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ABSTRACT 

This article presents the development and characterization of 
nanoparticles loaded with methylene blue (MB), which are 
designed to be administered to tumor cells externally and 
deliver singlet oxygen ('0,) for photodynamic therapy (PDT), 
i.e. cell kill via oxidative stress to the membrane. We 
demonstrated the encapsulation of MB, a photosensitizer 
(PS), in three types of sub-200 nm nanoparticles, composed of 
polyacrylamide, sol-gel silica and organically modified silicate 
(ORMOSIL), respectively. Induced by light irradiation, the 
entrapped MB generated lo2, and the produced lo2 was 
measured quantitatively with anthracene-9,lO-dipropionic 
acid, disodium salt, to compare the effects of different matrices 
on '0, delivery. Among these three different kinds of 
nanoparticles, the polyacrylamide nanoparticles showed the 
most efficient delivery of lo2, but its loading of MB was low. In 
contrast, the sol-gel nanoparticles had the best MB loading but 
the least efficient lo2 delivery. In addition to investigating the 
matrix effects, a preliminary in vitro PDT study using the MB- 
loaded polyacrylamide nanoparticles was conducted on rat C6 
glioma tumor cells with positive photodynamic results. The 
encapsulation of MB in nanoparticles should diminish the 
interaction of this PS with the biological milieu, thus facilitating 
its systemic administration. Furthermore, the concept of the 
drug-delivering nanoparticles has been extended to a new type 
of dynamic nanoplatform (DNP) that only delivers lo2. This 
DNP could also be used as a targeted multifunctional platform 
for combined diagnostics and therapy of cancer. 
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INTRODUCTION 
Photodynamic therapy (PDT) has emerged as a promising method 
for overcoming some of the inherent problems in classical cancer 
therapies (1-5). It involves the selective delivery of photosensitizers 
(PS), such as Photofrin, to tumors. When excited with an appropriate 
wavelength of visible or near-infrared light, the PS produces singlet 
oxygen (lo2) and other reactive oxygen species, resulting in ir- 
reversible damage to tumor cells, with minimal systemic toxicity. 

An ideal PS for PDT should satisfy several criteria: chemical 
purity, tumor selectivity and minimal dark toxicity, followed by 
rapid system clearance, high photochemical reactivity and activation 
at wavelengths that penetrate deep into tissues (4). Unfortunately, 
currently available PS only partially fulfill these criteria. First- 
generation PS such as PhotofrinB I, hematoporphyrin derivative 
and PhotofrinB I1 suffer from several drawbacks (5).  They are 
a complex mixture of several partially unidentified porphyrins, and 
they also show relatively poor selectivity in terms of target tissue- 
healthy tissue ratios. In addition, their low extinction coefficients 
require the administration of large amounts of the drug to obtain 
a satisfactory phototherapeutic response. Furthermore, their absorp- 
tion maximum is at a relatively short wavelength (630 nm), leading 
to poor tissue penetration of light. Finally, these clinically useful 
compounds readily accumulate in the skin, which upon exposure to 
light produce a range of adverse dermal effects that persist for up to 
4-6 weeks after treatment. 

The limitations of Photofrin have encouraged the development of 
many second-generation PS. Many new PDT drugs have been 
investigated including porphyrins, chlorins and phthalocyanines, all 
with favorable PDT properties (6). One of the traditional PS that has 
been used for a variety of applications, including PDT, is methylene 
blue (MB) (4,7). We note that intravenous administration of MB is 
Food and Drug Administration (FDA) approved for methemoglo- 
binemia. Its chemical structure is shown in Fig. I .  Its high quantum 
yield of lo2 generation (aA - 0.5) (8) in the therapeutic window 
(600-900 nm), coupled with its low toxicity, has led to the testing of 
MB as a promising candidate for PDT of cancer (9). It has been 
found that MB exhibited phototoxicity toward a variety of tumor cell 
lines in v i m  (10,ll). Recently, local administration of MB was also 
successfully used in the intratumoral treatment of inoperable 
esophageal tumors (12). However, clinical use of MB has been 
limited because of the lack of activity when applied systematically. 
The weak pharmaceutical effect (10,13,14) results in part from poor 
penetration of MB into the cellular compartment of the tumor. In 
addition, once in the biological environment, MB is usually 
inactivated via the reduction of the cation to the neutral leuko- 
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Figure 1. Structure of methylene blue (MB). 

methylene blue (LMB), which has negligible photodynamic activity 

Therefore, the major obstacle to the PDT application of MB, 
which is also a common problem among many other PS, is the 
difficulty in preparing pharmaceutical formulations that enable 
their facile administration. To address this issue different strategies 
have been investigated, which mainly include polymer-PS con- 
jugation as well as encapsulation of the drug in colloidal carriers 
such as liposomes, oil dispersions and polymeric particles (17). 
Unfortunately, little investigation has been conducted using drug 
delivery carriers with MB, although there has been much effort 
focused on the synthesis or modification of MB (lo,] 1,16). 

In recent years, nanoparticles have received increasing attention 
as a possible means of delivering PDT agents (17,18). However, 
most of the previous studies (19-23) involved the controlled release 
of a PS. As a result, the traditional delivery systems suffer from 
phototoxic side effects due to the posttreatment accumulation of the 
free PS in the skin and the eyes (24). 

These disadvantages have prompted our development of 
a dynamic nanoplatform (DNP) (25-29), as shown in Fig. 2, which 
enables the use of PDT methods that differ from conventional 
approaches. Instead of releasing PS to the inside of cancer cells, the 
DNP described in this paper is designed to target the cell membranes 
externally and deliver only lo2, rather than the PS itself. Thus, this 
porous nanoparticle-based drug carrier system not only prevents the 
PS from being pumped back out of the cells by multidrug resistance 
(MDR) mechanisms but also solves the problem of the free PS’s 
posttreatment accumulation. The DNP is also superior to others by 
protecting the embedded PS from direct interaction with cellular 
components. The semipermanent encapsulation of the PS decreases 
the artifacts that result from erroneous interactions or toxic 
complications, hence widening the choice of PS to pharmaceutical 
“reject” molecules such as MB, which would otherwise be unlikely 
candidates for clinical tumor treatment. Furthermore, such a DNP is 
a modular system that contains a high degree of loading of 
photodynamic molecules. This concentrated (critical mass) pack- 
aging can be coupled with other incorporated sensitizers, probes or 
antibodies that together function as a synergistic unit for enhanced 
therapeutic efficacy. For example, incorporated magnetic resonance 
imaging (MRI) contrast agents have been reported to assist in on-site 
tumor detection (30,3 1). In addition, the surface modification of 
these nanoparticles is flexible. The most commonly used modifi- 
cation is the use of hydrophilic coatings by PEGylation, which can 
reduce uptake by the reticuloendothelial system (29,32). Moreover, 
a variety of monoclonal antibodies and other ligands can be attached 
to the surface of the nanoparticles as well, to target them to desired 
sites in vivo (33). Present DNP systems in this laboratory (29) use 
the FDA-approved PDT agent, Photofrin. This study emphasizes the 
potential use, as a viable substitute to Photofrin, of a simpler and 
more efficient PS, namely MB, which is likely to gain FDA approval 
because of its other approved medical applications (4). 

( 1 4- 1 6). 

Figure 2. Schematic of dynamic nanoplatform (DNP). 

The aim of this study is to determine whether MB can be used 
effectively for the DNP design mentioned above and ultimately for 
clinical PDT. In this study, MB was encapsulated into three types of 
nanoparticles: polyacrylamide, sol-gel silica and organically 
modified silicate (ORMOSIL). On light irradiation, the entrapped 
MB generated ‘02 and a significant amount of the latter diffused out 
of the matrix. In addition, the efficiency of ‘02 delivery of these MB- 
loaded nanoparticles was compared with that of free MB. To evaluate 
the photocytotoxicity of these nanoparticles, in viho PDT experi- 
ments were subsequently conducted on rat C6 glioma tumor cells. 
Considering the primary importance of particle suspendability in an 
aqueous environment, the polyacrylamide nanoparticles were 
selected for the preliminary in vitr-o studies. The results show that 
irradiation with red light induced a disruption of cell membranes. 
Thus, the fundamental characterization of MB-loaded nanoparticles 
has been demonstrated for its potential application in PDT. 

MATERIALS AND METHODS 
Chemicals 

MB, the commercially available photosensitizing agent, was acquired 
from Aldrich (Milwaukee. WI) (certified 97% dye content) without 
further purification. Acrylamide, N,N’-methylenebis(acry1amide) (BIS), 
N,N,N‘,N’-tetramethylethylenediamine (TEMED), polyoxyethlyene (4) 
lauryl ether (Brij 30), dioctyl sulfosuccinate (AOT), tetraethylorthosilicate 
(TEOS), phenyltrimethyoxysilane (FTMS), methyltrimethyoxysilane 
(MTMS) and ammonia were also purchased from Aldrich. Ammonium 
persulfate (APS) and (3-(N-morpholino) propanesulfonic acid) sodium 
salt (MOPS) were purchased from Sigma Chemical Co. (St. Louis. MO). 
Ethanol (200 proof) was obtained from Pharmco Products Inc. (Brook- 
field, CT) and hexane from Fisher (Fair Lawn, NJ). Anthracene-9.10- 
dipropionic acid, disodium salt (ADPA) was purchased from Molecular 
Probes (Eugene, OR). A stock solution of 10 pA4 ADPA was made in 
water and kept in the dark until use. All solutions were prepared from 18 
MR water purified by a Barnstead 1 Thermolyne Nanopure I1 system. For 
all aqueous experiments, 0.1 M MOPS (pH 7.2) buffer solution was 
prepared. 

Preparation of nanoparticles loaded with MB 

Polyaciylamide nanoparticles preparation. The polymerization procedure 
of acrylamide was similar to that described in previous studies (34.35). The 
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polymerization solution consisted of 0.9 g acrylamide, 0.27 g BIS and 3 mL 
of 0.1 M MOPS buffer. A 1.8 mL portion of this solution was added to 
a flask containing 43 mL deoxygenated hexane, 1.6 g AOT, and 3.1 g Brij 
30. Once the mixture emulsified, 200 pL of freshly prepared MB solution 
(20 mg/mL) was added before the polymerization was initiated with 30 pL 
of 10% (wt/vol) APS and 15 pL of TEMED. The solution was then stirred 
under argon at room temperature for 2 h. After the reaction, hexane was 
removed by rotary evaporation, and the particles were precipitated by 
addition of ethanol. The surfactant, unreacted monomers and excess dye 
molecules were washed away from the particles with ethanol in an Amicon 
ultrafiltration cell (Millipore Corp., Bedford, MA), using a 100 kDa filter 
membrane under 15 psi. The particle suspension was then collected by 
a suction filtration system (Fisher, Pittsburgh, PA) with a 0.02 pm Whatman 
Anodisc filter membrane. The MB-loaded nanoparticle formulations were 
protected from light during the production process. 

Sol-gel silica nanoparticles preparation. The sol-gel silica nanoparticles 
were made via a modified Stober method (32,36,37). The typical reaction 
solution consists of methanol (99.9%, 24 mL), ammonium hydroxide (30% 
wt of ammonia, 6 mL) and MB solution (20 mg/mL, 80 pL). On mixing the 
solution by vigorous magnetic stimng, TEOS (99.9%, 0.2 mL) was added 
dropwise to initiate the hydrolysis reaction. The resulting solution was 
stirred at room temperature for approximately 2 h before it was transferred 
to the Amicon ultrafiltration cell, where it was rinsed rigorously with 
distilled water and ethanol to ensure removal of all unreacted reactants. The 
particle suspension was finally passed through the suction filtration system 
with a 0.02 pm filter membrane and dried to yield an end product of MB- 
loaded silica nanoparticles. 

ORMOSIL nanoparticles preparation. The reported procedure (38,39) of 
the formation of ORMOSIL was adopted to make the MB-loaded 
nanoparticles. The ORMOSIL nanoparticles were synthesized using two 
precursors, PTMS and MTMS, which resulted in a hydrophobic outer shell 
as well as a hydrophilic inner core. Thirty milliliters of deionized water and 
38 pL HN03 was placed in a 50 mL round bottom flask and held at 
a constant temperature of 60°C in a water bath. Four-hundred microliters of 
MB (2 mg/mL) was added, and the resultant mixture was stirred at a rate of 
1000 rpm. Then, 0.08 mL of PTMS was added for the hydrolysis reaction. 
After 20 min, 6 mL of ammonium hydroxide was added, and the solution 
was stirred for 1.5 h or until the solution became milky. MTMS (0.16 mL) 
was added, and the system was stirred for an additional hour. The resulting 
particle suspension was suction filtered through the suction filtration system 
with a 0.1 pm OsmonicsNSI MAGNA Nylon membrane filter. The 
collected nanoparticles were rinsed several times with water and then 
resuspended in a 1:1 water-ethanol mixture, sonicated for 30 min. Finally, 
the MB-loaded ORMOSIL nanoparticles were collected with a 0.02 pm 
filter membrane and allowed to air-dry. 

Scanning electron microscopy imaging 

To prepare the samples for scanning electron microscopy (SEM) studies, 
dried MB-loaded nanoparticles were dispersed in water, and the resultant 
suspensions were sonicated for 30 min to prevent aggregation of particles. 
A drop of each particle suspension was placed on the SEM specimen mount 
(aluminum) and dried gradually at room temperature. The samples were 
then sputter coated with gold and observed using a Philips XL3OFEG SEM 
to assess the particle size and shape. 

Spectroscopic characterization 

A UV16OU UV-visible recording spectrophotometer (Shimadzu, Colum- 
bia, MD) was used for absorption measurements. Fluorescence measure- 
ments were taken on a FluoroMax-3 Spectrofluorometer (Jobin Yvon/SPEX 
Division, Instruments S. A. Inc., Edison, NJ) controlled by DataMax 
spectroscopy software. The approximate amount of MB in the nanoparticles 
was evaluated by its absorption. The scattering effect of the nanoparticles 
was removed to a large extent by subtracting the background of the 
corresponding blank nanoparticles. All spectroscopic experiments on both 
MB-free dye and MB-loaded nanoparticles were carried out in pH 7.2 
MOPS buffer under constant stirring. Each experiment was carried out in 
triplicate to ensure consistency. 

ADPA test for lo2 
Measurements were carried out in plastic cuvettes (10 X 10 mm) according to 
a procedure describedpreviously (40.41). In brief, a 2.5 mL MB dye solution 
or MB-loaded nanoparticle suspension in buffer was mixed with 20 pL 

ADPA (100 fl) in a cuvette. The solution was irradiated at 650 nm for the 
lo2 generation with a slit width of 10 nm using a 150 W ozone-free xenon-arc 
lamp (Jobin Yvon) while under constant stirring at a moderate speed to ensure 
better suspension and oxygen diffusion. The fluorescence emission of ADPA 
excited at 376 nm was collected at different time scales (0,5, 15 and 30 min). 

The lo2 production of the MB-loaded nanoparticles was determined by 
using this ADPA method (40). The following equations are tailored 
specifically to the system we are dealing with, in which a substrate (i.e. 
ADPA) and a sensitizer (ie. MB) are irradiated together in a solution. 
Hypothetically, the following processes may take place (41): 

MB + hv --$ MB' FbS (1) 

MB' + 3 0 2  ---t M B +  ' 0 2  k (2) 

lo2 + 302 kd (4) 

ADPA + '02 + ADPA endoperoxide k, (3) 

Here k is the rate constant for the quenching of excited MB by tri let 
oxygen to produce ' 0 2 ;  k, is the rate constant of chemical quenching of 0 2  

in the presence of ADPA; however, the ' 0 2  molecule also decays to the 
ground state by energy transfer to the solvent or to other species in solution, 
with a rate constant kd. 

A rough estimation of the rate constant for the chemical quenching of 
ADPA by '02 can be obtained using a simplification in which ['O,] is 
independent of [ADPA]. According to Eq. 3, the loss of ADPA in reaction 
with ' 0 2  is given by 

P 

-d[ADPA]/dt = kc[ADPA]['02] = k[ADPA] 

where k = kc['02] = @1021abskJkd. Thus, the decay of [ADPA] follows first- 
order kinetics. 

[ADPA], = [ADPA], exp(-kt) ( 5 )  
ln([ADPA],/[ADPA],) = -kt (6) 

Therefore, the relative rate constant k can be extrapolated by a linear fit 
using the experimental points. 

Cell culture 

Rat C6 glioma cells were cultured in Dulbecco modified Eagle medium 
containing 400 mg/L D-glucose, 2 mM L-glutamine, 10% fetal bovine 
serum, 0.3% penicillin, streptomycin and neomycin and incubated at 37°C 
in a 5% C02 environment. Cells were plated on uncoated 22 mm glass 
cover slips 2 days before experimentation. 

In vitro PDT studies 

The glass cover slips with rat C6 glioma cells on them were removed from the 
culture medium, rinsed carefully with 1X Hanks balanced salt solution and 
placed in the microscope chamber at 37°C. The cells were covered with 2 mL 
1X Hanks balanced salt solution containing 10 mM pH buffer 4-(2- 
hydroxyethy1)piperazine-1-ethanesulfonic acid, 0.1 fl calcein acetoxy- 
methyl ester (AM), 10 fl propidium iodide (PI) and 1 mg/mL MB-loaded 
polyacrylamide nanoparticles. Calcein AM, a cell-permeant dye, was used to 
determine cell viability both before and after PDT. In live cells, the 
nonfluorescent calcein AM is converted to a green fluorescent calcein, after 
acetoxymethyl ester hydrolysis by intracellular esterases. Meanwhile, PI 
marks the nuclei once the integrity of the cell membrane is compromised, i . ~ .  
detecting dead or dying cells. Cell images were acquired with a Perkin Elmer 
Ultraview confocal microscope system equipped with an argon-krypton 
laser. Reexposure images were taken with an oil-immersion 60X objective 
lens in two channels (488 nm excitation of the calcein converted from calcein 
AM, 568 nm excitation of the PI). The cells were exposed for 5 min at 647 nm 
resulting in an optical energy dose of -52 J/cm2. Afterward, images were 
taken every 2 min, for up to 2 h, to monitor cell death. Finally, a 20X objective 
was used to broaden the field of view and allow concurrent comparison of the 
cells exposed to light along with those that had not been exposed. 

RESULTS AND DISCUSSION 
Preparation and characterization of MB-loaded NP 

With the aim of solving the problems related to the traditional PS, 
three kinds of MB-containing nanoparticles were synthesized. The 
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Figure 3. Normalized typical absorption spectra of MB-free dye and MB- 
loaded nanoparticles. From top to bottom: MB-free dye, MB-loaded 
polyacrylamide nanoparticles, sol-gel silica nanoparticles and ORMOSIL 
nanoparticles. 

choice of loading conditions was dictated by the characteristics of 
both MB and the nanoparticle matrices. MB is a hydrophilic PS 
with low molecular weight; thus, polymer matrices with favorable 
properties were chosen: polyacrylamide, sol-gel silica and 
ORMOSIL. The optimal parameters for the preparation of these 
sub-200 nm, MB-loaded nanoparticles were determined on  the 
basis of previous studies (32,35,37,38), with additional adjust- 
ments to the concentration of MB. The encapsulation of MB into 
these varied matrices was demonstrated by the yield of blue 
powders obtained after washing, as well as by the characteristic 
absorption peak of MB monomers at 664 nm in the spectra of the 
product (Fig. 3). 

In addition to verifying the encapsulation of MB, the size of each 
type of MB-loaded, spherical nanoparticles was evaluated by SEM, 
with typical images shown in Fig. 4. The average diameter of this 
batch of sol-gel silica nanoparticles was 190 nm, whereas that of 
the ORMOSIL nanoparticles was 160 nm. Compared with these 
two silica-based nanoparticles, the polyacrylamide nanoparticles 
are much smaller in size, mostly in the range of 20-30 nm 
diameter. The final size of such a nanoparticle is critical for its PDT 
efficacy, which is highly dependent on the delivery of produced 
lo2, the main reactive species liable for photocytotoxicity. The 
lifetime of '02 in aqueous media is in the microsecond regime, 
during which interval it can migrate on the order of 100 nm 

(40,41). According to this calculation, the size diversity between 
the sub-200 nm nanoparticles should have a negligible effect on 
'02 delivery under our experimental conditions. However, because 
of the complicating effects of the microenvironments inside the 
nanoparticles, for example, the local oxidation opportunities for the 
produced '02 ,  a study on each individual matrix may be necessary 
to find the critical radius at which a significant fraction of the 
produced ' 0 2  is lost inside the particle as a result of the enhanced 
reaction with its medium. However, we note that the organic 
hydrogel particles are quite small (20-30 nm) and mostly filled 
with water, whereas the larger sol-gel silica or ORMOSL particles 
(150-200 nm) consist totally or mostly of inert silica, i.e. a medium 
that is probably not more reactive than water. In any case, related 
PDT studies (27,29) with Photofrin inside 30-60 nm poly- 
acrylamide particles have shown that the ensuing '02 kills cells 
effectively both in vitro and in vivo. The drug-loaded nanoparticles 
are directly targeted to the cell membrane; thus, the required 
diffusion distance to membrane proteins is only on the nanometer 
scale. Therefore, the shortened lifetime of '02 in biological 
environments (42) does not seem to affect much the cell killing 
efficiency in this case. 

Loading of MB 

To increase drug loading, the preparation of the MB-loaded 
nanoparticles was conducted with excess amounts of MB in the 
reaction solutions. This should minimize the effect of the initial 
concentration of MB so that other factors such as polymer 
hydrophilicity and particle size, which contribute to variations in 
drug loading, can be evaluated. Each matrix is characterized by 
diverse polymer properties; therefore, the matrices demonstrated 
markedly different degrees of loading of MB monomers, as 
estimated by optical absorption data (Fig. 6). The polyacrylamide 
nanoparticles are hydrophilic but small, resulting in a lower loading 
of MB compared with the other two larger particles. The sol-gel 
silica nanoparticles are spacious and negatively charged, which 
leads to the best loading of the positively charged MB, whereas the 
ORMOSIL nanoparticles have a unique structure that includes 
a hydrophilic inside shell and a hydrophobic outside layer. 
Consequently, the two silica-based nanoparticles were expected 
to present differential MB loading. It should also be noted that MB 
is known to aggregate, particularly at high concentrations or when 
adsorbed into oppositely charged interfaces (7,43,44). As observed 
in Fig. 3, the spectrum of the MB-loaded sol-gel silica nano- 
particles has the most noticeable peak at 600 nm, typical of MB 
dimers. Therefore, in addition to monomers, MB exhibits some 

Figure 4. SEM images of three types of MB-loaded nanoparticles: (A) polyacrylamide nanoparticles, (B) sol-gel silica nanoparticles and (C) ORMOSIL 
nanoparticles. Scale bars: 200 nm, 2 pm and I pm, respectively. 
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Figure 5. (A) Reaction of ADPA with 
'02 to form the nonfluorescent endoper- 
oxide ADPA02. (B) Fluorescence spectra 
of the mixture of 1 mg/mL MB-loaded 
polyacrylamide nanoparticles and ADPA, 
after irradiation at 650 nm for 0, 5 ,  15 
and 30 min. (C) The best fit of Eq. 6 to 
the experimental points of the same 
sample, where the value of k obtained 
was 1.1 x 10+/s. 
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dimerization in nanoparticles, which can influence the efficiency of 
lo2 generation. 

'02 detection by ADPA 

As described previously, a chemical test for lo2 production was 
carried out to compare the different matrix effects on the delivery 
of '02. During these experiments, the fluorescence intensity of 
ADPA continuously decreased as the mixtures of ADPA with 
different MB formulations were irradiated at 650 nm. The decrease 
in fluorescence indicated the production of ' 0 2 ,  which irreversibly 
reacted with ADPA. As an example, typical results obtained from 
a suspension of 1 mg/mL MB-loaded polyacrylamide nanoparticles 
are represented in Fig. 5. Assuming a linear dependence, the 
concentration of ADPA can be calculated from the fluorescence 
intensity. The best fit of Eq. 6 to the experimental data is also 
shown, and the value of k obtained is 1.1 X 104/s. 

According to the kinetic scheme derived above, ideally, the 
normalized rate constant k' should be proportional to CP, the 
quantum yield of lo2, after normalization to Iabs under the same 
experimental conditions. As shown in Fig. 6, the normalized k' of 
the MB-loaded polyacrylamide nanoparticles is the closest to that of 
free MB dye, followed in sequence by that of the MB-loaded 
ORMOSIL nanoparticles and the sol-gel silica nanoparticles. 
However, caution is required in the interpretation of the k' values 
of the nanoparticles obtained from the rate of consumption of 
ADPA, as compared with that of the free dye. As discussed 
previously (40,41), the k' values cannot be directly translated into 
differences in terms of the quantum yield of lo2 production because 
the matrix may affect the rate constant in a variety of ways that were 
not evaluated and remain to be determined. In our case, the k' values 
only indicate that the delivery of lo2 is reduced to different extents 
by the encapsulation of MB in nanoparticles. This difference in 
activity may be partially attributed to the various microenviron- 
ments in the nanoparticles, in particular, the local sequestration of 
produced '02 by the matrices. Moreover, as mentioned in the 

CH~CH~C-O- 
II 
0 

ADPA02 

C 

-0.20] , , , , , , , , , , , \ 
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previous section, MB forms dimers in nanoparticles, which do not 
absorb light at 650 nm to produce lo2. Thus, despite the 
normalization to Iabs of the MB monomers, the influence of 
dimerization on the k' value may be a complicating factor. 

On the other hand, the value of the normalized rate constant k' 
alone is not fully representative of the efficiency of the three MB- 
loaded nanoparticles. By accounting for the loading of MB, the 
relative '02 delivery per milligram of each type of nanoparticle can 
be compared. First, the sol-gel silica nanoparticles are not 
necessarily the worst choice. Despite the low k' value, their '02 
delivery per milligram of the nanoparticle is 3.5 times larger than 
that of the polyacrylamide nanoparticles because of their remark- 
able MB loading. Second, the ORMOSIL nanoparticles, until now, 
provide the second best results in terms of MB loading and 
delivery efficiency of lo2, resulting in 1.9 times more '02 delivery 
per milligram of the nanoparticle compared with that of the 
polyacrylamide nanoparticles. Further investigations of this unique 
double-shell matrix may be of interest. Finally, the polyacrylamide 
nanoparticles demonstrate the most efficient delivery of lo2 per 
MB molecule by having the highest k' among these three 
nanoparticles, but their ' 0 2  delivery per milligram of nanoparticle 
is the least significant due to their low MB loading. However, these 
nanoparticles give the most stable aqueous suspension, which 
facilitates the subsequent in vitro PDT tests. 

In vitro PDT studies 

With the intention of confirming the photodynamic cytotoxicity of 
the nanoparticle formulations, preliminary in vitro PDT tests were 
performed on rat C6 glioma tumor cells with MB-loaded 
polyacrylamide nanoparticles. 

Confocal microscopy was used to obtain a series of images of 
cells treated with polyacrylamide nanoparticles under red light 
irradiation. The treated samples also contained calcein AM and PI 
to monitor live and dead cells, respectively. Figure 7 shows typical 
confocal images (calcein and PI channels overlaid) of cells treated 
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Figure 6. The loading of MB (top) and the normalized rate constant k' 
recovered from ex erimental data for three types of MB-loaded nano- 
particles (k' = k/(Ia"/I0), I' is the light absorbed by 1 mg/mL MB-loaded 
polyacrylamide nanoparticles) (bottom). 

with 1 mg/mL MB-loaded polyacrylamide nanoparticles, equiva- 
lent to 0.3 p.M MB. Before light irradiation, all the cells in Fig. 7A 
were stained by calcein showing green fluorescence, which verified 
the cell viability. The image in Fig. 7B was taken 2 h after 5 min 
irradiation at 647 nm using a 60X objective. The cytoplasm of the 
cultured cells lost its green fluorescence in a time-dependent 
manner. Concomitant with the loss of calcein, the nuclei of the 
compromised cells were observed to increase their incorporation of 
PI, indicated by the red fluorescence. Internal controls were 
obtained by capturing images sequentially, using a 20X objective 
with the irradiated area in the center (Fig. 7C). Local illumination 
induced death of only those cells located in the beam of light; 
whereas other cells, in contact with MB-loaded nanoparticles but 
not illuminated by the laser, remained intact, represented by green 
fluorescence. These observations suggest that only the exposure of 
cells to the combination of MB-loaded nanoparticles and light 
resulted in the production of sufficient quantities of lo2 to damage 
and kill cancer cells in culture. 

Two other control experiments were carried out to verify the 
photocytotoxicity of the MB-loaded polyacrylamide nanoparticles 
(data not presented here): one was performed without MB-loaded 
nanoparticles but with red light irradiation under the same 
conditions, the other was carried out with blank polyacrylamide 
nanoparticles (not MB loaded) and light exposure. Neither revealed 
significant cell death in the illumination area. Therefore, neither the 
red light nor the polyacrylamide matrix by itself is cytotoxic to 
tumor cells; both light and the PS, in combination, are required for 

Figure 7. Confocal images (calcein [green] and PI [red] channels are both 
shown) of rat C6 glioma tumor cells treated with 1 mg/mL MB-loaded 
polyacrylamide nanoparticles: (A) before light exposure, taken with a 60X 
objective; (B) 2 h after 5 min light exposure, taken with a 60X objective and 
(C) 2 h after 5 min light exposure, taken with a 20X objective, showing that 
cell death is limited to laser irradiated areas. 

To compare the photodynamic properties of free MB with MB- 
loaded nanoparticles, two additional tests were conducted using free 
MB under the same in vitro experimental conditions used for 
nanoparticles. The first C6 glioma cell sample was incubated over- 
night with an equivalent amount of free MB to that of 1 mg/mL MB- 
loaded polyacrylamide nanoparticles. Then excess MB that was not 
taken up by the cells was washed away before the experiment. The 
second sample was prepared with a direct addition of the same 
amount of free MB without incubation. On light illumination, both 
exhibited minimal cell death (data not presented here). 

However, the photodynamic mechanism of free PS is funda- 
mentally different from the work presented in this article. 
Incubation is not necessary for the nanoparticles because they are 
not designed to internalize into target cells but to deliver lo2 thus 
requiring only external contact with the cell membrane. Further- 
more, the nanoparticle matrix protects the entrapped PS from the 
biological environment. In the case of nonencapsulated MB, the 
diminished phototoxic effect could be primarily attributed to the 
reduction of the free MB to LMB, the nonphotoactive form. The 
aggregation of free PS molecules and their being pumped back out 
of the cells by MDR mechanisms may also cause severe problems 
in practical PDT. On the contrary, our drug-loaded nanoparticles 
should be able to minimize these complications often encountered 
with free dyes, thus resulting in higher cell killing efficiency. 

In summary, these preliminary studies demonstrated effective in 
vitro photodynamic activity with one matrix, i .e. polyacrylamide 
nanoparticles. In the future we expect that the delivering matrix will 
facilitate the systemic administration of MB, on the basis of the 
successful in vivo PDT tests reported recently using the poly- 
acrylamide nanoparticles loaded with Photofrin (29). Although the 
current data are insufficient to draw a firm quantitative conclusion 
on how much the nanoparticle formulation enhances the efficacy of 
PDT, compared with the free PS, there is no doubt that it is by 
a significant factor. In addition, not all aspects of the photo- 
cytotoxicity observed with the MB-loaded polyacrylamide nano- 
particles have been fully examined. For example, photoinduced 

photodynamic cytotoxicity. damage in traditional PDT can lead to either necrotic or apoptotic 
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cell death (4547). Although the balance between apoptosis and 
necrosis should also be dependent on many other features, such as 
the dose of PDT and the cell type, in this case the use of the DNP 
may favor necrosis (R. Schneider and M. A. Philbert, personal 
communication) by delivering only ' 0 2  to the adjacent cell 
membranes. A better understanding of the cell death mechanism 
with this protocol may provide an additional insight and serve as 
a guide for further development of this DNP for PDT applications. 

CONCLUSIONS 
In this study, a novel design of nanoplatforms using MB for PDT 
has been developed. It provides a stable PS-loaded formulation and 
delivers lo2 from the outside of the tumor cells. It has been 
demonstrated that MB, which has been limited to topical treatment 
in PDT because of its varying behavior in vivo, can be incorporated 
into different types of nanoparticles, including polyacrylamide, 
sol-gel silica and ORMOSIL. In addition, on light irradiation, the 
encapsulated MB is able to generate sufficient '02 that can diffuse 
out of the matrix, reach the adjacent cell membranes and kill the 
tumor cell. These results suggest that there is a significant potential 
for clinical PDT applications of this low-toxicity PS when 
encapsulated in a DNP. The efficiency of delivering from 
these nanoparticles was also determined by the ADPA method and 
was compared for different nanoparticle matrices. To date, MB- 
loaded polyacrylamide nanoparticles exhibit the most promising 
properties with respect to the efficiency of ' 0 2  delivery, particle 
size and particle suspendability. On the other hand, the two silica- 
based nanoparticles, sol-gel silica and ORMOSIL, are character- 
ized by a number of intriguing properties and are worth additional 
investigation. Furthermore, preliminary in vitro PDT experiments 
carried out on rat C6 glioma tumor cells using MB-loaded 
polyacrylamide nanoparticles revealed significant photodynamic 
cytotoxicity. Although only simple MB-loaded nanoparticles, i.e. 
unconventional but single-function PS-carrier systems, are reported 
in this article, study is under way to add the functions of plasma 
residence time control (by PEGylation), tumor cell targeting and 
on-site MRI detection (using contrast enhancing agents) to 
complete the multifunctional DNP design. 
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