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Enhancement of the photocytotoxic efficiency of
sub-12 nm therapeutic polymeric micelles with
increased co-localisation in mitochondria†

Kyuha Chong,a Taeyun Ku,b Phei Er Saw,c Sangyong Jon,c Ji-Ho Park*b and
Chulhee Choi*ab

We engineered phototherapeutic sub-12 nm-sized polymeric micelles to

treat malignant brain tumours (MBTs). The engineered nanoparticles in

MBT cells enhanced the photocytotoxic efficiency more than 2.5-fold

compared with parental and PEGylated photosensitisers (PSs). Increased

subcellular co-localisation of PSs in mitochondria was observed.

Unlike many other cancers, malignant brain tumours (MBTs)
have been considered more resilient to drug treatments, not only
because of malevolent features of the tumour but also because of
its organ-specific structure, which is called the blood–brain tumour
barrier (BBTB).1 The BBTB limits the permeability and narrows
the spectrum of a drug delivery system (DDS).2 A limitation in the
enhanced permeability and retention effect is a bottleneck that
occurs in drug delivery to malignant tissues.3 The fenestration size
of brain tumour-associated vessels is much narrower compared
with other tumour types. Intravital microscopy has shown that the
pore cut-off size is about 100 nm in orthotopically implanted
animal MBT models compared with a minimum pore size of
200 nm in subcutaneously implanted non-MBT models.4 Electron
microscopy has estimated the fenestration and endothelial gap size
of brain tumours to be 40–80 nm and 100–250 nm, respectively.5

In general, the transvascular pore cut-off size of a brain tumour is
expected to be less than 100 nm.

Besides the fenestration or cut-off size of an MBT, the
physiologic pore size of the BBTB is also important because the
penetration of a DDS depends on the interstitial fluid pressure6 as
well as the transvascular penetration pore size. A recent study
revealed that the permeability of particles smaller than 100 nm is
related to the interstitial fluid pressure,7 which reinforces the
influence of these factors on the selective delivery into the tumour.

Consequently, it is important to know the ideal physiological size of
an MBT for its treatment with a DDS, rather than exclusively using
information acquired from anatomical or histological studies. Using
different sizes of dendrimers, Sarin et al. reported from in vitro,
ex vivo and in vivo experiments that the upper limit of the
physiologic pore size of BBTBs is 11.7–11.9 nm.8 This finding is in
good agreement with the results that smaller sized (e.g. 30 nm) sub-
100 nm nanoparticles (NPs) accumulate more in tumours regardless
of whether they have high or poor permeabilities.9 Since smaller
NPs (ca. 12 nm) are ideal as nanomedicines because of their
superior tumour penetration,7 we aimed to engineer nanomedicines
designed for MBT treatment to have diameters smaller than 12 nm.

Vick et al. noted that the major obstacle to the successful
treatment of an MBT depends on the ability to cross over the BBTB,
but other factors such as tumour cell uptake or metabolic status
within the cells are also important.10 Accordingly, under the assump-
tion of higher accumulation in brain tumours in vivo, the current
study aimed to engineer sub-12 nm-diameter micelles loaded with a
photosensitiser (PS), and to examine how the engineered micelle
interacts with MBT cells in vitro. Herein, we report a therapeutic
polymeric micelle of this size that exhibits enhanced photocytotoxic
efficiency with increased co-localisation in mitochondria. To the best
of our knowledge, this is the first report of a sub-12 nm-diameter
micelle being evaluated for its potency as a phototherapy for MBTs.
To optimise the size, three different kinds of micelles were prepared
by varying the length of 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)] [DSPE-mPEG (350, 2000 and
5000)]. To evaluate their phototherapeutic effect, the PS hypericin
(HY) was chosen because it is a hydrophobic compound that
fluoresces and has photocytotoxicity (Fig. 1A).11

The synthesis of the micelles was based on a previously reported
method.12 After drying the lipid components under vacuum to
evaporate all of the residual chloroform, the lipid film was hydrated
with water under continuous sonication. Micelles of the desired
size were obtained by filtration (Fig. 1B, ESI†). HY-incorporated
micelles were prepared by first dissolving HY in chloroform and
then adding it to the lipid film before the hydration step. The three
kinds of micelles were characterised by their hydrodynamic size,
polydispersity index, incorporation efficiency and drug loading.
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The incorporation efficiency and drug loading were calculated
using the spectral absorbance of HY (Fig. S1, ESI†). Based on
these results (Fig. S2 and Table S1†), the DSPE-mPEG2000 (HY)
micelle (HY-M) was finally selected for the formulation because it
had the smallest mean diameter among the micelles prepared using
the three different molecular weights of mPEGs attached to DSPE.
The average hydrodynamic diameter of HY-M was 48.97 � 1.33 nm
in water, but decreased to 11.36 � 1.91 nm in phosphate-buffered
saline (PBS) (Fig. 2A). Different osmolarities of the liquids may have
influenced the size. Because the NPs are aimed for biological usage,
we assume that the size measured in PBS is the more relevant.
Transmission electron microscope (TEM) images were taken to
further characterise the HY-M micelle. Negatively stained HY-M
was spherical with a diameter of 11.1 � 3.5 nm (Fig. 2B) but had
a diameter of 5.4 � 1.5 nm when unstained (Fig. S3, ESI†).
In either case, we concluded that we had succeeded in manu-
facturing a sub-12 nm spherical micelle containing the anti-
cancer phototherapeutic agent HY. The encapsulation efficiency
of HY in our DSPE-mPEG2000 micelle was 89.90%.

One of the hurdles in anticancer chemotherapeutics is the
nonspecific uptake by normal tissues, which causes unwanted
toxicity to noncancerous cells. Compared with other anticancer
chemotherapeutic agents, a PS exhibits negligible cytotoxicity
in the absence of irradiation of light of a specific wavelength
and at a threshold irradiation dosage.13 Therefore, by using a
PS as a drug, nonspecific uptake of the NP will not pose a high
risk to the cell because the toxicity is negligible under normal
circumstances. Consequently, HY, one of the most potent natural
PSs, was selected for the treatment of MBTs.

As a proof-of-concept experiment, we carried out a cell viability
assay with and without light irradiation. By using parental HY, we
showed that HY treatment up to 10 mM for 24 h showed negligible
cytotoxicity in human glioblastoma U251MG cells (Fig. S4A, ESI†).
Also, in a dose-dependent experiment, the dose of HY internalised

into the cell was saturated around 2–8 h after treatment for all
treated doses (1, 2.5, 5 and 10 mM). With the exception of 1.0 mM
of HY, the half-time (t1/2) ranged from 1.1 to 1.9 h (Fig. S4B and
Table S2†). Next, we evaluated the time- and dose-dependent cellular
uptake of each HY formulation, i.e. the aggregated form HY-agg, the
PEGylated form HY-mPEG and the DSPE-mPEG2000 (HY) micelle
(HY-M). As illustrated in Fig. 3A, no significant cytotoxicity was
observed within the range of 1–10 mM for any HY formulation after
24 h of treatment in the absence of light irradiation.

Validation with photoactivated-PS-induced cytotoxicity, which
is generally classified as a photodynamic therapy (PDT), was used
to test the photocytotoxic efficiency of our engineered micelle
HY-M using a customised light-emitting diode (LED)-based irradia-
tion system (Fig. S5, ESI†). The photocytotoxic efficiencies of three
HY formulations were determined (Fig. 3B, ESI†) based on their
photocytotoxicity and cellular uptake (Fig. S6 and Table S3†).
Notably, HY-M had more than 2.5-times higher photocytotoxic
efficiency (P o 0.001) than HY-agg and HY-mPEG although PEG
coating of HY-M seems to cause less cellular uptake of HY:
1.00 � 0.04, 1.04 � 0.13 and 2.75 � 0.10 (% mg/A.U. mL,
mean � SEM) for HY-agg, HY-mPEG and HY-M, respectively.

Co-staining of major intracellular organelles (mitochondria, endo-
plasmic reticulum (ER)–Golgi complex and lysosome) was carried out
to determine the mechanism of HY uptake for all formulations. The
co-localisation coefficients were measured from the fluorescence
images for the various HY formulations (ESI†). Using various
fluorescence probes specific for intracellular organelles, the relative
co-localisation coefficients of HY in the mitochondria, ER and
lysosome were calculated from the images acquired by confocal
and multiphoton laser scanning microscopy (Fig. S7 and Table S4†).
The fluorescence images and co-localisation coefficients indicated
that all of the HY formulations were similarly co-localised in the
lysosomal compartment. Notably, the co-localisation value of HY in
the mitochondria and in the ER was not statistically different for
HY-agg and HY-mPEG. However, the calculated values for HY-M in
the mitochondria and in the ER were higher and lower, respectively,
than those for HY-agg and HY-mPEG (P o 0.001) (Fig. 4A and B).
Thus, we hypothesised that a difference might exist in the intra-
cellular organelle-specific drug delivery between HY-M micelles and
the other formulations (HY-agg and HY-mPEG). Specifically, we
assumed that co-localisation or uptake of the HY in the mito-
chondria might be enhanced with HY-M. The differential

Fig. 1 (A) Molecular structure of hypericin and (B) schematic diagram of the
assembly of the engineered therapeutic micelles.

Fig. 2 (A) Hydrodynamic size of the DSPE-mPEG2000 (HY) micelle (HY-M) in PBS.
(B) TEM image of HY-M stained with 1% sodium phosphotungstate, and its measured
size and distribution (inset).

Fig. 3 Cellular effectiveness of engineered HY-M in human glioblastoma U251MG
cells. (A) The dark cytotoxicities of all HY formulations (HY-agg, HY-mPEG and HY-M)
were negligible within the phototherapeutic target dosages. (B) The photocytotoxic
efficiency of HY-M was more than 2.5-times greater than for the two other DDSs
(P o 0.001).
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uptake in the mitochondria might be due to increased permeability
of the mitochondrial membrane by local action of disassembled
polymeric chains from the internalized micelles.14 By encapsulating
HY in our DSPE-mPEG2000 micelle, the photocytotoxic efficiency
induced by the delivered HY was significantly higher in U251MG
cells. This finding was explained in part by the increased
co-localisation of HY in mitochondria (Fig. 4C). This result agrees
with previous reports15 stating that the mitochondria are the most
important primary target sites of HY for their photocytotoxic
damage.16 Effective PDT primarily targets the mitochondria,17

which is consistent with our therapeutic finding of enhanced
photocytotoxic efficiency with our HY-M in human MBT cells.

To date, various NPs have been reported and are anticipated to
overcome some limitations of conventional drug delivery to MBTs.
In particular, polymeric micelles, which can be precisely tuned in
size and can range from 5 to 100 nm in diameter,18 have been
introduced to overcome the BBTB.19 The many advantages of
micelles include an appropriate particle size, biocompatibility and
capacity to solubilise relevant doses of hydrophobic drugs, ease of
formulation with a need for fewer excipients, high physical
stability with prolonged blood circulation times, reduced toxicity
to untargeted tissues, improved antitumour efficacy and amenable
surface modification.20 A combination of micelles was developed
and evaluated against MBTs,21 but none of the micelles were less
than 12 nm in diameter. Our engineered micelle is the first
example of a sub-12 nm micelle that contains the photocytotoxic
anticancer agent HY, which has been proved to be more efficient
in anticancer cell treatment than its parental drug form or
PEGylated form. Although this engineered micelle was neither
designed for active targeting nor lipid modification for enhancing
cellular uptake, the agent was highly accumulated in the mito-
chondria, consistent with phenotypic analysis of photocytotoxicity.
We expect that the conjugation of cancer cells or mitochondria-
specific targeting ligands on the surface of the micelle would

significantly increase either the cellular uptake of the agent or the
photocytotoxic efficacy. This engineered micelle may act as a
superb therapeutic agent for MBTs and spur the application of
sub-12 nm micelles for MBT therapeutics.

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MEST;
No. 2012R1A2A4A01007108) and the Converging Research Center
Program of the Ministry of Education, Science and Technology,
Korea (Grant No. 2011K000864).
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Fig. 4 Co-localisation of HY in the intracellular organelles for all HY formulations.
(A) Representative confocal laser scanning microscopy images of co-localisation of
HY in mitochondria. Mitochondria were pseudocoloured in green and HY in red.
Co-localised areas are indicated with arrowheads. Scale bar, 50 mm. (B) Relative
co-localisation coefficients of HY in the intracellular organelles (mitochondria, ER
and lysosome). The coefficients for HY-M in mitochondria and ER were significantly
different from those for HY-agg and HY-mPEG (P o 0.001). (C) Schematic illustration
of the enhanced photocytotoxic efficiency of the engineered sub-12 nm therapeutic
HY-M with increased co-localisation of HY in the mitochondria.
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