
A
cc

ep
te

d
 A

rt
ic

le
 

This article has been accepted for publication and undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may 

lead to differences between this version and the Version of Record. Please cite this article as 

doi: 10.1111/php.13155 

This article is protected by copyright. All rights reserved. 

MR. DANIEL  NAJAFALI (Orcid ID : 0000-0003-1509-9229) 

MR. ROBERT  PERTTILÄ (Orcid ID : 0000-0001-8030-7077) 

PROF. HUANG-CHIAO  HUANG (Orcid ID : 0000-0002-5406-0733) 

 

 

Article type      : Special Issue Research Article 

 

 

Predictors and Limitations of the Penetration 

Depth of Photodynamic Effects in the Rodent 

Brain† 

 

Collin T. Inglut
1,+

, Brandon Gaitan
1,+

, Daniel Najafali
1
, Irati Abad Lopez

1
, Nina P. 

Connolly
2,3

, Seppo Orsila
4
, Robert Perttilä

4
, Graeme F. Woodworth

2,3
, Yu Chen

1,2
, Huang-

Chiao Huang
1,2

* 

 

1
Fischell Department of Bioengineering, University of Maryland, College Park, MD 20742, 

USA 

 

2
Marlene and Stewart Greenebaum Cancer Center, University of Maryland School of 

Medicine, Baltimore, MD 21201, USA 

 

3
Department of Neurosurgery, University of Maryland School of Medicine, Baltimore, MD 

21201, USA 

 

4
Modulight, Inc., Hermiankatu 22, FI-33720, Tampere, Finland 

 

+
These authors contributed equally to this work 

 

*Corresponding author’s email: hchuang@umd.edu (Huang-Chiao Huang) 

 

†
This article is part of a Special Issue dedicated to Dr. Jarod Finlay. 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved. 

ABSTRACT 

 

Fluorescence-guided surgery (FGS) is routinely utilized in clinical centers around the world, 

whereas the combination of FGS and photodynamic therapy (PDT) has yet to reach clinical 

implementation and remains an active area of translational investigations. Two significant 

challenges to the clinical translation of PDT for brain cancer are: 1) Limited light penetration 

depth in brain tissues, and 2) Poor selectivity and delivery of the appropriate photosensitizers. 

To address these shortcomings, we developed nanoliposomal protoporphyrin IX (Nal-PpIX) 

and nanoliposomal benzoporphyrin derivative (Nal-BPD), and then evaluated their 

photodynamic effects as a function of depth in tissue and light fluence using rat brains. 

Although red light penetration depth (defined as the depth at which the incident optical 

energy drops to 1/e, ~37%) is typically a few millimeters in tissues, we demonstrated that the 

remaining optical energy could induce PDT effects up to 2 cm within brain tissues. 

Photobleaching and singlet oxygen yield studies between Nal-BPD and Nal-PpIX suggest 

that deep-tissue PDT (>1 cm) is more effective when using Nal-BPD. These findings indicate 

that Nal-BPD-PDT is more likely to generate cytotoxic effects deep within the brain and 

allow for the treatment of brain invading tumor cells centimeters away from the main, 

resectable tumor mass. 

 

Keywords: Photodynamic therapy; Light penetration depth; Benzoporphyrin derivative; 

Protoporphyrin IX; Nanoliposome 

 

INTRODUCTION 

 

Advancements in the study of light and optics have made significant impacts on neuroscience 

and modern medicine (1). A major output of this work has been the development of 

photodynamic therapy (PDT), now an emerging new tool in basic science and clinical 

practice (2-5). PDT is a photochemistry-based, non-thermal approach in which a biologically 

inert agent (i.e., photosensitizer) is transformed by the application of light at specific 

wavelengths into a cytotoxic therapeutic. This activation process occurs when the excited 

photosensitizer reacts with oxygen or other substrates to generate reactive molecular species 

(e.g., 
1
O2, H2O2, O2

-
, OH) that kill or modulate cells and tissues. The fluorescent signal 

generated from the excited state photosensitizer can be harnessed for tumor imaging and 
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fluorescence-guided surgery (FGS) (6-8). In 2017, the US Food and Drug Administration 

(FDA) approved 5-aminolevulinic acid (5-ALA; Gleolan®) for use as an intraoperative 

imaging agent in patients with suspected high-grade gliomas (9). Upon excitation with 

ultraviolet/blue light (375-440 nm), gliomas that contain the 5-ALA-induced protoporphyrin 

IX (PpIX) emit a violet-red fluorescence, which can be readily visualized for surgical 

resection. 

 

PDT is being evaluated in clinical trials for patients with brain cancer (e.g., NCT03048240, 

NCT03897491, NCT00003788, NCT01966809, NCT00002647, NCT01682746). 

Glioblastoma (GBM) is the most common and lethal adult primary brain cancer, and the 

median patient survival continues to be less than 18 months despite major advancements in 

our understanding of GBM biology and efforts to develop new therapeutic strategies (10). A 

single PDT treatment has been shown to add up to 3-18 additional months to the lifespan of 

GBM patients (11). Optimized light delivery for effective PDT can be achieved through 

intraoperative, endoscopic, or balloon catheter-based fiber optics. The combination of FGS 

and PDT using different types of photosensitizers (e.g., benzoporphyrin derivative, 5-ALA, 

Photofrin®, temoporfin, hematoporphyrin derivative) have substantially improved survival 

outcomes in GBM patients (7). In a small-scale study, the mean survival of patients with 

GBM increased from 24.6 to 52.8 months when PDT was combined with FGS, compared to 

surgery alone (12). We and others now believe that the most advantageous and safe initial 

application of PDT is following tumor resection while in the operating room, prior to the 

administration of standard of care chemoradiation therapy (13). However, the long-term 

survival has not been achieved due in part to the limited light penetration in brain tissues, as 

well as the poor selectivity and delivery of the appropriate photosensitizers. 

 

Tissue optical properties (i.e., absorption and scattering) influence light delivery and impact 

PDT outcomes (14). Red light penetration depth is typically 0.1-0.3 cm in tissues (1). This 

penetration depth is defined as the depth at which the incident optical energy drops to 1/e 

(~37%) (1). A number of ex vivo and in silico studies have already shown that the remaining 

37% of photons can reach up to 2-5 cm deep in brain tissues (15-21). A series of studies by 

Wilson, Perria, and Cheng have shown that 630 nm light activation of hematoporphyrin 

derivative induces tumor necrosis and cell killing up to 0.8-1.5 cm deep within the brain 

tissue (22-24). On the other hand, Olzowy et al. demonstrated that 630 nm light activation 

(200 mW/cm
2
) of 5-ALA-induced PpIX induces cerebral tissue damage only up to 0.4 cm 
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deep in the brain (25). Based on prior work showing that 690 nm light can penetrate 

approximately 40% further than 633 nm light in bladder tissue (26), here, we test if 

benzoporphyrin derivative (BPD) could be activated by 690 nm light at further depths within 

the brain tissue compared to using 635 nm light to activate PpIX. 

 

Both BPD and PpIX have low water solubility (< 0.02 mg/mL) and cannot be directly 

injected intravenously. Aggregation of PpIX or BPD in their biological environment results 

in low bioavailability, heterogeneous biodistribution, and reduced PDT efficacy. 

Nanoliposomes, composed of a hydrophobic lipid bilayer and an aqueous core, are the most 

studied and clinically used photosensitizer delivery vehicles (27, 4). In 2001, a polydisperse 

liposomal formulation of BPD (Visudyne®, 0.2-1 μm in diameter) was approved by the FDA 

for treatment of patients with wet age-related macular degeneration (28, 29). A clinical study 

using Visudyne®-PDT to treat patients with refractory brain tumors has also taken place 

(NCT00002647) (30). 5-ALA is a prodrug that can be preferentially converted into PpIX in 

cancerous cells due to decreased ferrochelatase activity and increased enzyme activity in the 

heme biosynthetic pathway compared to healthy tissue (31). While PpIX production in 

tumors is commonly achieved by the oral, topical, or systemic administration of 5-ALA (9), 

there has been a resurgence of interest in delivering exogenous PpIX. This is because the 

polar 5-ALA has limited diffusion through cell membranes and high doses of 5-ALA must be 

administered to reach clinically efficacious levels of PpIX (32-36). Using xenograft tumor 

models, Manivasager et al. showed that the tumor-to-normal tissue ratio (T/N ratio) of the 5-

ALA-induced PpIX was 5-7 folds higher than that of exogenous PpIX (T/N ratio ~ 2) at 3-9 

hours post tail vein injection (36). However, to induce a comparable fluorescence intensity of 

exogenous PpIX and 5-ALA-induced PpIX in the cancer cells, high doses of 250 mg/kg of 5-

ALA has to be administered compared to using only 1 mg/kg of exogenous PpIX. Moreover, 

the delivery of exogenous PpIX using different nanoformulations (37-39) could potentially 

bypass the heterogeneous and low conversion of 5-ALA to PpIX observed in some tumors. 

Utsuki et al. demonstrated that 5-ALA-induced PpIX fluorescence in brain tumors was 

observed in 40 out of the 46 patients (34). Similarly, Walter and others have reported the 

sensitivity of 5-ALA-based photodynamic diagnosis is around 85% for detection of 

malignant tissues (40, 41). Based on these studies, here, we synthesized monodispersed 

nanoliposomal formulations of BPD (Nal-BPD) and PpIX (Nal-PpIX). Encapsulation within 

liposomes also provides the ability to perform a direct comparison between the two 

photosensitizers, where the majority of variables are held constant. Using Nal-BPD and Nal-
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PpIX, we examined the limits of PDT as a function of tissue depth and light fluences in ex 

vivo rat brains, by monitoring the changes in photosensitizer photobleaching and singlet 

oxygen (
1
O2) production. 

 

MATERIALS AND METHODS 

 

Synthesis and characterization of Nal-BPD and Nal-PpIX. Nanoliposomes containing BPD 

or PpIX within its bilayer (Nal-BPD or Nal-PpIX) were synthesized via freeze-thaw extrusion 

as described previously (42-45, 48). Briefly, lipids, dipalmitoylphosphatidylcholine (DPPC), 

cholesterol, and distearoylphosphatidylethanolamine-methoxy polyethylene glycol (DSPE-

PEG), and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) (Avanti Polar Lipids), 

were co-dissolved with BPD (50 nmoles, U.S. Pharmacopeial) at 0.15 mol% BPD-to-lipid 

ratio or PpIX (60 nmoles) at 0.18 mol% PpIX-to-lipid ratio. Chloroform was removed via 

rotary evaporator overnight in order to create a thin film, which was rehydrated with 1 mL of 

deionized water. The lipid suspension was subjected to freeze-thaw cycles (4-45°C). The 

dispersions were extruded through polycarbonate membranes (0.1 μm pore size) at 42°C to 

form unilaminar vesicles. The final concentration of the dispersions was estimated by 

absorbance using the established molar extinction coefficient of BPD in DMSO (~34,895 M
-

1
cm

-1
 at 687 nm) or PpIX in chloroform (~171,000 M

-1
cm

-1
 at 407 nm) or DMSO (~170,000 

M
-1

cm
-1

 at 407 nm). The fluorescence-based optical characterization of Nal-BPD (Ex/Em: 

435/600-800 nm) and Nal-PpIX (Ex/Em: 405/600-800 nm) was determined using a multi-

mode microplate reader (Synergy Neo2; BioTek). NanoBrook Omni (Brookhaven) measured 

particle size and zeta potential. Nal-BPD and Nal-PpIX were diluted to 5 μM for all 

absorbance and fluorescence measurements in PBS, unless otherwise stated. Singlet oxygen 

production was monitored indirectly using the probe, SOSG. Within 96 well plates (black 

wall, transparent base) Nal-BPD or Nal-PpIX were mixed with SOSG (Thermo Fisher 

Scientific), to a final working solution of 0.5 μM of photosensitizer and 25 μM of SOSG in 

PBS. Samples were irradiated with 635 nm light (100 mW/cm
2
) for Nal-PpIX and 690 nm 

light (100 mW/cm
2
) for Nal-BPD, at different fluences of 0-80 J/cm

2
 (ML6600 series laser 

module with 635 nm and 690 ± 5 nm lasers with 1.5 W output power each. SMA fiber output 

with SMA905 connector, Modulight). Fluorescence intensities of SOSG (Ex/Em: 504/525 

nm) were acquired using a microplate reader (Synergy Neo2; BioTek) prior to and following 

irradiation. 
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Photobleaching of photosensitizers in ex vivo rat brains. Glass capillaries (300 µm in 

diameter; 1 cm in length) filled with 5 μM of Nal-BPD or Nal-PpIX were inserted in Sprague 

Dawley rat brains (Innovative Research) at varying depths (0-2 cm). Brain tissues (Innovative 

Research) were then exposed to surface illumination of red light (635 nm, for Nal-PpIX) or 

NIR light (690 nm, for Nal-BPD) at a fixed irradiance of 100 mW/cm
2
 and with a range of 

fluences from 10-80 J/cm
2
 using a diode laser (ML6600, Modulight). After light illumination, 

capillaries were removed, and the fluorescence emission from Nal-BPD (or Nal-PpIX) was 

measured by placing the capillaries on a flat black surface to minimize reflectance. 

Fluorescence images were acquired using a reflectance fluorescent microscope equipped with 

a 375 nm laser diode (L375P70MLD, Thorlabs). The light from the laser was then 

collimated, with 6 mW of light arriving on the sample. The emitted fluorescence and 

scattered light were then collected through another objective lens. The fluorescent and 

scattered light then passed through a filter (680-720 nm, Semrock). The remaining filtered 

fluorescent light was collected by a 12-bit CCD camera (EM-CCD, Cooke). All images were 

processed using ImageJ software (NIH).(82) Results are presented as mean ± standard error 

of the mean (SEM). Statistical tests were carried out using GraphPad Prism. All experiments 

were carried out at least in triplicate. 

 

RESULTS AND DISCUSSION 

 

Synthesis and Characterization of Nal-BPD and Nal-PpIX 

 

Nal-BPD and Nal-PpIX were reproducibly synthesized via the freeze-thaw extrusion method 

(42-45). A lipid composition of dipalmitoylphosphatidylcholine (DPPC), cholesterol, and 

distearoylphosphatidylethanolamine-methoxy polyethylene glycol (DSPE-PEG) at a 20:10:1 

molar ratio was used based on the clinically approved PEGylated nanoliposomal formulations 

(46, 47). Here, both Nal-BPD and Nal-PpIX were grafted with 3 mol% of DSPE-PEG and 

formed in the size range of ~135-150 nm with a narrow size distribution (polydispersity 

index, PdI < 0.1). Cationic and unsaturated 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP, 8 mol%) was introduced to the lipid composition to provide a neutral-to-positive 

zeta potential of +10-12 mV to balance toxicity, circulation, and tumor accumulation as 

described previously (47, 44, 48, 45). The incorporation of unsaturated lipids such as DOTAP 

could also accelerate light-triggered drug release via liposomal lipid oxidation as shown by 

others (49). In our study, photosensitizers (BPD or PpIX) were adsorbed in the liposomal 
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lipid-bilayer via hydrophobic and ionic interactions, resulting in an entrapment efficiency of 

76.4 ± 1.2% and 44.9 ± 0.7% for Nal-BPD and Nal-PpIX, respectively (Table 1) (50). Our 

stability results suggest that 1-4 months of dark storage at 4°C and in phosphate-buffered 

saline (PBS) did not affect the overall size or monodispersity (PdI < 0.1) of Nal-BPD (139.7 

± 11.8 nm in diameter) and Nal-PpIX (150.9 ± 6.6 nm in diameter). 

 

While nanoliposomes can maintain the stability and photoactivity of photosensitizers in 

biologically relevant media for effective PDT, hydrophobic photosensitizers in the lipid 

bilayer of liposomes are prone to quenching (51, 52, 50). To test if the unquenched 

photosensitizers (BPD or PpIX) are stabilized in the nanoliposomes and could be photo-

activated for PDT, we evaluated the stability, quenching factor, and 
1
O2 production of each 

photosensitizer in both free and nanoliposomal forms, with or without light activation. 

Changes in photosensitizer absorbance and fluorescence were monitored in dimethyl 

sulfoxide (DMSO) (Figures 1a, b) and in PBS (Figures 1c, d). In Figure 1c, the absorbance 

(blue dotted line) and fluorescence (red dotted line) spectra for free BPD in PBS were 

significantly lower than that of Nal-BPD (solid lines) in PBS, indicating the rapid aggregation 

of free BPD molecules under physiological conditions without being encapsulated in a 

nanoliposomal formulation. Similarly, ‘recovery’ of the absorbance (blue dotted line) and 

fluorescence (red dotted line) spectra of PpIX photosensitizers in PBS were made possible by 

the liposomal formulation (Figure 1d). These results suggest that the unquenched 

photosensitizers (BPD or PpIX) are stabilized in the nanoliposomes and could be activated by 

light for PDT, even without the release of photosensitizers from the nanoliposomes. 

 

Light activation of photosensitizers could result in type I and/or type II reaction products (3). 

Under normoxic conditions, type II photosensitization is the dominant process in BPD-based 

PDT and PpIX-based PDT, which produce highly reactive 
1
O2 that confers toxicity to nearby 

targets (3). It is well established that the 
1
O2 quantum yield of BPD (ΦΔ= 0.86) is 

significantly higher than that of PpIX (ΦΔ= 0.56) (53-56). Here, using the Singlet Oxygen 

Sensor Green (SOSG) fluorescent probe, we test if 690 nm light activation of Nal-BPD could 

produce 
1
O2 more efficiently in PBS, compared to 635 nm photo-activated Nal-PpIX. Upon 

light activation, the SOSG fluorescence intensity generated by Nal-BPD was markedly higher 

than that generated by Nal-PpIX, and in a light fluence dependent manner (Figure 2a). A 

plateau of SOSG fluoresce was observed at 80 J/cm
2
, presumably due to an insufficient 

supply of oxygen or molecular probes. This data indicates that Nal-BPD produces 
1
O2 more 
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efficiently than Nal-PpIX upon light activation under our experimental conditions. It is 

important to note that the higher 
1
O2 production rate of Nal-BPD does not necessarily 

translate into more pronounced toxic effects, as the phototoxicity of the photosensitizer 

depends on the specific parameters involved, such as pharmacokinetics, biodistribution, 

cellular uptake, and subcellular targets of the photosensitizer, as well as the tumor 

microenvironment (3, 57, 2). 

 

Evaluation of the Tissue-depth Dependent Photodynamic Effects of Nal-BPD and Nal-

PpIX 

 

Photobleaching is a process in which a photosensitizer (or fluorophore) permanently loses the 

ability to fluoresce and/or undergo type I/II reactions due to photochemical damage and 

covalent modification of the photosensitizer. Measuring the loss of fluorescence as the 

photosensitizer is photobleached is perhaps the most well studied and easily accessible tool 

for PDT monitoring and dosimetry in preclinical (Figure 2b) and clinical settings (58-61). 

Here, we examined the penetration depth of the photodynamic effects in rat brains by 

monitoring the loss of fluorescence, as the photosensitizer is photobleached, after surface 

light illumination. Briefly, capillaries filled with 5 μM of Nal-BPD or Nal-PpIX, were 

inserted into the ex vivo rat brains at varying heights followed by surface illumination using 

appropriate wavelengths (i.e. 690 nm for Nal-BPD; 635 nm for Nal-PpIX) (Figure 3). After 

light activation, the total fluorescent signal was compared to a negative control to determine 

the degree of photobleaching. A non-linear decrease in the percentage of Nal-BPD (or Nal-

PpIX) photobleaching was observed with increased tissue depth and reduced fluence (Figure 

4a, b). Up to 10% photobleaching of Nal-BPD was observed at 1.4-2 cm (Figure 4a, c), while 

negligible (0-2%) photobleaching of Nal-PpIX was observed at 1 cm deep in brain tissue 

(Figure 4d). This result appears to be similar to previous findings (62, 63). Dereski and 

colleagues demonstrated that Photofrin®, upon 632 nm light activation, induces a necrotic 

zone ~0.35 cm deep within male Fisher rat brains (62). A clinical study showed talaporfin, 

which is activated at a longer wavelength of 664 nm, could induce PDT damage (based on 

demyelination) up to 0.8 cm in a patient with recurrent glioma (63). It has also been shown 

that illumination geometry impacts the depth of brain tissue damage induced by PDT. 

Specifically, using hematoporphyrin derivative-based PDT, Perria et al. found that the depth 

of necrosis with surface illumination was 1.5 cm deep, compared with the 0.8 cm radius of 

cell killing found by Cheng et al. using an implanted optical fiber (22-24). Further studies 
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comparing surface illumination with illumination using implanted optical fibers are 

warranted. 

 

In Figure 4a, b, we observed that the degree of photobleaching across different powers begins 

to converge as depth increases. This is because the loss of light intensity is non-linear. Simple 

1-dimensional (1-D) modeling of light penetration has been described with the equation 

           .(64) Where      is the fluence rate (W/cm
2
) dependent on z, which is depth 

(cm). E is the irradiance delivered on the surface of the tissue (W/cm
2
), k is backscattered 

light that augments irradiance on the surface of the tissue, and μ is the attenuation coefficient 

(cm
-1

). Looking at the 1-D approximation, one important aspect to take note of is that the 

amount of energy lost in the tissue is dependent on    , which shows an exponential decay in 

light intensity. Based on the above equation, it is expected that the photodynamic effect 

would be proportional to     . Therefore, the degree of photobleaching versus the depth 

should have shown an exponential decay. Looking at Figure 4a, b this is not the exact case. 

Instead, the overall trend demonstrated was a plateau followed by an exponential decay. The 

main factors involved for the observed trend are due to the specular reflectance when the 

light hits the brain, and the boundary condition of the air-brain barrier.  

 

Light scattering in tissue has been defined as being anisotropic, specifically regarding 

forward scattering. The magnitude of scattering is defined as g, with values being between -1 

(back scattering) and 1 (forward scattering). Tissue is shown to have a g factor of 0.9, which 

means that while most light is forward scattering, some of the light is scattered back (65). 

Therefore, some light that has penetrated the tissue possesses the potential to be scattered 

back into the air. Air has been defined as having a refractive index of 1, while the brain has 

been defined to have a refractive index of 1.36 (66). The mismatch in refractive index results 

in some of the light that gets backscattered to the air-brain barrier getting reflected into the 

brain rather than escaping back into the air due to internal reflection. This is based on the 

angle at which the scattered light approaches the air-brain barrier. The angle at which light 

will be internally reflected is based off the equation                    , where n1 is the 

refractive index of air, n2 is the refractive index of brain tissue, and θc is the critical angle. 

Therefore, any backscattered light that hits the air-brain barrier at a 47.3-degree angle will be 

reflected back into the brain. This coupled to the fact that a small amount of light gets 

reflected when the light first hits the brain signifies that for around 0-0.2 cm of the light 
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initially penetrating the brain, the fluence will increase slightly as depth increases (67-69). As 

the light penetrates farther into the brain, the light will start to demonstrate the typical 

exponential decay pattern. Due to the depth intervals taken, the photodynamic effect was not 

measured between 0-0.2 cm, meaning that the initial increase in fluorescence cannot be seen 

in Figure 4a, b. The effect instead manifests itself as an initial plateau, proceeded by an 

exponential decay. 

 

PpIX demonstrating a shallower penetration depth compared to BPD is not all that surprising, 

even when PpIX is irradiated at two or three times the power compared to BPD. The main 

reason for this resides in the activation wavelength. BPD was activated using a 690 nm 

wavelength and PpIX was activated with a 630 nm wavelength. Although this is only a 60 nm 

shift, there is an appreciable drop in scattering and absorption by up to 40-50% (70-72). This 

led to the 690 nm light penetrating double the depth of the 630 nm light (73). The depth of 

treatment is described with the equation          
   

   
 .(68) Zrx is the depth penetration of 

the photodynamic effect, δ is optical penetration depth (cm), t is the exposure time (s), and 

Hth is the minimum amount of energy needed to make the photodynamic effect on the tissue 

(W*s/cm
2
). Analysis of this equation reveals that increasing the E or t increases the depth of 

the effect by ln(Et), while increasing the wavelength would increase the optical penetration 

depth, which as a result would increase the penetration depth of the photodynamic effect in a 

proportional manner. 

 

While Nal-BPD shows greater potential for depth penetration and production of 
1
O2 in deeper 

tissue, Nal-PpIX still has high utility due to the ability to be used as a visual guide for tumor 

removal. Figure 5 shows a comparison of two capillary tubes. The top capillary was filled 

with Nal-BPD and the bottom capillary was filled with Nal-PpIX. Both samples were placed 

at similar heights, 0.04-0.05 cm below the surface of the brain. The images were taken with a 

phone camera (OnePlus 5). Inspection of the capillaries shows that PpIX fluorescence is more 

pronounced, this making it more easily visualized than Nal-BPD fluorescence. This is likely 

due to the higher fluorescence quantum yield of PpIX (ΦF= 0.155) and its fluorescence at 

630 nm, while BPD fluoresces at 700 nm with a much lower fluorescence quantum yield 

(ΦF= 0.051) (53-56). Due to human spectral sensitivity, the emitted 630 nm light is seen with 

ten times greater sensitivity than the 690-710 nm light, allowing for enhanced visualization of 

PpIX even with the same amount of power being emitted (74). 
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In summary, the results show that the nanoliposomal formulations improve the stability and 

photoactivity of BPD and PpIX in biologically relevant media. Near-infrared (NIR) light (690 

nm) activation of Nal-BPD induces 
1
O2 production, which causes photobleaching of BPD up 

to 2 cm deep in brain tissues. In contrast, no photobleaching was observed beyond 1 cm deep 

in brain tissues upon red light (635 nm) activation of Nal-PpIX. The enhanced penetration 

depth of Nal-BPD-based PDT effects in the brain tissue paired with the use of Nal-PpIX for 

tumor visualization opens the door to developing and optimizing the combination of FGS and 

PDT for recurrent brain tumors, which typically occur within 1-2 centimeters of the original 

tumor (75-77). The data suggests that a strategic combination of FGS using PpIX, followed 

by PDT using BPD could take advantage of the strengths of both photosensitizers. 

Combination treatments with two different photosensitizers have been shown to improve 

patient outcome. For example, in a clinical trial it was found that in patients with GBM, a 

combination treatment taking advantage of PpIX for FGS and Photofrin® to maximize tumor 

killing improved mean patient survival from 24.2 weeks to 52.8 weeks (12). BPD can treat 

areas deeper in the brain due to its longer emission wavelength and has the advantage of 

having a higher 
1
O2 quantum yield compared to PpIX (78, 79). However, BPD can be 

difficult to visualize without additional instrumentation. PpIX does not suffer from this 

disadvantage and has been found to allow for accuracies up to 90% in differentiating tumor 

tissue from normal dura (80, 81). Characterization and optimization of Nal-PpIX-based FGS 

and Nal-BPD-based PDT in ex vivo brain tissues will pave the way towards investigating 

these new concepts in animals and eventually in patients. 
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Table 1. Overview of the characterization of Nal-BPD and Nal-PpIX detailing their 

respective hydrodynamic diameter, polydispersity index, zeta potential, entrapment 

efficiency, and loading capacity. Values are presented as mean  SEM. 

 

                          Photosensitizer 

Parameters 

Nal-BPD  Nal-PpIX 

Hydrodynamic diameter (nm)  135.7 ± 8.0 153.1 ± 4.9 

Polydispersity index (PdI) 0.06 ± 0.02 0.04 ± 0.02 

Zeta potential (mV) 10.1 ± 1.2 12.4 ± 1.8 

Entrapment efficiency* (%) 76.4 ± 1.2 44.9 ± 0.7 

Loading capacity** (%) 0.117 ± 0.002 0.065 ± 0.001 

 

* The molar ratio of drug entrapped within the nanoliposome to the total drug added initially. 

** The ratio of final photosensitizer wt. to the overall wt. of the nanoliposomes. 

 

 

FIGURE CAPTIONS 

 

Figure 1. Absorbance (blue) and fluorescence (red) spectra of BPD, PpIX, Nal-BPD, and 

Nal-PpIX. (a) Free form BPD fully dissolved in DMSO has a strong absorbance peak at 435 

nm (Soret band) and 690 nm (Q band). Typically, 690 nm light is applied to activate BPD for 

PDT. Fluorescent BPD has a peak emission in the NIR range (λmax at ~700 nm). (b) Free 

form PpIX fully dissolved in DMSO shows a strong absorbance peak at 405 nm (Soret band), 

with multiple Q bands in the green to red range. Typically, PpIX is activated by 635 nm light 

or 375-440 nm light for PDT or FGS, respectively. The fluorescence signal emitted by PpIX 

is in the red/NIR range between 635 and 700 nm. (c) Free BPD is hydrophobic and readily 

aggregates in PBS, as demonstrated by the decrease in magnitude of the absorbance 

spectrum, resulting in fluorescence quenching of BPD with minimal photoactivity (< 2%). 

Entrapping BPD in a nanoliposomal formulation restores its fluorescence and photoactivity 

(35.8  0.2%) in PBS. (d) Likewise, free form PpIX aggregates in PBS, leading to a 
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quenched state that is no longer activatable at 635 nm. Similarly, the encapsulation of PpIX 

within a nanoliposomal formulation restores its fluorescence and photoactivity up to 82.8  

0.1%. 

 

Figure 2. Singlet oxygen (
1
O2) production and photobleaching of Nal-BPD and Nal-

PpIX upon light activation. (a) SOSG fluorescence emission and (b) photobleaching 

percentage of Nal-BPD and Nal-PpIX with respect to increasing fluences of light at 690 nm 

and 635 nm, respectively. 

 

Figure 3. Experimental setup for examining the limit of the photodynamic effect. Glass 

capillaries filled with 5 μM of Nal-BPD or Nal-PpIX were inserted at various heights (Z, cm) 

in Sprague Dawley rat brains and exposed to surface illumination of 690 nm or 635 nm at 

various fluences.  

 

Figure 4. Depth of photosensitizer activation within brain tissue determined via degree 

of photobleaching. Glass capillaries (300 µm in diameter) containing 5 μM of Nal-BPD (or 

Nal-PpIX) were inserted at varying depths within ex vivo rat brains and irradiated with light 

(690 nm or 635 nm; 100 mW/cm
2
; 0, 10, 20, 40, 80 J/cm

2
). Photobleaching of (a) Nal-BPD 

and (b) Nal-PpIX were evaluated at different depths and fluences. (c) Fluorescence images of 

capillaries filled with Nal-BPD showing 90, 73, and 10% photobleaching in brain tissues at 0, 

0.4, and 1.4 cm deep, respectively. (d) At 80 J/cm
2
, 27% Nal-BPD photobleaching was 

observed 1 cm deep in tissue, in contrast to only 0-2% photobleaching of Nal-PpIX. 

 

Figure 5. Visualization of the fluorescent emission of Nal-BPD and Nal-PpIX when 

excited at 375 nm. (a) Capillaries (300 µm in diameter) filled with the photosensitizers (Nal-

BPD or Nal-PpIX, 5 μM) were excited with 375 nm and captured with a phone camera 

(OnePlus 5). PpIX’s fluorescent signal can be easily visualized by the naked eye. (b) 

Capillaries were inserted into the brain and were excited to examine if the fluorescent signal 

could be visualized through brain tissue. The emission signal from PpIX could be seen when 

the capillary was inserted ~0.04-0.05 cm deep in tissue (black arrow).  
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