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Abstract
We present the development and characterization of Methylene-Blue-loaded nanoparticles (MB-NP) as well as their phototherapeutic 

application in an in vivo rat glioma model. The photo sensitizer, Methylene-Blue was covalently conjugated to the nanoparticle matrix to prevent 
the potential for leaching and non-specific staining of target and ancillary tissues. In vitro experiments demonstrate high efficiency in producing 
reactive oxygen species (ROS) and concomitant cytotoxicity. In vivo experiments were performed by first optimizing therapeutic parameters such 
as nanoparticle surface modification by attachment of F3-peptide targeting moieties, dose/concentration administered, incubation time, light-
fluence and time of illumination. The quantitative growth patterns of the glioma were determined through visual observation of the tumorigenic 
response to various treatment parameters, using a cranial window model in vivo. The cranial window permitted non-invasive external illumination 
of the tumor and evaluation of loading of tumors with nanoparticles, the effects of particle targeting on retention in situ, and efficacy. The targeted 
MB-NP produced significant delay in tumor growth compared to control groups, demonstrating some potential advantages of nanoparticle-based 
PDT and its promise for the rapid eradication of local tumors. Furthermore, this approach holds promise as a potential surgical adjuvant palliation 
of any remaining tumor mass.
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Introduction
Primary malignant brain tumors and especially Glioblastoma 

multiforma represent one of the most formidable challenges facing 
oncologists today. The propensity of these tumors to infiltrate normal, 
functioning brain complicates regional treatments like surgery and 
radiation therapy. Moreover, the relative resistance of the tumor cells 
to cytotoxic agents and difficulty in delivery of these agents across 
the blood brain barrier hamper efforts to kill individual tumor cells 
[1-3]. These tumors, once discovered, inexorably progress, ultimately 
causing death, usually less than two years after diagnosis [1]. 

Against this backdrop of apparent futility, there have been promising 
recent advances in the treatment of malignant gliomas. Recent discovery 
of defects in the genetic makeup of certain malignant gliomas has 
identified a subset of tumors that respond well to treatment with certain 
chemotherapeutic agents [2]. In addition, converging lines of evidence 
suggest that maximal surgical removal of the tumor affords a survival 
advantage. Immunological therapies such as dendritic cell vaccines 
have also surfaced, although these modalities are still in early phase 
studies. So far, all these approaches remain promises for a not yet 
achieved rosier future.

The resurgence of surgery as a viable therapy for malignant gliomas 
has refocused clinicians and scientists on the potential advantages and 
disadvantages of this approach. The advantages of cytoreduction have 
already been demonstrated, but there are obvious limits to them. Direct 
access to the tumor at the time of surgery also allows surgeons to deliver 
“non-surgical” treatments to the tumor bed. The development of Gliadel 
as an adjuvant treatment delivered at the time of surgery was an early 

attempt to leverage the operating room for delivery of nonsurgicaltherapy; 
and while the efficacy of Gliadel was limited by the relatively limited 
efficacy of the chemotherapeutic agent Carmustine, the concept of direct 
treatment of the tumor in the operating room still holds promise [3]. The 
path we have chosen, photodynamic treatment (PDT), has the simplicity 
of merely shining (laser) light on the tumor bed at the conclusion of the 
surgical resection, provided thatcell specific targeting has been achieved, 
i.e., the photo drug has been selectively taken up by the tumor cells [4-49]. 
We report below on a study that simulates intraoperative PDT, using a rat 
brain window model. 

Regarding PDT, choice of a suitable photosensitizer is of the utmost 
importance when designing a PDT agent. The ideal agent should exhibit 
chemical purity, nominal dark toxicity for the photosensitizer and its 
metabolites, high efficiency of tumor selectivity, high photochemical 
ability, activation, i.e., absorbance at long wavelengths, within the 
therapeutic window (600-900 nm), enabling sufficient tissue penetration, 
as well as rapid system clearance to diminish photosensitivity [4-8]. The 
above requirements, and especially the consequences of skin phototoxicity, 
led to second generation photosensitizers. Second-generation synthetic 
photosensitizers are recognized for having known chemical composition, 
a greater affinity for tumor selectivity, shorter periods of photosensitivity, 
higher yields of singlet oxygen, and an increase in penetration depth 
due to their longer activation wavelengths [9]. Regarding our choice of 
Methylene Blue (MB), it is a second-generation photosensitizer with 
well-established photochemical properties, including a high quantum 
yield of singlet oxygen generation (Φ∆~0.5), and has been established 
as a highly efficient sensitizer for PDT [10]. Methylene Blue belongs to 
the phenothiazinium family, allowing for increased efficacies of singlet 
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oxygen production and a high molar absorption coefficient (εmax~82,000 
M-1 cm-1). Furthermore, this dye has excitation within the therapeutic 
window (600-900 nm), allowing for greater penetration depths [6,11-
16]. Methylene Blue has been used for a number of medical applications 
and therapies [17-23]. By 2013, over 13,000 entries for “Methylene Blue” 
have been accepted by the biomedical library PubMed. Methylene Blue 
has been used as a histochemical stain, a biochemical reagent and a chief 
compound in the development of therapeutic agents for diseases ranging 
from microbial infections to cyanide poisoning, and from Malaria to 
Alzheimer’s disease [18-23]. There have been extensive experimental 
studies considering the application of Methylene Blue for photodynamic 
therapy in vitro [6,24], in vivo [25] and in clinical studies [7,26-29], and 
it has been identified as having a promising potential for the treatment of 
cancer. Clinical PDT treatments and trials using Methylene Blue include 
basal cell carcinoma, melanoma, Kaposi’s sarcoma [30], and chronic 
periodontitis [31]. However, the widespread use of Methylene Blue as a 
photosensitizer for clinical PDT has been limited due to its susceptibility to 
enzymatic degradation when delivered intravenously. Notably, Methylene 
Blue can easily cross the cell membrane and anchor in the mitochondria 
[32,33], lysosomes [34] and double-stranded DNA [35]. It has been found 
that when Methylene Blue binds to the mitochondria it can traverse the 
matrix by the mitochondrial matrix proton potential [32]. Additionally, 
an increase in local concentrations of Methylene Blue induces the 
formation of Methylene Blue dimers, previously shown to be less effective 
in production of reactive oxygen species [11,12]. Such accumulation of 
Methylene Blue in cellular organelles, as well as in serum, reduces the 
compound by oxidation to the colorless Leuko-Methylene Blue (LMB), 
a molecule with no photodynamic ability [15,25,26]. Examples of uptake 
and reductionof Methylene Bluehavebeen attributed to both the thiazine 
dye reductase found on the surface of endothelial cells and to NADH/
NADPH within cells [36-38].

The ability to maintain the photosensitizing capability of Methylene Blue 
in a biological environment is critical for its application to PDT of cancer. 
Its incorporation into a nanoparticle matrix composed of polymers such 
as polyacrylamide (PAA), silica, or poly (lactic-co-glycolic acid), can serve 
to embed the active form of theMethylene Blue photosensitizer, protecting 
it against enzymatic degradation [39]. Furthermore, nanoparticle surface 
modification can allow for enhanced and selective targeting by attachment 
of a tumor specific homing moiety, e.g. the F3-peptide, as well as coating 
it with polyethylene glycol (PEG) for longer plasma circulation time [40]. 

Loading of the Methylene Blue photosensitizer can be achieved by 
(1) physical encapsulation during synthesis or (2) post loading after 
synthesis or (3) by covalently linking the dye to the PAA nanoparticle 
matrix. The more demanding process of covalently linking the dye pays 
off by preventing leaching related problems during in vivo studies. This 
loading method has been designed and tested, in a serum solution, in 
cells, and in vivo and has exhibited a good potential for future clinical 
applications [39].

We note here the many advantages to the use of PEGylated NPs for 
PDT, due to its ability to (1) reduce systemic toxicity of the drugs, due to 
tumor targeting, (2) improve the local delivery and specificity of drugs, 
as well as (3) enhance its plasma circulation time [41-49]. Engineering 
the nanoparticles to be within the desired diameter, of 10-100 nm, avoids 
renal elimination and recognition by phagocytes [41-43]. Nanoparticle 
accumulation in the brain tumor tissue, and vasculature, is achieved 
through the “enhanced permeability and retention effect” (EPR), allowing 
macromolecule’s and NP’s retention within the tissue by way of a leaky 
microvasculature and poor lymphatic drainage [44-49]. Nanoparticle 
matrix surface engineering can further improve the retention time 
within the tumor tissue by the attachment of a tumor specific homing 
moiety, e.g. the F3-peptide; it also enhances the plasma circulation time 

(~24 hours) by coating the matrix with polyethylene glycol (PEG) [43]. 
These novel NP delivery methods minimize side effects as well, and thus 
enhance the therapeutic efficiency. To avoid possible side effects caused by 
the accumulation of nanoparticles post-treatment, biodegradable cross-
linkers are incorporated into the nanoparticle matrix, allowing for slow 
bio-degradation and bio-elimination in vivo [48]. 

Polyacrylamide nanoparticles containing the PDT agent Photofrin, 
surface-modified with F3-peptide, have been utilized for specific targeting 
of gliosarcoma cells; the nanoparticle targeting has displayed high 
intratumoral NP uptake, thereby increasing the photo toxicity, resulting 
in complete remission of tumor for 40% of the animals treated with F3-
targeted Photofrin nanoparticles, while, on the other hand, all control 
rats, including those treated with non-targeted NPs or free Photofrin, died 
within 2 weeks [48,49].

In the present work, the photosensitizer Methylene Blue was covalently 
conjugated to the nanoparticle matrix and used in both in vitro and in vivo 
experiments to test its proficiency in producing reactive oxygen species 
as well as its cell killing ability. The in vivo experiments utilized glioma 
bearing rats adorned with cranial windows, allowing for direct serial 
inspection of various therapy parameters, such as nanoparticle dose, effect 
of surface modification by attachment of F3-peptide targeting moieties, 
incubation time and light fluence. These windows allowed the conduction 
of PDT by an externally placed laser and the evaluation of tumor growth 
and necrosis, as a function of NP design, such as PEGylation and targeting, 
as well as of PDT parameters, such as drug dose, NP dose, light dose and 
timing of illumination.

Experimental
Nanoparticle synthesis 

Materials: Methylene Blue succinimidylesther (MB-SE) was 
purchased from Emp. Biotech. Acrylamide (AA), 3-(acryloyoxy))-
2-hydroxypropyl methacrylate (AHM), ammonium persulfate 
(APS), N,N,N’,N’-tetramethylethylenediamine (TEMED), sodium 
dioctylsulfosuccinate (AOT), Brij 30, were all acquired from 
Sigma-Aldrich (St Louis, MO). 3-(aminopropyl) methacrylamide 
hydrochloride salt (APMA) was purchased from Polysciences Inc. 
(Warrington, PA). Ethanol (95%) and hexane were purchased from 
Fisher Scientific. Phosphate-buffered solution (PBS) was made using a 
phosphate-buffered saline tablet from Sigma-Aldrich. F3-Cys peptide 
(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKKC) was purchased 
from SynBioSci. The heterobifunctional PEG (MAL-PEG-NHS, 2k) 
was purchased from Creative PEG Works. All chemicals were used as 
purchased without further purification.

Preparation of methylene blue nanoparticles: Methylene Blue-
conjugated polyacrylamide nanoparticles were prepared by a reverse 
micro emulsion polymerization method [21]. A monomer solution was 
prepared by dissolving monomers, acrylamide and biodegradable cross-
linker, AHM, in PBS. A dye solution consisting of MB-SE and APMA 
was prepared and gently stirred for 2 hours at room temperature. The 
monomer solution and the dye solution were sonicated and added to a 
deoxygenated hexane solution containing two surfactants, AOT and Brij 
30. The two mixtures were emulsified by stirring for 20 min, followed by 
the initiation of polymerization by addition of a freshly prepared APS 
solution (10% w/v) and TEMED. The solution was then stirred under 
inert atmosphere, at room temperature, for 2 hours. After completing the 
polymerization, hexane was removed using a Rota vapor-P (Brinkmann 
Instruments) and the residue was suspended in ethanol. Excess surfactant 
and dye from the remnant mixture were removed by washing the particles 
with ethanol and distilled water through an Amicon ultra-filtration cell 
(Millipore Corp., Bedford, MA), with a 300 kDa filter membrane under 
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pressure (10-20 psi). The resultant nanoparticles were then freeze-dried 
using a 5 L Modulyo D freeze dryer (Thermo Fisher Scientific).

F3-Peptide conjugation to polyacrylamide nanoparticles: F3-
peptides were conjugated to the surface of the nanoparticles for specific 
targeting to nucleolin expressed on the glioma cells. The freeze-dried 
PAA nanopartciles (50 mg) were dissolved in PBS (2.5 mL, pH 7.4) and 
bifunctional PEG (4 mg) was conjugated to the nanoparticle surface by 
amine-succinimidyl ester. This mixture was allowed to react under stirring 
condition for 30 min at room temperature before undergoing thorough 
washings using an Amicon centrifugal filter (Millipore, 100 kDa) thereby 
removing any unreacted ligands, and the final solution concentrated to 
~20 mg/mL. Cystein tagged F3-peptide, F3-Cys peptides (0.06 µmol), 
were added to the concentrated nanosensor solution and gently stirred 
overnight ( >6 hours), at room temperature. L-Cysteine aqueous solution 
was added to the mixture and stirred for 2 hours in order to deactivate the 
terminal site of unreacted PEG. The resultant F3-targeted MB-conjugated 
PAA nanoparticle solution was thoroughly washed with PBS and distilled 
water in an Amicon ultra-filtration cell (Millipore Corp., Bedford, MA), 
and then freeze-dried with a 5L ModulyoD freeze dryer (Thermo Fisher 
Scientific) until re-hydrated for experimental use (Figure 1).

Surface modification of non-targeted nanoparticles: Dye-conjugated 
PAA nanopartciles (50 mg) were dissolved in PBS (2.5 mL, pH 7.4). 
Bifunctional PEG (4 mg), was added to the nanoparticles solution and 
then the mixture was stirred for 30 min at room temperature. A rinsing 
procedure was carried out, using an Amicon centrifugal filter (Millipore, 
100 kDa), removing any unreacted ligands, and concentrated to ~20 mg/
mL. Following the addition of PEG, an aqueous solution of L-Cysteine 
was added to the mixture and stirred for 2 hours in order to deactivate 
the terminal site of PEG. The resultant non-targeted MB-conjugated 
polyacrylamide nanoparticle solution was thoroughly washed with PBS 
and distilled water in an Amicon ultra-filtration cell (Millipore Corp., 
Bedford, MA), and then freeze-dried with a 5 L ModulyoD freeze dryer 
(Thermo Fisher Scientific) until re-hydrated for experimental use.

Nanoparticle characterization
Dynamic light scattering (DLS) measurements: The size distribution 

of the MB-conjugated PAA nanoparticles in an aqueous solution was 
measured by dynamic light scattering (DLS, Delsa Nano, Beckman 
Coulter, Inc., Brea, CA, USA). The surface charge of the MB-conjugated 
PAA nanoparticles in water was measured as a zeta potential value, using 
the above instrument.

Quantification of methylene blue loading: The amount of conjugated 
Methylene Bluein the nanoparticles was evaluated by absorption 
measurements, using a UV-Vis spectrometer (UV-1601, Shimadzu, 
Scientific Instruments Inc., Columbia, MD, USA). The amount of 
photosensitizer loaded was calculated using a calibration curve 
constructed from a series of known concentrations of Methylene Blue and 
the Beer-Lambert law.

Reactive oxygen species detection: ROS (reactive oxygen species) 
production from MB-PAA NPs was measured using Anthracene-9,10-
dipropionic acid disodium salt (ADPA) as a ROS (1O2) detection probe 
[50,51]. MB-conjugated nanoparticles were suspended in PBS and mixed 
with ADPA in a cuvette and while under constant stirring the solution was 
irradiated at the excitation wavelength to determine 1O2 generation using 
fluorescence spectroscopy (FluoroMax-3, Jobin Yvon/SPEX Division, 
Instruments S.A. Inc., Edison, NJ, USA).

Toxicity analysis
MTT assay: For cytotoxicity studies, 9L glioma cells were plated 

on 96-well plates, at a density of 5000 cells per well and incubated at 
37°C overnight. For comparison, the cells were incubated with blank 

PAA, PEGylated PAA, and F3-targeted PAA nanoparticles at various 
concentrations (0.1,0.2,0.5, and 1.0 mg/mL) and left for 2 hours at 37°C 
with slow intermittent rocking. After incubation, to remove any unbound 
nanoparticles, the treated cells were carefully washed 3 times with fresh 
cell medium. The cells were further prepared using the MTT assay kit; 
25 μl of 5.0 mg/mL 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium 
bromide (MTT) in PBS was added to each well and left to incubate for 4 
hours while slowly rocking. After 4 hours the solution was removed and 
200 μL of DMSO was added to each well, so as to solubilize the water-
insoluble formazan crystals produced by the MTT cellular dehydrogenase 
activity in viable cells. The 96-well plate was covered with foil and left 
to steadily rock on a 55S single platform shaker (Reliable Scientific, Inc) 
overnight. To quantify cell viability of the treated cells, the absorbance 
spectra was analyzed using a micro plate reader (Spectra MAXPlus 384, 
Molecular Devices LLC, Sunnyvale, CA) at 550 nm and compared to 
untreated cells. Each condition was performed using 12 wells so as to 
assure dependable results. 

Endotoxin detection: Enodotoxin levels were measured using an 
Endosafe-PTS (Charles River) and following the LAL Assay [52]. A 
portable endotoxin meter has sterile cartridges for detecting endotoxin in 
aqueous samples. Within the device, a reaction between horseshoe crab 
blood extract, limulus amebocyte lysate (LAL), and bacterial endotoxin 
or with a membrane component of Gram negative bacteria can quantify 
bacterial endotoxins. All nanoparticle batches and samples were tested 
one hour prior to injecting the nanoparticle solution into the animal 
model during PDT treatment. 

Based on our experience with testing endotoxin levels for the 
nanoparticle samples, bacteria growth rates are highly sensitive to both 
time and temperature; longer exposure to solutions after hydration and 
warm temperatures can exacerbate bacteria growth. To avoid growth and 
contamination, the nanoparticle samples were rehydrated with minimal 
time intervals between hydration and injection; in addition, the sample 
was refrigerated at all times post rehydration, with the exception of when 
the sample was warmed to physiological temperature prior to injection.

Cell culture
Rat 9L gliosarcoma cells (Brain Tumor Research Center, University 

of California, San Francisco, CA) were routinely maintained in 
Rosewell Park Memorial Institute medium (RPMI) with 400 mg/L 
D-glucose and 292 mg/mL L-gluamine supplemented with 10% fetal 
bovine serum, 100 U/mL (3%) penicillin, 1mM sodium pyruvate, and 
100 μg/mL streptomycin sulfate. Cells were grown at 37°C, 5% CO2, 
95% air, and 100 % humidity environment. Cells were placed on the 96 
well plates for the MTT assay and on 35mm culture dishes with cover 
slip bottom, for in vitro PDT.

In vitro studies
Fluence dependent PDT: To investigate the effects of PDT photo 

toxicity, a series of in vitro experiments were performed on rat 9L 
gliosarcoma cells. Glass cover slips were incubated with 1 mg/mL MB-
loaded polyacrylamide nanoparticles (containing F3-peptide) for 1 hour, 
rinsed with appropriate cell media and placed in a temperature-controlled 
sample chamber at 37oC. Methylene Blue mediated cytotoxicity was 
then monitored before and after illumination by labeling the cells with 
5 μL Calcein-AM and 10 μL propidium iodide (PI) fluorescent stains. 
Fluorescent observations of Calcein-AM (excitation: 490 nm, emission: 
515 nm) and PI (excitation: 536 nm, emission: 617 nm) were monitored 
for 30 minutes using a Perkin Elmer Ultra View Confocal microscope 
system equipped with an argon-krypton laser. Irradiation with the 
microscope laser illumination was performed at 671 nm, for 1-minute 
intervals and stopped. The live/dead assay allows for obvious distinctions 
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of viable/cytotoxic cells. In living cells, intracellular esterase converts the 
non-fluorescent Calcein-AM into a green fluorescent Calcein, indicating 
a viable cell. PI is barred by viable cells but can invade cells with damaged 
membranes. Upon irradiation, in a time-dependent manner, compromised 
cells release the green fluorescence of the Calcein-AM through damaged 
membranes and permit the binding of PI to their nucleic acids - emitting 
red fluorescence. A series of images of the cells were sequentially taken 
for 30 minutes, in minute intervals, using an Olympus IX-70 confocal 
microscope. Upon completion of exposure, the objective was switched to 
a lower magnification so as to show that the treatment was localized to the 
illumination area – showing red stained, dead cells, which are surrounded 
by viable, green stained cells, just outside the illuminated area. At each time 
interval, the survival rate was presented as a percentage of the number of 
viable cells divided by the total number of cells (viable and non-viable).

Furthermore, separate fluency-dependent PDT studies were performed 
at an illumination power density of 100 mW/cm2 and 222 mW/cm2. 
Pre-exposure images were taken using a 60X objective. The cells were 
exposed, for a total of 30 minutes, to a 671 nm red diode laser (model 
671RLMH1W, Changchun Dragon Lasers Co., Ltd) with light intensity of 
100 mW/cm2 and 222 mW/cm2. Post-exposure images were taken using a 
20X objective, to observe the localized cellular damage.

In vivo studies
Cranial window model

The animal research protocol was reviewed and approved by the 
University Committee on Use and Care of Animals (UCUCA) at the 
University of Michigan, Ann Arbor. Biparietal craniectomies were 
performed on 8-week old Sprague-Dawley male rats (Charles River 
Laboratory, Wilmington, MA). Rats weighing between 250 to 350 g were 
anesthetized and placed into a stereotactic frame. Rat 9L gliosarcoma cells 
were harvested in monolayers and following a full craniectomy suspended 
in media and the cells (105) were injected using a syringe micro-injector 
(Med fusion 3500 syringe pump). The 9 L cells were implanted in the 
forebrain at a depth of 1.5 mm through a burr hole extending 1 mm 
below the injection location to create a pocket for growth. To allow 
for serial inspection, a thin, round microscope cover slip was bonded 
to the cranial opening with cyanoacrylate glue creating a brain tumor 
window (BTW) model [53]. 

Methylene Blue nanoparticle administration: The Methylene Blue 
conjugated nanoparticles had a dye loading efficiency of 0.27% wt/(NP 
wt) and the dose administered was equivalent to 0.86 mg of MB/(kg of 
rat). The stock solution was determined to have nominal endotoxin levels 
as determined by the LAL assay. Once the tumor radius reached 2-3 mm 
in diameter, photosensitizers in the form of free dye, or embedded within 
polyacrylamide nanoparticles, were administered intravenously through 
the right femoral vein using a programmable micro-injector (Med fusion 
3500 syringe pump). After injection, rats were kept in the dark until 
undergoing irradiation therapy.

Illumination parameters: Tumors in the BTW model were irradiated 
in a cross sectional manner, via the exposed tumor surface immediately 
beneath the window. In vivo light illumination was performed using a 671 
nm red diode laser (model 671RLMH 1 W, Changchun Dragon Lasers 
Co., Ltd) with tunable output power (0-1 W), to precisely expose at 
various fluency rates. 

A CSMA-8-B collimator (Newport Corp) was used to control the 
radius of the laser beam (and hence fluence rates). For all experiments, a 
constant beam diameter of 4 mm was maintained, at a constant distance 
of 1 inch (metric conversion in mm) between the cranial window and the 
collimator. The laser was calibrated by warming at X joules/power-setting 
for 30 minutes, and the beam measured with a XX power meter to assess 
beam stability during a period of no less than 1 hour.

Measurement of tumor surface area: Damage to sensitized tumor 
and brain parenchyma by photo irradiation was observed using a Sony 
digital camera. Daily photographs of the cortical surface through the 
BTW provided an evident depiction of the tumor growth patterns prior 
and post PDT treatments. Tumor growth patterns were then evaluated 
by delineating the tumor boundaries, based on the variations of pixelated 
coloration and measuring the total pixelated surface area of the tumor. 
The in vivo PDT efficiency was determined by measuring tumor surface 
area as seen through the BTW and comparing tumor growth patterns 
of individual animals and animal groups. Surface area dimensions 
were taken by quantifying tumor tissue remaining post-irradiation and 
normalizing to the tumor area measured on PDT-treatment day (day 0). 
Post-treatment areas of necrotic tissue were recorded. We emphasize that 
tumor growth patterns were calculated by measuring the surface area of 
the tumor tissue as seen through the BTW

Results and Discussion
The size of the surface-modified Methylene Blue-conjugated 

polyacrylamide nanoparticles, measured using the DLS data, indicated 
that the mean diameter of the modified nanoparticles in solution was 
55.0 (± 5.0) nm (Figure 2), and was similar to that of the unmodified 
nanoparticles. Thus modification of the surface by the attachment of 
PEG, and/or by targeting ligands, had no significant effect on the size of 
particles in solution. These nanoparticles fall within the optimal range of 
10-100 nm which has proved to be very effective for in vivo applications; 
this is because nanoparticles greater than 10 nm have the ability to avoid 
clearance by the kidney, allowing for prolonged and elevated circulatory 
levels, and nanoparticles smaller than 100 nm avoid entrapment by 
phagocytes [54-55]. Furthermore, leaky angiogenic vasculatures have 
fenestrations, which improves the penetration phenomenon of the 
enhanced penetration and retention (EPR) effect, allowing nanoparticles 
to be delivered and to accumulate in tumor tissue, more readily than in the 
surrounding healthy tissue [44-47,56].

The F3-modified nanoparticles have a surface charge of +12 (± 1) mV, 
whereas the non-targeted (surface PEGylated) nanoparticles have a charge 
of + 2 (± 1) mV, in comparison to the unmodified nanoparticles that have 
free amine groups on the surface, having a charge of +14 (± 3) mV. The 
non-targeted nanoparticles have a near neutral surface charge, due to the 
presence of the neutral PEG molecules on the particle surface. However, 
the F3-targeted Methylene Blue-conjugated polyacrylamide nanoparticles 
display a positive surface charge, because the cationic F3-peptide on the 
surface of the PEG surface layer of the nanoparticle has a high positive 
charge.

The amount of covalently linked Methylene Blue in the nanoparticle 
was determined to be 0.27% by weight [57].

The efficiency of photodynamic therapy depends directly on the ability 
of the photosensitizer to produce reactive oxygen species (ROS), on 
the availability of molecular oxygen, on the light fluency (intensity and 
duration), and on the photosensitizer concentration at the treatment area. 
Figures 2B and 2C shows the generation of ROS of Methylene Blue dye and 
Methylene Blue conjugated nanoparticles, using the ADPA method [39, 
50]. The ROS production rate constant was measured by the fluorescence 
decay of ADPA (anthracene-9, 10-dipropionic acid) and was found to be 
5.5 × 10-4/s for 1.0 µM free Methylene Blue dye in PBS. For Methylene Blue 
0.37% wt/(NP wt) conjugated nanoparticles the rate constant was 4.35 × 
10-4/s. The capability of the targeted nanoparticles to produce reactive 
oxygen species and kill cells was optimized through in vitro experiments 
[39]. The latter can provide a foundation of preliminary studies for the in 
vivo PDT protocols: nanoparticle delivery conditions, dose and optimal 
light fluence vs rudimentary glioma growth rates [39,53].
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Figure 1: Surface modification and conjugation of MB-loaded PAA nanoparticles

Figure 2: (A) Size distribution of polyacrylamide nanoparticles in solution using dynamic light scattering measurements. ROS production measurement 
of (B) Methylene Blue free dye in DI water and (C) Methylene Blue polyacrylamide nanoparticles. Peak excitation for Methylene Blue was found at 
678 nm: linear fitted plot of fluorescence change in ADPA as a function of irradiation time.
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To investigate the dark toxicity, as well as PDT efficacy, of Methylene 
Blue-conjugated polyacrylamide nanoparticles in the in vitro experiments, 
MTT assays were carried out for various doses of the nanoparticles. F3-
targeted and non-targeted nanoparticles were added with increasing 
concentrations for survival assessment as determined by the MTT assay. 
The cytotoxicity of the nanoparticles was determined by the conversion 
of MTT to formazan via mitochondrial oxidation. Cell survival rates 
showed no significant differences among cells treated with Methylene 
Blue polyacrylamide nanoparticles (in the dark) and the control (cells 
only). The average cell survival rates exhibited a higher than 97% viability, 
up to 1mg/ml nanoparticle concentration (Figure 3). Overall, the treated 
cells endured no detectable cytotoxicity as a result of being treated 
with the Methylene Blue polyacrylamide nanoparticle solution (in the 
dark), ensuring that viability variances in PDT experiments will not be 
compromised by dark toxicity produced by the nanoparticles. 

It is imperative to test dye leaching because photosensitizers outside the 
nanoparticle can interact with cellular surface proteins and organelles in 
vitro; furthermore, enzymatic degradation of the leached out Methylene 
Blue dye might alter the optical properties and photo activity of the dye 
during intraoperative in vivo applications. In order to survey the dye 
leaching, the Methylene Blue content in the filtrate separated from the 
nanoparticles by centrifugation filtration was measured, using UV-Vis 
absorbance spectra [39]. There was no detectable absorbance at 668 nm, 
verifying negligible dye leaching of Methylene Blue out of the Methylene 
Blue polyacrylamide nanoparticles. This verifies that the detected reaction 
between the Methylene Blue dye and the ROS must occur within the 
nanoparticle. It also verifies that covalently linking the Methylene Blue 
dye to the nanoparticle matrix completely eliminates dye leaching [39], 
thus ensuring the delivery of the full pay-load of photo sensitizer to cells 
in vitro or to tumor sites in vivo.

To investigate the fluence rate dependence of PDT photo-toxicity, a 
series of in vitro experiments were performed on rat 9L gliosarcoma cells. 
Using the live/dead assay, 9L cells were irradiated at two separate light 
intensities, 100 mW/cm2 and 222 mW/cm2, using an excitation wavelength 
of 671 nm. A series of images of the cells were sequentially taken over 30 
minutes, in 1 minute intervals, using an Ultra-View confocal microscope 
(Figure 4).

Two experiments were carried out with the intention of examining 
cytotoxicity rates at different laser fluencies; their images are displayed side-
by-side (100 mW/cm2: Figures 4a-4e; 222 mW/cm2: Figures 4f-4j). Before 

light irradiation, all cells were stained by Calcein-AM, showing green 
fluorescence, verifying cell viability for both experiments (Figures 4a and 
4f). After 5 minutes of irradiation, the cells exposed to the greater fluence 
rate show the earliest indication of cell death, by the presence of PI-stained 
red nuclei (Figure 4g) while the cells exposed to the lesser fluence rate 
show no sign of cellular death (Figure 4b). After completing 10 minutes of 
illumination, the cells exposed to the higher illumination fluence show a 
convincing display of cellular death (Figure 4h) and continuously display 
increasing cytotoxic effects throughout the 30 minute experiment (Figure 
4j). Similarly, those exposed to the lower fluence rate displayed primary 
signs of cell death at 10 minutes and the cellular cytotoxicity intensified 
between 20 and 30 minutes of illumination (Figures 4d and 4e). 

Although the composite confocal images may seem to qualitatively 
display similar cytotoxic abilities for both experiments, a quantitative 
analysis displayed a more refined picture of cytotoxicity on the treated 
cells (Figure 5). This cell viability experiment indicates that a higher 
fluence rate of laser light has the ability to achieve a faster rate of cellular 
cytotoxicity, however nearly all cells were killed after 15 min of irradiation 
with the above given dose.

From the above, one observes that cells exposed to a higher fluence rate 
display a significantly increased rate of cellular damage, which is induced 
within a shorter time frame; this was all signified by a rapid release of 
Calcein-AM (green) through the compromised cellular membrane, 
allowing for the incorporation of PI (red) into the nucleus. These results 
demonstrate the light- dose dependency of PDT cytotoxicity, thus 
indicating that further optimization of the exposure time and fluence rate 
could enhance the PDT efficacy.

Activation of the photosensitizer in the presence of oxygen is highly 
cytotoxic, however the short lifetimes (<0.04 µs) and the short diffusion 
distances (<0.02 µm) of the ROS allow the treatment to be restricted to the 
nearby cells, tissue and vasculature where the illuminated photosensitizers 
are present [58]. To further demonstrate the localization and specificity 
achieved using this localized PDT therapy, a small section of the cells were 
irradiated using a 60X objective and then the images were captured post-
irradiation, using a lower magnification objective, with the irradiated area 
on the right side of the image (Figures 6c and 6f). The focused illumination 
induced cell death only to the cells within proximity to the laser beam; 
whereas adjacent cells, containing methylene blue nanoparticles but not 
irradiated, display no detectable loss of membrane integrity, as indicated 
by their green fluorescence. In addition to these localization tests, cells 
not treated with Methylene Blue-linked polyacrylamide nanoparticle 
showed no detectable cytotoxicity when exposed to laser irradiation for 
30 minutes, at varying fluence rates, suggesting that solely illuminating 
the cells is not cytotoxic to these cancer cells. 

When performing localized PDT in vivo, the efficacy of singlet 
oxygen generation and tumor eradication is directly proportional to 
the intratumoral concentration of the nanoparticles containing the 
photosensitizing agent. In order to improve therapeutic efficacy of this 
treatment it is imperative to understand the kinetics of the targeted 
nanoparticle, more specifically the incubation time needed to permit 
the highest concentration of NP at a specific site. Trans-vascular 
transport and accumulation of the nanoparticles within the glioma 
domain can be confirmed in vivo through delineation experiments. 
By performing intravital staining experiments, using contrast dye 
containing nanoparticles for delineation of the implanted neoplasm, 
direct observation of color variations following the intravenous injection 
of dye enhanced polyacrylamide nanoparticles can be visualized through 
the rat cranial window model. Subsequently, this visualization will 
quantify the optimal irradiation time for the incubation time with greatest 
accumulation of nanoparticles. 

Figure 3: Examination of cytotoxicity using the MTT assay. Cell viability 
of 9 L gliosarcoma, evaluated after 24 hours incubation with varying 
concentrations of F3-targeted and non-targeted Methylene Blue 
nanoparticles.  Cell survival rates indicated no measurable variance 
between nanoparticle concentrations (0.1, 0.2, 0.5, and 1.0 mg/mL), 
including the cell only control group (no NPs).
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Brain tumor margins are poorly defined when looking through 
the BTW model. In previous studies, our group performed tumor 
delineation studies using targeted Coomassie Brilliant Blue (CB) loaded 
polyacrylamide nanoparticles [59]. Coomassie Blue is an intensely blue 
colored dye agent and when covalently linked to the polyacrylamide 
nanoparticles it can be used as a color contrast agent to aid in intraoperative 
tumor margin delineation. After intravenous injection of the Coomassie 
Blue polyacrylamide nanoparticles into each rat’s femoral vein, the amount 
of nanoparticles bound to the glioma tissue can be monitored in vivo, on 
a microscopic level, through the rat cranial window model. A quantitative 
evaluation of tumor delineation resulting from free Coomassie Blue 
dye, non-targeted CB-linked nanoparticles, and F3-targeted CB-linked 
nanoparticles, was performed using a Coomassie Blue dose of 35 mg/kg 
(NP dose was 500 mg/kg). Each treatment resulted in rapid brain tumor 
delineation, with a more significant color contrast resulting from the use 
of targeted nanoparticles- a well defined tumor area and strong visual 
contrast over long time durations. 

This delineation study performed by the Kopelman and Sagher labs 
[53,59] is applicable to determining the optimal times between the 

administration of the drug (Methylene Blue, in the form of free dye and 
encapsulated in nanoparticles) and the illumination time. Determining 
peak accumulation of Coomassie Blue (CB) nanoparticles within the brain 
tumor tissue will give insight as to the possible biodistribution of Methylene 
Blue nanoparticles in the tumor tissue when used for PDT treatment. 
The Coomassie Blue delineation study revealed peak accumulation of 
Coomassie Blue free dye at 30 minutes, vs. 120 minutes for non-targeted 
CB-linked NP-treated animals, while the color contrast for the F3-targeted 
Coomassie Blue nanoparticles continued to intensify throughout the end 
of the six-hour experiment. The contrast intensification over time induced 
by F3-targeted nanoparticles, compared to non-targeted NPs, may be due 
to the active targeting of the F3-peptide, i.e. their interactions with the 
nucleolin receptors which are highly expressed on 9 L glioma cells and on 
the angiogenic vasculature [53-54].

When the brain tumor radius reached 3 mm in diameter, photosensitizers 
in the form of free dye and dye embedded within polyacrylamide 
nanoparticles were administered intravenously via the femoral vein. The 
Methylene Blue-conjugated nanoparticles were administered at a dose of 
300 mg/kg, which corresponds to a dose of 0.86 mg MB/kg. This dose has 
proved to be safe in accordance with previous nanoparticle optimization 
and toxicology studies [53, 59]. The time interval between nanoparticle 
administration and light illumination was set at 105 minutes, based 
on the Coomassie Blue delineation studies performed in the Sagher 
and Kopelman labs [53,59], concluding that maximal accumulation 
of both targeted and non-targeted nanoparticles occurs at 120 minutes 
post-injection [53]. To guarantee light exposure during this maximal 
accumulation of nanoparticles within the brain tumor, laser illumination 
was started at 105 minutes post-nanoparticle injection and preceded for 
30 minutes, ensuring that irradiation occurred 15 minutes before and 
after the optimal irradiation window. The light dose was fixed at 180 
J/cm2 [53]. To monitor tumor growth patterns, daily photographs of 
the cortical surface through the BTW on the rat model, prior and post 
PDT treatments, were taken (Figure 7).

A systemic incubation time of 24 hours was also selected to further 
explore the consequence of incubation time on the PDT effects on tumor 
growth patterns. The goal of this work was to establish defined incubation 
conditions for use in future PDT experiments and to optimize predictive 
functions of the exposure. The time interval of 24 hours between 
nanoparticle administration and light illumination was based on previous 

Figure 4: Confocal images of 9L cell lines treated with Methylene Blue-conjugated PAA nanoparticles: Intensity dependent cytotoxicity, induced by 
F3-targted Methylene Blue PAA nanoparticles and laser irradiation. The 9L gliosarcoma cells were incubated with Methylene Blue nanoparticles and 
irradiated with fluencies of 100 mW/cm2 and 222 mW/cm2. Images were taken (a) before light exposure; (b-e) over 30 min of light exposure at a dose 
of 100 mW/cm2. Images were taken (f) before light exposure; (g-j) over 30 min light exposure at a dose of 222 mW/cm2. Cytotoxicity was monitored by 
labeling the cells with Calcein-AM (green, for viable cells) and propidium iodide (red, for dead cells). Measurements are taken on a confocal microscope.

Figure 5: Cell viability assessment for the phototoxic effects of F3-
targeted Methylene Blue polyacrylamide nanoparticles on a 9L cell 
line. Fluency dependent PDT efficiency at light doses of 100 mW/cm2 
and 222 mW/cm2, over the course of 30 minutes of illumination.  Cells 
exposed to a higher fluency responded with a more rapid cellular death 
than for a lower fluency.
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studies using HPPH post-loaded polyacrylamide nanoparticles on mice 
bearing Colon 26 tumors [60].

The tumor growth curve (Figures 9 and 10) demonstrates that, for 
equivalent protocols with varying incubation times, the PDT protocol 
with 105-minute incubation was more effective at inducing photo-toxicity 
than the one with incubation of 24 hrs. Retardation in tumor growth was 
evident six days post-treatment, and significantly noticeable differences 
in tumor size were seen through day ten. Thus, irradiation performed at 
105 minutes post-drug injection resulted in a more favorable treatment 
outcome when compared to the 24 hour incubation. 

Evaluation of the effects of different treatments on the tumor growth 
patterns was accomplished and is presented in Figure 10. Control animals 

were not injected with photosensitizer, nor were they exposed to laser 
light; this group was purely acting as a control group for determining 
tumor growth patterns post tumor implantation surgery. Animals treated 
with laser illumination and free photosensitizer were dosed with 0.86 
mg/kg of the Methylene Blue free dye and the effect on tumor tissue was 
assessed after 105 minutes of systemic incubation of the nanoparticles and 
irradiating animals with laser light (180 J/cm2). 

As expected, the PDT treatment with Methylene Blue free dye did 
not affect the tumor growth when compared to the control group. This 
is attributed to the well-known ability of blood enzymes to reduce 
free Methylene Blue to the photo chemically-inactive form of Leuko-
Methylene Blue, resulting in the loss of photodynamic activity [39]. 

Figure 6: Confocal images of 9L cell lines treated with Methylene Blue-conjugated PAA nanoparticles, before and after laser illumination. Cell viability 
was monitored by labeling cells with Calcein-AM (green, viable cells) and propidium iodide (red, dead cells). Images were taken before illumination at 
60X magnification (a,d), showing no cell death. Post-illumination images were taken at 60x (b,e), illustrating cell death, and were also taken at a lower 
magnification (c,f) to illustrate that cellular death merely occurred in the area exposed to laser irradiation.

Figure 7: A series of cranial window pictures of a rat with an implanted 9L glioma, before and after the PDT, using F3-Methylene Blue polyacrylamide 
nanoparticles and a time interval of 105min between nanoparticle injection and light illumination. The dotted circle encloses the tumor area in each 
picture.
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Overall there were significant statistical differences in median tumor 
size between the control and Methylene Blue free dye treatment, versus 
that by Methylene Blue polyacrylamide nanoparticles, whether F3-
targeted or non-targeted (Figure 11). When treating the tumors with 
Methylene Blue polyacrylamide nanoparticles there is a significant arrest 
of tumor growth. However, the insignificant differences between the two 
delivery methods, of F3-targeted and PEGylated versus PEGylated NPs, 
indicates that the use of F3-peptide did not significantly improve the PDT 
outcome. The similar growth trends of the targeted and non-targeted PEG 
polyacrylamide nanoparticles imply that the nanoparticles effectively 
accumulated in the tumor sites via passive targeting, involving EPR; this 
is consistent with our previous MRI based findings, that active targeting 
improves the uptake of such nanoparticles in rat models of 9 L glioma 
only for circulation times longer than 2 hrs [40]. On the other side, these 
results clearly demonstrate the advantages of NP-based PDT agents, due 

to targeting (passive or active), as well as due to protection of the photo 
drug from degradation by blood enzymes. In a forthcoming publication 
we study a similar system, where the effects of enzyme degradation are 
negligible, so as to separate this effect from the NP targeting advantage. 
We also notice that the tumor growth was retarded for a period of time but 
continued to progress for all groups, including the animals treated with 
PEGylated Methylene Blue polyacrylamide nanoparticles. This is probably 
because the tumor was illuminated from only one direction, i.e. through 
the cranial window, due to constraints imposed by the BTW. However in a 
clinical setting, where light can be directed at all angles for intra-operative 
PDT, we believe that this illumination problem can be overcome, resulting 
in a significantly higher efficacy.

We also note that the choice of 105 min time period between injection 
and PDT treatment was based on our knowledge that at that time there 
were equal amounts of targeted and non-targeted NPs [53]. After that 
time, the tumor tissue concentration of the former increases while that of 
the latter decreases [40]. Thus we believe that choosing a later or longer 
period for illumination may have significantly improved the relative 
efficacy for the targeted NPs. 

To deal with our results on tumor necrosis, we emphasize that tumor 
growth patterns were calculated by measuring the surface area of the 
tumor tissue as seen through the BTW. Notably, the subsequent outcome 
of treatment proves important in the evaluation of treatment success. 

Figures 12 and 13 compares the surface area measurements of necrotic 
tissue for F3-targeted and non-targeted Methylene Blue polyacrylamide 
nanoparticles. The day of treatment and one day post-treatment showed 
no detectable traces of necrosis, however outstanding amounts of necrotic 
tissue appeared two days post-treatment and dissipated through day 
six as the necrotic tissue was no longer visible due to microglia and 
astrocytes (glial cells) removing the damaged tissue in addition to 
tumor tissue regrowth.	

Optical penetration depth in tissue is the distance through which the 
radiant power decreases to 1/e or 37% of its initial value [61]. Beyond 
this depth, tissue is exposed to laser light of a lower intensity, which still 
may be adequate for PDT. Methylene Blue dye has a long absorption 
wavelength (λmax = 670 nm) allowing for good penetration depth of laser 
light in live tissues, however the penetration of light through the tumor is 
dependent on the characteristics of the treated tissue. Laser light at 631 
nm can achieve a penetration depth of 1.5 ± 0.43 mm in brain tissue and 
2.9 ± 1.5 mm in brain tumor tissue [62]. The rat models used in these 
experiments contained tumor implants extending into the cortex, a depth 
which may exceed the penetration depth achievable by our 671 nm laser. 
This limitation resulted in incomplete eradication of the base of the tumor, 
resulting in detectable growth patterns days after treatment. However, 
PDT is still expected to be effectively applied as a post-surgical adjunctive 
treatment because there the microscopic residual tumor tissue is within 
effective range.

Conclusions
This work demonstrates effective eradication of 9L glioma cells, using 

photo-active nanoparticles (NPs). These nanoparticles encapsulate the 
Methylene Blue (MB) photosensitizer in a spherical hydrogel matrix with 
a mean diameter of 55 nm, containing approximately 0.27% dye by weight. 
Such photosensitive nanoparticles prove suitable for the eradication of 9L 
glioma both in vitro and in vivo. In vivo visual observations through the 
BTW (brain tumor widow) allow a serial inspection of efficacy of various 
treatment protocols, investigating photosensitizer delivery and incubation 
time (time between nanoparticle administration and laser treatment). 
Quantitative tumorigenic responses and growth patterns presented a 
more favorable treatment outcome for animals receiving treatment 105 

Figure 8: (A) Photograph displaying therapy setup. Rats with BTW are 
positioned in stereotactic frames with distance between cranial window 
and laser collimator fixed at 1 inch. Photographs of a tumor as seen 
through the BTW (B) before exposure and (C) during irradiation with a 
671 nm laser.

Figure 9: Incubation time dependent effects of photodynamic therapy 
treatment. F3-targeted Methylene Blue polyacrylamide nanoparticles 
were intravenously injected, and once completing 105 minutes or 24 
hours of systemic incubation, the tumors were irradiated at 180 J/cm2 

through the BTW and observed daily. 
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minutes after nanoparticle administration, compared to animals with a 
24 hour incubation time. When investigating photosensitizer delivery 
methods, the injection of unencapsulated Methylene Blue shows no effect 
in the reduction/necrosis of tumor mass; in contrast, both the targeted 
and non-targeted Methylene Blue nanoparticles resulted in tumor 
necrosis development and significant delays in tumor progression 
post-treatment. When tested under the condition of equal NP tumor 

content and MB loading, the targeted and untargeted NPs showed 
comparable efficacy. However, we note that under such equal dose 
and delivery conditions, we expect the targeted NPs to have a superior 
therapeutic index, which was not tested. With the demonstrated 
substantial improvements in tumor response to treatment, over 
control groups, such as naked MB dye, the nanoparticle-based PDT 
agents prove advantageous for the eradication of local tumors.

Figure 10: Daily photographs of the cortical surface depict tumor growth, images taken through brain tumor windows on rat models. Animal groups 
receiving irradiation experienced a fluence dose of 180 J/cm2 using a 671 nm laser. Note that with the use of free MB dye (no NP’s) laser irradiation does 
not make a difference (because the MB dye was turned into Leuko MB by the body’s enzymes)
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Finally it is of note that such photo-reactive nanoparticles have the 
potential to be used for photodynamic therapy as well as for delineating 
neurosurgery. Such targeted, blue dye loaded, nanoparticles, administered 
prior to surgery, would help first to delineate tumor boundaries and 
then, after maximal resection, to eradicate residual tumor tissue, 
thereby minimizing the need for post-surgical adjuvant therapy. This 
novel approach of combined delineated surgery and intra-operative 
photodynamic-therapy constitutes a potential breakthrough for the 
treatment of glioma.
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Figure 11: Effect of PDT treatment delivered 105 minutes after injection 
of Methylene Blue F3-targeted nanoparticles, Methylene Blue PEGylated 
nanoparticles and Methylene Blue free dye. The control animal was not 
administered with photosensitizer or exposed to the laser illumination. 
Another control animal group treated with light illumination showed the 
same tumor growth trend as the “no treatment” control animal group

Figure 12: Post-PDT treatment necrotic tissue measurements for tumors 
treated with F3-targeted Methylene Blue polyacrylamide nanoparticles 
versus non-targeted (PEGylated) Methylene Blue nanoparticles. Both 
treatment groups express similar necrotic formation and regression 
patterns with a greater formation of necrotic tissue for non-targeted 
Methylene Blue nanoparticles

Figure 13: Gross specimen from animal model, excised 10 days post-
PDT therapy. Representation of brain tumor for animal groups (A,B) 
without photosensitizer or laser illumination, and (C,D) animals receiving 
non-targeted Methylene Blue nanoparticles (105 minute incubation time) 
with irradiation fluence dose of 180 J/cm2 using a 671 nm laser
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