination. 

Inset in the upper left is the QDs sample in a centrifuge 

tube and the inset in the lower right shows the back of 

a mouse with its tail labeled. The two insets are 

pseudo-colored in red (QDs) and green (background). 
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Figure 6.  In vivo fluorescent images of a nude mouse tail vein injected with PEGylated phospholipid micelle encapsulated PbS QDs at 1h, 

3h, 6h and 42h after injection. Left panel shows the original unprocessed images, middle panel is the QDs signal channel and the panel to 

the right shows the pseudo-colored images of the spectrally separated signals, with background in green and the QDs signals in red. 

 
The QDs toxicity has been widely discussed over 

the past few years especially for cadmium and 
lead-based QDs. In this work, lead -based QDs were 
used for in vitro and in vivo imaging . To examine the 
cytotoxicity of the  QDs formulation , cell viability of 
Panc-1 cells was evaluated after treating them with  
QDs formulation . Figure 7 shows the results of the 
MTS assay of Panc-1 cells treated with the mi-
celle-encapsulated PbS QDs. The cell viability of the 
Panc-1 cells was maintained greater than 80% at par-
ticle concentration as high as 250µg/ml, for both 24h 
and 48h of post-treatment. This study  reveals that the 
micelle-encapsulated PbS QDs is having a much low-
er cytotoxicity  in comparison with polyanhydride  
coated PbSe QDs formulation  [43], indicat ing that 
phospholipid micelle encapsulation is a useful stra t-
egy for producing low toxicity heavy -metal based 
QDs for some specific in vitro and in vivo applic a-
tions.  

We have also performed short term in vivo to x-
icity  evaluation  of the PEGylated phospholipid e n-
capsulated PbS QDs using Balb/C mice. In this study, 
mice were administered with the QDs sample 
through tail vein  injection at a concentration of 
25mg/kg. Within  4 weeks of evaluation , we did not 
observe any changes in the drinking and eating be-

havior of the mice. To further investigate the toxicity  
of the QDs formulation , the mice were sacrificed at 4 
weeks after the injection and subsequently histologi-
cal analysis was performed on the tissue samples of 
the major organs such as heart, liver, spleen, lung and 
kidney . These tissue section samples were processed 
and stained with hematoxylin and eosin (H&E). As 
shown in Figure 8, no significant pathological changes 
were observed upon comparing the  samples from 
treated mice to the control  ones, demonstrating  that 
the PEGylated phospholipid micelle -encapsulated 
PbS QDs did  not cause any acute toxicity to the mice 
at a dosage of 25mg/kg. 

The phospholipids  micelle encapsulated QDs 
formulation  offers an excellent platform for 
co-loading hydrophobic drugs in the micelle core for 
theranostic applications. To demonstrate the proof of 
concept of this idea, we encapsulated both PbS QDs 
and doxorubicin (Dox) using PEGylated phospholip-
ids micelle. Figure 9 shows the accumulative release 
profile of Dox  molecules from the mi-
celle-encapsulated QDs/Dox formulation in compa r-
ison to phospholipid micelle encapsulated Dox only. 
The release profile was monitored for over 10 days. It 
was observed that both formulations show sustained 
release of Dox over the 10 days period. Interestingly, 
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the release of Dox from the micelle-encapsulated 
QDs/Dox  formulation  has a higher release rate than 
that of the micelle-encapsulated Dox formulation 
during the first several hours  and this is probably due 
to the faster diffusion rate created for Dox molecules 
in the presence of PbS QDs in the micelle core. To 
examine the therapeutic effect of the QDs/Dox  for-
mulation, in vitro cell viability studies were pe r-
formed. Three formulations were examined  in this 
study, namely, micelle-encapsulated QDs/Dox fo r-
mulation , micelle-encapsulated Dox formulation  and 
micelle-encapsulated QDs formulation. As 

shown in figure 10, a significant decrease in the cell 
viability  was observed for  the Panc-1 cells treated 
with either mi celle-encapsulated QDs/Dox  formul a-
tion  or the micelle-encapsulated Dox formulation.  The 
cell viability of the Panc-1 cells was maintained 
greater than 90% for  micelle-encapsulated QDs for-
mulation. This experiment has highlighted the pote n-
tial of using the micelle-encapsulated QDs/Dox fo r-
mulation as theranostic probes for traceable targeted 
delivery and therapy applic ations. 

 

Figure 7.  Relative cell viability of cells treated with 

PEGylated phospholipid micelle encapsulated PbS QDs of 

different concentrations, after 24h and 48h. 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 8.  Histological studies on the major 

organs of the QDs injected mice at a dosage of 

25mg/kg after 4 weeks. No abnormal pathological 

changes were observable.  

 
  








