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S
emiconductor nanocrystal quantum
dots (QDs) can be advantageous
nanoemitters over conventional or-

ganic fluorophores for biological
imaging.1�3 QDs can have narrow and sym-
metric emission profiles that can be tuned
from visible to infrared wavelengths. They
are relatively more robust against photo-
bleaching, which suites them for long-term
imaging. They can be easily multiplexed by
a single excitation source due to their broad
absorption profiles. In order to exploit the
advantages of QDs in in vitro or in vivo im-
aging, extensive studies have been made
on QD�biomolecule conjugates such as
QDs that are conjugated to antibody,3�8

peptide,9�12 aptamers,13,14 and
oligonucleotides.15,16 The conjugations are
typically made using small linker
molecules,3�7,9,11�14 polymers,8 or
avidin�biotin complex.17 Small linker mol-
ecules can be advantageous in reducing the
overall conjugate size. Smaller size is impor-
tant not only for brighter signals per unit
volume occupied by conjugates but also for
better controls over the biodistributions or
clearance pathways in vivo. Small linker con-
jugation typically involves carbodiimide-
mediated peptide bond formation,11 ester
maleimide-mediated coupling,10 or ester
condensation. However, they often demand
multistep procedures and may suffer from
QD colloidal instabilities during the cou-
pling reactions. Simple electrostatic cou-
pling method is introduced for hyaluronic
acid (HA)�QD conjugates. Conventionally,
electrostatic couplings for QD conjugates
use bridging macromolecules such as engi-
neered recombinant proteins5 or avidins.6,7

Herein, we report a HA�QD conjugate

(HA�QD) that is coupled by simple electro-
static interactions via a small linker mol-
ecule. They are colloidally stable and size-
tunable from 50 to 120 nm and retain
optical advantages of QDs.

HA, copolymers of N-acetyl
D-glucosamine and D-glucuronic acid, is a
nonsulfated glycosaminoglycan. It is one of
the major components in the extracellular
matrix that contributes significantly to cell
proliferation and migration, wound healing,
progression, metastasis, diagnosis, and
prognosis of some malignant tumors.18,19

For example, HA receptor CD44 overexpres-
sion is known to be strongly associated
with cancerous angiogenesis and tumor
progression.20 Therefore, HA�QD can be a
useful reporter probe that monitors tumor
progressions, such as metastasis trafficking,
or that screens anticancer drug
efficacies.21�24 HA�QD can be also used to
visualize lymphatic vessels by fluorescence
staining since HAs can be delivered into
lymphatic endothelial cells through recep-
tors such as lymphatic vessel endothelial re-
ceptor 1 (LYVE-1).25,26 Lymphatic vessel
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ABSTRACT A simple and novel electrostatic coupling method is reported, which provides a hyaluronic

acid�quantum dot conjugate (HA�QD) that is colloidally stable and size-tunable from 50 to 120 nm. The

HA�QDs show cancer targeting efficiency, which suggests diagnostic and imaging applications. The conjugates

are also demonstrated for the fluorescence staining capability for lymphatic vessels in vitro and in vivo. Using the

HA�QDs in a small animal model, lymphatic vessels are visualized real-time in vivo for days. Comprehensive

cytotoxicity evaluations are made for the conjugates and the unconjugated counterpart. The HA�QDs showcase

the potentials toward cancer imaging and real-time visualization of changes in lymphatic vessels such as

lymphangiogenesis.
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staining by HA�QD can be especially advantageous

for in vivo imaging since QDs can have strong fluores-

cence in near-infrared wavelengths that promise maxi-

mal tissue penetrations and minimal autofluores-

cence.27 For example, they can be potentially used to

real-time monitor the formation and development of

lymphatic vessels around tumor mass such as lymphan-

giogenesis. Although QDs can be an ideal fluorescence

probe for lymphatic vessel imaging, a large quantity of

QD probes may be needed. Being an exogenous imag-

ing contrast agent, any fluorescence probe needs large

excess to overcome the limited cellular uptake and in-

herent signal diminution by cell proliferations. Com-

pared to other targeting molecules, HA is extremely

cost-effective and easily available in large quantity.

Herein, we report that lymphatic vessels can be success-

fully visualized real-time in vivo for days using HA�QD.

RESULTS AND DISCUSSION
Multiple electrostatic adsorption is used to conju-

gate HA and QDs. HA has multiple negative charges.

QDs can be positively modified by introducing a sur-

face ligand (Scheme 1). The surface ligand is a small

linker molecule that has dithiol for QD surface anchor-

ing and primary amine for positive charge. As is shown

in Scheme 1, it is synthesized by simple modification of

lipoic acid with ethylene diamine followed by reduc-

tive disulfide cleavage reaction. The IUPAC name is

N-(2-aminoethyl)-6,8-dimercaptooctanamide, and we

name it amine-DHLA (meaning amine-containing dihy-

drolipoic acid derivative). CdSe/CdS/ZnS (core/shell/

shell) QDs are prepared by similar procedures reported

previously (see Experimental Methods).28�31 The QDs

are exposed to an excess amount of amine-DHLA for

rigorous surface exchange (see Experimental Methods).

After the surface ligand exchange, QDs become readily

dispersible in aqueous media. The aqueous QDs show

negligible changes in absorption and emission spectra

when compared to as-prepared ones (see Supporting

Information Figure S1).

The average hydrodynamic size is 8.4 nm in PBS

buffer when measured by dynamic light scattering

(DLS) method, and the � potential measures 27.1 mV

in deionized water. The strongly positive charged sur-

face enables individual dispersion of QDs. The average

diameter of QDs measured by a transmission electron

microscope (TEM) is 5.7 nm. HA of 3000 kDa molecular

weight is used, which has approximately �7500 carbox-

ylic acid groups. The average hydrodynamic size of HA

is 11.0 nm in PBS (10 nM). HA�QDs are prepared by

mixing the positively charged QDs with HAs. Typical hy-

drodynamic size distributions of QD, HA, and HA�QD

are shown in Figure 1a. When QDs are slowly added

into HA PBS solution, hydrodynamic sizes of the result-

ant HA�QDs are measured (Figure 1b). The hydrody-

namic size increases as the QD ratio increases. The con-

jugate shows 49.7 nm when the molar ratio of QD/HA

is 1:10 and reaches 124 nm when the ratio becomes 4:1.

The mixing molar ratio ranging between 1:10 and 4:1

of QD/HA produces conjugates of size from 50 to 120

Scheme 1. Synthesis of hyaluronic acid�quantum dot conjugates.
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nm that are colloidally stable over weeks, showing no

noticeable size increase or aggregations. When QD ra-

tio exceeds 4:1, the conjugates start to aggregate and fi-

nally precipitate down from the solution. As shown in

Figure 1c, absolute value of � potential decreases as the

QD ratio increases and compensates the negative

charges of HAs, which results in the colloidal instabil-

ity. When HAs are in excess, absolute value of � poten-

tial increases as the QD ratio increases, presumably be-

cause they bind HAs close to each other. Individual

electrostatic attraction between carboxylate in HA and

amine on QD may not be as strong as a covalent bond;

however, robust conjugation between HAs and QDs is

made by multiple electrostatic bonds.

Mixing ratio of QD/HA for the conjugate shown in

Figure 1a is 4:1. For in vitro and in vivo experiments

herein, HA�QDs are made using 1:1 to 4:1 QD/HA mix-

ing ratio. HA is larger than QD in hydrodynamic size

and has larger amounts of charges. Thus HA can accom-

modate more than one QD but not vice versa. Slight ex-

cess of QD is chosen to minimize unconjugated HAs or

QDs. Figure 1d,e shows TEM images of the QDs and

HA�QDs that are used for Figure 1a. HA�QDs consist

of one or multiple QDs, as is expected from the mixing

ratio. HAs are relatively well visualized when bridged

among QD clusters. In the case of conjugates with a

single QD, HAs may stretch around the QD surfaces and

make them hard to be visualized. HAs around QDs are

further confirmed by uranyl acetate staining experi-

ments (see Supporting Information Figure S2). No large

aggregates are found under TEM, confirming our DLS

data.

We use HeLa cells as a representative cancer cell

that overexpresses HA receptors and human dermal fi-

broblast cell as a negative control. HeLa cells, human

dermal fibroblast cells, and HeLa cells cultured with hu-

man dermal fibroblast cells are prepared. To visualize

LYVE-1 expression, monoclonal LYVE-1 antibodies and

FITC-conjugated secondary antibodies are used. The

slides are mounted with 4,6-diamidino-2-phenylindole

(DAPI) to blue stain nuclei and photographed using a

confocal microscope (Figure 2a, see Experimental Meth-

ods). Immunocytochemistry results show that LYVE-1

is highly expressed in HeLa cells. Human dermal fibro-

blast cells are stained identically, but LYVE-1 expression

is not detected. High contrast on LYVE-1 expression lev-

els between HeLa cells and human dermal fibroblast

cells is further manifested by staining co-cultured

samples. To distinguish the human dermal fibroblast

cells from HeLa cells when they are co-cultured, the cy-

toplasmic membranes of human dermal fibroblast cells

are prelabeled with red DiI fluorescent probes. Both

types of cells are stained simultaneously by DAPI and

fluorescent LYVE-1 antibodies. Green fluorescence from

Figure 1. Hydrodynamic sizes of quantum dots (QDs), hyaluronic acids (HAs), and hyaluronic acid�quantum dot conju-
gates (HA�QD) in PBS buffer solutions measured by dynamic light scattering (a). Hydrodynamic size changes of HA�QDs
with different ratio in PBS buffer (b). The � potential changes of HA�QDs with different ratios in deionized water (c). Trans-
mission electron microscope images of QDs (d) and HA�QDs (e).
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LYVE-1 staining can be only found around HeLa cell

membranes.

Binding specificities of HA�QDs over unconjugated

QDs are investigated with fluorescence microscopy. The

HA�QDs are prepared by mixing HA and QD by a 1:1

ratio. Identical QDs that have amine-DHLAs are used for

the mixing and for the unconjugated control sample.

For LYVE-1 positive and negative cell lines, we use the

previously confirmed HeLa cells and human dermal fi-

broblast cells; 100 nM of HA�QDs and unconjugated

QDs are treated. Two hours after treatment, signals

from QDs and HA�QDs are measured (Figure 2b). Spe-

cific bindings of HA�QDs into HeLa cells over human

dermal fibroblast cells are observed. Strong QD signals

from HA�QDs are found on HeLa cells. The HA�QDs

are thought to effectively target the LYVE-1 on HeLa

cells and subsequently internalize themselves in cyto-

plasm regions via receptor-mediated endocytosis. In

contrast, QD signals from HA�QDs can be hardly found

in human dermal fibroblast cells. In the case of uncon-

jugated QDs, we find strong nonspecific bindings re-

gardless of the cell type. Unconjugated QDs are un-

mistakenly found in both HeLa cells and human dermal

fibroblast cells. Highly positive nature of the QD sur-

face is ascribed to induce the nonspecific bindings. We

stress that HA�QDs show selective targeting on LYVE-1

with negligible nonspecific bindings.

Cell-type-specific binding efficiencies of HA�QDs

and unconjugated QDs are quantified by inductively

coupled plasma atomic emission spectrometry (ICP-

AES) (see Supporting Information Figure S3). The ICP-

AES data represent the amounts of HA�QDs and QDs

that are not bound to the cells and re-
mained in cell culture media (see Ex-
perimental Methods). From that ICP-
AES result, we can conclude that the
amount of HA�QDs bound to HeLa
cells is approximately four times larger
than the amount of HA�QDs bound
to the human dermal fibroblast cells.
However, the amounts of unconju-
gated QDs bound to HeLa cells and
human dermal fibroblast cells do not
show noticeable difference.

We have demonstrated that
HA�QDs can selectively fluorescence
label cancerous cells that overexpress
HA receptors. LYVE-1 is also a surface-
bound HA receptor that is preferen-
tially expressed by lymphatic endo-
thelial cells (LEC). HA�QD can be used
as a LEC trafficking agent and may al-
low us to follow LECs at the cellular
level. Potentially, this can open a new
window monitoring tumor growth
and development real-time in vivo.
However, before HA�QDs can be ac-

tively used for in vivo imaging, comprehensive cytotox-
icity studies are required. Due to the unavoidable sig-
nal diminution as an exogenous imaging contrast
agent, QD probes may demand high concentrations to
label the targeted cells or tissues. Minimal cytotoxicity
of HA�QDs is essential for in vitro and in vivo labeling
applications. To determine the cytotoxicity of HA�QDs,
HeLa cells and human dermal fibroblast cells are treated
with 100 nM of HA�QDs and unconjugated QDs. Thirty
minutes, 2 h, and 1 day after the treatment, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Figure 3a), 3-amino-7-dimethylamino-2-
methylphenazine hydrochloride (neutral red) assay (Fig-
ure 3b), and terminal uridine nick end labeling (TUNEL)
assay are performed (Figure 3c,d). For mitochondrial
metabolic activity evaluation, MTT assay is performed
(see Experimental Methods). The HeLa cells and human
dermal fibroblast cells treated with HA�QDs show
higher mitochondrial metabolic activities compared to
those of unconjugated QD-treated groups. Cell viability
is evaluated by a rapid colorimetric test based on the
uptake of a cationic supravital dye, neutral red, into the
viable cells (see Experimental Methods). Neutral red as-
say also shows similar tendency that HeLa cells and hu-
man dermal fibroblast cells treated with HA�QDs have
higher cell viability compared to QD-treated groups.
However, HeLa cells and human dermal fibroblast cells
treated with QDs or HA�QDs show decreased mito-
chondrial metabolic activity and cell viability compared
to negative controls (cell without any QD or HA�QD
treatment) at the same time points. It is noted that no
significant level of cytotoxicity difference is observed

Figure 2. (a) Fluorescence microscope images of HeLa cells, human dermal fibroblast (hDF)
cells, and co-cultured HeLa cells and hDF cells (fibroblast cells are prelabeled with DiI (red),
LYVE-1 (green), and nuclei with DAPI (blue), respectively). (b) Hyaluronic acid�quantum dot
conjugate (HA�QD) and quantum dot (QD) signals from HeLa cells and hDF cells. After the
treatment of 100 nM of HA�QDs (ratio of QD/HA is 1:1) and QDs to HeLa cells and hDF cells
for 2 h, the fluorescence images and merged images of fluorescence and transmission im-
ages are taken by optical microscope (figures are taken at �400 magnification).
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for the different cell types, though HeLa cells uptake

as much as 4 times more HA�QDs than human der-

mal fibroblast cells. TUNEL assay is performed to deter-

mine the apoptotic activity of HeLa cells and human

dermal fibroblast cells treated with HA�QDs or uncon-

jugated QDs. ApopTag Red in situ apoptosis detection

kit (Chemicon, Temecula, CA) and DAPI are used to

stain the apoptotic cell or cell fragment and nuclei of

cells (Figure 3c). Compared to the HA�QD-treated cells,

cells treated with QD show dramatically enhanced apop-

totic activity. More than 30% of HeLa cells and human

dermal fibroblast cells treated with QDs show apoptotic

Figure 3. Cytotoxicity measurements of HeLa cells and human dermal fibroblast cells. Before the measurement, cells are treated
with 100 nM of hyaluronic acid�quantum dot conjugates (HA�QDs, ratio of QD/HA is 1:1) and quantum dots (QDs) for 30 min,
2 h, and 1 day. (a) Mitochondrial metabolic activity determined by MTT assay, (b) cell viability determined by neutral red assay
(negative control: cells without QD or HA�QD treatment, *p � 0.05 compared to negative control; #p � 0.05 compared to the
HA�QD-treated groups), (c) apoptotic activity by TUNEL assay, (d) quantitative results of (c) (*p � 0.05 compared to QD-treated
groups), (e) cell proliferation results.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 6 ▪ 1389–1398 ▪ 2009 1393



activity. Apoptotic activity of HeLa cells and human der-

mal fibroblast cells treated with HA�QDs is signifi-

cantly low: 13 and 9% of total cells, respectively, until 1

day. The MTT assay, neutral red assay,
and TUNEL assay results show accordance
tendency. HA conjugation to QD reduces
the cytotoxicity for more than 24 h. HeLa
cells and human dermal fibroblast cells
treated with HA�QDs showed signifi-
cantly decreased cytotoxicity compared
to unconjugated QD-treated cells. The re-
inforced cytotoxicity shown in unconju-
gated QD-treated groups might have
been caused by the membrane-
disruptive interactions that occur in the
highly positive surfaces. After treating
HA�QDs or unconjugated QDs to HeLa
cells and human dermal fibroblast cells,
the cell proliferation differences are com-
pared (Figure 3e). The initial cell density

of HeLa cells and human dermal fibroblast cells are 1
� 104 cells/mL and cultured for 24 h after treating with

HA�QDs or unconjugated QDs. HA�QD-
treated cells show comparable cell prolifera-
tion results compared to those of unconju-
gated QD-treated groups. The cells treated
with HA�QDs show minimal initial cytotoxic-
ity for a few hours; however, cells treated with
unconjugated QDs showed up to 40% of cells
death within a few hours. Cytotoxicities of QDs
or QD conjugates have been actively
studied.32�36 Cytotoxicity of QD conjugates de-
pends on the nature of protecting inorganic
shell layers (presumably related to the heavy
metal ion leakage), sign of the conjugate sur-
face charge, and distribution of the charges.
Our CdSe/CdS/ZnS core/shell/shell QDs have
well-passivated double-shell protecting layers
with gradient crystal lattice mismatches from
CdSe, CdS, and to ZnS. The reduced crystal lat-
tice mismatches are thought to form well-
passivating inorganic shell layers with fewer
defects. Our CdSe/CdS/ZnS core/shell/shell
QDs show lower cytotoxicity than CdSe QDs
or CdSe/ZnS core/shell QDs in ref 34. We also
speculate that the intrinsic biocompatibility of
HA rendered the HA�QD conjugates to be less
toxic.

Since we have confirmed the specific label-
ing ability of HA�QDs for LYVE-1 expressing
cell lines with low cytotoxicity, HA�QDs are
further applied for in vivo lymphatic vessel im-
aging; 100 �L of 200 nM HA�QD and unconju-
gated QD PBS solutions are each injected sub-
cutaneously to ears of nude mice. The ratio
between QD and HA is chosen to be 4:1. The
average size and the size distribution are mea-
sured by dynamic light scattering (see Sup-
porting Information Figure S4). The average
size measures 58 nm. Lymphatic nanoparticle

Figure 4. (a) Image of a mouse ear taken under UV lamp; 200 nM of hyaluronic
acid�quantum dot conjugate solutions (ratio of QD/HA is 4:1) is injected subcutane-
ously at two different sites that are glowing in the image. (b) Fluorescence (top row) and
transmission (bottom row) microscope images of a hyaluronic acid�quantum dot conju-
gate injection site at low (left column) and high (right column) magnifications. The micro-
scope images are taken within 30 min after the injection.

Figure 5. (a) Fluorescence (top row) and transmission (bottom row) microscope
images near the subcutaneous injection sites of 200 nM of hyaluronic
acid�quantum dot conjugate (HA�QD, ratio of QD/HA is 4:1) solution (left col-
umn) and unconjugated quantum dot (QD) solution (right column). Images are
taken 30 min after the concurrent injections. (b) Fluorescence (top row) and trans-
mission (bottom row) microscope images near a subcutaneous HA�QD injection
site. Images are taken 30 min (left column) and 1 day (right column) after the injec-
tion. (c) Enlarged fluorescence image taken 1 day after injection.
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transportation is heavily governed by the size.37,38 The

smaller nanoparticles show the more efficient transpor-

tation, and the efficiency drops as the particle size in-

creases. For example, 100 nm size polymer nanoparti-

cles show �10% lymph node targeting efficiency

through lymphatic capillaries and vessels when com-

pared to 25 nm size nanoparticles.38 We judiciously

choose �60 nm average size HA�QDs since they show

moderately efficient lymphatic flow transportations

from the subcutaneous injection site. In addition, our

HA�QDs are expected to have small diffusion coeffi-

cients due to the relatively large size. The slow lym-

phatic flow maximizes the retention time of our

HA�QDs in lymphatic vessels to bind LECs. Typical in-

jection sites are visualized under UV lamp in Figure 4a.

We observe the injection sites using an inverted fluores-

cence microscope (Carl Zeiss, Axiovert 40 CFL). Fluores-

cence mode is used to visualize QD signals, and trans-

mission mode shows the skin and blood vessels. As are

shown in Figure 4b, the injection sites are glowing by

the HA�QD fluorescence. The injected solutions are

rapidly taken into the lymphatic drainage within a few

minutes and begin to reveal the lymphatic vessels

around the injection sites. In Figure 5, we compare the

lymphatic vessel visualizations made by HA�QDs and

by unconjugated QDs. Both injections are made concur-

rently, and the images are taken 30 min after the injec-

tions (Figure 5a). In the case of HA�QDs, we observe

crisp visualization of lymphatic vessels with bright fluo-

rescence along the inner walls of the vessels. In con-

trast, unconjugated QDs visualize the vessels in a faint

and blurred fashion. As expected, specific binding of

HA�QDs to the LECs in lymphatic vessels may have re-

sulted in the bright fluorescence visualization. How-

ever, considering the short elapsed time after injec-

tion, larger hydrodynamic size of HA�QDs over

unconjugated QDs, thus enhanced retention time

around the injection site, may also contribute to the vi-

sualization contrast. We verify the labeling ability of

the HA�QDs to lymphatic vessels by long-term moni-

toring of the QD signals (Figure 5b). We are able to fol-

low a specific imaging spot using unique blood vessel

patterns as a locational marker (see Supporting Infor-

mation movie). We find that the fluorescence visualiza-

tion of lymphatic vessels by HA�QDs lasts days (see

Supporting Information Figure S5). We assume that the

QD visualization signal reduction over time results from

desorption of nonspecifically bound conjugates from

the inner walls of the lymphatic vessels as well as the

clearance of the conjugates in the lymphatic flow. It is

also possible that QD fluorescence efficiency decreases

as the HA�QDs are uptaken into the LECs. However,

this may not be a major reason considering the fact that

we do not observe noticeable QD fluorescence quench-

ing as the HA�QDs are internalized into LECs in vitro.

On the other hand, we are not able to find any detect-

able QD signals on lymphatic vessels only a few hours

after injection when same amount of unconjugated

QDs is delivered by identical method. To further con-

firm if HA�QDs can cell-specifically label lymphatic ves-

sels in vivo tissue sectioning studies are carried out us-

ing the actual lymphatic vessels (see Experimental

Methods). To determine whether the HA�QDs are in-

deed bound or internalized to lymphatic endothelial

cells in vivo, the mouse ear tissues are immunofluores-

cently stained after injection of HA�QD and unconju-

gated QD solutions. HA�QD and unconjugated QD PBS

solutions are concurrently injected by the identical

method described for Figures 4 and 5. For both cases,

mouse ear tissues around the injection sites are verti-

cally sectioned at 30 min after the subcutaneous injec-

tion of HA�QD or unconjugated QD solution. The tis-

sues are stained simultaneously by DAPI and

fluorescent LYVE-1 antibodies. Lymphatic endothelial

cells are detected by LYVE-1 antibodies and FITC-

conjugated secondary antibodies. Figure 6a,b shows

fluorescence microscope images of mouse ear tissues

near the HA�QD injection site, and Figure 6c is near the

unconjugated QD injection site. For Figure 6a, the fluo-

rescence filter set is chosen to selectively show red fluo-

rescence from QDs. Figure 6b,c shows merged images

of the three fluorescence images by different filter sets

Figure 6. Fluorescence microscope images of mouse ear tissues near the hyaluronic acid�quantum dot conjugate (HA�QD) injection
site (a,b) and near the unconjugated QD injection site (c). The mouse ear tissues are vertically sectioned at 30 min after the subcutane-
ous injection of 200 nM HA�QD or unconjugated QD solution. The tissues are stained simultaneously by DAPI and fluorescent LYVE-1 an-
tibodies. (a) Filter set is chosen to selectively show red fluorescence from QDs. (b,c) Fluorescence images are merged to overlay the red
(QD), green (LYVE-1), and blue (DAPI) signals. The bright yellow co-localization spots of QD and LYVE-1 signals are indicated by arrow-
heads in (b).
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each for red-fluorescent QD, green-fluorescent LYVE-1
antibodies, and blue-fluorescent DAPI. In the case of
HA�QD injection, bright yellow co-localization spots
of QD and LYVE-1 signals are found, as indicated by ar-
rowheads in Figure 6b. On the other hand, no co-
localization can be found for unconjugated QD injec-
tion. The co-localization demonstrates the LYVE-1
specificity of HA�QDs in vivo, in addition to their speci-
ficity in vitro as shown in Figure 2. HA�QDs bind and/or
internalize in vivo to LECs via the LYVE-1 specificity. In
the case of unconjugated QD injection, no detectable
QD can be found for the sectioned tissue samples. In
Figure 6c, only FITC-stained lymphatic tissues can be
found with DAPI signals.

Due to the constant lymphatic flow, the actual
amount of HA�QDs which is uptaken by LECs and
that acts as lymphatic vessel imaging contrast agents
may be relatively small when compared to the adminis-
tered amount. Therefore, multiple injections may be re-
quired around a region where the lymphatic vessels
are desired to be vividly visualized. Currently, we pur-
sue this to visualize the lymphatic vessel development
and growth in vivo around tumor mass in a small animal
model. QDs that emit longer wavelength (i.e., near-
infrared) are tried to guarantee the maximal tissue pen-
etrations. On the basis of the studies reported herein,
we believe HA�QDs can help visualize tumor progres-
sions real-time in vivo by trafficking LECs in lymphatic
vessels for extended time.

CONCLUSIONS
We have successfully made HA�QDs by using

simple electrostatic attractions between HA and QD. A

simple linker molecule is designed positively charged

and used to form secure multiple electrostatic bonds for

the conjugates. The HA�QDs are colloidally stable and

flexibly size-tunable. HA�QDs specifically bind to HeLa

cells when HeLa cells are used as a representative can-

cer cell that overexpresses HA receptors and human

dermal fibroblast cell as a negative control. This sug-

gests potential applications of HA�QDs for cancer im-

aging. Comprehensive cytotoxicity investigations are

made for HA�QDs, especially relative to the unconju-

gated QDs, using cell viability, mitochondrial metabolic

activity assay, apoptotic activity assay, and cell prolifera-

tion assay. The HA�QDs show remarkably low cytotox-

icity, which suits them well for in vivo applications. Since

the HeLa cells are confirmed expressing LYVE-1,

HA�QDs are further applied for in vivo lymphatic imag-

ing. Using a small animal model, we successfully label

the lymphatic vessels in vivo by endocytosis-mediated

HA�QD-stained LECs. We are able to clearly visualize

the lymphatic vessels in vivo for up to days. We believe

that the simple QD conjugate model herein can open a

new door to development of real-time in vivo QD

imaging that may have great potentials including tu-

mor mechanism studies and anticancer drug

screenings.

EXPERIMENTAL METHODS
Materials. Oleic acid (tech, 90%), trioctylphosphine (tech, 90%,

TOP), 1-octadecene (tech, 90%, ODE), oleylamine (tech, 70%), di-
ethylzinc, bis(trimethylsilyl)sulfide (95%), 1,1=-carbonyl-
diimidazole (CDI), and (�)-�-lipoic acid were purchased from Al-
drich. Cadmium acetate dehydrates (99.999%) and selenium
shots (99.99%) were purchased from Alfa Aesar and Strem, re-
spectively. Ethylene diamine and sodium borohydride (99%)
were purchased from Sigma-Aldrich.

Synthesis of CdSe/CdS/ZnS Core/Shell/Shell Quantum Dots. CdSe bare
nanocrystals are made by the following procedure. For cad-
mium precursor, cadmium acetate (1.2 mmol) is dissolved in
oleic acid (6.0 mmol) at 100 °C under vacuum. After the solu-
tion has cooled to room temperature, the cadmium precursor is
mixed with selenium precursor. The selenium precursor is previ-
ously prepared by dissolving selenium shots (6.0 mmol) in TOP
(6 mL) in a glovebox. ODE (40 mL) and oleylamine (6 mmol) are
loaded into a three-neck flask and heated to 300 °C under nitro-
gen gas flow. At this temperature, the mixture of cadmium and
selenium precursors is quickly injected into the reaction flask and
the temperature is maintained at 280 °C. The reaction mixture
is kept stirred until desired size of CdSe nanocrystals is obtained.
Upon completion, the mixture is cooled to room temperature
and diluted by hexanes. For purification, the product mixture is
precipitated by excess methanol, collected by centrifugation,
and redispersed to a small amount of hexanes.

CdS and ZnS shells are deposited onto CdSe bare nanocryst-
als by the following procedure. For cadmium precursor, cad-
mium acetate (0.3 mmol) is dissolved in oleic acid (1.5 mmol) at
100 °C under vacuum. When the solution has cooled to room
temperature, the cadmium precursor is mixed with sulfide pre-
cursor. The sulfide precursor is previously prepared by dissolving
bis(trimethylsilyl)sulfide (45 �L) in TOP (3 mL) in a glovebox. For

precursor of zinc and sulfide, diethylzinc (130 �L) and bis(trime-
thylsilyl)sulfide (240 �L) are dissolved to TOP (5 mL). ODE (45 mL)
is loaded into a four-neck flask. Under nitrogen gas flow, CdSe
bare nanocrystals (9.0 � 10�4 mmol) are placed in the reaction
flask. When the temperature of the reaction flask reaches 120 °C,
the mixture of Cd and S precursors is slowly added using a sy-
ringe pump. After 30 min for the CdS shell growth, the tempera-
ture is raised up to 140 °C followed by dropwise addition of the
mixture of Zn and S precursors. The temperature is maintained
for 30 min for the ZnS shell growth. The final product of CdSe/
CdS/ZnS (core/shell/shell) QD is purified by a similar method de-
scribed above.

Surface Modification of CdSe/CdS/ZnS Core/Shell/Shell Quantum Dots
with Amine-DHLA Surface Ligands. Precursor of amine-DHLA is made
by CDI coupling of lipoic acid with ethylene diamine. (�)-�-
Lipoic acid (20 mmol) and CDI (26 mmol) are dissolved in anhy-
drous chloroform (30 mL) and stirred under N2 flow for 20 min at
room temperature. The solution is added dropwise to ethylene
diamine (100 mmol) in an ice bath and stirred for 2 h under N2

gas flow. The crude product is washed three times by 10% NaCl
aqueous solution (80 mL) and twice by 10 mM NaOH aqueous
solution (80 mL). It is dried with magnesium sulfate, and the sol-
vent is removed using a rotary evaporator to obtain yellow liq-
uid (4.0 g). Reaction yield of the precursor is 80.5%.

CdSe/CdS/ZnS (core/shell/shell) QDs are ligand exchanged
with amine-DHLAs for the conjugation with hyaluronic acid
(HA). Excess amount (typically more than million times the num-
ber of QDs) of the precursor of amine-DHLA is dissolved in mixed
solvent of CHCl3 and MeOH (1:2, vol/vol, 3 mL). Two equimolar
amounts of sodium borohydride is added to the solution and
vigorously stirred for 20 min under N2 gas flow at room temper-
ature. Chloroform QD solution (1 mL) is added to the solution
and further stirred for 20 h at room temperature. QDs are trans-
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ferred to pH 3.7 acetate buffer aqueous layer by extraction. To re-
move excess free amine-DHLAs, the QD solution is dialyzed
twice using Amicon 50 kDa MW cutoff centrifugal filter.

Cell Culture Condition. HeLa cells, human dermal fibroblast cells,
and HeLa cells cultured with human dermal fibroblast cells are
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco BRL, Gaithersburg, MD) supplemented with 10% (v/v) fe-
tal bovine serum (Gibco BRL) and 1% (w/v) penicillin/streptomy-
cin (Gibco BRL) for cell adhesion. Cells are passaged every 5
days and used within 15 passages. For further test for cytotoxic-
ity, cell proliferation and specific binding efficiency, cell culture
medium is changed with DMEM medium with 1% (w/v) penicil-
lin/streptomycin.

In Vitro Immunohistochemistry. HeLa cells and human dermal fi-
broblast cells are fixed with 4% paraformaldehyde for 10 min at
room temperature and washed with PBS. To visualize LYVE-1 ex-
pression, monoclonal antibodies against LYVE-1 are used. The
samples are then incubated in deionized water containing FITC-
conjugated secondary antibodies for 1 h at room temperature.
The slides are mounted with 4,6-diamidino-2-phenylindole
(DAPI, Vector Laboratories, Burlingame, CA) to stain nuclei and
photographed using a confocal microscope. High contrast on
LYVE-1 expression levels between HeLa cells and human der-
mal fibroblast cells is further manifested by staining co-cultured
samples. To distinguish the human dermal fibroblast cells from
HeLa cells when they are co-cultured, the cytoplasmic mem-
branes of human dermal fibroblast cells are prelabeled with fluo-
rescent probe Cell Tracker, 1,1=�1,1-dioactadecyl-3,3,3=,3=-
tetramethylindocarbocyanine perchlorate (DiI, Invitrogen, Eu-
gene, OR). Human dermal fibroblast cells are incubated in cul-
ture medium containing DiI dye (6.25 �g/mL) at room tempera-
ture for 2 h. The labeled cells are washed twice with PBS and
cultured with HeLa cells. Both types of cells are stained simulta-
neously by DAPI and fluorescent LYVE-1 antibodies.

Quantification of Cell-Internalized QD Contents. Cell-type-specific
binding efficiencies of HA�QDs and unconjugated QDs are
quantified by inductively coupled plasma atomic emission spec-
trometry (ICP-AES, Shimadzu, Kyoto, Japan). The HeLa cells and
human dermal fibroblast cells are treated with same amounts of
HA�QDs or unconjugated QDs. The cell cultured media and
PBS remnants used for washing are collected to quantitatively
evaluate the amounts of QDs that are not bound to the cells. To
the retrieved remnants is added hydrochloric acid to digest
QDs. Cadmium ion concentration is measured by ICP-AES and is
used to calculate QD contents.

Cytotoxicity Assays. To determine the cytotoxicity of HA�QD
conjugates, HeLa cells and human dermal fibroblast cells are
treated with unconjugated QDs and HA�QDs (100 nM). Thirty
minutes, 2 h, and 1 day after unconjugated QD or HA�QD treat-
ment, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay, neutral red assay, and terminal uridine nick
end labeling (TUNEL) assay are performed.

For MTT assay, MTT solution (2 mg/mL in PBS, Sigma) is
added to 10% (v/v) of cell culture medium and incubated for
4 h at 37 °C, then replaced with DMSO (100 �L per well) to dis-
solve the formazan crystals. Culture plates are placed in a hu-
midified atmosphere of 5% (v/v) CO2 and 95% (v/v) air at 37 °C
for 30 min with shaking before the absorbance at 570 nm is mea-
sured using a spectrophotometer. Results are expressed as a per-
centage of the absorbance of the positive control.

For neutral red assay, the medium containing neutral red
(50 �g/mL, Sigma) is replenished, and the cells are incubated
for an additional 3 h. After incubation, the solution is rapidly re-
moved and acetic acid (1%, v/v)/ethanol (50%, v/v) (0.2 mL) is
added to extract the dye. After 5 min incubation at room temper-
ature, the absorbance at 540 nm is read. The intensity of the
red color obtained is directly proportional to the number of vi-
able cells. Results are expressed as percentage of the absorbance
of the sample to the negative control.

Ex Vivo Immunohistochemistry. Mouse ear tissues harvested 30
min after the injection of HA�QDs or unconjugated QDs are em-
bedded in OCT compound (TISSUE-TEK 4583, Sakura Finetek
USA Inc., Torrance, CA), frozen, and cut into 10 �m thick sec-
tions at �22 °C. To detect HA�QD or QD signals in lymphatic
vessels, sections are immunofluorescently stained with mono-

clonal LYVE-1 antibodies (Fitzgerald, MA). The staining signal
for LYVE-1 antibodies is visualized with FITC-conjugated second-
ary antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA). The sections are counterstained with DAPI.
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