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Abstract
To date, the application of photodynamic therapy in deep tissue has been severely restricted by
the limited penetration depth of excitation light, such as UV light and visible light. In this
work, a protocol of upconverting crystal/dextran-g-DOPE nanocomplex
(UCN/dextran-g-DOPE) was developed. The nanocomplex was assembled from the
hydrophobic upconverting nanoparticle (UCN) core and hydrophilic lipid shell. The
photosensitizer zinc phthalocyanine (ZnPc) loaded UCN/dextran-g-DOPE offers possibilities
to overcome the problem mentioned above. The UCN core works as a transducer to convert
deeply penetrating near-infrared light to visible light to activate ZnPc for photodynamic
therapy. The dextran-g-DOPE lipid shell is used for loading ZnPc and protecting the whole
system from nonspecific absorbance or corrosion during the transportation. The experiment
results show that the nanocomplex is an individual sphere with an average size of 30 nm. The
ZnPc was activated to produce singlet oxygen successfully by the upconverting fluorescence
emitted from UCN. The nanocomplex has high fluorescence stability in alkaline or neutral
buffer solutions. Importantly, the ZnPc loaded UCN/dextran-g-DOPE nanocomplex showed a
significant inhibitory effect on tumor cells after NIR exposure. Our data suggest that a ZnPc
loaded UCN/dextran-g-DOPE nanocomplex may be a useful nanoplatform for future PDT
treatment in deep-cancer therapy based on the upconverting mechanism.

Keywords: upconverting nanocrystal, dextran, polymeric lipid, nanocomplex, photodynamic
therapy
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(Some figures may appear in colour only in the online journal)

1. Introduction

Photodynamic therapy (PDT), an emerging treatment strategy,
is used clinically to treat a wide range of medical condi-
tions, especially malignant cancers [1, 2]. PDT is considered

to be both minimally invasive and minimally toxic which
makes it an attractive alternative to surgery, chemotherapy and
actinotherapy [3]. PDT involves three key components: the
photosensitizer, light, and tissue oxygen. Upon the excitation
by light of a suitable wavelength, photosensitizer molecules
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Figure 1. (A) The synthesis process of dextran-grafted DOPE; (B) FTIR spectrum of dextran and dextran-g-DOPE.

transfer the absorbed photon energy to oxygen molecules
in the surroundings, generating cytotoxic reactive oxygen
species (ROS) to kill cancer cells [4, 5]. However, most
photosensitizers are excited by visible or even UV light, which
has limited penetration depth due to the light absorption of the
biological tissues, resulting in ineffective therapeutic effects
to internal or large tumors [6, 7]. To date, PDT is limited to
treating tumors on or just under the skin or on the lining of
internal organs or cavities and is less effective when treating
large and deep-seated tumors [8]. Solving this problem will
directly influence the further application of PDT in cancer
treatment.

As is known, the body is relatively transparent to near-
infrared (NIR) light in the range of 700–1000 nm. NIR light of
650–900 nm can penetrate up to 10 cm into living tissue, which
makes it ideal for optical imaging and phototherapy [9–12].
So the use of NIR light in PDT can afford greater penetra-
tion depths than that of vis light. NIR-to-vis upconverting
nanoparticles (UCNs), which convert two or more low-energy
pump photons from the NIR spectral region to a higher-energy
output photon with a shorter wavelength, have been developed
for applications in biological labeling, sensing and imaging.
In the biological treatment field, the visible light emitted from
UCNs after NIR exposure can excite the photosensitizers to
produce singlet oxygen for PDT [13]. Normally UCNs and
photosensitizers are hydrophobic. Hydrophilic modification of
UCNs and photosensitizers is a fundamental prerequisite for
PDT applications. There are different strategies for surface
modification of UCNs and photosensitizers, such as silica
coating, ligand exchange by small molecules, polymer coating
and so on [14–16]. Among these strategies, amphiphilic poly-
mer coating is a convenient method to transfer hydrophobic
substances to aqueous solution and keep them stable in water.

A variety of polymers have been developed to form a
stable protective shield around these hydrophobic substance.
Among these polymers, dextran is a naturally occurring poly-
mer consisting of glucose monomers. Dextran is a suitable
candidate for the construction of a delivery system for several
reasons [17–19]. First, it is a biodegradable and biocompatible
polysaccharide produced from mesenteroides; second, it has

hyperbranched structure which helps to decrease the nonspe-
cific protein adhesion in vivo; third, it contains many accessible
hydroxyl groups, which can be functionalized further with
other molecules. Nevertheless, dextran is so hydrophilic and
lacking in amphiphilic property that it is difficult to self-
assemble into vesicles of very small size, which severely limits
the application of dextran in delivery systems. So in order to
transfer hydrophobic UCNs and photosensitizers into water
by dextran, improving the amphiphilic property of dextran has
become an urgent task.

In this work, amphiphilic lipid L-α-phosphatidyletha-
nolamine, dioleoyl (DOPE), a common molecule for prepa-
ration of liposome [20], was grafted onto dextran to improve
the amphiphilic property of dextran (see figure 1). Dextran-g-
DOPE combines the advantages of both hydrophilic polymer
and lipid molecule. To test the property of self-assembly
into vesicles, dextran-g-DOPE was used for surface modifi-
cation of UCNs and photosensitizers. Then dextran-g-DOPE,
NaYF4 (Y:Yb:Er= 78%:20%:2%) UCN and zinc phthalocya-
nine photosensitizers (ZnPc) were self-assembled into ZnPc
loaded/dextran-g-DOPE nanocomplex by the thin-layer evap-
oration method (see figure 2). To evaluate the performance of
this nanocomplex, the properties, such as structure, morphol-
ogy, size distribution, drug loading efficiency, drug leaking
and singlet oxygen generation in vitro were evaluated. Further
to this, drug uptake efficiency and PDT treatment effect were
also evaluated in vitro.

2. Methods and materials

2.1. Materials

NaYF4 (Y:Yb:Er= 78%:20%:2%) was synthesized in our lab.
Dextran from Leuconostoc spp (Mr∼ 40 000), sodium perio-
date (NaIO4), sodium cyanoborohydrate (NaBH3-CN), L-α-
phosphatidylethanolamine, dioleoyl (DOPE), zinc phthalocya-
nine (ZnPc), chloroform, 9,10-anthracenediyl-bis (methylene)
dimalonic acid (ABDA) and pyridine were purchased from
Sigma-Aldrich. All other chemicals were of reagent grade and
were used as received.
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Figure 2. Schematic illustration of the thin-layer method for preparing the ZnPc loaded UCN/dextran-g-DOPE nanocomplex and of the
nanocomplex for simultaneous imaging and PDT.

2.2. Synthesis of amphiphilic polymeric lipid molecule, DOPE
grafted dextran (dextran-DOPE)

The synthesis procedure can be divided into two steps. As
shown in figure 1, first NaIO4 was used as oxidant to oxidize
the hydroxyl groups on dextran into aldehyde groups for
grafting DOPE lipid molecules [21]. For each sample, 80 ml of
dextran aqueous solution (1 mg ml−1) was added to a 100 ml
round flask. Then, 10 mg NaIO4 powder was dissolved into
water and mixed with the dextran solution under stirring. The
NaIO4 oxidation of dextran to aldehyde functionalization was
performed at 25 ◦C for 24 h. Next, 20–30 mg NaBH3CN was
weighed into four separate 100 ml flasks under anhydrous
conditions. After the appropriate oxidation time, the dextran
solutions were transferred to the 100 ml flasks containing
NaBH3CN. After immediate mixing, 10 mg DOPE was added
into the mixture. The graft reaction between DOPE and
dextran lasted 24 h under stirring. After 24 h of stirring,
the solution was purified by dialysis (8000 MW cutoff). The
dialyzed solution was finally freeze-dried. FTIR was used
to characterize the structure of amphiphilic polymeric lipid
molecule DOPE grafted dextran.

2.3. Self-assembly of ZnPc loaded UCN/dextran-g-DOPE
nanocomplex

NaYF4 (Y:Yb:Er = 78%:20%:2%) nanocrystals were syn-
thesized by thermal decomposition of rare-earth trifluoroac-
etates in the mixture of oleic acid and 1-octadecene using
a well-established protocol [22]. The thin-layer evaporation
method was used to transfer UCNs and ZnPc into the aqueous
phase [23]. Briefly, 6–8 mg dextran-g-DOPE was dissolved
in 1 ml of chloroform at room temperature. 1 ml stock solu-
tion of UCNs and different volume of ZnPc was mixed and
added into the dextran-g-DOPE solution. Then chloroform was

evaporated with a vacuum rotary evaporator, and a thin film of
polymeric lipid layers containing UCNs and ZnPc was formed
on the wall of a 50 ml round bottomed flask. After that the
lipid film was dispersed in deionized water under sonication
at 30 ◦C for 10 min. After centrifugation to remove the free
ZnPc, the ZnPc loaded UCN/ dextran-g-DOPE nanocomplex
was kept at 4 ◦C.

2.4. Physicochemical characterization of ZnPc loaded UCN/
dextran-g-DOPE nanocomplex

2.4.1. Morphology test. The shape and morphology of the
samples were observed via transmission electron microscopy
(TEM). TEM observation of the NPs was carried out at an
operating voltage of 200 kV with a 2010F in bright-field mode.
Then a small amount of dilute suspensions of the samples were
dropped onto a carbon-coated copper grid and air dried.

2.4.2. The structure analysis of dextran-g-DOPE by FTIR.
FTIR spectra were recorded with KBr pellets on a IRPrestige-
21 spectrometer. A spatula full of KBr was added into an
agate mortar and ground to fine powder until no crystallites
remained. Then a small amount of each powder sample (about
of 0.1–2% of the KBr amount, or just enough to cover the
tip of a spatula) was taken to mix with the KBr powder.
Subsequently the mixture was ground for 3–5 min. After that
the collar together with the pellet was put onto the sample
holder.

2.4.3. ZnPc loading efficiency test. The unencapsulated free
ZnPc was collected by centrifugation and the amount was
calculated based on the UV absorbance at around 674 nm. The
fluorescence spectrum was used to detect the emission peak
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strength change of different samples. The loading efficiency
(LE) of the process was calculated from

LE=
M −M1

M + N
∗ 100%,

where M is the total amount of ZnPc added, M1 is the amount
of unencapsulated ZnPc, and N is the total weight of the UCNs
and polymers added.

2.4.4. Fluorescence stability test in different pH buffer solution.
In order to test the fluorescence stability, the samples were
kept in different pH buffer solution. At different time points,
the fluorescence spectrum was measured by a Spectra Pro
2300i Fluorescence spectrophotometer (ACTON Research
Corporation). The diluted samples were added into small
cuvette. After 980 nm laser exposure, the spectrum was
recorded from 350 to 700 nm.

2.4.5. Particle size test. The effective particle size was deter-
mined by Zetasizer Nano Series (Malvern Instruments Ltd) at
room temperature. About 0.2 ml of each sample suspension
was diluted with 2.5 ml of water immediately after preparation.
The particle size was measured every hour to test the size
stability in water.

2.4.6. Singlet oxygen test. Generation of singlet oxygen is
usually detected by singlet oxygen sensors such as 9,10-
anthracenediyl-bis (methylene) dimalonic acid (ABDA) [24].
Here the ABDA method was chosen to monitor the amount of
singlet oxygen. In this method, ABDA can react with singlet
oxygen to yield an endoperoxide and causes a decrease of
ABDA absorption centered at 380 nm. Different samples were
mixed with 1 mM ABDA and then irradiated by a 980 nm
laser for different periods of time. The generation of singlet
oxygen by different samples would result in the bleaching of
ABDA absorption at 380 nm. The reduction of optical density
at 380 nm thus reflects the production of 1O2.

2.5. Cell studies

2.5.1. Cell cultures. A human breast adenocarcinoma cell
line (MCF-7 cells) purchased from American Type Culture
Collection (ATCC, USA) was used for cell experiments. The
MCF-7 cells were cultured in Dulbecco’s Modified Eagle
medium supplemented with 10% (v/v) fetal calf serum,
penicillin and streptomycin. Cells were maintained at 37 ◦C
in a humidified atmosphere containing 5% CO2.

2.5.2. Cytotoxicity assay of different samples. CellTiter 96 R©

AQueous One Solution Cell Proliferation Assay (MTS) was
obtained from Promega and used to evaluate the potential
cytotoxicity of samples in cancer cells. MCF-7 cells were
seeded onto 96-well plates at 5000 cells/well. Following
incubation for 24 h, samples with different concentration were
added into the wells and incubated with the cells for 24 h.
After 24 h, 20 µl of MTS assay solution per 100 µl of cell
culture media was added into each well. After 1.5 h incubation
at 37 ◦C, the plates were measured for absorbance at 490 nm.
All test samples were assayed in triplicate and the cell viability
was calculated.

2.5.3. Live and dead cell imaging. MCF-7 cells (20 000/well)
were placed in 24-well plates. After 24 h, the culture medium
was changed and cells were incubated with nanoparticles for
another 24 h. Following this incubation, the wells were washed
with sterile PBS (phosphate buffer solution, 1×) thrice. A stock
solution containing 50 µl Calcein-AM and 33.3 µl propidium
iodide per 5 ml PBS was prepared. Then, 500µl of the staining
solution was added to each well and the cells were incubated
in the dark for 15 min. The wells were then washed once with
PBS. Immediately, a bright-field image was taken followed by
confocal imaging at 418 and 488 nm excitation of the same
spot using a Nikon confocal laser scanning microscope. The
bright-field and confocal images were then merged.

2.5.4. Cell uptake and ROS production of different samples.
MCF-7 cells were cultured in a 24-well plate for 24 h. Different
samples with the same concentration of polymer were added
to the plates and the cells were incubated for 24 h at 37 ◦C.
ROS generated in cells were detected using an Image-iT
LIVE Reactive Oxygen Species (ROS) Kit (Molecular Probes,
OR, USA) as per the manufacturer’s instructions. Briefly,
the culture medium of cells that have been exposed to the
different concentrations of UCNs were first replaced with
HBSS containing 25µM carboxy-H2DCFDA and 0.1µg ml−1

DAPI to sufficiently cover the adhering cells. The cells were
then subjected to photosensitization by 980 nm NIR laser
irradiation for 30 min before they were washed thrice with
plain HBSS. Fluorescent images of carboxy-H2DCFDA, UCN
and DAPI stainings on the cells were then promptly captured
by excitation at 488, 980 and 408 nm respectively using a
confocal laser scanning microscope specially fitted with a CW
980 nm laser excitation source.

2.5.5. Photodynamic therapy in vitro. After establishing its
efficacy as a 1O2 producer, we tested the nanoparticles for
their PDT efficacy in inducing cell death. MCF-7 cells were
seeded onto 96-well plates and incubated for 24 h. After cell
attachment, different samples were added into the wells. After
being cultured for 24 h, the cells in each well were exposed to
980 nm NIR light for 30 min. Cell viability was measured by
MTS assay as described above.

3. Results and discussion

3.1. Synthesis procedure and structural characterization of
dextran-grafted DOPE

Dextran, a polysaccharide consisting of 1,6- and partly 1,3-
glucosidic linkages, has been extensively used in drug-delivery
systems and biomedical devices. It comprises hydrophilic
and colloidal biocompatible macromolecules, which are inert
in biological systems and do not affect cell viability. Since
dextran is fully water-soluble, it is necessary to improve the
amphiphilic property for preparation of the drug carrier. In
this work, L-α-phosphatidylethanolamine, dioleoyl (DOPE),
a kind of amphiphilic lipid molecule for liposome, was selected
to modify dextran because of its good amphiphilic property and
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Figure 3. TEM images of NaYF4:Yb, Er (Y:Yb:Er = 0.78:0.2:0.02) nanoparticles (A); UCN/dextran (B), UCN/dextran-g-DOPE
nanocomplex (C), ZnPc loaded UCN/dextran-DOPE nanocomplex (D) (inset images: daylight photo and fluorescent photo of ZnPc loaded
UCN/dextran-g-DOPE nanocomplex). The average particle sizes of different samples by DLS (E).

its use as a source of liposome which is one of the most popular
drug-delivery systems. The synthesis procedure is shown in
figure 1. As seen in figure 1, there were two steps in the
grafting of DOPE onto the dextran. First, the hydroxyl groups
on dextran were oxidized into aldehyde groups by NaIO4. Then
DOPE was grafted onto the dextran by the reaction between
the aldehyde groups of oxidized dextran and the amine groups
of DOPE.

The chemical structure of dextran-g-DOPE was tested
by FTIR spectra (see figure 1(B)). Compared with the spec-
trum of pure dextran, in the spectrum of dextran-g-DOPE,
the appearance of new intensive peaks at 2854.65 cm−1,
1741.7 cm−1 and 1465.9 cm−1, respectively corresponded to
C–H stretching vibration, C=O stretching vibration and C=C
stretching vibration of DOPE, all of which indicated that the
DOPE had been grafted onto the dextran successfully. In order
to test the self-assembly ability, dextran-g-DOPE and dextran
were dissolved into water and self-assembled into particles,
respectively. Table S1 in the supporting information (available
at stacks.iop.org/Nano/25/155103/mmedia) shows the particle
size and zeta potential of the samples. As seen in table
S1 (available at stacks.iop.org/Nano/25/155103/mmedia), the
particle size of pure dextran was very large (4670 nm) with
wide size distribution, which means that it is difficult to
form small particles of dextran alone. Compared with pure
dextran, the particle size of dextran-g-DOPE was much smaller
(269 nm). Particle size results proved that the self-assembly
property of dextran was improved by the grafting of DOPE.

3.2. Formulation of ZnPc loaded UCN/dextran-g-DOPE
nanocomplex

After modification by DOPE, the amphiphilic property of
dextran was improved markedly. Compared with pure dextran,
dextran-g-DOPE not only can dissolve in water but also in
organic solvent, such as dichloromethane and dichloromethane,
which helps to expand the preparation method of nanoparticle
based on dextran. In this work, the thin-layer evaporation

method was used to prepare the ZnPc loaded UCN/dextran-
g-DOPE nanocomplex. As seen in figure 2, lipid polymer
dextran-g-DOPE, UCNs and ZnPc were dissolved in chloro-
form at room temperature. Then chloroform was evaporated
with a vacuum rotary evaporator, and a thin film of poly-
meric lipid layers containing UCNs and ZnPc was formed
on the wall of the round bottomed flask. After that, the
lipid film self-assembled into ZnPc loaded UCN/dextran-g-
DOPE nanocomplex under sonication at 30 ◦C for 10 min.
As seen in figure 2, upon NIR continuous wave (CW)
laser excitation, two upconverting luminescence bands of
UCNs, peaking around 540 and 650 nm, are employed for
simultaneous PDT and florescence imaging, respectively.
The ZnPc loaded UCN/dextran-g-DOPE nanocomplex will
simultaneously meet the demands of high fluorescent intensity
in imaging and high singlet oxygen production yield in PDT.

3.3. Characterization of ZnPc loaded UCN/dextran-g-DOPE
nanocomplex

3.3.1. Morphology and particle size of these samples. The
particle size and morphology of nanoparticles for drug delivery
is one of the most important parameters that can affect the
movement in and out of the vasculature and the uptake efficacy
into tumor cells. TEM and DLS were used to characterize
the morphology and particle size of these samples. The TEM
images of different samples are shown in figure 3. The syn-
thesized NaYF4-based UCNs dispersed into individual ones
of uniform small size (see figure 3(A)). The UCNs aggregated
after being modified by the pure dextran, which indicated that
the pure dextran cannot protect the UCNs in water effectively.
As seen in figure 3(C), after UCNs were transferred into
water by dextran-g-DOPE, these UCNs still dispersed as
individuals with the small particle size without aggregation.
When ZnPc was loaded into the UCN/dextran-g-DOPE, the
size and morphology showed nearly no change compared
with the UCN/dextran-g-DOPE nanocomplex in figure 3(C).
The distance between individual UCNs was enlarged after
modification by dextran-DOPE (see figures 3(C)–(D)). The
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Figure 4. (A) ZnPc loading efficiency of different samples and (B) UV–vis spectrum changes of ZnPc loaded UCN/dextran-DOPE
nanocomplex by changing the amount of ZnPc added during the preparation process.

reason may be that the lipid polymer layer has high nega-
tive charge (see table S1 available at stacks.iop.org/Nano/25/
155103/mmedia), which helped to repel the nanoparticles from
each other and keep them stable. The particle size and zeta
potential of the UCNs, UCN/dextran-DOPE, and ZnPc loaded
UCN/dextran-g-DOPE were measured by dynamic light scat-
tering (see figure 3(E)). The results show that the effective
size of ZnPc loaded UCN/dextran-g-DOPE is 216 nm, which
is a little larger than that of UCN/dextran-g-DOPE without
loading ZnPc.

3.3.2. ZnPc loading test. The drug loading efficiency is
defined as the weight percentage of ZnPc in nanoparticles
relative to the initial feeding amount of ZnPc. UV–vis spectra
were used to test the absorbance of ZnPc for calculating the
drug loading efficiency. The spectra of UCN/dextran-g-DOPE
nanoparticles loaded with different amounts of ZnPc are shown
in figure 4(B). It was found that the characteristic absorption
peak strength of ZnPc at 674 nm increased with increased
amount of ZnPc added. From the absorption data, the drug
loading efficiency was calculated. As shown in figure 4(A),
along with the increase of ZnPc added, the loading capacity
increased and reached 4.94% (w/w) at volumes above 50 ml.
In order to maintain the encapsulation ratio, the amount of
ZnPc added was fixed at 50 ml in the next experiment.

3.3.3. Fluorescence stability of ZnPc loaded UCN/dextran-g-
DOPE nanocomplex in various buffer solutions at different pH
condition. Fluorescent quenching of fluorescent probes in
buffer solution is a common problem during application. Fluo-
rescence stability directly influences the effect of fluorescence
imaging in vivo and in vitro. Here the fluorescence spectra were
used to observe the fluorescence intensity changes of ZnPc
loaded UCN/dextran-g-DOPE nanocomplex kept in various
buffer solutions at different pH conditions. The fluorescence
spectrum results are shown in figure 5. The fluorescence
stability of ZnPc loaded UCN/dextran-g-DOPE nanocomplex
was evaluated under different pH condition (7.4, 6.3 and 8.3)
and buffers (SSC buffer, EDTA buffer and PBS). As seen in
figure 6(A), the fluorescence intensity at 543 nm declined by
5% after storage in water for 6 h. When the samples were stored
in different buffers (SSC, EDTA and PBS at pH 7.4 and PBS at

pH 8.3), the fluorescence intensity at 543 nm declined by 7%,
7.5%, 9% and 6.7%, respectively after 6 h (figures 6(B)–(D)),
which is nearly the same as when stored in water. After storage
in PBS at pH 6.3, the fluorescence intensity decrement of
samples is about 38%, which is much higher than when stored
at pH 7.4 and 8.3. These results indicate that when stored
in buffers at pH 7.4 and 8.3, the dextran-g-DOPE polymeric
lipid shell can keep UCNs stable and effectively protect them
from hydroxyl ion corrosion. But with decreasing pH value,
there are more and more hydroxyl ions in the buffers, which
erode the UCNs and cause fluorescent quenching. Hence,
the UCN/dextran-g-DOPE nanocomplex was quite stable in
buffers except in acid condition.

3.3.4. Detection of singlet oxygen generation (ROS). There
are two key steps in the photodynamic process: first, the pho-
tosensitizer ZnPc was excited by the upconverting fluorescence
emitted from UCNs. Then, the energy absorbed by ZnPc was
transferred to triplet oxygen for production of reactive singlet
oxygen (ROS) to kill cancer cells. To prove the energy transfer
from the UCNs to ZnPc, the fluorescence emission spectra
were measured. As seen in figure 6(A), with the increase in
the amount of ZnPc added, the red fluorescence emitted from
the UCNs was quenched significantly which indicated that the
energy was transferred from the UCNs to ZnPc successfully.

Singlet oxygen (1O2) is a higher-energy state molecular
oxygen species. It is one of the most active intermediates
involved in chemical and biochemical reactions. ZnPc can be
excited to produce reactive singlet oxygen species which cause
detrimental oxidation of biomolecules in cancer cells [25, 26].
To assess the capability of singlet oxygen generation of the
samples, ABDA was employed as a probe molecule to monitor
the singlet oxygen generation. As seen in figure 6(B), in
the three control groups (ZnPc loaded UCN/dextran-g-DOPE
group without NIR laser irradiation, pure ZnPc group with
NIR laser irradiation and UCN/dextran-g-DOPE group with
NIR laser irradiation) the absorbance of ABDA shows nearly
no change, which means that these three groups are not able
to generate 1O2, while for the ZnPc loaded UCN/dextran-g-
DOPE noncomplex group with 980 nm laser exposure, the
absorbance of ABDA decreased significantly, all of which
indicates that the ZnPc, UCN/dextran-g-DOPE and NIR irra-
diation are all essential to the ROS production.
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Figure 5. The fluorescence stability of UCN/dextran-g-DOPE nanocomplex in water (A), SSC buffer at pH 7.4 (B), EDTA buffer at pH 7.4
(C), PBS buffer 7.4 (D), PBS buffer at pH 6.3 (E) and PBS buffer at pH 8.3 (F).

Figure 6. The fluorescence emission spectra of different samples with various ZnPc (A) and the ROS production test of ZnPc loaded
UCN/dextran-DOPE nanocomplex within 100 min (B).

3.4. Cytotoxicity study

The cytotoxicity of the different samples was preliminar-
ily estimated by MTS assays on MCF-7 cells. The results
are shown in figure 7. The cytotoxic activity was evaluated
ranging from 10 to 100 µg ml−1. We compared the ZnPc
loaded UCN/dextran-g-DOPE group with UCN/dextran-g-
DOPE group and pure dextran-g-DOPE group. As seen in
figure 7, the ZnPc loaded UCN/dextran-g-DOPE group did
not cause significant cytotoxicity against the cell line at con-
centration under 20 µg ml−1. Interestingly, with the increase
in concentration from 50 to 100 µg ml−1, the ZnPc loaded
UCN/dextran-g-DOPE group showed lower cytotoxicity than
the other groups. In the cell study, the concentration of different
samples was set at 20µg ml−1 to ensure cell viability. In order
to double check the cell viability at this concentration, the
live cells were labeled with green fluorescent dye and the
dead cells were labeled with red fluorescent dye. As seen in
figures 7(B)–(C), after incubation with these three groups at

20 µg ml−1, most of the cells show green fluorescence which
indicates that under 20 µg ml−1, most cells remained alive.

3.5. Cell uptake and singlet oxygen production of different
samples

For the purpose of killing cancer cells, nontoxic light-sensitive
ZnPc needs to sneak into the cancer cells first. It then produces
ROS, singlet oxygen after excitation by light, which is toxic
to the biomolecules in cells. So the photodynamic effect is
related directly to the rate of cell uptake and singlet oxygen
production. To monitor the intracellular uptake and singlet
oxygen production, MCF-7 cells were incubated with different
samples for 4 h. In order to evaluate the ability of the UCNs
to generate 1O2, the dye 9,10-anthracenediyl-bis (methylene)
dimalonic acid as an acceptor of 1O2 was added into the
cells. After washing the unbound nanoparticles and dyes, the
cell were observed in bright field and fluorescence field by
a confocal microscope equipped with a 980 nm NIR laser.

7
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Figure 7. Cell toxicity (A); live and dead cell imaging of (concentration of samples: 250 µg ml−1) dextran-g-DOPE group (B),
UCN/dextran-g-DOPE group (C) and ZnPc loaded UCN/dextran-DOPE group (D).

Figure 8. Cell uptake and ROS generation test. The positions of the cells are indicated by blue fluorescence indicative of nuclear
counterstaining with DAPI (blue color); green fluorescence represents carboxy-H2DCFDA marker for detection of ROS; red fluorescence
represents UCNs.

As seen in figure 8, obvious red upconverting luminescence
from the UCNs at 980 nm excitation and green fluorescence of
ABDA marker for ROS were simultaneously observed in the
cancer cells. The merged images indicate that the fluorescence
of UCNs and green fluorescence of ABDA marker for ROS
co-existed in the cells, mainly appearing in the cytoplasmic
regions. Compared with UCN/dextran-g-DOPE group without
loading ZnPc, there was much stronger green fluorescence
in the ZnPc loaded UCN/dextran-DOPE, which proves that
the energy emitted from the UCN at 980 nm excitation
successfully transferred to the photosensitizer.

3.6. PDT effects test on cancer cells by MTS

The ultimate goal for PDT treatment is to kill cancer cells
in vitro. So the efficacy of the PDT treatment was assessed
by measuring cell viability using MTS assay. Figure 9 shows
the cell viability. The viability of control cells without NIR
treatment was set as 100% viability. As seen in figure 9, the
cell viability is only 29.15% in ZnPc loaded UCN/dextran-
g-DOPE group with NIR irradiation, which is much lower
than that in UCN/dextran-g-DOPE group without loading
ZnPc. These results implied that UCN/dextran-g-DOPE has
no treatment effect before combining with photosensitizer

8
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Figure 9. PDT treatment efficiency on MCF-7 cells, showing the
results for three control groups of untreated cells, cells treated with
NIR laser, and cells treated with UCN/dextran-g-DOPE
nanocomplex plus NIR laser, and one experiment group of cells
treated with ZnPc loaded UCN/dextran-DOPE nanocomplex plus
NIR laser.

ZnPc, which further proves that ZnPc can be excited by
the high-energy photon emitted from UCNs successfully to
produce singlet oxygen for inducing cell death.

4. Conclusions

In summary, a new kind of amphiphilic DOPE modified dex-
tran (dextran-DOPE) was synthesized successfully. In aqueous
solutions, dextran-g-DOPE can self-assemble into micelles.
Based on amphiphilic dextran-DOPE, UCN/dextran-g-DOPE
nanocomplex, as a new photosensitizer carrier for PDT, was
prepared via a thin-layer evaporation approach. It has been
demonstrated that this kind of nanocomplex has nanosize with
narrow size distribution. ZnPc can be loaded into this kind
of nanocomplex through hydrophobic interactions. The cell
uptake results suggested that the co-delivery of UCNs and
ZnPc inside the cells ensured that the fluorescence from the
UCNs excited by NIR can effectively activate the photosen-
sitizer ZnPc to generate cytotoxic singlet oxygen. In PDT
tests, the ZnPc loaded UCN/dextran-g-DOPE nanocomplex
has much better treatment effect on the tumor cells in vitro. In
conclusion, the ZnPc loaded UCN/dextran-g-DOPE nanocom-
plex may be suitable as a potential drug-delivery system for
PDT based on the upconverting mechanism.
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