
This journal is c The Royal Society of Chemistry 2013 Integr. Biol., 2013, 5, 669--672 669

Cite this: Integr. Biol.,2013,
5, 669

CD44-specific supramolecular hydrogels for
fluorescence molecular imaging of stem-like gastric
cancer cells†
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We describe a near-infrared-sensitive molecular imaging probe based on hydrogel complexes that can

target a stem-like gastric cancer cell marker (CD44, a marker that often correlates with a poor prognosis

in patients). Thus, CD44-targetable and near-infrared-sensitive supramolecular hydrogels (NIRSHs, Cy5.5-

conjugated polyethyleneimine/hyaluronic acid polyplexes) were fabricated by polyplexing in an aqueous

medium. NIRSHs demonstrated good water-stability, biocompatibility, and specificity to CD44-expressing

stem-like gastric cancer cells. Furthermore, NIR-sensitive in vivo imaging potentials of CD44-targetable

NIRSHs for heterotopic/orthotopic xenograft mouse models were investigated.

Insight, innovation, integration
In this research, we have developed a novel integrative strategy that produces CD44-targetable NIR-sensitive supramolecular hydrogels (NIRSHs) for the precise
recognition of CD44-expressing gastric cancer cells. For CD44-specific targeting and establishment of polyplexing with fluorescent cationic polymers,
hyaluronic acid was used. We demonstrate the biocompatibility and molecular imaging potential of NIRSHs that can be used for specific delivery to target a
biomarker, non-invasive in vivo imaging and inducing long blood circulation time. We believe that CD44-targetable NIRSHs as molecular imaging probes can
be applied to diagnosis of cancer stem cells, molecular therapy and development of therapeutics.

Introduction

Many researchers have sought to explain cancer recurrence by
implicating stem-like cancer cells as a potential cause.1–5

Cancer stem cells are tumor-initiating cells that have self-
renewal and metastatic potentials.6,7 Recently, Takaishi et al.
reported that the CD44-positive cells in gastric cancer cell lines
had stem-like properties.8 The CD44 expression level in tumor

tissues of gastric cancer patients is correlated with a poor
prognosis.9 Therefore, the identification and elimination of
stem-like cancer cells in tumor tissues are emerging concerns
in successful cancer treatment.10

Molecular imaging technologies have emerged as a key
method to analyze properties of cancer cells with molecular
levels for effective therapeutics.11 In this paper, we thus
designed and formulated CD44-specific imaging nanoprobes
based on hydrogel complexes. Targeted delivery of imaging
probes to stem-like cancer cells expressing CD44 can be
achieved using hyaluronic acid (HA).12,13 Recently, various
HA-modified particles have been used for imaging and treat-
ment of cancers possessing CD44-expressing cells.14–18 In parti-
cular, high-molecular weight HA (over 500 kDa) can be used to
fabricate polyplexes due to the polyanionic property and for
delivery to CD44 molecules.19 Here, near-infrared (NIR) fluores-
cence imaging using NIR-sensitive organic dye (Cy5.5) was used
for in vivo imaging with minimizing tissue auto-fluorescence.20

Therefore, an NIR-sensitive supramolecular hydrogel (NIRSH)
using an HA molecule was fabricated for the sensitive optical
imaging of CD44-expressing stem-like gastric cancer cells (Fig. 1).
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Optimal polyplexing conditions for the preparation of NIRSHs
were evaluated using polycationic branched polyethyleneimine
(PEI) and polyanionic HA. Cy5.5, an NIR-sensitive fluorescence
dye, was conjugated with PEI to confer NIR-sensitivity to the
hydrogels. The colloidal stability and characteristic agarose gel
banding of the polyplexed hydrogels were evaluated. We also
investigated the cytotoxicity of an NIRSH and its in vitro
binding affinity to CD44-expressing gastric cancer cells. Finally,
we evaluated the in vivo targeting capability of NIRSHs to
CD44-expressing cells in xenograft mouse models (both hetero-
topic and orthotopic) by NIR optical imaging.

Results and discussion

Two counter-ion polymers (polycationic PEI and polyanionic HA)
were used to fabricate CD44-targetable NIRSHs (for detailed
method see ESI†). The capabilities for specific targeting and
imaging of CD44-expressing gastric cancer cells of NIRSHs were
investigated. The proper molar ratio of PEI–HA was determined
by measuring the colloidal size of PEI–HA complexes using
dynamic light-scattering at various feeding amounts of PEI
(the molar ratios of PEI–HA were 1.5625, 3.125, 6.25, 12.5, and 25;
Fig. 2a). At a PEI–HA molar ratio of 6.25 the polyplexed hydrogels

exhibited a compact colloidal size of 447.2 � 82.5 nm. Increas-
ing the feeding amounts of PEI, at molar ratios other than 6.25,
untangled the PEI–HA complexes and increased the colloidal
size. In particular, the colloidal size was increased at a PEI–HA
molar ratio of 3.125 due to poor charge interactions between
the low concentrations of PEI and HA (Fig. 2a). The presence
of PEI (amine group, 1577 cm�1) and HA (hydroxyl group,
3200 cm�1) in the polyplexed hydrogels was confirmed by
FT-IR (Fig. 2b). The monofunctional N-hydroxysuccinimide
ester of Cy5.5 was covalently conjugated to the primary amine
group of PEI (Cy5.5–PEI) to allow for NIR optical imaging of
CD44-expressing gastric cancer cells. HA molecules were not
modified because the carboxyl group of HA is crucial for
binding to cellular CD44 molecules.15 NIRSHs were prepared
by mixing Cy5.5–PEI with HA at a PEI–HA molar ratio of 6.25.
To maintain the targeting ability of HA to CD44 molecules, bare
HA was used to fabricate the polyplexes. Dark-field microscopy
confirmed the homogeneity and dispersity of NIRSHs (Fig. 2c).
Specifically, the prepared NIRSH was stably dispersed in the
medium without any aggregations. The colloidal size of the
NIRSH was 362.2� 43.3 nm, and its zeta-potential was 2.23 mV.
Due to the condensation between Cy5.5–PEI and HA, particula-
tion was conducted for polyplexing and the neutralized surface
charge was observed. Furthermore, gel electrophoresis photo-
graphs revealed strong condensation under harsh conditions
(50 mV, 2 h), despite the polycounter-ion interaction between
PEI and HA. The loaded NIRSH congregated at the seeding
position and the release of PEI molecules from the NIRSH was
not observed (Fig. 2d). These results indicate that a water-stable
NIRSH was fabricated with the electro-polyplexing process.

To confirm optical properties of our product (NIRSH) as a
fluorescent imaging probe, on the other hand, molecular absor-
bance and fluorescence intensity for NIRSH were investigated. As
shown in Fig. 2e, the characteristic band of Cy5.5 was observed
for PEI–Cy5.5 conjugates. Molecular absorbance (at 665 nm) of
PEI–Cy5.5 conjugates was over two-times higher than free Cy5.5-
NHS and characteristic band shape was somewhat deformed
because relative hydrophobic Cy5.5 molecules were conjugated
with one PEI substrate. After the polyplexing between PEI–Cy5.5
and HA molecules, the characteristic band shape of the NIRSH
was recovered and the molar absorbance of the NIRSH (based
on PEI–Cy5.5), in particular, was four-times higher compared
to free Cy5.5-NHS due to the tight interaction between counter
ionic polymers. For in vivo imaging, furthermore, the NIRSH was
excited at 665 nm and the emitted fluorescence light was
observed at 693 nm. Thus, the fluorescence spectrum for the
NIRSH was investigated after the excitation at 665 nm. As
presented in the molecular absorbance result, molar fluores-
cence intensities of PEI–Cy5.5 and NIRSH (based on PEI–Cy5.5)
were over four-times higher than free Cy5.5-NHS because of
the formation of PEI–Cy5.5 conjugates and their polyplexing
with HA. Therefore, our NIR-sensitive supramolecular hydrogel
(NIRSH) was stably fabricated and exhibited optical imaging
potential for CD44-expressing gastric cancer cells.

The size of the NIRSH following the drying process was
evaluated by atomic force microscopy. The height and the

Fig. 1 Schematic illustration of NIR-sensitive supramolecular hydrogels (NIRSH)
for the targeted optical imaging of CD44-overexpressed gastric cancer cells.

Fig. 2 (a) Size of PEI–HA complexes (molar ratio; 1.5625, 3.125, 6.25, 12.5 and
25) measured by laser scattering. (b) FT-IR spectra for PEI–HA, PEI and HA. (c) Dark
field image of NIRSH. (d) Gel electrophoresis photograph of PEI–Cy5.5 and NIRSH.
(e) Molar absorbance and (f) molar fluorescence spectra of PEI, Cy5.5-NHS,
PEI–Cy5.5 and NIRSH.
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width of the dried NIRSH were 100 nm and 400 nm, respectively
(Fig. S1, ESI†). These width data were in agreement with the
measured size by laser scattering. The morphology of the
NIRSH was flattened in the atomic force microscope. This is
because a large amount of water evaporated during the drying
process. Abundant hydroxyl groups on the HA molecules are
able to interact with water molecules and induce absorption
and loading of water molecules into the NIRSH. These results
demonstrate that the structure of the NIRSH may be flexible
due to the high water content and the hydrophilic backbone
(PEI and HA).

The expression level of CD44 in gastric cancer cell lines
(MKN-1, MKN-45, MKN-28, MKN-74, AGS, and NCI-N87) was
evaluated using fluorescence-activated cell sorting (data not
shown). Among the six gastric cancer cell lines, MKN-45 cells
exhibited the highest CD44-expression. MKN-45 had 56.6 times
higher fluorescence intensity than MKN-28 cells, which have
the lowest expression levels (Fig. S2, ESI†). Takaishi et al.
demonstrated that CD44 represents a potential gastric cancer
stem cell marker.8 In this reference, MKN-45 cells displayed the
highest correlation with a cancer stem cell phenotype by
exhibiting increased resistance to chemotherapy- or radiation-
induced cell death, spheroid colony formation in serum-free
media, and tumorigenic ability in vivo. Thus, CD44-expressing
MKN-45 cells were chosen to target cells for the evaluation of
NIRSH imaging ability.

The cytotoxicity of NIRSHs when used as a CD44-targetable
probe was examined using an MTT assay in the MKN-45 cells.
PEI alone inhibited MKN-45 cell proliferation due to strong
cationic properties of the amine group. However, when PEI
complexed with HA in NIRSH, MKN-45 proliferation was not
significantly inhibited because the anionic HA molecules
shielded PEI induced cytotoxicity (Fig. S3, ESI†).

To assess the CD44-targeting potential of the NIRSH, MKN-45
and MKN-28 (as a control) were treated with the NIRSH
(with 0.04 mM of Cy5.5 added to the NIRSH) for 4 hours. After
washing the unbound NIRSH using PBS, NIRSH-treated cells
were observed by a confocal microscope. Red spots from the

Cy5.5 were observed in the NIRSH treated MKN-45 cells
(Fig. 3a). However, the NIRSH did not attach to the MKN-28
cells (Fig. 3b). This indicates that the NIRSH specifically
targeted to CD44-expressing MKN-45 cells due to interactions
between HA molecules on the NIRSH and CD44 on the surface
of MKN-45 cells. Thus, we verified that NIRSHs can be used for
targeting and imaging CD44-expressing stem-like gastric
cancer cells.

To further evaluate the in vivo targeting and the NIR imaging
ability of an NIRSH, we used a gastric cancer mouse model.
CD44-expressing MKN-45 cells were transplanted into the
proximal thigh region of BALB/c nude mice to establish
the heterotopic xenograft mouse model. Thirty days after the
implantation of MKN-45 cells, an NIRSH was intravenously
injected into the tail vein of the heterotopic xenograft gastric
cancer mice model and an NIR image was taken using an
optical imager. The NIR fluorescence signal intensity increased
at the tumor site, rather than at a non-treated site, 120 minutes
after injection of the NIRSH (Fig. S4a, ESI†).

In particular, the fluorescence signal intensity at a tumor
site increased to 21 times the signal intensity of the pre-
injection state (Fig. S4b, ESI†). Ex vivo imaging of the excised
tumor confirmed the targeting ability and NIR imaging capacity
of NIRSHs (Fig. S4c, ESI†). The fluorescence emission signal of
the exercised tumor treated with NIRSHs was remarkably
higher than other organs (liver and spleen) and exhibited a
stronger signal intensity than the non-treated control xenograft
mouse model. Hematoxylin and eosin (H&E) staining of the
prepared tumor tissue from the heterotopic xenograft mice
model confirmed the cancer cells (Fig. S4d, ESI†). These results
support that NIRSHs can be used to target and for NIR imaging
of CD44-expressing cells in an in vivo model.

Bio-mimicking models of gastric cancer are crucial for
proving that CD44 is targetable by NIRSHs. To evaluate clinical
usability of NIRSHs, therefore, an orthotopic xenograft gastric
cancer mouse model was established and also used for NIR
imaging. The orthotopic xenograft mouse model was estab-
lished by transplanting CD44-expressing MKN-45 cells into the
stomach wall of a BALB/c nude mouse. Twenty-six days after
transplantation, cancerous cells were present in a region of the
stomach wall (confirmed by H&E; Fig. 4a) and basophilic sites
were observed in the wall of the stomach. When an NIRSH was
injected into the orthotopic xenograft gastric cancer mouse
model, NIR fluorescence intensity in a tumor-bearing stomach
site increased to 70 times higher than the pre-injection state
(Fig. 4b and c). The stomach was removed from the body
to examine the NIR intensity change at the tumor-bearing
stomach site following treatment with the NIRSH. The fluores-
cence intensity for extracted stomach treated with the NIRSH
was remarkably higher than other organs (brain, spleen, liver,
kidneys and bladder), and exhibited a stronger signal intensity
than the non-treated control xenograft mouse model (Fig. 4c
and Fig. S5, ESI†). The small signal enhancements of kidneys
and bladder were ascribed to release of PEI–Cy5.5 conjugates
from the treated NIRSH. Alternatively, Cy5.5–PEI without HA
and bare Cy5.5 did not enhance the optical intensity of the

Fig. 3 Confocal microscopic images for (a) MKN-45 and (b) MKN-28 cells
treated with NIRSH, respectively.
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tumor site due to the absence of an HA targeting moiety and
small molecular weights. These results mean that NIRSHs may
be cleared through the urinal system. Taken together, these
results demonstrate that NIRSHs could be used for the targeted
imaging of CD44-expressing tumor regions.

Conclusions

We fabricated an NIR-sensitive supramolecular hydrogel with
HA that could be used for targeted imaging of CD44-expressing
cells. An NIRSH was stably prepared under optimal conditions
through a polyplexing process using poly-anionic HA and
poly-cationic PEI (Cy5.5 conjugated). An NIRSH neutralized
PEI-induced cytotoxicity due to the presence of hydrophilic
HA and demonstrated targeting ability towards CD44-expressing
stem-like gastric cancer cells. Moreover, NIR fluorescence
imaging potential was confirmed by heterotopic and orthotopic
xenograft mouse models. Therefore, the biomarker-targetable
polyplexes using a hydrogel will be used to load the imaging
probe as well as therapeutic agents for systemic theragnostic
applications.
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Experimental details 

Materials: Branched polyethyleneimine (25,000 Da) and Cy5.5 mono N-hydroxysuccinimide 

(NHS) ester were purchased from Sigma-Aldrich and Amersham, respectively. Hyaluronic 

acid (1,000,000 Da) was obtained from the Yuhan Pharmaceutical Corporation, Seoul, Korea. 

Phosphate buffered saline (PBS; 10 mM, pH 7.4) and RPMI-1640 medium were purchased 

from Gibco. All chemicals and reagents were of analytical grade. 

 

Preparation of the NIR-sensitive supramolecular hydrogel: To prepare the NIR-sensitive 

supramolecular hydrogel (Cy5.5-PEI/HA polyplex), the optimal PEI/HA molar ratios were 

evaluated. The PEI to HA molar ratios evaluated were 25, 12.5, 6.25, 3.125, and 1.5625. 

Induction of fluorescence in the PEI/HA polyplex was achieved by conjugating Cy5.5 mono 

NHS ester (8.3 nmol) with PEI (1.6 nmol) in PBS (pH 7.4, 10mM), followed by subsequent 

mixing with HA (0.3 nmol). Formation of the Cy5.5-PEI/HA polyplex was verified with gel 

electrophoresis (50mV, 30 min) and atomic force microscopy (MultimodeⅤ, Veeco). Cy5.5-

PEI was used as a control (Cy5.5 8.3 nmol, PEI 1.6 nmol) for gel electrophoresis. Colloidal 

size and zeta-potential of the Cy5.5-PEI/HA polyplex was analyzed using dynamic light 

scattering (ELS-Z, OTSUKA electronics). Dispersity of the Cy5.5-PEI/HA polyplex in a 

biological medium was confirmed using dark-field microscopy (BX51, Olympus). A 

schematic illustration describing the overall preparation process is depicted in Fig. 1. 

 

Cytotoxicity and in vitro binding affinity of NIRSH:Six gastric cancer cell lines (MKN-1, 

MKN-45, MKN-28, MKN-74, AGS, and NCI-N87) were obtained from the American Type 

Culture Collection. These lines were cultured in medium containing 10% fetal bovine serum 

and 1% Antibiotic-Antimycotic at 37°C, humidified at 5% CO2 atmosphere. We evaluated 
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CD44 expression levels in gastric cancer cell lines (MKN-45 and MKN-28) using 

fluorescence-activated cell sorting (FACSCalibur, Beckman Dickson). A CD44-antibody 

conjugated with fluorescent isocyanate (cell signaling technology, CD44 mouse mAb) was 

used to label cells. The cytotoxicities induced by PEI, HA and NIRSH in the two gastric 

cancer cell lines (MKN-45 or MKN-28; 1×10
4
 cells/well in a 96-well plate) was obtained 

with an MTT assay kit (Roche, Cell proliferation Kit 1, 670 nm of absorbance), respectively.  

The targeting efficiency of NIRSH in CD44-expressed gastric cancer cells (MKN-45 and 

MKN-28; 5×10
5
 cells/well in a 4-well plate) was evaluated by fixing the cells with 4% 

paraformaldehyde in PBS for 15 minutes. The cells were treated with NIRSH (with 3.8 μM of 

Cy5.5) for 4 hours, and rinsed with PBS, 3 times to eliminate unbound NIRSH. The nuclei 

were stained with Hoechst33342 (H-3570, Molecular Probes). Fluorescent images of the 

gastric cancer cell lines treated with NIRSH were obtained by confocal microscopy (LSM700, 

Carl Zeiss). 

 

In vivo NIR imaging: To establish the mouse xenograft model for gastric cancer, MKN-45 

cells (1×10
7
 cells) were implanted separately into the proximal thigh (heterotopic) and 

exteriorized stomach (orthotopic) of two male mice (6-week-old BALB/c-nude mice). The 

targeting efficiency of NIRSH to CD44 molecules was investigated by injecting NIRSH (with 

7.8 mM of Cy5.5) intravenously into the tail veins of the mice (30 days after implantation in 

the heterotopic model and 10 days after implantation in the orthotopic model). NIR images of 

the xenograft mouse model treated with NIRSH were obtained with an Optical imager 

(eXplore Optix MX, GE Healthcare). The tumor volume in the heterotopic xenograft model 

was calculated using the equation: (4⁄3)×π×((minor axis)⁄2)
2
×((major axis)⁄2) mm

3
. All animal 

experiments were conducted with the approval of the Association for Assessment and 

Accreditation of Laboratory Animal Care International. 

 

Statistical analyses: Statistical evaluation of data was performed with an analysis of variance 

test (ANOVA) and Student’s t-test. A p-value of less than 0.05 was considered statistically 

significant. 

 

 

 
 

Figure S1. a) AFM image of NIRSHs. b) The height profile graph at the position of the red-

dashed line of a). 
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Figure S2. FACS analysis for a) MKN-45, b) MKN-28 by using CD44-FITC antibody. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Cell viability of CD44-overexpressed gastric cancer cell line (MKN-45). Cell 

viability was observed according to HA concentrations (upper tick label) for HA, NIRSHs 

and PEI concentrations (lower tick label) for PEI, NIRSH.   
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Figure S4. a) in vivo fluorescence images of CD44-overexpressed tumor-bearing xenograft 

heterotopic mouse model after the intravenous injection of NIRSHs into the tail vein and b) 

the fluorescence intensity graph. c) ex vivo fluorescence images of exercised liver, tumor and 

spleen of NIRSHs-treated and non-treated mouse model. d) H&E staining of stomach. 

  

 
Figure S5. a) Ex vivo NIR fluorescence images b) normalized photon counts of extracted organs 

(brain, stomach, spleen, liver, kidney, and bladder) from MKN-45 tumor-bearing mouse after the 

intravenous injection of NIRSH. 
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