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ABSTRACT: 5-Aminolevulinic acid (5-ALA) is a precursor of a strong
photosensitizer, protoporphyrin IX (PphIX), for photodynamic therapy (PDT).
Developing appropriate delivery carriers that can assist 5-ALA in bypassing the
lipophilic barrier to directly enter into cancer cells is a research focus. The improved
delivery of 5-ALA is even important for skin cancer therapy through PDT process.
In this work, targeting ligand folic acid (FA)-functionalized hollow mesoporous
silica nanoparticles (HMSNPs) were fabricated to deliver 5-ALA for PDT against
B16F10 skin cancer cells. The FA targeting ligand enabled selective endocytosis of
5-ALA loaded HMSNPs into cancer cells. PphIX formed from delivered 5-ALA
exhibited high photocytotoxicity to the cancer cells in vitro.
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Photodynamic therapy (PDT) is a palliative cancer
therapeutic technique that has attracted great attention

because of its noninvasive property, minimal side effects, and
nontoxic components used.1 The PDT process usually requires
three components, including light, oxygen, and photosensi-
tizers. Upon accumulation of photosensitizers in cancer cells or
tumor tissues, light irradiation of proper wavelength provides
energy for photosensitizers to convert surrounding oxygen
(3O2) into singlet oxygen (1O2), a type of reactive oxygen
species (ROS). 1O2 is highly toxic and can induce apoptosis or
necrosis of tumor cells, achieving cancer cell killing effect.2−4 In
the past two decades, many types of photosensitizers have been
developed and explored,5 among which 5-aminolevulinic acid
(5-ALA) is widely used for PDT because it is nontoxic and can
be quickly excreted from biological systems.6 Essentially, 5-ALA
is distinguished from other photosensitizers, since it is not a
photosensitizer. It is a precursor for haem group synthesis in a
cell organ, mitochondrion, where it is further converted to a
strong photosensitizer, protoporphyrin IX (PphIX), to
accomplish the functions of PDT. PphIX is also a photo-
sensitive fluorescent molecule, which has different degradation
rates in normal cells and cancer cells. Such an interesting
property makes PphIX an important fluorescent label to detect
cancer cells or tumor tissues.7,8 Thus, various strategies of using
nanocarriers to deliver PphIX into cancer cells have been
developed for PDT.9,10 Because of all these factors, 5-ALA
serves as very attractive species for PDT, and previous studies
have revealed that the administration of 5-ALA in a large
amount can successfully suppress solid tumor when giving
sufficient oxygen supply.11,12

Despite all the advantages of 5-ALA, because of its
hydrophilic property and low specificity to cancer cells,
limitations such as low bioavailability and poor cell permeability
still hamper its practical applications for PDT.6,13 In addition,
widely existing bacteria in the biological environment might
engulf 5-ALA during its administration.14 Hence, there is a
need of developing appropriate delivery vehicles that can assist
5-ALA to bypass lipophilic barrier to directly enter into cancer
cells, thus protecting 5-ALA from being engulfed by bacteria.
For instance, cationic gold nanoparticles15 and self-assembled
polymer nanoparticles16,17 were developed for 5-ALA delivery.
Nevertheless, developing efficient nanocarriers for 5-ALA
delivery is still under exploration, and improved delivery of 5-
ALA is even important for skin cancer therapy through PDT
process.
Applying mesoporous silica nanoparticles (MSNPs) in

biological field has been successfully proven their superiority,
including good biocompatibility, high surface area and high
pore volume, allowing for a large amount of drug loading and
easy chemical modifications.18 In particular, hollow mesopo-
rous silica nanoparticles (HMSNPs) show enhanced perform-
ance for drug delivery given by highly permeable porous
shells.19 Previous research work reported that HMSNPs could
enhance the loading capacity of anticancer drug doxorubicin by
100% as compared with normal MSNPs, further minimizing the
toxicity of the carriers.20 Both in vitro and in vivo studies were
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carried out by using HMSNPs for anticancer drug delivery.19

With these advantages, HMSNPs stand out as an ideal
candidate for targeted delivery of 5-ALA.
Herein, we designed and fabricated a multifunctional

HMSNP for targeted delivery of 5-ALA, aiming at PDT against
skin cancer. To the best of our knowledge, this is the first
example to use mesoporous silica for 5-ALA delivery. In
addition to a large amount of 5-ALA loading, the nanochannels
in the shells of HMSNPs could facilitate the 5-ALA release after
entering into cancer cells, leading to quick accumulation of
formed PphIX as an excellent photosensitizer for PDT
(Scheme 1). To achieve high usage efficiency of the

administered 5-ALA and reduce possible side effects due to
nontargeted delivery, folic acid was functionalized onto the
HMSNPs. Folic acid is a widely used cancer-targeting ligand,
which has high affinity to folic acid receptor (FAR), a glycosyl-
phosphatidyinositol-linked protein overexpressed on the sur-
face of most cancer cells.21 Once folic acid interacts with FAR,
it facilitates the internalization of multifunctional HMSNPs into
cancer cells through a nondestructive endosomal route.19,20 In
addition, biocompatible polyethylene glycol (PEG) polymer
was also functionalized onto HMSNPs in order to further
enhance its biocompatibility and prolong its blood circulation
time, the two factors that are critical for future clinic
applications.22

HMSNPs were prepared by a selective etching method
according to previous report with minor modifications.23 The
morphology of the as-prepared HMSNPs was characterized by
field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM). As shown from FE-
SEM image (Figure 1a), HMSNPs have a spherical shape with
uniform nanoparticle size.19,20 The diameter of HMSNPs was
estimated to be around 150 nm by randomly counting 20
nanoparticles from TEM image (Figure 1b). This size is
suitable for intracellular drug delivery by considering the
enhanced permeability and retention (EPR) effect.24 The
structure of HMSNPs was clearly evidenced by TEM image
(Figure 1c), showing empty hollow core and mesoporous shell
with uniform shell thickness of about 30 nm. Perpendicular
nanochannels connecting to the internal core were clearly

observed, which are beneficial for the loading and release of 5-
ALA.
The multifunctionalization on HMSNPs was carried out after

confirming the structure and morphology of the as-prepared
HMSNPs. First, HMSNPs were modified with primary amine
by a grafting method. Typically, HMSNPs were suspended in
ethanol solution containing (3-aminopropyl)triethoxysilane
(APTES) under stirring for 48 h to yield primary amine
grafted HMSNPs, noted as HMSNP-NH2. Then, folic acid and
PEG were conjugated onto HMSNP-NH2 via 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) and N-hydrox-
ysuccinimide (NHS) coupling chemistry,25 affording multi-
functional HMSNPs, noted as HMSNP-PEG+FA. The
functionalization process was characterized by FT-IR spectra
(Figure S1 in the Supporting Information). In the FT-IR
spectrum of HMSNP-NH2, a new peak at 1520 cm−1 appeared
on account of amine group stretching,26 indicating the
successful grafting of amine group onto HMSNPs. As for
HMSNP-PEG+FA, the peak for amine group at 1520 cm−1

disappeared because of amide bond formation.25 Considering
limited molar ratio of −CH− unit in folic acid molecule,
obvious peaks at 1464 and 1344 cm−1 attributed to the −CH−
bending and 2934 cm−1 due to −CH− stretching indicate the
presence of PEG.27 Furthermore, a UV−vis absorbance peak at
285 nm corresponding to folic acid suggests that folic acid
molecule was indeed integrated into HMSNP-PEG+FA (Figure
S2 in the Supporting Information).28

The amount of functional groups was quantified by
thermogravimetric analysis (TGA, Figure S3 in the Supporting
Information). The weight loss of HMSNPs was found to be 7
wt %, and that of HMSNP-NH2 was 12.5 wt % at 600 °C. The
extra 5.5 wt % loss should be due to grafted primary amine,
which was calculated to be 0.948 mmol g−1. By comparing the
weight loss (22.5 wt %) of HMSNP-PEG+FA with that of
HMSNP-NH2, the extra weight loss of 10 wt % further certified
the successful conjugation of folic acid and PEG. Then, 5-ALA
was loaded into the nanocarriers by stirring an ethanol solution
containing 5-ALA (5 mg mL−1) and HMSNP-PEG+FA (5 mg
mL−1) for 24 h. The obtained 5-ALA loaded HMSNP-PEG
+FA, noted as 5-ALA@HMSNP-PEG+FA, was collected by
centrifugation and then air-dried at room temperature. The
further increase in weight loss (3.4 wt %) from 5-ALA@
HMSNP-PEG+FA as compared with that of HMSNP-PEG+FA
could be explained by the degradation of 5-ALA loaded inside
5-ALA@HMSNP-PEG+FA. Thus, the 5-ALA loading capacity
was estimated to be 3.4 wt %.
N2 adsorption/desorption measurement was carried out to

further characterize the hollow and mesoporous features of all
the prepared HMSNPs (Figure S4 in the Supporting
Information). Typical type IV isotherms were observed for
HMSNPs, HMSNP-NH2, and HMSNP-PEG+FA.20 Because of
grafted primary amine on HMSNPs, the Brunauer−Emmett−

Scheme 1. Schematic Illustration of Multifunctional HMSNP
based 5-ALA Delivery for Targeted PDT in Skin Cancer
Treatment

Figure 1. (a) FE-SEM image, (b) TEM image at low magnification,
and( c) TEM image at high magnification of as-prepared HMSNPs.
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Teller (BET) surface area (Table 1) decreased from 991.92 m2

g−1 (HMSNPs) to 690.00 m2 g−1 (HMSNP-NH2). The BET

surface area further decreased to 535.71 m2 g−1 after folic acid
and PEG conjugation. Thus, all the three samples showed
mesoporous structure, demonstrated by the similar isotherms.
Moreover, obvious hysteresis loops in the three isotherms
indicate the reservation of hollow structures and empty cores
during the functionalization process, suggesting that the empty
cores were accessible. Barrett−Joyner−Halenda (BJH) pore
size distributions indicate that the diameter of the mesopores
narrowly ranges from 2.1 to 2.7 nm, which can allow 5-ALA
loading and release through uniform-sized nanochannels.
After the HMSNPs were grafted with primary amine, the

pore size decreased from 2.70 nm for HMSNPs to 2.30 nm for
HMSNP-NH2. This change implies that the primary amine
groups were grafted on not only outside surface of HMSNP-
NH2, but also internal surface of the nanochannels. The pore
size did not significantly decrease after the conjugation of folic
acid and PEG, suggesting that folic acid and PEG were mainly
distributed on the external surface of HMSNP-PEG+FA. It is
anticipated that the remaining amine groups inside the
mesopores would be positively charged under neutral pH.
The positively charged amine group provides electrostatic
interaction with negatively charged 5-ALA through its
carboxylic group15,17 to withhold 5-ALA in HMSNPs for
entering into cancer cells. Under acidic intracellular environ-
ment of cancer cells, the carboxylic group becomes neural, and
the electrostatic interaction is weakened. Thus, accelerated
release of 5-ALA inside cancer cells is expected.
Generally, the decomposition rate of PphIX inside cancer

cells (12−24 h) is 6 times higher than that in healthy cells (2−4
h),29 which can be explained by the malfunction of the feedback
mechanism in cancer cells. Furthermore, cancer cells usually
have a low concentration of iron ions, an important catalyst for
PphIX conversion, contributing to high accumulation of PphIX
in cancer cells.30 Although higher accumulation of PphIX inside
cancer cells is normally expected as compared with that in
healthy cells, the purpose of targeted 5-ALA delivery is to
minimize nonspecific delivery and to avoid side-effects induced
by the prerelease, thus enhancing the conversion efficiency of
delivered 5-ALA. The targeted delivery capability of the
multifunctional HMSNPs was investigated by using normal
HEK293 cells as a negative control with low FAR expression
(FA−), and B16F10 skin cancer cells as a positive control with
high FAR expression (FA+). In order to trace the intracellular
location of HMSNPs, fluorescein isothiocyanate (FITC)-
labeled HMSNPs with folic acid and PEG conjugation, noted
as HMSNP(FITC)-PEG+FA, was evaluated first.
Both HEK293 and B16F10 cells were treated with

HMSNP(FITC)-PEG+FA (50 μg mL−1). After 6 h incubation,
the cells were washed with phosphate buffered saline (PBS)
and the cell nucleus was stained by 4′,6-diamidino-2-phenyl-
indole (DAPI) before observation under confocal laser
scanning microscopy (CLSM). Green fluorescent spots

represent FTIC labeled HMSNPs and cell nucleus shows
blue color given by DAPI (Figure 2a). As compared with

HEK293 cells (FA−), it could be observed that there was
greater amount of green fluorescent spots inside B16F10 cells,
indicating much higher uptake of HMSNP(FITC)-PEG+FA in
B16F10 cells (FA+). Flow cytometry analysis further confirmed
the CLSM results. For B16F10 cells (FA+), the histogram of
FITC fluorescence intensity showed a significant right shift
after the treatment with HMSNP(FITC)-PEG+FA (Figure 2b).
For HEK293 cells (FA−), however, the histogram of FITC
fluorescence intensity did not show obvious right shift (Figure
2b), suggesting much less uptake of HMSNP(FITC)-PEG+FA.
Based on the CLSM and flow cytometry results, it can be
concluded that HMSNP(FITC)-PEG+FA displays the capa-
bility of targeted delivery toward B16F10 cancer cells. Such
targeted endocytosis of HMSNP(FITC)-PEG+FA to B16F10
cancer cells can be attributed to the FAR meditated
endocytosis.19,20

5-ALA is a precursor of a strong photosensitizer, PphIX.
Upon red light irradiation, PphIX can generate reactive singlet
oxygen (1O2) that is highly toxic and eventually leads to cell
apoptosis or necrosis. Thus, the generation and accumulation of
PphIX in cancer cells are rather important, because PphIX is

Table 1. BET Surface Area, Pore Size, and Pore Volume

surface area
(m2 g−1)

pore size
(nm)

pore volume
(cm3 g−1)

HMSNPs 991.92 2.70 1.11
HMSNP-NH2 690.00 2.30 0.88
HMSNP-PEG
+FA

535.71 2.12 0.69

Figure 2. (a) CLSM images of HEK293 (up cell line) and B16F10
(bottom cell line) cells treated with HMSNP(FITC)-PEG+FA (50 μg
mL−1) for 6 h. Images from left to right are DAPI channel, FITC
channel, and overlay of DAPI and FITC channels. (b) Flow cytometry
results of HEK293 (up) and B16F10 (bottom) cells. Figures from left
to right are cells without any treatment (control), and treated with
HMSNP(FITC)-PEG+FA (50 μg mL−1) for 3 and 6 h.
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directly related to the PDT process. To investigate the PDT of
PphIX, we seeded B16F10 cells in a T75 cell culture flask and
cultured then for 24 h. After replacing the old medium with
serum-free medium containing free 5-ALA (100 μg mL−1), we
further cultured the cells for 24 h for the PphIX formation.
Dimethyl sulfoxide (DMSO, 3 mL) was then used to extract
the generated PphIX. The optical property of the extracted
DMSO solution was studied by using UV−vis and fluorescence
spectroscopy. As seen from Figure 3a, characteristic UV−vis

adsorption peaks of PphIX at 405 and 575 nm were observed.
Upon 405 nm light excitation, strong red fluorescence emission
at 635 nm was observed, which is characteristic fluorescence
emission of PphIX. An optical photo of the fluorescence
emission was shown as an inset image in Figure 3a, where a 405
nm light passed through the middle of the cuvette. Therefore, it
was fully evident that PphIX could be generated in B16F10
cells by the administration of 5-ALA.
The in vitro PphIX generation was also investigated by

CLSM. Both HEK293 and B16F10 cells were treated with 5-
ALA@HMSNP-PEG+FA or free 5-ALA at a same amount of 5-
ALA. After 24 h incubation, the cells were observed by CLSM.
A 405 nm laser was used to excite the emission of generated
PphIX. The detection channel ranges from 610 to 650 nm.
Cells without any treatment were observed as a control. CLSM
results are displayed in Figure 4, where red fluorescence color
represents the presence of PphIX. In the case of HEK293
normal cells, red fluorescence color can hardly be observed
(Figure 4b,c), which might be due to quick degradation rate of
generated PphIX in normal cells as discussed above. For
B16F10 skin cancer cells, obvious red fluorescence color was
observed after the treatment with 5-ALA (Figure 4e). Even
stronger red fluorescence was found for the B16F10 cells
treated with 5-ALA@HMSNP-PEG+FA (Figure 4f) as
compared with the case treated with free 5-ALA, indicating

that more PphIX was generated by using multifunctional
HMSNPs as nanocarriers for the 5-ALA delivery.
A major purpose of using the nanocarriers for the 5-ALA

delivery is to help 5-ALA bypass the lipophilic barrier to
increase its cellular uptake in cancer cells. For free 5-ALA
treatment, the cellular uptake of 5-ALA is based on free
diffusion of small 5-ALA molecule, which is greatly limited by
the lipophilic barrier. In the case of using multifunctional
HMSNPs for the 5-ALA delivery, 5-ALA was first loaded inside
the functional HMSNPs and transported into cancer cells via
FAR meditated endocytosis, after which process the loaded 5-
ALA was released inside cancer cells. Thus, enhanced 5-ALA
uptake was observed by using multifunctional HMSNPs as the
nanocarriers for the 5-ALA delivery, resulting in increased
PphIX generation as observed in the CLSM studies (Figure 4).
In addition, it is still necessary to quantify the amount of PphIX
generated by the administration of 5-ALA@HMSNP-PEG+FA
or free 5-ALA in order to statistically evaluate the PphIX
generation. The generated amount of PphIX inside B16F10
cancer cells was measured indirectly by reading its fluorescence
emission intensity. The excitation wavelength used was 405 nm,
and the detection channel range was 635 ± 20 nm. From
Figure 3b, a general trend of dose-dependent PphIX
accumulation was observed for the cells treated with 5-ALA@
HMSNP-PEG+FA or free 5-ALA. However, the fluorescence
intensity increase by 5-ALA@HMSNP-PEG+FA is much
higher than that of free 5-ALA. For the highest 5-ALA
concentration used (15 μg mL−1), the accumulation of PphIX
by 5-ALA@HMSNP-PEG+FA was about 3 times higher than
that by free 5-ALA, since the fluorescence intensity induced by
5-ALA@HMSNP-PEG+FA was around 2000 au, while the one
by free 5-ALA was around 700 au
Next, the cell photocytotoxicity was investigated by 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) assay. The dark toxicity of 5-
ALA@HMSNP-PEG+FA and free 5-ALA was first evaluated.
As shown in Figure 3c, without light irradiation, a negligible
toxicity was found for both samples even at the highest
concentration (15 μg mL−1), indicating good biocompatibility
of the multifunctional HMSNPs. Upon light irradiation at 635
nm (25 mW cm−2) for 15 min, the cell viability decreased upon

Figure 3. (a) Optical properties of PphIX extracted from B16F10
cancer cells; the blue curve is UV−vis absorption spectrum and the red
curve is fluorescence emission spectrum. (b) PphIX generation by
B16F10 cancer cells after being treated with 5-ALA@HMSNP-PEG
+FA and free 5-ALA under equivalent concentrations of 5-ALA. MTS
cell viability assay of B16F10 cancer cells after being treated with 5-
ALA@HMSNP-PEG+FA and free 5-ALA under equivalent concen-
trations of 5-ALA (c) without and (d) with light irradiation at 635 nm
for 15 min.

Figure 4. CLSM images of HEK293 normal cells (a) without any
treatment, (b) treated with free 5-ALA (3.4 μg mL−1), and (c) treated
with 5-ALA@HMSNP-PEG+FA (100 μg mL−1). CLSM images of
B16F10 cells (d) without any treatment, (e) treated with free 5-ALA
(3.4 μg mL−1), and (f) treated with 5-ALA@HMSNP-PEG+FA (100
μg mL−1). Scale bars: (a−c) 75, (d) 50, and (e, f) 100 μm.
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increasing the 5-ALA concentration for both 5-ALA@HMSNP-
PEG+FA and free 5-ALA, suggesting effective cancer killing
capability by the generation of toxic singlet oxygen in B16F10
cells (Figure 3d). By using HMSNP-PEG+FA to deliver 5-ALA,
the cell viability decreased to about 30% at relatively lower 5-
ALA concentration (3 μg mL−1). For free 5-ALA, comparable
cancer killing effect could only be achieved at relatively higher
5-ALA concentration (12 μg mL−1). Thus, the enhanced
photocytotoxicity by using 5-ALA@HMSNP-PEG+FA is
consistent with the increased PphIX generation in B16F10
cells (Figure 3b). The MTS results clearly demonstrate that the
multifunctional HMSNPs could serve as effective nanocarriers
to deliver 5-ALA for the treatment of B16F10 skin cancer cells.
In summary, multifunctional hollow mesoporous silica

nanoparticles (HMSNPs) containing PEG and folic acid
targeting ligand have been successfully fabricated for targeted
5-ALA delivery and photodynamic therapy (PDT) against
B16F10 skin cancer cells. Through folic acid receptor meditated
endocytosis by using the multifunctional HMSNPs as the
nanocarriers, the cellular uptake of 5-ALA and PphIX
accumulation were significantly enhanced. Upon red light
irradiation for PDT, efficient cancer cell killing effect from 5-
ALA loaded HMSNPs (5-ALA@HMSNP-PEG+FA) was
demonstrated. Therefore, the multifunctional HMSNP based
5-ALA delivery system presents a promising potential in
practical skin cancer treatment.
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