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Abstract

Hyaluronic acid (HA), which is a biocompatible, biodegradable, and linear polysaccharide in the body, has been widely used for various
biomedical applications. In this work, real-time bioimaging for target-specific delivery of HA derivatives was carried out using quantum dots
(QDs). In vitro confocal microscopy of HA-QD conjugates confirmed the intracellular delivery of HA derivatives to B16F1 cells with HA
receptors by HA-receptor-mediated endocytosis. Furthermore in vivo real-time confocal microscopy of HA-QD conjugates successfully
visualized the target specific delivery and accumulation of HA-QD conjugates from the fluorescence-labeled blood vessels to the liver
tissues. The authors could confirm the feasibility of HA derivatives as a target-specific intracellular drug-delivery carrier for the treatment of
liver diseases and the in vivo real-time confocal microscopy as a new bioimaging tool for various drug-delivery applications.

From the Clinical Editor: This study demonstrates the possibility of labeling hyaluronic acid with quantum dots for visualization and for
targeted intracellular drug delivery in liver disease models.
© 2012 Elsevier Inc. All rights reserved.
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A variety of bioimaging tools have been developed to
visualize the delivery and distribution of biomolecules in the
body. In particular, optical bioimaging systems have been
extensively investigated using quantum dots (QDs), iron oxide
nanoparticles (IONPs), and gold nanoparticles (AuNPs). How-
ever, optical fluorescence bioimaging tools are known to have
several disadvantages, such as limitations in resolution, penetra-
tion depth of fluorescence, real-time accessibility, and so on.1,2

Alternatively, in vivo real-time confocal microscopy can be a
powerful bioimaging technique to circumvent those problems.3 It
has been widely exploited to visualize biological processes, such
as cell trafficking, cell-cell and cell-microenvironment interac-
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tions with a high resolution.3 In addition in vivo confocal
microscopy has been investigated for the detection and
monitoring of various diseases such as cancers, ophthalmic
diseases, and musculoskeletal diseases.4 In this study in vitro
confocal microscopy of hyaluronic acid (HA) derivatives labeled
with QDswas carried out with a competitive binding test to assess
the feasibility of HA derivatives for target specific intracellular
drug delivery. HA is a naturally occurring linear polysaccharide
in the body and has been widely investigated as a new emerging
drug delivery carrier.5 Furthermore in vivo real-time confocal
microscopy for the target-specific delivery of HA derivatives to
the liver was performed for various drug-delivery applications.
Methods

Adipic acid dihydrazide-modified HA (HA-ADH, MW = 100
kDa) was synthesized as described elsewhere.5 Then, HA-ADH
was conjugated to QDs activated with 1-ethyl-3-(3-dimethyl
aminopropyl)carbodiimide (EDC) and N-hydroxysulfosuccini-
mide (sulfo-NHS).6 For in vitro bioimaging, B16F1 cells and
HEK293 cells were seeded on the poly-D-lysine coated culture
slides at a density of 3 × 104 cells/well and incubated in themedium
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Figure 1. Schematic representations for (A) the synthesis of HA-ADH and (B) the binding of HA derivatives with HA modification degrees of 25 mol% (left)
and 50 mol% (right) to the HA receptors.
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for 3 days. QDs and HA-QD conjugates in 100 μL of Dulbecco's
Modified Eagle Medium (DMEM) were added to the wells of
culture slides. The final concentration of QDs was 5 nM. The cells
were incubated for 2 hours, washed with PBS, stained with 4′,6-
diamidino-2-phenylindole (DAPI), fixed with 4% paraformalde-
hyde in PBS,washed againwith PBS two times, and observedwith
a confocal scanning microscope (FluoView FV1000, ×400). As a
competitive binding test, HA-QD conjugates were incubated with
B16F1 cells in the absence and presence of free HA (ca. 7.5 μM)
for 1 hour. Then in vivo real-time confocal microscopy was carried
out after retro-orbital injection of HA-QD conjugates (150 μL, ca.
0.01 nmol) to Balb/C mice at an age of 4 weeks. QDs were also
injected to the mice as a control. After cutting the abdomens, the
fluorescence of injected QDs and HA-QD conjugates in the liver
were observed with the home-built in vivo confocal microscope.3

Dextran-FITC conjugates were also retro-orbitally injected to the
same mice to visualize the blood vessels in the liver tissues. We
have complied with the POSTECH institutional ethical use
protocols for animals.
Results and discussion

HA-ADH conjugates were synthesized as schematically shown
in Figure 1, A. The carboxyl group of HAwas activated with EDC
and conjugated to the amine group of ADH. Then HA-ADH
conjugates were labeled with QDs via amide bond formation after
activation of carboxyl groups of QDs with EDC and sufo-NHS. It
has been previously reported that HA binds cluster determinant 44
(CD44) through three carboxyl groups of HA.7 Accordingly, as
schematically illustrated in Figure 1, B, HA-ADH conjugates with
an HA modification less than 25 mol% can bind HA receptors
through the unmodified three carboxyl groups ofHA,whereasHA-
ADH conjugates with 50 mol% HA modification cannot bind HA
receptors theoretically.7,8 The effect of HA modification on HA
receptor-mediated endocytosis was previously investigated in
detail and reported elsewhere.8 To assess the feasibility of HA
derivatives as a drug carrier for the treatment of liver diseases, HA-
QD conjugates with a degree of HA modification less than 25
mol% was synthesized and applied to the bioimaging via in vitro
and in vivo confocal microscopy.

Figure 2, A shows the confocal microscopic images of B16F1
cells encapsulating HA-QD conjugates by HA receptor-mediated
endocytosis. B16F1 cells have highly expressed HA receptors,
such as CD44 and lymphatic vessel endothelial hyaluronan
receptor (LYVE)-1.8 The cellular uptake of HA-QD conjugates
was significantly low in the presence of free HA molecules and in
the case of HEK293 cells without HA receptors (Figure 2, B)
reflecting the target-specific HA receptor-mediated endocytosis.8

Furthermore, the confocal microscopic images at the focal depths



Figure 3. Confocal microscopic images of B16F1 cells incubated for 2 h with HA-QD conjugates with 22 mol% HA modification at various focal depths from 2
μm to 11 μm.

Figure 2. Confocal microscopic images of (A) B16F1 cells and (B) HEK293 cells incubated for 2 h with QDs and HA-QD conjugates with 22 mol % HA
modification in the absence and presence of excess HA.
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from2μm to 11μmconfirmed the intracellular delivery ofHA-QD
conjugates clearly (Figure 3).

On the basis of in vitro bioimaging, we carried out in vivo
confocal microscopic analysis of HA-QD conjugates in Balb/c
mice. We previously reported real-time bioimaging of HA
derivatives using QDs, which confirmed the target-specific
delivery of slightly modified HA-QD conjugates to the liver.5,6

However, it was not possible to observe precisely the distribution
and accumulation of HA-QD conjugates from the blood vessels to
the liver tissues. Figure 4, A shows a photograph of the in vivo
confocal microscope used to visualize the fluorescence of HA-
QD conjugates in the liver tissue. Although the control of QDs
mostly passed through the liver (Figures 4, B and D), HA-QD
conjugates appeared to be accumulated in the liver 5minutes after
intravenous injection (Figures 4, C and E). The red fluorescence
of HA-QD conjugates was concentrated in the liver tissues, but
not asmuch in blood vesselsfluorescence-labeled by the injection
of dextran-FITC conjugates (Figure 4, E). HA-QD conjugates
were thought to be uptaken to the liver cells by HA receptor-
mediated endocytosis. CD447 and HA receptor for endocytosis
(HARE)9 have been identified as HA receptors for various
biological functions in the liver. The results could be confirmed
more clearly in the video provided as Supplementary Material
available online at http://www.nanomedjournal.com. Recently,
Ohya et al reported that HA coated micelles were target-
specifically uptaken to liver sinusoidal endothelial cells by HA
receptor-mediated endocytosis, whereas other particles were
uptaken to Kupffer cells in the liver tissue.10 Taken together,
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Figure 4. (A) A photograph of the in vivo confocal microscope. In vivo confocal microscopic images of (B) QDs (red) and (C) HA-QD conjugates (red) in the
liver 5 min post injection. The blood vessels were stained green by the injection of dextran-FITC. Magnified images of the region of a yellow square (D) in
Figure 4, B and (E) in Figure 4, C.
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slightly modified HA derivatives might be developed as novel
drug-delivery carriers for the treatment of liver diseases. In
addition the in vivo real-time confocal microscopy could be
successfully exploited as a new bioimaging tool for various drug-
delivery applications.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano.2012.05.014.
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