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Abstract
The use of targeted nanoparticles (NPs) as a platform for loading photosensitizers enables
selective accumulation of the photosensitizers in the tumor area, while maintaining their
photodynamic therapy (PDT) effectiveness. Here two novel kinds of methylene blue (MB)-
conjugated polyacrylamide (PAA) nanoparticles, MBI-PAA NPs and MBII-PAA NPs, based on
two separate MB derivatives, are developed for PDT. This covalent conjugation with the NPs (i)
improves the loading of MB, (ii) prevents any leaching of MB from the NPs and (iii) protects the
MB from the effects of enzymes in the biological environment. The loading of MB into these two
kinds of NPs was controlled by the input amount, resulting in concentrations with optimal singlet
oxygen production. For each of the MB-NPs, the highest singlet oxygen production was found for
an MB loading of around 11 nmol mg−1. After attachment of F3 peptide groups, for targeting,
each of these NPs was taken up, selectively, by MDA-MB-435 tumor cells, in vitro. PDT tests
demonstrated that both kinds of targeted NPs resulted in effective tumor cell kill, following
illumination, while not causing dark toxicity.

Introduction
Photodynamic therapy (PDT) is gaining increasing recognition as a medical treatment for
cancer, especially skin cancer, and for other dermatological problems, such as acne, as well
as for macular degeneration. This treatment uses PDT drugs (called photosensitizers), in
combination with light, to kill selected cells. It relies on the generation of singlet oxygen and
other kinds of reactive oxygen species (ROS), causing cell death by apoptosis, necrosis and/
or autophagy.1 The first clinical PDT treatment was approved in the US in 1995.2 Since
then, PDT has been approved for the treatment of skin actinic keratosis, several forms of
cancer, blindness due to age-related macular degeneration, etc.3–5 PDT is a localized
treatment, selectively activated by light, and thus causing low systemic toxicity. It can be
applied by itself or in combination with other treatment methods, e.g., chemotherapy and
surgery.6

An ideal photosensitizer for PDT should have a stable composition, photostability, minimum
dark toxicity, high absorption in the red or near infrared region of the spectrum, reasonable
hydrophilicity, target specificity, and quick clearance from the body.7 Many kinds of
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photosensitizers have been developed so far. However, very few of them satisfy those
requirements. Methylene blue (MB), a hydrophilic phenothiazine derivative,8–10 has been
used as a drug in clinical applications for malaria and methemoglobinemia.11,12 MB has also
been approved as a potent PDT drug for local treatment of periodontal diseases (Periowave,
Canada), because of its relative low toxicity and high generation yield of singlet
oxygen.13,14 MB exhibited phototoxicity towards a variety of tumor cell lines in vitro.9,15

Combined with illumination, MB was reported to cause 75% destruction of human colon
tumor xenografts.16 Also the local administration of MB intralesionally had some success
with recurrent inoperable esophageal cancer in three patients.17

Some drawbacks of MB have limited its further clinical application as a PDT agent. The
activity of MB became relatively low when injected intravenously or intravesically, which
was attributed to poor tumor localization.9,13 In addition, the methylene blue photosensitizer
is converted to its leuko- (colorless) isomer in the biological environment, a non-
photosensitizer with negligible photodynamic activity.18 This MB reduction is catalysed by
either NADH/NADPH dehydrogenases within the cell or transmembrane thiadizine dye
reductase at the cell surface.11,19

In order to improve the performance of photosensitizers, they should be targeted specifically
to the tumor cells. This can be achieved by embedding them inside a nanoparticle (NP) and
attaching a targeting group on the periphery of the particle, e.g., antibodies or tumor-specific
peptides. For instance, F3 peptide, a 31-amino acid peptide, is known to bind to the
angiogenic tumor vasculatures, as well as to some tumor cells, by interacting with nucleolin,
a cell surface receptor.20,21 The effect of enhanced permeability and retention (EPR) of NPs
can also improve the local distribution of photosensitizers.22 The nanoparticle matrix has to
be porous to the outgoing singlet oxygen.23 The design concept of NP-based PDT was first
introduced in 2000 and the in vivo performance was demonstrated subsequently.24–28 We
note that for drugs such as MB that can be inactivated by plasma enzymes23,29–31 a
protective carrier system is necessary, e.g., the nanoparticle matrix.32 As a drug carrier, the
advantages of NPs also include good solubility, high loading of drugs and alleviating the
multidrug resistance effect of cancer cells.31,33

The polyacrylamide (PAA) nanoparticle, due to its ideal size, biocompatibility and
hydrophilicity, has been used for in vivo cancer imaging and treatment.24–27 MB has been
loaded in PAA NPs by encapsulation or by covalent linkage, exhibiting phototoxicity in a
variety of cancer cell lines in vitro.23,32,34–37 The encapsulation method resulted in low dye
loading and the MB-encapsulated NPs required prolonged PDT illumination time or high
dose for cell kill. Moreover, the encapsulated MB may leach out of the NPs. In our previous
studies, MB was conjugated into PAA NPs via a two-step reaction (MBSE-PAA NPs).37

This conjugation method prevented the drug leaching phenomena, increased significantly
the loading of MB, and improved the singlet oxygen production of the NPs. The singlet
oxygen production, which is a critical parameter of MB-conjugated PAA NPs for PDT, is
controlled largely by the structure of the MB derivative and by its loading into the NPs.9,37

One question we were interested in about MB-PAA NPs is whether better singlet oxygen
production of the NPs can be obtained by varying the MB derivatives and their loading into
the NPs. Recently, two new kinds of MB derivatives (see Scheme 1 for their chemical
structures), 3,7-bisallylmethylene blue (MBI) and 3,7-bismethylacrylamide methylene blue
(MBII), were synthesized in our lab (The synthetic details will be reported separately). In
the work reported here, MBI and MBII were conjugated into PAA NPs via a one-step
reaction. For both MBI-PAA NPs and MBII-PAA NPs, the loading was controlled by the
amount of MB derivatives that were added before polymerization. We report below the
relationship between MB loading and singlet oxygen production for both kinds of MB-
conjugated NPs, as well as the optimal singlet oxygen production. We compare the singlet
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oxygen production of MB-encapsulated NPs, MBSE-PAA NPs, MBI-PAA NPs and MBII-
PAA NPs. We also show that this NP matrix protects the conjugated MB from the reduction
by diaphorase (NADH dehydrogenase), while maintaining its photodynamic activity. The
MBI-PAA NPs and MBII-PAA NPs were surface-conjugated with F3 peptide targeting
groups for PDT specific to selected tumor cells.37 The in vitro PDT experiments show that
both kinds of NPs, when combined with illumination, are capable of killing MDA-MB-435
cancer cells effectively. We believe that our work reported here may further the application
of MB for photodynamic therapy.

Experimental
Materials

3,7-Bisallylmethylene blue (MBI) and 3,7-bismethylacrylamide methylene blue (MBII)
were synthesized in our lab. Acrylamide (AA), glycerol dimethacrylate (GDMA, 85%),
ammonium persulfate (APS), N,N,N′,N′-tetramethylethylenediamine (TEMED), sodium
dioctyl sulfosuccinate (AOT), Brij 30, dimethylformamide (DMF), dimethylsulfoxide
(DMSO), phosphate-buffered saline tablet (PBS), β-nicotinamide adenine dinucleotide,
reduced dipotassium salt (NADH), diaphorase from Clostridium kluyveri (NADH
dehydrogenase) and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma Aldrich. N-(3-Aminopropyl)methacrylamide hydrochloride
(APMA) was purchased from Polysciences. Anthracene-9,10-dipropionic acid disodium salt
(ADPA), calcein acetoxymethyl ester (calcein AM) and propidium iodide (PI) were
purchased from Invitrogen. Ethanol (95%) and hexane were purchased from Fisher
Scientific. F3-Cys peptide (KDEPQRRSARLSAKPAPPKPEPKPKKAPAKKC) was
purchased from SynBioSci. The MAL-PEG-SCM (2 K) (SCM: succinimidyl carboxy
methyl ester, one type of NHS ester) was purchased from Creative PEGWorks. All the water
used was purified with a Milli-Q system from Millipore.

Preparation of MB-conjugated PAA NPs
MBI-PAA NPs and MBII-PAA NPs were synthesized with a reverse microemulsion
polymerization method (in Scheme 2). Deoxygenated hexane (45 mL), AOT (1.95 g) and
Brij 30 (4.9 mL) were mixed together, and the mixture was stirred vigorously to produce a
microemulsion. AA (610 mg), APMA (45 mg), GDMA (403 mg) and MBI or MBII were
dissolved in DI water (1.2 mL) directly. The amount of MB added ranged from 10 mg to 90
mg, depending on the required loading of MB. The solution was sonicated until dissolved
completely. Then the monomer solution was added into the hexane solution under argon
atmosphere for 20 min. Fresh APS solution (200 μL, 50% w/v) and TEMED (150 μL) were
added into the mixture solution to initiate polymerization. After 2 h reaction, hexane was
removed by rotary evaporation. The residue was suspended in ethanol and transferred into
an Amicon ultra-filtration cell (Millipore Corp.). In order to remove the surfactants and
unreacted monomers, the NPs were washed with ethanol and DI water respectively with a
300 kDa filter membrane under the pressure of 15–20 psi. This washing process was
repeated five times. After filtration with 0.2 μm filter PTFE membrane (Whatman), the NPs
were lyophilized and stored in freezer. The loading of MB in the NPs was controlled by the
amount of MB added in.

Characterization
The loading of MB in the NPs was evaluated by taking absorption spectra of the MB-
conjugated PAA NP suspensions in DI water (1 mg mL−1) with a UV-1601 UV-vis
spectrometer (Schimadzu). The fluorescence spectra of MB-conjugated NP suspension in
PBS buffer (0.3 mg mL−1) were taken with a FluoroMax-3 Spectrofluorometer (Jobin Yvon
Horiba). Scanning electron microscopy (SEM) images of NPs were obtained with an FEI
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Nova Nanolab dualbeam focussed ion beam workstation and scanning electron microscope.
The sample for SEM analysis was prepared as follows: (1) NP solution (0.1 mg mL−1) was
sonicated for 30 min to make sure the NPs were dispersed completely; (2) a drop of NP
solution was placed on the SEM specimen mount and dried completely under room
temperature; (3) then the sample was coated with gold before SEM analysis. The size and
zeta potential of NPs in aqueous solution (1 mg mL−1) were measured using dynamic light
scattering (DLS) with Delsa Nano (Beckman Coulter) instrument.

Dye leaching test
A MB-PAA NP solution (1 mL, 1 mg mL−1) was mixed with a bovine serum albumin
(BSA) solution (1 mL, 4%). The mixture solution in PBS buffer (pH 7.4) was stirred at 37
°C for 1.5 h. After that, the solution was diluted to 8 mL in PBS buffer (pH 7.4) and
transferred to an Amicon ultra-filtration cell (Millipore Corp.). The solution was filtered
with filter membrane (300 kDa) till the filtrate was 5 mL. Then a PBS buffer (5 mL, pH 7.4)
was added to the Amicon ultra-filtration cell and this filtering process was repeated for 3
times. The filtrates (5 mL) 1, 2 and 3 were collected respectively. The fluorescence emission
intensity was measured with FluoroMax-3 Spectrofluorometer (Jobin Yvon Horiba).

F3 peptide attachment to MB-conjugated NPs
MAL-PEG-SCM (4 mg) was added into a MB-conjugated PAA solution (2.5 mL, 20 mg
mL−1, PBS (pH 7.4)), and the solution was stirred for 30 min at room temperature. Then the
NP solution was transferred to an Amicon centrifugal filter (100 kDa). The NP solution was
rinsed with centrifugation at 4000 g for 20 min. After 3 times washing, the NP solution was
concentrated to be around 20 mg mL−1, and mixed with an F3-Cys peptide solution (110
μL, 100 mg mL−1) under stirring. After stirring overnight, the NP solution was rinsed with
centrifugation for 3 times and collected at 20 mg mL−1. Then the NP solution was mixed
with an L-cysteine solution (63 μL, 10 mg mL−1). After 2 h reaction, the NP solution was
washed with centrifugation for 3 times and collected at 20 mg mL−1. The amount of
peptides conjugated on the NPs was determined by quantitative amino acid analysis
(QAAA).

PEGylation of MB-conjugated NPs
MAL-PEG-SCM (4 mg) was added into a MB-conjugated PAA solution (2.5 mL, 20 mg
mL−1, PBS (pH 7.4)), and the solution was stirred for 30 min at room temperature. After
that, the NP solution was transferred to an Amicon centrifugal filter (100 kDa). The NP
solution was rinsed with centrifugation at 4000 g for 20 min. After 3 times washing, the NP
solution was concentrated to be around 20 mg mL−1, and mixed with an L-cysteine solution
(125 μL, 10 mg mL−1). After 2 h reaction, the NP solution was washed with centrifugation
for 3 times and collected at 20 mg mL−1.

Singlet oxygen detection
The generation of singlet oxygen (1O2) from MB-conjugated PAA NPs was determined by
the ADPA method.23,38 An MB-conjugated PAA NP solution (2 mL) in PBS buffer (0.3 mg
mL−1) was mixed with an ADPA solution (80 μL, 100 μM) in a 4 mL-cuvette. The solution
was illuminated at 660 nm with a slit width of 10 nm with a 150 W ozone-free xenon-arc
lamp. The actual power illuminated on the sample was around 2 mW. After illumination at
different time scales (0, 1, 3, 5, 10, and 15 min), the fluorescence emission spectra of ADPA
were collected under the excitation at 378 nm.
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In this method, ADPA reacts with 1O2 and generates ADPA endoperoxide. The decay of
[ADPA] follows first order kinetics if the rate of deactivation of 1O2 by reaction with ADPA
is neglibile compared to the deactivation by the solvent:38

(1)

(2)

Where kc is the rate constant of chemical quenching of 1O2 by ADPA, and kd is the decay
rate of 1O2 to 3O2 by energy transfer to the solvent or to other species in solution. φ1O2 is the
generation efficiency of 1O2 of a photosensitizer, and Iabs is the rate of photo absorption.

Here, the rate constant k is an indicator of singlet oxygen efficiency, φ1O2.

Enzymatic reduction test of MB
The enzymatic reduction of MB was tested by the method reported before.32 An aliquot of
MB, MBI or MBII solution (3 mL, 3 μM) in PBS buffer (pH 7.4) was mixed with NADH
(0.45 μmol) and diaphorase (0.05 mg). The fluorescence intensity of MB at 680 nm in the
mixed solution was measured for 1 h with a FluoroMax-3 Spectrofluorometer (Jobin Yvon
Horiba). The MBI-PAA NP or MBII-PAA NP solution (0.3 mg mL−1) was tested in the
same way. As a control, the fluorescence intensity of these solutions without NADH and
diaphorase was measured under the same condition for the photobleaching effect.

MTT assay
The dark toxicity of MBI-PAA NPs and MBII-PAA NPs was analyzed, using an MTT
assay, for the human melanoma cell line MDA-MB-435. The cells were incubated with
MBI-PAA NPs or MBII-PAA NPs (0.2 mg mL−1) on 96-well plates, containing 5000 cells
in each well, for 1 h before testing with the MTT assay. The cells were treated with an MTT
reagent (0.5 mg mL−1) for an additional 4 h. Then, the produced formazan crystals were
solubilized in DMSO overnight. The visible absorption from each well was measured at 550
nm in a Biochrom Anthos microplate reader.

In vitro targeting and photodynamic tests
The human melanoma cell line MDA-MB-435 was incubated with F3-targeted MB-PAA
NPs (F3-MB-PAA NPs, 0.1 mg mL−1) or PEGylated MB-PAA NPs (PEG-MB-PAA NPs,
0.1 mg mL−1) for 15 min on the cover slips, cultivated in 6-well cover plates. Then the
tumor cells were washed with cell culture media three times to remove the unbound NPs.
The fluorescence images of the cells were taken using a 647 nm laser with 400 μW of power
(exposure time: 0.2 s) and analyzed for cellular NP uptake by a Perkin Elmer Ultra View
Confocal microscope system equipped with an argon-krypton laser. Calcein AM (0.4 μM)
and PI (7 μM) were then added into cells and PDT was performed on cells with the same
light source but with 1 min illumination (ca. 100 J cm−2). After 20 min, the fluorescence
staining images of calcein AM and PI were taken. The excitation wavelength and emission
wavelength of calcein AM are 488 nm and 525 nm, respectively, while the excitation
wavelength and emission wavelength of PI are 568 nm and 600 nm, respectively.
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Results and discussion
Preparation and characterization of MB-conjugated PAA NPs

Two critical elements for the successful preparation of NPs are the ratio of organic phase/
water/surfactants and the amount of initiators. The first one is related with the formation of
the nanodroplets in the continuous phase, while the second one is related with the
polymerization inside these droplets. Compared to the preparation conditions of blank PAA
NPs,39 the following two modifications were made for the MB-conjugated PAA NPs: (a)
Higher than typically used amounts of initiators (25 times of APS and 4 times of TEMED)
are required for the preparation of MB-conjugated NPs. (b) In order to avoid aggregation of
NPs, higher amounts of surfactants (2 times of AOT and 1.5 times of Brij 30) are necessary
while the amount of hexane and water are kept the same as before. In this reaction, AA is
the main monomer, GDMA is a biodegradable cross linker, and APMA provides the amine
groups, which can be used for NP modification. High amounts of initiators may result from
partial quenching of free radicals by the higher amounts of surfactants, as well as by the
MBI and MBII.

The spectral characteristics and the MB loading of the NPs were determined by both UV-vis
spectroscopy and fluorescence spectroscopy, seen in Fig. 1(a) and 1(b). Compared to the
absorption wavelength (652 nm) of the MBI solution, the absorption of MBI-PAA NPs is
shifted to a longer wavelength (654 nm). Similarly, the absorption wavelength of MBII is
also shifted from 654 nm in the MBII solution to 656 nm in the MBII-PAA NP solution. It
should be noted that there is a noticeable peak at 610 nm in the absorption spectra of both
MBI-PAA NPs and MBII-PAA NPs, in contrast to the absorption spectra of MBI solution
and MBII solution. The presence of the 610 nm peak indicates formation of MB dimers
inside the NPs,40–42 probably due to the relatively high concentration of MB within the NPs.
MB dimers were also formed at high concentrations of MB in aqueous solution (where there
is no conjugation).40 It is interesting to see that MB dimers were formed even when the MB
derivative was covalently conjugated inside the NPs. MB aggregates, other than dimers, are
not likely to occur as MB is conjugated to the NP polymeric matrix. The MB loading in the
NPs was estimated based on the peak area between 420–800 nm, using the Beer–Lambert
law. The loading of MB is correlated well with the amount of MB added in. The MBI
loading ranges from 6.4 nmol mg−1 to 23.3 nmol mg−1 in the 5 batches of MBI-PAA NPs;
while, for MBII-PAA NPs, the MBII loading ranges from 5.5 nmol mg−1 to 136.9 nmol
mg−1

The fluorescence excitation and emission spectra of the MBI and MBII-conjugated PAA
NPs as well as MBI and MBII solutions are shown in Fig. 1(b). The excitation and emission
peak wavelengths of the MBI-PAA NPs are at 663 nm and 680 nm, respectively, which are
the same as those of the MBI solution. The excitation and emission wavelengths of the
MBII-PAA NPs were also the same as those of the MBII solution (662 nm and 680 nm).
The fluorescence intensities of MBI-PAA NPs and MBII-PAA NPs were a little weaker than
those of MBI and MBII in solution, under the same dye concentration, which is probably
due to the formation of more MB dimers, or self-quenching of MB within the NPs.

The formation and size of the NPs was tested by dynamic light scattering (DLS), as in Fig.
2(a). The DLS data showed that the size of the MBI-PAA NPs in the aqueous solution
increased from 57 to 112 nm when the loading of MBI increased from 6.4 nmol mg−1 to
23.3 nmol mg−1. Similarly, for MBII-PAA NPs, the size of NPs ranged from 30 to 99 nm
when the MB loading ranged from 5.5 nmol mg−1 to 30.1 nmol mg−1. This phenomenon
demonstrates that under similar preparation conditions, the size of the NPs is influenced by
the amount of MB per NP. The morphology of the MBI-PAA NPs (MBI loading: 11.0 nmol
mg−1) and MBII-PAA NPs (MBII loading: 10.4 nmol mg−1) was also analyzed by SEM,
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seen in Fig. 2(b) and 2(c). The average diameters of the MBI-PAA NPs and MBII-PAA NPs
from SEM are 18.4 nm and 13.6 nm, respectively, compared to 74.4 nm of MBI-PAA NPs
and 38.4 nm of MBII-PAA NPs in aqueous solution, respectively (from DLS). These results
verified that the MB-PAA NPs in aqueous solution are larger than the size given by the
SEM images, since hydrogel PAA NPs absorb water and swell in aqueous solution. Both
MBI-PAA NPs and MBII-PAA NPs are very soluble in both DI water and PBS buffer, the
solubility of which is around 100 mg mL−1 in PBS buffer. Additionally, these NPs were
incubated with a BSA solution at 37 °C for 1.5 h, in order to test the leaching of MB out of
the NPs. The spectral results in Fig. 3(a) and 3(b) show that no MB leached out from the
NPs, which means that the covalent conjugation method practically prevents the PDT drug
from leaching out of the NPs.

Singlet oxygen efficiency
The efficiency of photodynamic therapy relies on the 1O2 production, which is represented
by the k value in eqn (2). The k values of both MBI-PAA NPs and MBII-PAA NPs were
tested by the ADPA method with the same NP concentration (0.3 mg mL−1). Plotting the
graph of ln([ADPA]t/[ADPA]0) vs. time, the k value is the slope of the curve, seen in Fig. 4.

We studied the relationship between the k value and the MB loading in both kinds of NPs,
as shown in Fig. 5. For MBI-PAA NPs, when the drug loading increased, starting from 6.4
nmol mg−1, the k value increased gradually to a maximum when the drug loading was about
11.0 nmol mg−1; then, when the drug loading continued to increase from 11.0 nmol mg−1 to
23.3 nmol mg−1, the k value decreased. This means that the optimal 1O2 production from the
MBI-PAA NPs was found at an MB loading of around 11.0 nmol mg−1. The relationship
between the k value and the drug loading of the MBII-PAA NPs showed a similar trend in
which the k values increased with the MB loading up to 10.4 nmol mg−1 and then decreased.
The highest k value for the MBII-PAA NPs was found for an MB loading of 10.4 nmol
mg−1. The phenomenon—a decrease of k values when the MB loading increases beyond an
optimal loading—is most probably related to the dimerization of MB inside the NPs. As the
MB loading increases, the ratio of MB dimers (absorption max at 610 nm) to MB monomers
(absorption max at 655 nm), within the NPs, increases while the amount of MB monomer
molecules per NP also increases (Fig. 6(a)). The 1O2 production from the NPs relies on the
amount of MB monomer molecules per NP. The k value of the MBII-PAA NPs appears to
increase at a loading of 30.1 nmol mg−1, compared to that at 14.0 nmol mg−1, but this may
not be significant due to the uncertainties (see error bars in Fig. 5). If real, this trend might
be due to a higher absolute amount of MB monomer molecules in the NPs with dye loading
of 30.1 nmol mg−1 (this is hard to tell due to the significant spectral overlap of monomer and
dimer absorption peaks, Fig. 6(a)). We note that at the higher loading, the self-quenching of
MB excited states must also increase (see relative increase in dimer absorption peak, Fig.
6(a)), and therefore the 1O2 production at an MB loading of 30.1 nmol mg−1 is still less than
that at 10.4 nmol mg−1. The fluorescence intensity of MB, which also depends on the
amount of MB monomer molecules per NP (Fig. 6(b)), shows a similar trend to that of
the 1O2 production (k values in Fig. 5), though, again, the fluorescence values for the 14.0
and 30.1 nmol mg−1 loadings are the same, within the error bars (see Fig. 6(b)).

We also compared the best k values for the MB-encapsulated PAA NPs, MBSE-PAA NPs,
MBI-PAA NPs and MBII-PAA NPs (see Table 1). The MB-conjugated PAA NPs of all the
preparations (MBSE-PAA NPs, MBI-PAA NPs and MBII-PAA NPs) resulted in better 1O2
production than the MB-encapsulated NPs, which is primarily related with the higher
loading of MB in the conjugated NPs. The 1O2 production of MB-conjugated PAA NPs
followed this order: MBI-PAA NPs >MBII-PAA NPs >MBSE-PAA NPs.
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Enzymatic reduction of MB
Our group reported earlier that the encapsulation of MB into PAA NPs prevented the
interaction of MB with enzymes and thus effectively maintained its photodynamic
activity.32

In order to verify the hypothesis that the conjugation method can also largely prevent the
MB from reduction by enzymes outside the NPs, the MB-PAA NP solution or MB solution
was tested by the same method. When it was mixed with NADH and the diaphorase (24
kDa), the reduction of MB was confirmed by the decrease of fluorescence intensity of MB at
680 nm in both MB and MB-PAA NP solution. The temporal changes in the fluorescence
emission intensity at 680 nm of the MB, MBI, MBII, MBI-PAA NP and MBII-PAA NP
solutions are shown in Fig. 7. Over 80% decrease of fluorescence intensity was found for
MB, MBI and MBII solution in 1 h. Howver, only a 30% and 50% decrease of fluorescence
signal was found for MBI-PAA NP and MBII-PAA NP solutions, respectively. These results
confirm that the PAA matrix helps, at least in part, to protect the dyes from the biological
environment and to retain their photodynamic activities. The reason for this protection may
be that the diaphorase can not penetrate into the NPs because of its large molecular size.
However, part of MB conjugated on the particle surface was reduced by diaphorase. That is
why the decrease of fluorescence intensity was still found for the MB-PAA NPs solution.

PEGylation and F3 attachment to MB-conjugated PAA NPs
In our previous studies, the F3-conjugated PAA NPs were demonstrated to have efficient
binding to, internalization into, and, as a result, enhanced therapeutic efficiency toward
tumor cell lines that express high levels of nucleolin on their cell surface, e.g. the MDA-
MB-435 melanoma cell line and the 9 L glioma cell line, compared to tumor cell lines with
low expression of nucleolin, e.g. the MCF-7 breast cancer cell line.37,43,44 This targeting
specificity was confirmed to depend on F3-nucleolin interactions, by comparing the
targeting efficiency of NPs conjugated with F3 peptides and those of NPs with scrambled F3
peptides.43 We have also shown that the F3-targeted PAA NPs can deliver efficiently
diagnostic and/or therapeutic small molecules to glioma and ovarian tumor rodent models,
enabling effective therapeutic outcomes.28,39

In order to prepare NPs that selectively target specific tumor cells, the PAA NPs were
modified by attachment of the F3 peptides via a cross linker, MAL-PEG-SCM. The SCM
groups from MAL-PEG-SCM react with the amine groups on the NP surface and generate
amide groups, while the MAL groups react with the thiol groups of the F3 peptides and
generate carbon-sulfur bonds. PEG was reported to improve the hydrophilicity of NPs and
increase the circulation time of NPs in the body.25,45 In order to test the targeting effect of
F3-modified NPs, PEGylated NPs were used as a negative control. The QAAA results
showed that the amount of F3 peptide attached on the NPs was 0.027 μmol per mg NPs.

The PEGylation and F3-peptide conjugation of the NPs were also monitored with the zeta
potential test. Before modification, the zeta potential of MBII-PAA NPs was ~15.4 mV,
because of the positive amine groups on the surface; after PEGylation, since most of the NP
surface was covered with neutral PEG, the zeta potential of the NPs was close to neutral
(~1.8 mV); after reaction with the F3 peptide, the whole NP surface became positively
charged again (~8.6 mV), which is related with the cationic nature of the F3 peptide.

In vitro targeting and PDT
In order to verify the cell kill effects of the MB-conjugated NPs, in vitro PDT tests were
performed on the MDA-MB-435 tumor cell line, which is known to express high levels of
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nucleolin. The NPs with MB loadings around 11 nmol mg−1 were chosen for the in vitro
PDT test because of their highest 1O2 production.

The uptake of MB-PAA NPs by tumor cells was monitored via the fluorescence images of
tumor cells, based on the MB fluorescence under the confocal microscope (Fig. 8). The NPs
were incubated with the cells for 15 min—the optimal incubation time for sufficient specific
binding but minimal nonspecific binding.43 It was observed that the F3-MB-NPs
accumulated in the cell membrane and cytoplasm after 15 min incubation, while the PEG-
modified MB-NPs did not. These results are consistent with previous results published by
our group.37,44 Note that the light dose used for fluorescence imaging was not high enough
to cause PDT effects on the cells—it was only 1/300 of the PDT dose (0.2 s vs. 1 min). The
amount of F3-MB-NPs per cell was estimated to be ~6 × 10−8 mg per cell, based on the
previously reported saturated amount of NPs per cell44 and the current incubation condition
that corresponds to ~40% saturation.43

The fluorescence images of the tumor cells treated with calcein AM and PI before and after
PDT are shown in Fig. 9. Before illumination, both F3-MBI-NP-treated tumor cells and
PEG-MBI-NP-treated tumor cells were alive (Fig. 9(a) and 9(b)). At 20 min after a 1 min
illumination, almost all F3-MBI-NP-treated tumor cells were dead, while the PEG-MBI-NP-
treated tumor cells were still alive. In addition, the F3-MBI-NP-treated tumor cells were
killed only in the area under illumination; in contrast, and as a control, the cells in the area
with no illumination stayed alive, indicating that the NPs showed no dark toxicity after 15
min incubation (Fig. 9). Analogous viability changes were also found for the PEG-MBII-
NP-treated tumor cells and the F3-MBII-NP-treated cells. After only 1 min illumination, the
F3-MBII-NPs killed the MDA-MB-435 tumor cells effectively, under illumination, but
showed no cytotoxicity under dark conditions.

Dark toxicity
The dark toxicity effect of the MB-PAA NPs on the MDA-MB-435 cells was evaluated by
an MTT assay, as shown in Fig. 10. The cell viabilities were over 90% after incubation with
MBI-PAA NPs (0.2 mg mL−1) or MBII-PAA NPs (0.2 mg mL−1) for 1 h, respectively. Both
kinds of MB-PAA NPs showed no significant cytotoxicity when not under illumination.

Conclusions
Two novel variants of MB-conjugated PAA NPs were synthesized, enabling a high, non-
leachable and an optimized photosensitizer loading for high 1O2 production. The prepared
MB-conjugated PAA NPs showed significantly lower MB deactivation by enzymes,
compared to their respective MB derivatives, giving an expectation of high in vivo PDT
efficacy. The MB loading amount in these two kinds of NPs was controlled by the input
amount, enabling optimization of 1O2 production. The best 1O2 production, for both MBI-
NPs and MBII-NPs, was obtained with MB loadings around 11 nmol mg−1. It was found
that the highest 1O2 production of the NPs followed the order of MBI-PAA NPs > MBII-
PAA NPs > MBSE-PAA NPs > MB-encapsulated PAA NPs. Both MBI-NPs and MBII-NPs
were modified by attaching the tumor-targeting ligand, F3 peptide. In vitro PDT data
showed that both kinds of targeted NPs, F3-MBI-PAA-NPs and F3-MBII-PAA-NPs, killed
tumor cells effectively, with only 1 min illumination, in contrast to the same NPs with no
F3. None of the NPs, targeted and untargeted, showed dark toxicity. We believe that our
current work will contribute towards further applications of MB in photodynamic therapy.
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Fig 1.
(a) UV-vis spectra of 1 mg mL−1 MBI-PAA NP (MBI loading: 11.0 nmol mg−1), 1 mg
mL−1 MBII-PAA NP (MB loading: 10.4 nmol mg−1), 11.0 μM MBI and 10.4 μM MBII
solutions, when dissolved in DI water. (b) Excitation and emission spectra of 0.3 mg mL−1

MBI-PAA NP (MBI loading: 11.0 nmol mg−1), 0.3 mg mL−1 MBII-PAA NP (MB loading:
10.4 nmol mg−1), 3.3 μM MBI and 3.1 μM MBII solutions, when dissolved in PBS buffer
(pH 7.4).
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Fig 2.
(a) DLS curves of MBI-PAA NPs (MBI loading: 6.4 nmol mg−1) and MBII-PAA NPs
(MBII loading: 10.4 nmol mg−1); (b) SEM image of MBI-PAA NPs (MBI loading: 11.0
nmol mg−1) and (c) SEM image of MBII-PAA NPs (MBII loading: 10.4 nmol mg−1).
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Fig 3.
Fluorescence emission spectra of MB in the filtrates of (a) MBI-PAA NP solution (dye
loading: 13.8 nmol mg−1) and (b) MBII-PAA NP solution (dye loading: 12.9 nmol mg−1)
after dye leaching test, showing no measurable leaching of MB from the NPs.
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Fig 4.
(a) Fluorescence spectra of ADPA in a mixed PBS buffer solution (pH 7.4) with 0.3 mg
mL−1 MBII-PAA NP (MBII loading: 10.4 nmol mg−1) solution, after irradiation at 660 nm
for 0, 1, 3, 5, 10, and 15 min. (b) Linear fit on the change of ADPA fluorescence intensity at
406 nm to irradiation time, showing the k value of MBII-PAA NPs (MBII loading: 10.4
nmol mg−1) was 5.1 × 10−4 s−1.
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Fig 5.
k value vs. MB concentration and MB loading of the NPs in MBI-PAA NPs and MBII-PAA
NPs solution (0.3 mg mL−1 in PBS buffer).

Qin et al. Page 17

Photochem Photobiol Sci. Author manuscript; available in PMC 2013 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 6.
UV-vis spectra of MBII-PAA NPs (1 mg ml−1 in DI water) (a) and fluorescence intensity vs.
MB loading in MBII-PAA NPs (0.3 mgml−1 in PBS buffer, excitation/emission: 660 nm/680
nm) (b). S1 to S6 in (a) are MBII-PAA NPs with MB loading of 5.5 nmol mg−1, 8.7 nmol
mg−1, 10.4 nmol mg−1, 12.0 nmol mg−1, 14.0 nmol mg−1and 30.1 nmol mg−1, respectively.
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Fig 7.
Enzymatic reduction test results: normalized fluorescence emission intensity at 680 nm of
MB (3 μM), MBI (3 μM), MBII (3 μM), MBI-PAA NP (0.3 mg mL−1, dye loading: 11.0
nmol mg−1) and MBII-PAA NP (0.3 mg mL−1, dye loading: 10.4 nmol mg−1) solutions. All
samples were dissolved in PBS buffer (pH 7.4), and mixed with 0.45 μmol NADH and 0.05
mg diaphorase. The photobleaching effect of MB was removed from all the curves.
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Fig 8.
Confocal microscopy images of MDA-MB-435 cells after 15 min incubation with (a) F3-
MBI-PAA NPs and (b) PEG-MBI-PAA NPs. NP concentration: 0.3 mg mL−1; dye loading:
11.0 nmol mg−1; scale bar: 50 μm.
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Fig 9.
Confocal microscopy images of MDA-MB-435 cells stained with calcein-AM (green, living
cell) and PI (red, dead cell), using a 20× or 40× objective lens, respectively. The cells were
incubated with F3-targeted or PEGylated NP solution (0.1 mg mL−1 in PBS buffer (pH 7.4))
for 15 min, respectively: (A) F3- MBI-PAA NPs; (B) PEG-MBI-PAA NPs; (C) F3- MBII-
PAA NPs; (D) PEG-MBII-PAA NPs. After incubation, the cells were illuminated at 647 nm
with 400 μW of power (ca. 100 J cm−2) for 1 min. These images were taken before
illumination and 20 min after illumination. In the images after illumination (20×), only the
cells in the circled central area were illuminated. Scale bar: 50 μm.
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Fig 10.
The viability of MDA-MB-435 cells from MTT assay, after incubation for 1 h with 0.2 mg
mL−1 MBI-PAA NP solution (dye loading: 11.0 nmol mg−1) and 0.2 mg mL−1 MBII-PAA
NP solution (dye loading: 10.4 nmol mg−1), respectively. These results showed the dark
toxicity of MBI-PAA NPs and MBII-PAA NPs. The average value was obtained from 7
samples. Error bars indicate the standard deviation.
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Scheme 1.
Molecular structure of (a) methylene blue (MB), (b) 3, 7-bisallylmethylene blue (MBI), and
(c) 3,7-bismethylacrylamide methylene blue (MBII).
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Scheme 2.
Preparation and F3-targeting of polyacrylamide nanoparticles.
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Table 1

Best k values of MB-encapsulated NPs, MBSE-PAA NPs, MBI-PAA NPs and MBII-PAA NPs in PBS buffer
(pH 7.4)

NPs MB-encapsulated NPs23 MBSE-PAA NPs37 MBI-PAA NPs MBII-PAA NPs

MB loading/NPs (nmol mg−1) 3.3 7.7 11.0 10.4

k value (10−4 s−1) 1.0 ± 0.1 9.3 ± 0.5 20.1 ± 1.5 16.3 ± 1.4

The k values above are for the NP solutions of 1 mg mL−1. The k values of MBI-PAA NPs and MBII-PAA NPs at 1 mg mL−1 were converted

from those at 0.3 mg mL−1 using eqn (2) and absorbance values of the NP solutions at 0.3 and 1 mg mL−1.
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